
XLVI Mexican Conference 
on Biomedical Engineering

José de Jesús Agustín Flores-Cuautle · Balam Benítez-Mata ·
Ricardo Antonio Salido-Ruiz · 
Gustavo-Adolfo Alonso-Silverio ·
Guadalupe Dorantes-Méndez · 
Esmeralda Zuñiga-Aguilar · Hugo A. Vélez-Pérez ·
Edgar Del Hierro-Gutierrez · 
Aldo Rodrigo Mejía-Rodríguez Editors

Proceedings of CNIB 2023, November 2–4, 
2023, Villahermosa Tabasco, México - 
Volume 2: Biomechanics, Rehabilitation 
and Clinical Engineering

IFMBE Proceedings 97



IFMBE Proceedings 97

Series Editor
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Preface

The XLVI Mexican Conference on Biomedical Engineering (CNIB 2023), organized
by the Mexican Society of Biomedical Engineering (SOMIB), took place at Villaher-
mosa Tabasco, Mexico, on November 2–4. The CNIB 2023 aims to close the gap among
academia, industry, and clinics by sharing the latest advances in biomedical engineer-
ing and related fields. The conference joins researchers, academics, students, health
professionals, and industrials in an enriching environment to discuss and foster the
advancements in biomedical engineering.

This book shows various biomaterials developed for biomedical applications. The
knowledge related to biomechanics and rehabilitation deserves a special mention. Addi-
tionally, some clinical practices are shown, and several applications are developed to
assist in this practice.

In this book, the scientific committee presents high-quality papers resulting from a
peer review.More than 120 referees performed the screening process under the guidance
of the scientific committee. As a result of the strict review process, 28 papers conform
to this volume set, representing 40% of the total number of submissions.

All plenary and scientific presenters and distinguished guests from academia, gov-
ernment, health care, industry, and society made this conference one of the leading
events in the field. We want to express our gratitude to the scientific committee and the
organizing committee for their essential labor, diligence, and optimism leading up to
the conference. We would also like to express our gratitude to the session chairpersons,
authors, and reviewers for their involvement and essential contributions to biomedical
engineering.

It is our hope to inspire all the students to get involved in biomedical engineering
and continue working so that this discipline grows. Without each and every one of you,
the CNIB 2022 would not have been a success so, many thanks.

Balam Benítez-Mata
Co-chair Program CNIB 2023

José de Jesús Agustín Flores Cuautle
Chair Program CNIB 2023



President of the Mexican Society of Biomedical
Engineering Message

Dear readers and collaborators in the field of biomedical engineering,

It is an honor to address you on the occasion of the XLVI Mexican Conference on
Biomedical Engineering, an event that symbolizes our collective commitment to the
advancement of biomedical engineering. At a time when technology and innovation
play an essential role in the development of our country, this congress represents an
invaluable opportunity to bring together the brightest and most dedicated minds in this
field.

Biomedical engineering plays a fundamental role in merging technology with the
health sector. This congress is a showcase for the latest research and developments in this
area. The scientific papers that are presented here reflect the hard work and dedication
of experts who seek to innovate and contribute to improving health through engineering;
by coming together at this event, we create a space to share ideas and establish fruitful
collaborations that further advance our field.

This congress is not only a platform for the dissemination of results, but also a space
for personal and professional growth. I hope that you find inspiration in the work and
that you take the opportunity to establish collaborations that allow you to develop new
research.

I appreciate your participation andhope you enjoy andbenefit from this event asmuch
as we did organizing it. Together, we are shaping the future of biomedical engineering
in Mexico.

Sincerely,

Francisco Javier Aceves Aldrete
President of the Mexican Society of
Biomedical Engineering 2022–2023,
Organizing Committee of the XLVI
Mexican Conference on Biomedical

Engineering
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Inverse Kinematics Analysis of a Novel
Osseointegrated Prosthesis Prototype

with the Use of the “Montefiori” MRI Based
Musculoskeletal Subject Specific Model

Antonio Gómez Ruiz1 , Armando Ladislao López Montes1(B) ,
Alejandro De León Cuevas2 , Adrian Jefte Elías Jiménez2 ,

and Tania Pérez Salazar3

1 Departamento de Ingeniería Biomédica, Facultad de Ingeniería, Universidad Anáhuac,
Santiago de Queretaro, Querétaro, Mexico
armando.lopez05@anahuac.mx

2 Laboratorio Universitario de Biomecánica Campus UNAM Querétaro, Mexico City, Mexico
3 Unidad Profesional Interdisciplinaria en Ingeniería y Tecnologías Avanzadas, Instituto

Politécnico Nacional, Mexico City, Mexico

Abstract. Prosthetic limb models created with 3D software simulators are nowa-
days a great tool to visualize the motion of existing and novel prosthesis designs.
Magnetic resonance image (MRI) based models created with 3D bone surfaces
can simulate prostheses with the joint kinematics data obtained from a motion
capture system. These simulations also can help us to visualize the features of a
prosthetic design before the prosthesis is created. The main objective is to facil-
itate prosthesis designers with virtual tools to simulate the prosthesis prototypes
to decrease the time and resources of the prosthesis design. By using the method
designed byMontefiori et al. [6], it is possible to simulate the differences between
the knee flexion during a gait cycle between the physiological limb and a pro-
totype of a prosthetic leg. The joint kinematics of both limbs can be compared
to detect the differences during walking. This research was applied to one test
subject, but for further research, this method can be applied to more patients that
use prosthetic limbs to develop a database of joint kinematics variables that are
essential to improve efficiency in the prosthesis design.

Keywords: Subject-specific ·MRI-based model · Osseointegrated prosthesis ·
3D-model · Biomechanics ·Motion capture system · Optoelectronic

1 Introduction

Balance is the phenomenon where a body’s center of mass (CoM) is vertically over the
base of support to retain equilibrium [1]. This balance allows the standing positionwhich
is essential for the mobility of an individual. Patients with amputation have challenges
to hold a standing position. Consequently, this increases the risk of falling and other
injuries caused by the lack of balance [2].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
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Prosthetics are built as a replacement for the lost limb and the attempt to establish
a quality of life for the amputees, the most common prosthesis is the socket prosthesis
[3]. However, the surface of this replacement regularly causes pain, and skin injuries,
among other issues [3].

Consequently, osseointegrated prostheses were successfully implemented first time
in 1990 and, among other existent systems, the Osseointegrated Prostheses for the Reha-
bilitation of Amputees (OPRA) and Implant Supported Prosthesis Endo/Exo (ISP) pros-
thesis protocols are available [4] bringing new alternatives. In addition, this kind of
prosthesis is directly anchored to the bone, therefore, eliminating the socket inconve-
niences and providing additional benefits like a larger range of motion (ROM), greater
reabsorption of the bone, and leaving behind soft tissue problems [5].

Combining the direct implant of the prosthesis to the bone in a 3D motion capture
model allows the previsualization, and simulation of the individualswith their prosthesis.
In 2019 similar research was done with a 3D model human, and attached a prosthesis
to the musculoskeletal system as we can see in Fig. 1 [14]. They stated that the benefits
of doing these methodologies is that we can understand better the gait cycle, kinematics
and relations between assistive devices and walking characteristics [14].

Fig. 1. Grabke and teams’ musculoskeletal model

Then in 2020 research with a similar methodology was done, using OpenSim and
attaching a transfemoral prosthesis to themusculoskeletal model [12]. In that article they
measured the ankle moment and ankle angle for dorsiflexion and plantarflexion. But in
both cases, they used generic 3D models, instead of having a specific subject model.

The challenge resides in the correct adjustment of the geometrical properties of the
prosthesis with the anthropometric properties of each patient. Therefore, this research is
aimed to simulate the standing and the gait motionwith anMRI-basedmodel to adapt the
prosthesis design with the geometrical and motion requirements for a specific patient.
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2 Methodology

2.1 Materials and Methods

Software tools such as SolidWorks (2020), NMSBuilder version 2.1, and OpenSim 3.3,
were used to perform simulations, material tests, and obtain measurements of the model
prosthesis.

Whereas gait analysis data was collected by Montefiori et al. [6] using movement
analysis based on infrared optical stereophotogrammetry. An 8-camera system (MX,
ViconMotion System Ltd, UK, 200 Hz) with two force platforms (OR6-6, AMTI, USA,
1000 Hz).

The marker-set was a combination of the Vicon Plugin gait (Vicon Motion System)
and the modified Oxford Foot Model (mOFM) protocols, with a total of forty-four
markers. A subset of twenty-eight markers was retained during a following MRI exam.

The patient was chosen from the population evaluated by Montefiori et al. [6] and
had a virtual amputation with D5 Render software. The novelty of our project is the
implementation of MRI based musculoskeletal models (Montefiori et al. [6]) instead
of using generic bones models, to evaluate gait cycles of a subject using a novel vir-
tual transfemoral Osseointegrated prosthetic limb prototype to evaluate joint kinematics
between a prosthetic and physiological knee.

2.2 Anatomical Model and Segmentation Through MRI

Both the imaging and gait analysis data of the subject were shared by Montefiori et al.
[6], following the procedures they described. MRI was used to acquire images of the
lower limbs and NMSBuilder to generate the anatomical model, to get the segmentation
of every individual bone to create the MRI-based model. Then in the software tools, the
physiological left leg was replaced with the prosthesis to test it in the simulation.

2.3 Prosthesis Design

Research
An anchoring system (AS) was required for the osseointegrated part of the prosthesis.
Tomaszewski [7] found that there was an advantage in a direct attachment of the pros-
thesis vs a traditional socket fixation. Two temporal parameters were proposed: the use
of the implant after using a socket, or immediately after surgery. The second option has
therefore, the design of the screw for the patient.

The use of a socket affects the bone mineral content (BMC) because the bone is not
under stress conditions since all the forces are applied to the stump of the patient, so
the bone would lose its density and mechanical properties. Nevertheless, with a direct
fixation, the bone would be again under stress conditions preventing the loss of bone
thickness.

In Tomaszewski’s [7] work, there were 2 proposals of design, the implant supported
prosthesis (ISP), and the Osseointegrated Prostheses for the Rehabilitation of Amputees
(OPRA) implant. The OPRA implant is a titanium pin screwed in the medullary cavity,
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Fig. 2. ISP and OPRA, comparison in BMC loss in Tomaszewski’s research [7]

while the ISP is a press-fit implant made of a cobalt-chromium–molybdenum alloy
covered with a porous trabecular (PT) metal. The results can be explained in Fig. 2.

The evidence showed that fixation of the implant made immediately after surgery is
better than using a socket first, due to being a major loss of BMC and the ISP implant
has less BMC loss than the OPRA implant.

Later, models that incorporate the use of springs were sought to help the mechanical
system as seen in Fig. 3. It was found information about this in an investigation made
by Geeroms [8] where a proposal of using a semi-active actuator with a parallel spring
was made. The goal was to achieve similar results for this research.

Fig. 3. Spring used in a damped system in a prosthetic leg to improve its functionality [8]

In this design, the concept was to use a semi-active spring system that would improve
the gait cycle providing a better flexion and extension. For this case instead, it was agreed
to use the spring to have a damped ankle system.



Inverse Kinematics Analysis of a Novel Osseointegrated Prosthesis Prototype 7

This was an important part of the design since a fixed implant would transmit all the
impacts when a person is walking, directly to the bone. Therefore, the spring assists to
reduce the impact on the cartilage or the meniscus.

Designing Process
The first step in design was the AS. Based Tomaszewski [7] research, a medical-grade
titanium screw that had porous trabecular metal using a cellular solid prototype design
was made by our team, as we can see in Fig. 4, and has the properties shown in Table 1.

Table 1. Physical properties of the designed AS SolidWorks®

Density Mass Volume Surface area

4.43 g/cm3 129.49 g 29.24 cm3 206.01 cm2

Fig. 4. Model prototype design for AS

The PT area is in the upper part of the piece, anchoring the bone and using the cellular
solid form to allow nutrients to travel along the cancellous bone, the lower area will be
attached to the prosthetic limb.

After the AS was designed, the rest of the prosthetic leg followed. As a first step,
the essential parts and mechanisms were designed for the prosthetic leg and the function
of every component. Then we assured that the prototype of the model had the essential
components that attempt to replace the leg, knee, calf, and feet. Then the design was
adapted to have similar motion ranges on the joints, an efficient feet design that allow a
correct gait motion kinematics and a final prototype design was made which is presented
in Figs. 5 and 6.



8 A. G. Ruiz et al.

Fig. 5. Final model frontal view.

Fig. 6. Final model rear view

The ankle was something challenging because it works as a ball joint, so it has 6°
of freedom. To solve this, a ball joint was placed at the top of the feet and designed
an assembly mechanism so that the leg and the feet could be attached or be able to be
detached for maintenance or reparation. Furthermore, a spring was incorporated into
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the prosthetic ankle system that would make the feet a damped system as previously
discussed.

Exportation and Model Generation
After the design modeling, the 3D surfaces from the prosthetic design were exported to
NMSBuilder 2.1 followingMontefiori’smethod [6] to create joints and amusculoskeletal
virtual model. The model was scaled for a 1.6 m female patient. The prosthesis was
anisotropicaly scaled on the 3 axes to adjust the height of the participant and the lengths
of the original limb. The prosthetic device was adapted to fit the center of rotations of
the contralateral limb.

The components of the prosthetic device were scaled to the MRI-based 3d surfaces.
The distance of the prosthetic deviceswas scaled based on the distance between the center
of rotation of the hip, knee, and ankle. The 3d surfaces of the prosthetics components
were exported to NMS Builder after being scaled to the participant’s geometry as shown
in Fig. 7.

Fig. 7. Simulated model with an adjusted prosthetic leg

In theNMSbuilder software, the parent and child reference systems of the pelvis, hip,
knee, and ankle were created. The hip and ankle were modeled as a ball and socket joint,
and the pelvis was simulated as a 6° of freedom joint with 3 rotations and 3 translations.
The knee was simulated as a 1° of freedom rotational pin joint.

Exportation to OpenSim 3.3
Taking further Montefiori’s methods [6] the model was imported to OpenSim 3.3, which
is a computational musculoskeletal motion simulation software. It was very important
for the work that the model already had the body, in this case. The anatomical virtual
markers that were used for this work were named: RPSI, LPSI, LASI, RASI, RTHI,
RKNE,RMFC,RHFB,RSHN,RMMA,RANK,RTUB, LTUB, LMFC, LSHN,LMMA,
LANK, LHFB, LKNE, LTHI. Landmarks are represented with spheres (see Fig. 8), as
shown in Figs. 9, 10 and 11.
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Fig. 8. Anatomical landmarks used for simulation by Montefiori et al. [6]

Fig. 9. Coronal view of the mode

Fig. 10. Sagittal view of the model.
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Fig. 11. Axial view of the model

Fig. 12. Model simulation in motion capture

With the landmarks set in their standing position, the joint kinematics was estimated
with Opensim 3.3 with the 3D motion coordinates of the anatomical markers that were
obtained in an optoelectronic motion capture obtained by Montefiori et al. [6].

The prosthetic device was simulated with a 1° of freedom rotation pin joint for
the knee and the ankle as shown in Fig. 12. The model was adapted to have a virtual
amputation in the femur.

3 Results

After calculating the joint angles, the differences between the joint kinematics of the
prosthetic device knee compared with the physiological knee joint were calculated. The
prosthetic leg has a similar range of motion as seen in Fig. 13, but they have variations
in the gait motion kinematics. The next graph shows the gait cycle in both legs, and the
degrees of the knee in each phase. The phases emphasized are the loading response and
the toe off, which involve more knee flexion. For the loading response phase there were
3 approximately of difference while in the toe off phase there were 10° approximately
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of difference. This means that in the toe off phase there is a 15% of deviation while in
the loading response is an 11% of deviation.

Fig. 13. Angle comparison between both legs

In related works such as Raveendranathan [12] they also had a degree difference;
in their case their maximum was of 10°. This could be caused by the scaling of the
prosthesis and its components.

4 Discussion

In this research, it has been possible to compare the joint kinematics with software to
represent MRI digital surfaces, and simulators to create a 3D model of a transfemoral
osseointegrated prosthesis and to estimate the joint kinematics after the prosthesis is
integrated into the musculoskeletal MRI based subject-specific model, which have the
capability of representing the joint kinematics of a virtual prosthetic prototype. Even
though the anatomical leg and the prosthetic leg do not have the same range of motion,
musculoskeletal modeling can be used to calculate the range of motion of prosthetic
virtual designs to test the geometry, scaling and the joint kinematics that are obtained.
The calculation of the joint kinematics can be useful to test the joint angles of the
prosthetic limb with different geometrical parameters.

5 Conclusions

This was a preliminary study where it was assumed that the bodies of the proposed
prosthetic model were rigid, except for the knee, and where we proposed a method to
analyze and evaluate the alignment of the joints between the biological leg and pros-
thetic limb. Even though the design is a prototype, the gait analysis, and standing joint
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kinematics were compared for the prosthetic limb compared with the contralateral limb.
Also, in this research we had some limitations, as we worked with an MRI based model,
for example, Arnold [13] worked directly with bones from a cadaver giving him more
precise models. With this research, further work can take place where different persons
that use prostheses are analyzed to evaluate design and functioning. We could also make
a database based on the joint kinematic data provided by the simulations donewith MRI
based musculoskeletal models of a higher sample of participants.
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Abstract. The knee joint is essential for stability, postural support and as a shock
absorber of the bodyweight when carrying out bipedal physical activity. The lunge
exercise is a functional test to evaluate the knee performance, therefore, applying
a quantitative evaluation through kinematics and electromyography during lunge
execution in non-trained healthy subjects will contribute to establish normative
values in males and females for future comparison with diverse knee injuries. The
aim of this studywas to characterize electromyography parameters and kinematics
of the knee while performing lunges bilaterally in healthy non-trained subjects (n
= 70). A statistical difference between Right Leg vs, Left Leg for RMS, AUC and
and MNF was found for the pooled data, and between male vs. female just for
RMS. The range of movement did not differ significantly between legs or sexes.
These results will be used to establish a database in healthy subjects that can be
used to compare results vs. subjects with a knee injury.

Keywords: knee joint · kinematics · electromyography · lunge

1 Introduction

During physical activity, involving lower limbs, the knee joint contributes to stabilizing
the body and prevents overload during movement [1]. The quadriceps (QM) and ham-
string muscles (HM) coactivate to guarantee proper stability when performing knee joint
high-impact movement. In addition, HM contraction contributes to reducing the traction
of the QM, allowing to keeping better movement control [2].

The probability for an athlete to suffering a knee ligament injury (KLI) is related to
leg dominance, i.e., the Dominant Leg (DML) presents the highest prevalence of injury
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during movements such as landing or cutting movements due to the DML receives a
greater load compared to its counterpart [3]. Moreover, women are 2 to 3 times more
vulnerable to suffering a KLI, most frequently the Anterior Cruciate Ligament (ACL)
[4]. Electromyography data (EMG) from the muscles directly involved in the knee joint
during functional tests provides information about the activation pattern (AP) in the right
leg (RL) compared to the left leg (LL) and between male (M) and female (F) [5]. In
addition, kinematics assess the Range of Movement (ROM) of the knee to evaluate if
there is any limitation involving knee flexion-extension [6].

The lunge exercise is an appropriate functional test to estimate the reaction exerted
by the knee in a kinematic and neuromuscular system [7]. This test is used within the
rehabilitation plan of subjects with KLI reconstruction to reintegrate it to an optimal and
functional level when fulfilling impact physical activities [8]. Studies have been carried
out in athletes without a history of KLI, as in [9]. However, non-trained subjects with
low physical activity levels have not been considered; consequently, they may exhibit
different knee performance compared to trained athletes.

By using EMG and kinematics during lunges, we aimed to characterize Root Mean
Square (RMS), Area Under Curve (AUC), Mean Frequency (MNF) and ROM. Data
from this study, could be useful to determine the probability of KLI and to establish a
database to compare knee performance in subjects with a KLI in future studies.

2 Materials and Methods

Seventy subjects (30 M, 40 F) without history of trauma or musculoskeletal injury
in lower limbs participated in this study. Height and weight were measured to deter-
mine Body Mass Index (BMI). 65 subjects reported right dominance. The protocol was
approved by the Research and Research Ethics Committee of the U. Anáhuac México
(202303).

2.1 Lunge Test

Initially, the participant completed a 5 min warm-up. The subject stood with their feet
shoulder-width apart. Then, the subject had to step forward with one leg while lowering
the body and flexing both legs until the knee of the leg that remained in the starting
position was a few centimeters from the ground. Upon reaching the maximum point, the
subject had to return to the starting position and alternate the leg. The exercise consisted
of 3 repetitions per leg, initiating with RL. Figure 1 shows how the test was performed.

Fig. 1. Lunge test. A. Initial test position. B. Maximal knee flexion in RL.
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2.2 EMG

Eight wireless sensors (FREE EMG, BTS Bioengineering) were used. Paired surface
Ag/AgCl electrodes were connected to the sensors and placed bilaterally on the subject’s
abraded skin in the Vastus Lateralis (VL), Vastus Medialis (VM), Semitendinosus (ST),
and Biceps Femoris (BF) as shown in Fig. 2. The signals were recorded with a sampling
frequency of 1 kHz and a bandpass filtered (20–450 Hz). MATLAB 2020b was used for
off-line data processing. For each lunge, the amplitude of theEMGsignalwas normalized
and segmented for both legs. The RMS, AUC, and MNF parameters were calculated for
each lunge.

2.3 Kinematics

Six infrared light cameras (SMART DX, BTS Bioengineering) were used to capture the
knee kinematics. The camera’s resolution was 1.5 Mpixels. Recordings were sampled
at 250 Hz. Seventeen reflective markers were placed bilaterally as follows (Fig. 2): in
trochanteric pons, middle area of the thigh, lateral epicondyle, head of the fibula, in the
medial area of the fibula, lateral malleolus protuberance, central area of the hindfoot, on
the fifth metatarsal, and one at the level of S2.

BTS Bioengineering software was used to record kinematics, and reconstruct the
anatomical model from the labeled markers according to their position. Then, a vector
was created from the proximal femur to the distal femur, and another from the distal
fibula to the proximal fibula, as the union of both vectors represents the ROM of the
knee during lunges. The angular trajectory in each leg was plotted and obtained peaks
represented the maximum flexion exerted for each repetition. The median value of the
flexion of each leg was determined.

Fig. 2. Lateral, anterior and posterior views of the anatomical position of lower limbs where the
markers for kinematics and the sensors for EMG were placed.
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2.4 Data Analysis

For RL and LL, the mean value and standard deviation of RMS, AUC, MNF, and ROM
were obtained for each participant. Then the limb symmetry index (LSI) was calculated
for all parameters as the ratio of the non-DML by the DML. Therefore, LSI< 1 indicates
higher values for DML. Then, the LSI was used to compare M vs. F. For each subject,
the average of the EMG envelope was obtained during lunges from the moment the
subject grounded with the leg that took the step until the ascent phase towards the initial
position for each leg. A mean envelope was created for each muscle, in both lower limbs
to determine the AP of the muscles.

2.5 Statistical Analysis

GraphPad Prism 8.0.2 was used for statistics and graphical representation of the results.
A Shapiro-Wilk Test was performed to determine if the data had a normal distribution.
If p > 0.05, the paired T or unpaired test was applied accordingly. On the contrary, the
Wilcoxon test was used instead. For both tests, a value of p < 0.05 was considered a
statistical difference.

3 Results

The sample (n = 70) had a mean of 21 ± 2 years and a mean BMI of 23.7 ± 3.76. No
statistical differences were found between sexes in both age and BMI (p > 0.05).

3.1 EMG

First, M and F data were pooled and comparisons between RL and LL for RMS, AUC,
and MNF (mean± SD) were obtained, as shown in Fig. 3A. The LSI for the same EMG
parameters, comparing M vs. F, is shown in Fig. 3B. A significant difference was found
in the RMS (mV) comparing both legs in VL (RL, 0.33 ± 0.07, LL, 0.30 ± 0.02, p
< 0.001), VM (RL, 0.33 ± 0.09, LL, 0.29 ± 0.03, p < 0.001), ST (RL, 0.31 ± 0.07,
LL, 0.28 ± 0.02, p = 0.006) and BF (RL, 0.31 ± 0.06, LL, 0.29 ± 0.03, p < 0.001).
Similarly, in the AUC, statistical differences between legs were found in VL (RL, 773.9
± 237, LL, 679 ± 197, p < 0.001), VM (RL, 770.6 ± 269.5, LL, 667.8 ± 194.5, p <

0.001), ST (RL, 694.2 ± 215.6, LL, 632.3 ± 195.3, p = 0.006) and BF (RL, 732.7 ±
215.5, LL,646.4 ± 190.4, p < 0.001). For the MNF (Hz), significant differences were
found in the VL (RL, 89.45± 11.74, LL, 85.19± 13.23, p= 0.010); but not in VM (RL,
85.72± 9.18, LL, 86.53± 9.09, p= 0.412), ST (RL, 103.4± 18.9, LL, 101.6± 16.06,
p = 0.403) and BF (RL, 96.19 ± 16.38, LL, 92.99 ± 15.41, p = 0.113). In summary,
differences were found in RMS and AUC in all muscles evaluated, resulting in greater
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muscle activation in the RL, considering that 65 subjects reported right dominance. This
implies that in the DML, there is a greater coactivation of the QM-HM, compared with
the non-DML, as described Ruas CV et al. [2]. By contrast, in MNF, there was only a
statistical difference in VL. A higher mean value was also reported for HM compared
to QM, as HM requires a higher frequency of contraction to achieve stability in the leg
during movement [10].

In addition, VL showed a significant difference in all EMG parameters, possibly
because the muscle is not only involved in knee stability but also in hip stability. Thus,
during an exercise such as the lunge, the VL works to achieve knee flexion and control
the internal rotation of the hip, maintaining functional stability of the limb, as Rojas-
Quinchavil G et al. mentioned [11]. By having the VL a double function during the test,
this muscle is more sensitive to present a difference in its AP and the moment of muscle
fatigue of each subject [12].

Between M and F, the LSI was obtained for RMS, and statistical differences were
found in BF (M, 0.96 ± 0.20, F, 0.88 ± 0.17, p = 0.027), but no for the rest of the
muscles: VL (M, 0.89 ± 0.24, F, 0.87 ± 0.15, p = 0.157), and VM (M, 0.82 ± 0.22, F,
0.85± 0.21, p= 0.114) and ST (M, 0.97± 0.20, F, 0.93± 0.19, p= 0.881). In contrast,
no statistical differences were found in the LSI of the AUC in VL (M, 0.91 ± 0.30, F,
0.81± 0.23, p= 0.355), VM (M, 0.82± 0.27, F, 0.80± 0.25, p= 0.7815, ST (M, 0.99
± 0.23, F, 0.92± 0.33, p= 0.155) and BF (M, 0.95± 0.28, F, 0.84± 0.29, p= 0.111).
Similarly, no statistical differences were found in the LSI for the MNF: VL (M, 0.96 ±
0.14, F, 0.97 ± 0.20, p = 0.866), VM (M, 1.01 ± 0.14, F, 1.03 ± 0.11, p = 0.406), ST
(M, 0.97 ± 0.15, F, 1.02 ± 0.18, p = 0.561) and BF (M, 0.98 ± 0.16, W, 0.98 ± 0.15,
p = 0.989). According to the previous results, there was only a significant difference in
the RMS data for one muscle from the HM group (BF) in males compared to females.
This may be related to different altered neuromuscular control strategies and movement
patterns of both sexes [13]. For example, Dwyer MK et al. [14], M and F also performed
a lunge as a functional test and found a significant difference for the RMS in the gluteus
maximus.
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Fig. 3. A. RMS, AUC and MNF comparing RL vs. LL (n = 65, 29 M, 36 F). B. M vs. F LSI for
RMS, AUC and MNF (* p < 0.05, ** p < 0.01, *** p < 0.001).

Then, a profile of EMG AP during lunge execution is plotted in Fig. 4. This AP is
divided into four stages; the first stage shows when the subject grounds; the second stage
includes the subject descent (first plateau); the third stage represents the maximum knee
flexion and the instant in which the subject gets up (second plateau); the incorporation
to the initial position is contained in the fourth stage.
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Higher amplitude is shown in QMAP (VL and VM, red and blue lines, respectively),
which matches the RMS values. On the other hand, HM exhibited lower amplitude,
coinciding with the AUC obtained for both muscle groups, and coincides with the results
of MNF, saying that QM is activated to a greater extent during lunges.

Fig. 4. Mean EMG envelope of the AP for VL, VM, ST and BF (n = 65). The mean EMG
envelope for all the subjects and both legs was calculated, then it was pooled to represent the AP
during a lunge. 1. Ground contact. 2. Descent time. 3. Maximum flexion and push up. 4. Rise to
initial position.

3.2 Kinematics

Kinematics analysis revealed no statistical differences in the ROM for the maximum
flexion comparing RL vs. LL (RL, 96.43 ± 9.71, LL, 97.75 ± 9.16, p = 0.5759). And
for ROM LSI (M, 1.01 ± 0.14, F, 1.01 ± 0.09, p = 0.9669). Statistical data and the
trajectory of the maximum and minimum flexion during lunges are shown in Fig. 5A, B
respectively.

Knee flexion does not differ significantly between legs and sex. In general, no limi-
tation was identified to execute this test. Similarly, Dwyer MK et al. [14], lunges were
used as a functional test to evaluate the knee performance, authors did not find significant
differences in control subjects comparing M vs. F.
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Fig. 5. A. ROM for RL vs. LL, and B. M vs. F. (n = 65, 30 M, 40 F). C. Kinematics trajectory
of the RL during lunge execution of two subjects with maximum and minimum flexion (red and
black lines respectively). Height and distance were normalized for comparison

4 Conclusion

In this study, the EMG and kinematics activity of the knee joint during lunges were
characterized. We observed that for EMG parameters such as RMS, and AUC, a signif-
icant difference comparing RL vs. LL in all muscles was found. On the other hand, for
MNF, it was statistically different only in VL. RL showed a greater AP, which could be
related to the dominance reported in the subjects of this study. VL showed a significant
difference in all EMG parameters during lunges, as it is involved in functional control of
the hip and knee. Other functional tests in control subjects could determine if the EMG
parameters of this muscle are also different when comparing RL vs. LL. For example,
Ribeiro G et al. [15], single leg squat was applied in healthy subjects; however, they
found no statistical difference in the AP.

For RMS, M showed greater symmetry in both legs in HM, BF being the only one
with a significant difference. In contrast, F reported an LSI closer to 1 for the QM.
Future experiments could compare EMG parameters of subjects whom suffered a KLI
vs. control subjects of the same sex, due to there is a disparity between M and F in some
motor control mechanisms that affect the AP in the QM-HM [13].
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The EMG envelope of each muscle shown in Fig. 4, reveals the AP of both QM-
HM, characterized by two plateaus during lunge execution, in which QM increase in
amplitude to a greater extent than the HM.

Based on the kinematics results, where there was no significant difference for the
ROM in RL vs. LL and M vs. F. This means that the subjects did not have a limitation
flexing with RL or LL and that there was no significant asymmetry in both legs between
sexes. These results could suggest that evaluating a subject with a KLI could show a
ROM limitation in the injured leg by performing a unilateral functional test such as a
lunge. Alkjær T et al. [16] found a significant reduction in themaximumflexion achieved
by subjects with ACL injury and controls during lunges.

Our data could contribute to the generation of a database that allows quantitative
evaluation fromEMGand kinematics in healthy non-trained subjects compared to people
who suffered a KLI.
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Abstract. Knee joint performance in elite and amateur athletes has been studied;
however, scarce information has been reported on non-trained subjects. The single-
leg drop landing is used to assess knee biomechanics. A method used to assess
knee function is 3D motion capture and superficial electromyography (sEMG).
The aim of this study was to analyze kinematics and EMG in lower limbs in
healthy, non-trained individuals when performing the single-leg drop landing test.
Seventy subjects (30 M, 40 F) were recruited. sEMG was recorded bilaterally
in the Vastus Medialis, Vastus Lateralis, Rectus Femoris, and Semitendinosus.
Root Mean Square, Area Under the Curve, and Mean Frequency were calculated
for both legs. Seventeen reflective markers were placed bilaterally in the lower
limbs to assess knee kinematics. Range of motion and angular velocity were
determined. A statistical difference between males and females was found in the
RMS in the Vastus Medialis (p = 0.019). The rest of the sEMG and kinematics
parameters evaluated had no statistical differences between the right and left leg
and sexes. sEMG and kinematics parameters on healthy populations could be
useful to create baseline values to predict knee injuries and compare them with
knee-injured populations in future studies.

Keywords: Single-leg drop landing · knee joint · biomechanics · kinematics ·
electromyography

1 Introduction

The single-leg drop landing (SLDL) is a training drill and a functional test that is often
used to measure knee function [1]. The SLDL has shown good reliability in healthy
subjects [2], and it is a reliable test to evaluate sex differences in knee biomechanics [3],
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interlimb asymmetries post knee ligament reconstruction [4], fatigue-related changes
in shock attenuation [5] and knee differences between dominant and nondominant leg
[6]. Kinematics and superficial electromyography (sEMG) have been used to measure
landing stability [7, 8] and the pattern of muscle activation [9, 10], respectively. To date,
the majority of studies have been conducted in the athletic population [2–4, 6, 9, 11,
13, 14]. Data on healthy, non-trained individuals may help to create baseline values
useful in future studies. The present study aimed to analyze kinematics and sEMGwhen
performing the SLDL test in non-trained healthy participants.

2 Materials and Methods

Subjects
Seventy healthy subjects (M 30, F 40) between 18–27 years old, with no history of
trauma or musculoskeletal injuries were recruited. The Body Mass Index (BMI) was
calculated from height and weight. Informed consent was obtained prior to participation.
The protocol was approved by the Research and Ethics Committees of the Universidad
Anáhuac México (ID 202303).

Procedure
For sEMG recordings, an 8-channel wireless electrode system (FreeEMG, BTS Engi-
neering) was used. Bipolar electrodes were placed bilaterally on the following muscles:
Vastus Lateralis (VL) and Vastus Medialis (VM), Biceps Femoris (BF), and Semitendi-
nosus (ST) (Fig. 1). Recordings were acquired at a sampling frequency of 1 kHz and
filtered in a range of 20–450 Hz. sEMG parameters analyzed were: Area Under the
Curve (AUC), Root Mean Square (RMS), and Mean Frequency (MFr). For kinematics,
the SmartDx (BTS Engineering) camera system with six infrared light cameras was
used at a sampling frequency of 250 Hz in a working volume of 4 × 2 × 2.5 m. Seven-
teen reflective markers were placed on the following anatomical landmarks: base of the
fifth metatarsal, posterior part of the calcaneus, lateral malleolus, distal fibula, proximal
fibula, lateral femoral condyle, proximal femur, greater trochanter, and sacrum (at S2
level) (Fig. 1). The kinematic parameters considered for the analysis were the range of
motion (ROM) and angular velocity (AV).
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Fig. 1. Placement of sEMG electrodes and reflective markers in a front view (A), Back view
(B), and Side view (C). The red and green arrows show sEMG wireless electrodes and reflective
markers, respectively.

Single-Leg Drop Landing
First, a 5-min warm-up was carried out by the participant as indicated by a physical
therapist. The test was performed in three series of three repetitions, starting with the
right lower limb (RLL) followed by the left lower limb (LLL). On a raised platform
(30 cm high, 60 cm base, and 40 cm deep), standing on both feet while barefoot, the
participant was asked to go down a step. At the moment of landing, the participant was
instructed to land strictly on one foot, maintain the balance for 2 s and then lower the
contralateral foot to return to bipedal support (Fig. 2).

Fig. 2. SLDL sequence. 1. Initial position. The participant with both feet on the box. 2. Drop
phase. Participant drops from the box using one foot. 3. Landing phase. Participant lands using
one foot and maintains the position for two to three seconds. 4. Final phase. After three seconds
the participant lowers the contralateral foot to the ground.
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Data Analysis
MATLAB 2020b was used to calculate RMS, AUC, andMFr. The sEMG signal for each
muscle and subject was normalized to the amplitude, and for each parameter, the mean
value (±SD) was obtained. Data from all subjects were pooled (M and F) to compare
RLL vs. LLL. BTS Bioengineering software was used for kinematics acquisition and
analysis. The analysis of the ROMof each subject was determined as follows: the angular
trajectory of two vectors was represented in a graph (one from the proximal femur to
the distal femur, the other from the distal fibula to the proximal fibula). The mean value
of the maximum flexion reached by each leg during the three repetitions of the SLDL
was obtained from the angular trajectory. The resulting ROM of all subjects was pooled
to compare RLL vs. LLL. Then, data were pooled for M and F to calculate the limb
symmetry index (LSI) for all sEMG and kinematic parameters, as the ratio of the values
of the non-dominant leg (NDL) by the dominant leg (DL). If LSI< 1, the DL parameter
predominates over the NDL.

For statistical analysis, GraphPad 8.0.2 was used. The Shapiro-Wilk test was per-
formed to determine if data were normally distributed. If p > 0.05, paired or unpaired
T-test was applied accordingly. If data were not normally distributed, the Wilcoxon Test
was used instead. For comparisons, p < 0.05 was considered.

3 Results

Mean height and weight of the sample was 1.65 ± 0.08 m, and 64.15 ± 12.96 kg,
respectively. No statistical differences were found between males and females. The
BMI was 23.37 ± 3.37.

3.1 sEMG

sEMG results are shown in Table 1. No significant differences were found in the RMS,
AUC, and MFr when comparing RLL vs. LLL in the pooled data. On the other hand,
a significant difference was found in the RMS between males and females in the VM
muscle (M 0.92 ± 0.17; F 1.02 ± 0.19, p = 0.019). No significant differences between
males and females were observed in AUC and MFr in the rest of the muscles evaluated
(Table 2). In this context, a recent systematic review showed that men and women
athletes have similar activation patterns during jump landing tasks with only the VL
showing differences between sexes at post-contact [11], while Xu et al., showed that
only the ST displayed a different activation pattern while performing the single leg drop
jump [12]. A systematic review and meta-analysis assessed muscle activation patterns
between males and females during pre- and post-contact phases of jump-landing task.
The subjects performed regular exercises. It was found that men had an earlier VL
activation compared to women in the post-contact phase [11]. On the other hand, in
men, it was found that quadriceps muscles are active earlier than women´s in the pre-
contact phase of the jump landings [9]. In a sample of recreational active males, data
extracted from sEMGs showed that during the landing phase, VL and VM contributed
significantly to muscle force and muscle power [13]. Although no comparisons between
males and females was done in the latter study, the modeling based on sEMG could be
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used in future studies to extract additional parameters rather than RMS, AUC and MFr.
Finally, we found a significant difference in the RMS in males compared to females
during the whole jump-landing test. In future studies we could analyze specific phase
parameters to extract additional information when comparing sex differences.

Table 1. sEMG parameters in all subjects, comparing the RLL vs. LLL. (n = 65, M 29, F 36).

sEMG Parameters

RMS (µV) AUC (µV*s) MFr (Hz)

Mean SD Mean SD Mean SD

RVL 0.25 0.04 516.3 223.1 88.95 17.48

LVL 0.25 0.04 517.9 229.2 90.50 16.35

p value 0.588 0.760 0.337

RVM 0.24 0.05 500.2 228.1 84.79 14.37

LVM 0.24 0.05 489.4 215.5 85.41 13.3

p value 0.278 0.625 0.775

RST 0.22 0.04 427.70 197.10 98.25 19.89

LST 0.24 0.04 450.50 176.70 101.90 20.94

p value 0.082 0.254 0.188

RBF 0.23 0.04 461.6 220.5 98.46 19.65

LBF 0.23 0.04 435.3 163.9 96.56 15.88

p value 0.312 0.346 0.096

Abbreviations:RMS=RootMeanSquare,AUC=AreaUnder theCurve,MFr=MeanFrequency,
SD = Standard Deviation, RVL = Right Vastus Lateralis, LVL = Left Vastus Lateralis, RVM =
Right Vastus Medialis, RVL= Right Vastus Medialis, RST= Right Semitendinosus, LST= Left
Semitendinosus, RBF = Right Biceps Femoris, LBF = Left Biceps Femoris.

3.2 Kinematics

A representative example of the lower limb trajectory during the SLDL showing max-
imum and minimum knee flexion in two subjects is presented in Fig. 3. For the pooled
data (n = 70), no statistical differences were found when comparing ROM of the RLL
(62.45 ± 11.84°) vs. the LLL (62.70 ± 13.48°), or when comparing the LSI of ROM
in males and females (M 1.0 ± 0.24, F 0.98 ± 0.14). Similarly, no statistical differ-
ences were found for the mean AV of the RLL (31.01 ± 11.27°/s) vs. the LLL (31.27
± 11.35°/s). The mean LSI of AV for the whole sample was 1.00 ± 0.19. No statistical
differences were found between males and females (M 1.04 ± 0.23, F 0.97 ± 0.14) in
the same LSI parameter.
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Table 2. LSI for the sEMG parameters compared by sex (n = 65, M 29; F 36).

sEMG Parameters

LSI RMS LSI AUC LSI MFr

Mean SD Mean SD Mean SD

MVL 1.01 0.21 1.03 0.35 1.01 0.22

FVL 1.00 0.15 1.04 0.35 1.01 0.18

p value 0.949 0.942 0.965

MVM 0.92 0.17 0.94 0.32 1.04 0.20

FVM 1.02 0.19 1.04 0.38 1.01 0.20

p value 0.019 0.221 0.471

MST 1.066 0.24 1.00 0.38 1.07 0.24

FST 1 0.22 0.98 0.34 1.01 0.21

p value 0.079 0.818 0.264

MBF 0.99 0.23 0.92 0.29 1.02 0.22

FBF 1.00 0.18 0.98 0.33 0.97 0.14

p value 0.416 0.413 0.927

Abbreviations:RMS=RootMeanSquare,AUC=AreaUnder theCurve,MFr=MeanFrequency,
SD = Standard Deviation, RVL = Right Vastus Lateralis, LVL = Left Vastus Lateralis, RVM =
Right Vastus Medialis, RVL= Right Vastus Medialis, RST= Right Semitendinosus, LST= Left
Semitendinosus, RBF = Right Biceps Femoris, LBF = Left Biceps Femoris.

Landing maneuvers demand a correct muscle synergy between agonist and antago-
nist muscles to adequately distribute kinetic energy to the lower limb when executing
functional tests [13]. Kajiwara et al. carried out a similar study that evaluated knee
biomechanics during a single-leg drop jump while performing a cognitive task on 20
competitive-level athletes who suffered an anterior cruciate ligament rupture [14]. In
the kinematics results, the authors reported that the maximum knee flexion angle degree
was 40.2°± 5.4. In comparison, our study assessed 70 healthy non-injured subjects, and
as stated previously, the maximum knee flexion angle degree was 62.45° ± 11.84° for
the right lower extremity and 62.70° ± 13.48° for the left lower extremity. Differences
between untrained and trained subjects and anthropometric characteristics may explain
this difference. In this context, additional studies in larger samples are warranted. More-
over, the SLDL requires a certain degree of complexity involving an individual’s physical
activity and proper mental planning; therefore, considering non-physical factors such as
kinesiophobia [15] could add information about motor performance during challenging
movement tasks.
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Fig. 3. Lower limb representative trajectories during the SLDL test in two participants. The
red line represents a participant that displayed maximum flexion during landing. The blue line
represents a participant that displayed minimum flexion during landing. The jumping platform is
represented by the gray square.

4 Conclusion

In the present study, a statistical difference was just observed in the VM between males
and females in the RMS. The rest of the sEMG and kinematic parameters were not
statistically differentwhen comparisons between lower limbs or sexesweremade. Scarce
information combining sEMG and kinematics during different knee functional tests in
non-trained subjects has been published [5, 7, 8, 10, 12]. A healthy population with
no history of trauma or musculoskeletal injuries, with normal BMI, was selected with
the purpose of establishing normative values for future assessments. The data provided
could be useful when comparing healthy and injured populations.
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Abstract. This work presents the numerical analysis by FEMof different types of
biomaterials based on Hydroxyapatite and Hydroxyapatite-Titanium to estimate
the values of maximum stresses in a tibial segment. The mechanical response with
respect to an axial applied force of 750N on the tibial plateaus of the bone structure
was analyzed. The 3D models were considered static systems. For the numeri-
cal analysis, the ANSYS tool was transmitted. The maximum stresses and total
deformations in the biomaterials based on Hydroxyapatite and Hydroxyapatite-
Titanium are within the range reported in the literature and confirm that the recon-
struction of the 3D model used can be a good alternative in the regeneration of
bone tissue. In addition, to consider reinforcing them with titanium plates, con-
siderably increasing the stress capacity, which is important in the treatment of
implants in long bones.

Keywords: Finite Element Analysis · Bone Tissue Engineering ·Hydroxyapatite

1 Introduction

Bones are susceptible to damage from trauma, necrosis, tumors [1], and congenital dis-
eases such as osteoporosis [2]. Loss of skeletal tissue can result in significant morbidity
and, furthermore, is typically associated with significant socioeconomic cost [3]. The
most viable treatment of a long bone defect is bone grafting, which involves removal of
donor bone from a non-load-bearing patient site or filling with a biomaterial [4].

Tissue engineering is widely accepted as an effective way to treat these bone defects
[5]. It is also defined as an interdisciplinary field in which engineering principles are
applied to bone-related biochemical reactions. Scaffolds, cells, growth factors and their
interrelationship in the microenvironment are major concerns in bone tissue engineering
[6].
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The success ofmaterials for bone tissue engineering focuses on theproper selectionof
natural biomaterials or biomimetics, such as polymers, ceramics,metals, and composites.
In addition, there are different manufacturing technologies such as three-dimensional
printing and electrical field-assisted techniques such as electrospinning, which have been
used to process these biomaterials for bone tissue engineering [7].

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is the main component of bone tissue [8],
representing 70% of bone weight, while type I collagen fibrils constitute 20% and water
about 10% [9].HApromotes the growth of bone cells and stimulates the formation of new
bone cells [10]. Titanium (Ti), usually grade 5 Ti6Al4V, is commonly used for ortho-
pedic implant applications due to its excellent corrosion resistance, biocompatibility,
mechanical strength, and elastic modulus [11].

TheHA/Ti combination promotes bone tissue regeneration because Ti acts as a struc-
tural support and HA contributes the cells to the bone. The finite element method (FEM)
estimates the mechanical behavior of 3D models. It can improve the design process
of orthopedic devices, the analysis of tissue growth or the biomechanical behavior of
implants, making it very useful in tissue engineering. [12].

Thiswork presents a numerical analysis byfinite elements of themechanical behavior
of different hydroxyapatite and hydroxyapatite-titanium biomaterials, for which various
forms and concentrations of this material obtained by different techniques were consid-
ered, and of which Young’s Modulus are reported that they are within the feasible values
for long bones such as the tibia or femur. Static structural analyzes of Hydroxyapatite and
Hydroxyapatite-Titanium were carried out in 3D models of the tibial segment obtained
from the tomographic study of a female patient in which an isotropic linear behavior of
the materials was ensured.

2 Materials and Methods

2.1 Biomaterials

Mechanical behavior of composite biomaterials based on HA and HA-Ti was analyzed,
since it has been considered one of the best materials to regenerate bone tissue, mainly
long bones such as the tibia or femur.

Four HA samples with different grain shapes at different concentrations were used,
from which the Young’s Modulus and Poisson’s Coefficient values were taken, because
linear isotropic studies were considered. The first sample was bulk HA (S1) engineering
[13], the second sample was HA in HA pellets subjected to nanoindentation experimen-
tal tests with a composition of 75/25 (S2) [13], the third sample was an HA composite
biomaterial (18.1%) /PLA (Polylactic Acid) (S3), and the fourth sample was a biomate-
rial composed of HA (35.7%)/PLA (S4). The biomaterials S3 and S4 were obtained by
electrospinning [14]. These biomaterials present a diameter distribution from 800 nm to
50 μm and a great diversity of pore sizes with ranges from 10 μm to 100 μm, allowing
a favorable network for the case in which bone cells are used [14].
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2.2 3D Model Reconstruction

Figure 1a and 1b show the reconstruction of the 3D model of the tibia of a female
patient segmented with the Open Source 3D Slicer tool. The area replaced by the HA
implant was the tibial shaft due lower extremity fusions experience a lever arm effect,
which affects the central area of the tibia [15]. Two 3D models were worked on: the first
with Hydroxyapatite and the second with Hydroxyapatite-Titanium. In the latter, CAD
models of two plates and five screws designed in the SolidWorks® 2022 Educational
Version Software provided by Universidad La Salle México were added. Dimensions of
each of the two plates were 150 mm × 20 mm × 5 mm while for the five screws, they
were ø6 mm × 40 mm.

The cuts and the assembly of the bone structurewith the two plates and the five screws
were carried out on the Autodesk MeshMixer platform provided by La Salle Mexico
University, to continue with the structural analyzes of the bone-implant assembly in
the ANSYS Mechanical Software Version 14.5. (ANSYS Inc., Canons-burg, PA, USA)
provided by the INR-LGII Biomechanics Laboratory, referring to the implant as each
of the HA-based biomaterial samples mentioned in the previous point and analyzed by
separate.

Fig. 1. Reconstruction of the 3D model of the tibia of a female patient a) Cortical bone with HA;
b) Cortical bone with HA-Ti plate and screws.
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2.3 Finite Element Method

For development of the numerical analysis, the mechanical properties corresponding to
each of the pieces of the set were assigned, which determine the behavior of each of
these biomaterials, as shown in Table 1. Bonded contact was used because themodel was
considered as a fixed block and this contact was applied at each of the model interfaces
(Bone-HA and Bone-Ti), while size of the element used in the mesh was 1 mm as
reported by [16].

Table 1. Mechanical properties applied in Finite Element Model.

Component Young’s Modulus (MPa) Poisson’s Coefficient

Cortical bone 13,000 [17] 0.3

Plates (Ti Grade 5) 114,000 [17] 0.3

Screw (Ti Grade 5) 114,000 [17] 0.3

In addition to the above components, four HA-based biomaterials were used, to
which a Modulus of Elasticity value was assigned depending on the HA composition to
identify the mechanical behavior of the system. These values are shown in Table 2.

Table 2. Young’s Modulus values used (MPa)

Biomaterial Sample HA compound Young’s Modulus (MPa)

S1 Bulk [13] 102610

S3 18.1% [14] 102.88

S4 35.7% [14] 17.849
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For the boundary conditions of model, the inferior articular surface and the articular
facet of the medial malleolus were kept fixed; A distributed axial load of 750 N was
applied on the tibial plateaus in the -Z direction in all the models (Hydroxyapatite and
Hydroxyapatite Titanium) because in the numerical simulation the half support phase
of human gait is being represented and, at that instant, the weight of the body falls on
one foot, in addition to the average body weight of a person of 75 kg. Results obtained
by the finite element simulations show the values of the equivalent stresses and total
deformations of the bone-implant set, considering a position of average support for
human gait, a moment in which the weight of the body falls on a single lower extremity
because the other extremity is not touching the ground at that moment.

A total of eight simulations were carried out: four of them were with only HA
biomaterial to replace the diaphysis of the tibia, varying the values of the Modulus of
Elasticity of the compound. To the four remaining simulations, two Titanium plates were
added to provide support, one on each edge of the tibia (medial and interosseous), in
addition to five fixing screws: two proximal and three distal, which were responsible
for joining the two plates with the Hydroxyapatite implant. The Modulus of Elasticity
values also varied for these four cases.

3 Discussion

3.1 Cortical Bone Model with HA Implant

In the simulations carried out with the HA implants in the diaphysis of the tibia, it can
be observed that the maximum stress values increase, while the Modulus of Elasticity
values decrease. This indicates a clear behavior of ductility in implants that depends
mainly on their mechanical properties.

The minimum value of maximum stress was 25.076 MPa and it was presented in
the bulk HA biomaterial (Fig. 2a), which indicates the presence of dislocations and
vacancies, as mentioned by Obinna in 2023 [13]; The composition, HA concentration,
morphology and, in the last two cases, the combination with PLA are important, because
these characteristics cause different stresses in each of the materials. The highest value
of maximum stress was of 35.908 MPa in the HA (35.7%)/PLA compound (Fig. 2d), as
shown in Fig. 3.
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Fig. 2. Maximum stresses in tibia models with HA implant a) Bulk (S1) 25.076 MPa, b) Pellets
HA (S2) 29.821 MPa, c) 18.1% HA/PLA (S3) 35.026 MPa, d) 35.7% HA/PLA (S4) 35.908 MPa.
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Fig. 3. Maximum stresses values that do not exceed the yield stress of cortical bone reported in
the literature (78 to 151 MPa).

Figure 4 shows the values of the total deformations estimated through the simulations,
in which deformations increase due to the ductility effect shown by the analyzed models.
The lowest value of total deformation was 2.5671 and corresponds to bulk HA (Fig. 4a),
demonstrating its main application as a dental coating due to its limited ability to deform
[13], while the highest value of total deformation was 448.7 for HA(35.7%)/PLA 35.7%
compound (Fig. 4d), which is mainly attributed to the fact that the latter is combined
with Polylactic Acid that provides elasticity to the compound, for which it has given
good results and continues to be one of the most widely combination used in tissue
engineering in long bones (see Fig. 5).
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Fig. 4. Total deformations in tibia models with HA implant a) 2.5671, b) 12.999, c) 79.931, d)
448.7.
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Fig. 5. Total deformations of S1, S2, S3 and S4; changes between these values are shown due to
the morphology, composition, and concentration of these materials. Biomaterials S3 and S4 reach
higher deformations due to the elasticity provided by PLA.

3.2 Cortical Bone Model with HA-Titanium Implant

In themodels of bone-implant assembly (Fig. 6) using the Titanium plates, themaximum
stress values increased significantly up to 77.8% compared to the models that only
consist of cortical bone with HA implant. The maximum stress for the bulk HA with the
titanium plate was 112.9 MPa (Fig. 7a), while the minimum value was 91.2 MPa for the
HA (35.7%)/PLA composite (Fig. 7d).
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These values show that the rigidity of Titanium is greater than that of cortical bone,
therefore, the vertical force along the bone intensified, causing this stress distribution in
the tibial diaphysis [18]. In both cases (Hydroxyapatite and Hydroxyapatite-Titanium),
the stress values did not exceed the yield stress of cortical bone (78–151 MPa), nor of
Titanium (950 MPa) [19, 20].

Fig. 6. Maximum stresses of the HA-Ti model that increased by 77.8% compared to the model
of cortical bone and HA implant, attributed to the fact that Ti has a greater rigidity than that
of cortical bone, in addition to promoting bone consolidation with the implant and function as
structural support for the tibia.
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Fig. 7. Maximumstresses in tibiamodelswithHA-Ti implant: a)Bulk (S1) 112.88MPa, b) Pellets
HA (S2) 91.201 MPa, c) 18.1% HA/PLA (S3) 91.339 MPa, d) 35.7% HA/PLA (S4) 91.242 MPa.

Figure 8 shows the total deformations that occurred in these four cases, the values are
between 1.5505 and 1.6693 (Fig. 9), therefore, in comparison with the models that use
only cortical bone and HA, the deformations decrease considerably up to 99.62%. This
is attributed to the fact that the titanium implant that aids cortical bone consolidation
with the HA implant also provides structural support to the bone.
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Fig. 8. Total deformations in tibia models with HA-Ti implant a) 2.5671, b) 12.999, c) 79.931,
d) 448.7. The values of the deformations are similar due to the Titanium plate.
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Fig. 9. Total deformations in tibia models with HA-Ti implant a) 1.5505, b) 1.6564, c) 1.6665,
d) 1.6693.

4 Conclusions

This work presented the analysis of the mechanical behavior of different biomaterials
based on HA which have the objective of replacing a bone defect in the region of the
tibial diaphysis. To evaluate the behavior of the complete structure, two models were
made, the first made up of HA-cortical bone and the second made up of HA-Ti cortical
bone as support. The 3D reconstruction was carried out using design tools and they
were evaluated using the Finite Element Method through the ANSYS software, for
which Young’s Modulus corresponding to each type of HA was used. The results of
the models presented different Maximum Stresses: the best were for HA-cortical bone
18.1% HA/PLA (S3) 35.026 MPa, 35.7% HA/PLA (S4) 35.908 MPa; and, for HA-
Ti-18.1% HA/PLA (S3) 91.339 MPa, 35.7% HA/PLA (S4) 91.242 MPa and different
total deformations: 18.1% HA/PLA (S3) 79.931, 35.7% HA/PLA (S4) 448.7; HA-Ti-
18.1% HA/PLA (S3) 1.6665, 35.7% HA/PLA (S4) 1.6693). Each biomaterial responds
according to its morphology, composition, and concentration, which influences a certain
distributionof vacancies, and, in turn, this influences the stress capacity and themaximum
deformation that it can reaches. In relation to the porosity of the biomaterials analyzed,
it was determined that, due to the distribution of diameters from 800 nm to 50 μm and
a pore size of 10 μm to 100 μm, a favorable environment is generated for bone cells to
grow and consequently, the biomaterial increases its mechanical resistance.

In addition, it was obtained that the biomaterials containing PLA reached greater
stresses compared to the others, which is attributed to the fact that the polymer confers
elasticity to the compound and due to this, such a combination continues to be one of
the best for regenerating cortical bone tissue, it is also It is important to mention the fact
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that they are biomaterials made with electrospinning, a technique that also continues
to give good results for manufacturing viable composite biomaterials for use in Tissue
Engineering.
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Abstract. Transtibial amputation involves the loss of the ankle joint, distal tibia,
and fibula, while preserving the knee joint. For this type of amputation, a prosthesis
is required to replace the missing limb for the patient to continue their daily activi-
ties. However, some patients experience poor prosthetic adaptation, leading to gait
abnormalities. A case study was conducted on a patient with left transtibial ampu-
tation to evaluate the kinetics and kinematics using baropodometry, accelerometry,
and electromyography, aiming to identify potential anomalies experienced by the
patient during short walking periods. Static baropodometry analysis indicated that
the patient had a greater distribution of body weight on the forefoot, resulting in
a forward body displacement and instability. The overall symmetry index was
below normal values, indicating differences in gait between the left and right foot.
Additionally, the muscle coactivation index was above normal values, indicating
excessive muscle contraction and consequently poor muscle coordination.

Keywords: Transtibial amputation · Gait · Baropodometry · Electromyography ·
Accelerometry

1 Introduction

Transtibial amputation constitutes a significant impairment to the neural, muscular, and
skeletal systems, involving the loss of the ankle, distal tibia, and fibula articulation while
retaining the knee joint. Individuals with this type of amputation experience challenges
in walking and increased energy consumption [1]. Patients with transtibial amputation
require a prosthesis that enhances efficiency and gait pattern during both static and
dynamic phases. This involves cushioning impacts from body weight and achieving
proper prosthetic suspension in the swinging phase as well as stable support during
the stance phase [2]. Achieving this involves assessing biomechanical variables such
as baropodometry, accelerometry, and electromyography to understand how prosthetic
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adaptation occurs in amputee patients. Consequently, there has been a growing focus on
prosthetic alignment studies, particularly regarding the impact of socket alignment with
the foot and the assessment of associated energy costs [2].

Among baropodometric variables, weight distribution assesses how weight is borne
by the prosthetic device and the contralateral limb in an orthostatic position [3]. Addi-
tionally, the center of pressure trajectory is associated with postural stability and bal-
ance evaluation. On the other hand, ground reaction force (GRF) identifies the effects
of misalignment in prosthetic gait, indicating that misalignments increase the load on
the contralateral limb and likewise extend the support phase time, as well as causing
differences in vertical GRF peaks [4, 5].

Acelerometry evaluation identifies propulsion indices, describing a subject’s ability
to push the center of mass forward during the single support phase [6]. The symmetry
index represents the difference in percentage terms between support and swing phases
of the healthy and amputated limbs [7]. The quality index characterizes a single limb,
assessing the subject’s ability to correctly time and balance their gait cycle between
the healthy and amputated limbs [8]. Lastly, pelvic kinematics are assessed in different
planes, providing information about inclination, obliquity, and rotation during the gait
cycle. Ultimately, muscle coactivation informs about the overall compensatory strategy
adopted by amputees in the intact limb, where high values indicate the need for amputees
to increase simultaneous activation of multiple muscles for an extended duration. This
may lead to compensatory increases in stiffness, force production, and support time [9].

Biomechanical assessments are crucial for prosthesis users as they provide quanti-
tative information about prosthetic adaptation, aiming to improve patient function and
prosthetic component effectiveness in terms of user safety and stability [2]. Therefore,
the main objective of this study is to evaluate kinetic and kinematic signals of lower
limbs using baropodometry, accelerometry, and electromyography during the walking
motion in a patient with transtibial amputation.

2 Materials and Methods

A66-year-old patient with left transtibial amputationwas evaluated. The patient reported
fatigue when attempting short walks with the prosthetic provided by their healthcare
institution. The study took place at the Biomechanics and Rehabilitation Laboratory
of the Metropolitan Technological Institute in Medellín, Colombia. The patient partic-
ipated voluntarily after signing the appropriate informed consent, which was approved
by the Ethics Committee of the Metropolitan Technological Institute and adhered to the
principles outlined in the Helsinki Declaration (DoH), as recommended by the World
Medical Association [10].

2.1 Baropodometry Analysis

The EcoWalk plantar pressure platform (Ecosanit, Arezzo, Italy) was utilized for the
study. Data processing was conducted using the EcoFoot 4.0 software developed by the
same company, which includes predefined protocols for defining specific characteristics
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in both static and dynamic positions. This encompasses weight distribution, calculation
of the center of gravity trajectory, and the ground reaction force vector.

For static position data acquisition, the patient stood on the platform, facing a fixed
point, with relaxed arms and feet shoulder-width apart for 60 s (see Fig. 1). Subsequently,
the patient was instructed to perform a short walk, alternating steps, to ensure recording
of at least 4 steps for each foot during the dynamic assessment.

Fig. 1. Static evaluation on the plantar pressure platform.

2.2 Accelerometry and Surface Electromyography (EMG) Analysis

The G-walk inertial sensor (BTS Bioengineering, Milan, Italy) was used for Accelerom-
etry Analysis. This sensor includes an accelerometer (frequency: 4–1.000 Hz), a gyro-
scope (frequency: 4–8.000Hz), and amagnetometer. For signal processing, theG-Studio
software version 3.2.25.0 developed by the same company was implemented.

This device facilitates the spatial and temporal evaluation of gait parameters,
including quality index, propulsion, temporal parameters, and pelvic kinematics.

The inertial sensor was placed at the S1 and S2 vertebrae level, specifically below the
line connecting the two dimples of Venus, to align it accurately with the patient’s spine.
Once the sensor was securely positioned, the patient received instructions to walk along
a 6-m path, maintaining a natural pace. You were also asked to perform a wide turn and
return to the starting point of the test. This sequence was repeated multiple times, with
each repetition lasting no more than 1 min.

To analyzemuscle activity using surface electromyography, thewireless electromyo-
graph FREEEMG 1000 (BTS Bioengineering, Milan, Italy) was utilized. This device
is equipped with 8 sensors and operates at a sampling frequency of 1000 Hz. For sig-
nal processing, the EMG-Analyzer software version 2.10.44.0, developed by the same
company, was employed. The calculation of the coactivation index followed the method-
ologies outlined in previous studies [11, 12]. Electrodes were placed on the right tibialis
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anterior, right medial gastrocnemius, right rectus femoris, right semitendinosus, left rec-
tus femoris and left semitendinosus as shown in Fig. 2. After the sensor was stabilized,
the patient then walked a 6-m path at a natural pace until reporting fatigue, marking the
end of the test.

Fig. 2. Positioning of the inertial sensor and electromyography probes. a. Front view. b. Rear
view.

3 Results and Discussion

3.1 Baropodometry Analysis

In the static baropodometry results, it’s observed that the right foot bears 50.1% of the
load, while the left foot carries 49.9%. Furthermore, the left foot has 38.1% of the load on
the forefoot, whereas the right foot records 31.3%, totaling 69.4% on the forefoot. These
values suggest that the metatarsals bear the majority of the patient’s weight, leading to
a forward displacement of the center of pressure, causing instability, fatigue, and wear
in this area [13].

In the posterior zone, a total load of 30.5% is presented, with an uneven distribution
between the feet.

The left foot bears 11.8% of the load, whereas the right foot reaches 18.8%. This
discrepancy indicates that the patient doesn’t fully support the heel of the prosthetic foot,
and there is a force compensation in the right foot’s heel (see Fig. 3). It’s crucial that the
body weight is evenly distributed, with 50% of the load on both lower limbs, as well as
anteroposteriorly, to avoid potential discomfort or long-term injuries [6].

In the dynamic analysis, for the left foot, the ground reaction force (GRF) exerted
is low (68.9 kPa), representing less than 20% of the total weight. In the rearfoot, there’s
a percentage of 5.49%, midfoot 2.94%, and forefoot 6.47%. These percentages add up
to a total of 14.9% of the total weight, indicating that the patient exerts very little force
with their left foot, possibly due to the lack of confidence they feel with the prosthesis.
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Fig. 3. Distribution of Body Loads

On the other hand, the right foot records a higher force percentage (253.6 kPa).
Specifically, there’s 15.29% in the rearfoot, 9.80% in the midfoot, and 24.31% in the
forefoot, adding up to a total of 48.88%of the totalweight.Although all these percentages
are below normal values, the right foot shows a higher force percentage compared to
the left foot and a longer time in the support phase, which is consistent with findings
reported in other studies [5] (see Fig. 4).

Fig. 4. Ground Reaction Force Vector Graph

3.2 Analysis of Accelerometry and Surface Electromyography

The global symmetry index is 1.7%, indicating that the gait cycle in both feet is not
symmetric, as the value is below the normal range [8]. Furthermore, the gait cycle
quality index is 88.5% in the right limb and 85.5% in the left limb, indicating that the
subject lacks symmetry in accelerating the center of mass similarly during the walking
cycle in the right and left feet. The closer the index is to 100, the more symmetrical the
gait pattern is [7] (see Table 1).
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Table 1. Symmetry gait index.

The propulsion index presents a normal value when it’s > 5.5. In the case of this
study, the values are slightly higher than the normal range, indicating that the patient
has good propulsion, but might not possess all the necessary strength to execute it in the
most correct and comfortable manner (see Fig. 5).

Fig. 5. Propulsion

Figure 6 illustrates pelvic kinematics in all three anatomical planes. The graphs
feature two continuous lines representing the right side (green) and the left side (red). The
gray lines correspond to the normal range. On the right side of the figure, the symmetry
index is generated for each evaluated angle, along with maximum and minimum values
for each foot, and the range between these values [14].

The inclination displays a symmetry index of 73.7%, indicating alignment issueswith
the pelvis and a tendency towards positive values, signifying anterior pelvic movement.
This relates to maximum metatarsal support and confirms the patient’s forward-leaning
body posture. In pelvis obliquity, there’s a symmetry of 33.5%, with an opposing angular
pattern in each limb. The right pelvis remains higher than the left, potentially indicating
poor prosthetic adaptation due to gait pattern asymmetry. Finally, in pelvic rotation, a
symmetry index of 62.3% is observed, indicating neutralmovement (see Fig. 6). Changes
in pelvic kinematics might arise from relative compensations due to different prosthetic
components. Inclination can be influenced by stability in re-establishing the center of
gravity, and obliquity might be influenced by prosthetic adjustments like prosthesis
length and suspension system [15].
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Fig. 6. Pelvic Kinematics

The results of muscular activity can be observed in Fig. 7. The gray band indicates
the phase during which each muscle should be activated, and the absence of a band
signifies the resting phase of muscular contraction. For the right foot, muscles display
activation throughoutmost of the gait cycle, without clear relaxation during the appropri-
ate phase. This finding is consistent with studies indicating that the intact limb increases
simultaneous activation for a longer duration to compensate for stiffness, force produc-
tion, and support time in the healthy limb [16]. The rectus femoris and semitendinosus
muscles show peaks of electrical activity closer to normal values; however, the voltage
values obtained are low, suggesting that these muscles might not be generating sufficient
force to adequately contribute to the gait cycle. On the other hand, in the left lower limb,
the semitendinosus muscle’s activation is not consistent but shows relatively low voltage
values, indicating insufficient force generation for a proper gait cycle with the amputated
limb. However, the rectus femoris displays better activation and less silence, indicating
that this muscle tends to experience faster fatigue, given that it bears the weight of the
prosthesis. Consequently, the foot support might be lighter.
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Fig. 7. Muscle Activation Timing

The coactivation index reflects the postural stability of the patient [17]. According
to the data reported in Table 2, the coactivation values are higher than normal, indicating
that the patient has balance issues during gait.

Table 2. Muscle Coactivation Index.

4 Conclusions

The results of this study revealed altered biomechanical behaviors in both joint and mus-
cular aspects in a patient with transtibial amputation, underscoring the importance of
such assessments for proper prosthetic adaptation. The absence of these considerations
can lead to muscular fatigue, instability, and gait difficulties, significantly impacting
the patient’s quality of life. It’s important to note that this study was conducted with
a single patient, thus further evaluation with a larger amputee population is crucial to
obtain comparative results. Moreover, the devices used for measurements necessitate
trained personnel to ensure their proper utilization. Despite limitations, this study pro-
vides vital insights in biomedicine and rehabilitation, highlighting overlooked health-
care research that ensures proper patient prosthetic adaptation and quality of life. These
findings advance understanding and stress the need for broader future approaches.
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Abstract. In this study, deformations, and principal stresses in ocular tissues,
especially in the optic disc, under glaucoma conditions were investigated. Four
modelswith different parameterswere developed, and their resultswere compared.
Although the models did not yield quantitatively similar results, critical areas in
the tissues were found. In these result values, the possibility of the presence of
glaucoma exists, contributing to the early detection of this disease. Deformation
in ocular tissues and an increase in principal stresses in the optic disc under glau-
coma conditions were demonstrated. This indicates that optic nerve cells lose their
mechanical properties due to the presence of stress concentrators, affecting cellu-
lar nutrition and potentially leading to cell death over time.Despite the quantitative
differences, the models shared critical areas due to the geometry of the eye. These
findings expand the understanding of the effects of glaucoma on ocular tissues.

Keywords: glaucoma · optic nerve · deformation

1 Introduction

Glaucoma is recognized as a common condition that can cause vision loss and progres-
sive blindness. It is estimated that approximately 45 million people worldwide suffer
from glaucoma [1]. Understanding the deformations of the human eye in glaucoma and
identifying the critical areas of principal stresses within its tissues, especially in the
optic nerve, which is profoundly affected by this disease. It is crucial for advancing
the knowledge in this field. In this project, finite element methods were employed to
investigate these deformations and stress patterns. By utilizing finite element analysis,
it becomes possible to conduct a comprehensive quantitative assessment of the intri-
cate biomechanical conditions surrounding the optic nerve head (ONH). This analysis
takes into account crucial factors, including the complex three-dimensional geometry of
the eye, the specific biomechanical properties of ocular tissues, and the boundary and
loading conditions [2].

Glaucoma is an eye disease that progresses over time, leading to a gradual decline in
vision. It is known for its subtle symptoms, often going unnoticed, and the possibility of
sudden and significant vision loss [3]. The primary underlying factor is the instability of
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aqueous humor drainage through the trabecular meshwork, located in the anterior cham-
ber of the eye, leading to increased intraocular pressure and the gradual degeneration
of the retina [1]. The retina is composed of ganglion cells and a nerve layer [5], with a
particular emphasis on the axons as they transmit processed signals from the retina to
the optic nerve, as mentioned by Xie [1].

In glaucoma, deformation of the optic cup, also known as the optic disc, occurs in
multiple directions, resulting in tearing and excavation of the tissue. This excavation
hinders the transmission of signals from the retina to the brain, further contributing to
vision impairment [6].

Glaucoma encompasses two main classifications: open-angle glaucoma and closed-
angle glaucoma. Open-angle glaucoma, also known as primary or chronic glaucoma,
develops gradually as the eye’s drainage channels become increasingly obstructed over
time. This obstruction prevents proper fluid outflow from the eye, resulting in elevated
intraocular pressure [4]. On the other hand, closed-angle glaucoma occurs due to the
blockage of aqueous humor flow [3].

Regarding research related to the biomechanical analysis of the eye, Sigal [7] con-
ducted a systematic analysis where finite element modeling was employed to investigate
how the biomechanical environment within the optic nerve head (ONH) influences the
loss of retinal ganglion cells in glaucoma. Twenty-one factors were evaluated, including
biomechanical properties of ocular tissues, intraocular pressure (IOP), and geometric
factors. The five most influential factors in ONH biomechanical responses were scleral
stiffness, eye radius, lamina cribrosa stiffness, IOP, and scleral shell thickness. Varia-
tions in scleral properties had a greater impact on stresses and deformations in the ONH
than direct IOP effects, suggesting individual scleral properties could be glaucoma risk
factors.

Another study was conducted by Grytz [8]. The objective was to characterize mate-
rial properties of posterior and peripapillary sclera from human donors and investigate
strains as control mechanisms for mechanical stability. Posterior scleral shells from
donors aged 57–90 were subjected to IOP elevations (5–45 mmHg), measuring dis-
placements using laser speckle interferometry. Eye-specific finite element models were
generated based on measured geometry and thickness. Inverse numerical analyses iden-
tified material parameters using a microstructure-based formulation incorporating crimp
response and anisotropic architecture of scleral collagen fibrils. Adaptation of material
properties produced models fitting overall and local deformations of posterior scleral
shells. Nonlinear scleral stiffening with increasing IOP was linked to collagen fibril
uncrimping, predicting an aligned fibril ring around the scleral canal.

The study proposed in this work encompassed two main scenarios: the eye under
normal pressures and the eye affected by glaucoma. By comparing these scenarios, our
goal was to discern the distinctive characteristics associated with glaucomatous condi-
tions. To facilitate this analysis, we developed four different models, each representing
a specific set of parameters.

Using these models, we aim to unravel both the differences and similarities in the
obtained results. By exploring variations in stress distribution and deformation patterns
among the models, our objective is to gain insights into the biomechanical mechanisms
underlying glaucoma progression.
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2 Methodology

To analyze this disease, it is necessary to model the human eye and to achieve this,
the tissues of the sclera, lens, retina, and optic nerve, which are the most critical areas
of the eye, were represented. The optic nerve is particularly susceptible to the effects
of glaucoma, which is why the methodology employed in this research is presented in
Fig. 1.

Fig. 1. Flow diagram.

2.1 Model

The initial phase of the study involved investigating the dimensions of the human eye.
However, due to the absence of standardized dimensions, four distinct solid models were
created to explore significant variations within each model. These models, illustrated in
Fig. 1, incorporate measurements expressed in millimeters. They were developed based
on equations derived from nonlinear quantummechanics and calculated using numerical
methods [13].
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To design the lens, an ellipse was drawn with a major diameter of 11.07 mm, a
minor diameter of 3.55 mm, and a curvature thickness of 0.3 mm [14]. The thickness
of the sclera was uniformly set at 0.67 mm [15]. These parameters were kept consistent
across the four models represented in Fig. 2. The thicknesses of the other tissues will
be mentioned below. By providing a detailed explanation of the model development
process, readers will gain insights into the considerations and methodology used to
capture variations in the dimensions of the human eye.

a) b)

c) d)

Fig. 2. Geometry of the 2D model: a) Model 1 [9] b) Model 2 [10] c) Model 3 [11] d) Model 4
[12].

2.2 Optic Nerve Geometry

The geometry of the optic nerve, especially the optic disc, is highly complex and highly
dependent on the age of the individual. This is because the eye is still growing, mak-
ing it difficult to parameterize its geometry. Accessing the interior of the ocular eye
is challenging, and the dimensions are limited. Additionally, the equipment currently
used may introduce errors, making it challenging to establish a defined range for tissue
parameterization [13].
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Having mentioned the above, Table 1 presents the dimensions used to model the
optic nerve. These parameters were employed for all four models, and Fig. 3 illustrates
the geometry model for Model 1.

Table 1. Geometry Parameters [7].

Name Unit Average

Scleral canal thickness mm 0.4

Retinal layer thickness mm 0.2

Scleral thickness mm 0.67

Pia mater thickness mm 0.12

Laminar curvature mm 0.2

Angle of canal wall (horizontal) deg 60

Peripapillary border height mm 0.25

Cup depth mm 0.33

Fig. 3. The geometry of the optic nerve in Model 1.

2.3 Mechanical Properties of Ocular Tissues

The mechanical properties of the eye exhibit significant variations based on factors such
as age, intraocular pressure, and individual-specific characteristics [8]. Table 2 provides
anoverviewof the averagemechanical properties assigned to each tissue. Specifically, the
properties of the sclera are derived from human sources, while the remaining properties
are obtained from mammals, predominantly pigs, due to their close resemblance to
human eye tissues.
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Table 2. Mechanical Properties of Tissues.

Factor Unit Average Reference

Elastic modulus of the sclera MPa 25.025 [8]

Poisson’s ratio -- 0.416 [8]

Elastic modulus of the retina MPa 0.05 [7]

Poisson’s ratio of the retina -- 0.45 [7]

Ultimate strength of the retina MPa 0.99 [7]

Elastic modulus of the crystalline lens MPa 3.3 [14]

Poisson’s ratio of the crystalline lens -- 0.45 [7]

Elastic modulus of the optic nerve MPa 0.05 [7]

Poisson’s ratio of the optic nerve -- 0.45 [7]

Ultimate strength of the optic nerve MPa 0.99 [7]

It is crucial to consider the diverse mechanical behaviors of ocular tissues when
simulating the eye’s response to external stimuli. By incorporating specific mechani-
cal properties of the tissue, the models can better capture the complex biomechanical
interactions within the eye.

2.4 Finite Element Analysis for Deformations and Principal Stresses

The simulation was conducted using ANSYS Workbench software. Initially, to cap-
ture the intricate interactions among ocular tissues, the solid model geometries were
subdivided into three main tissues: the sclera, the crystalline lens, and the retina. This
deliberate subdivision was chosen to accurately reflect the functional and anatomical
nature of the eye. Furthermore, the retina tissue was expanded to encompass the optic
nerve due to its collaboration in visual processing [5], and its mechanical properties’
resemblance to those of the retina. This expansion facilitated the capture of the inherent
relationship between optical function and biomechanical response.

In the meshing stage of the model, the utilization of “tetrahedral elements” was
favored. These elements possess a particular aptitude for adapting to irregular surfaces,
as found within the eye. With the aim of optimizing computational efficiency, individual
meshes were implemented for each component: the sclera, crystalline lens, retina, and
optic nerve.

Following the completion of mesh creation, a mesh quality evaluation, akin to an
inspectionprocess,was carried out. Theobjective of this evaluationwas to ensure the suit-
ability of the mesh for the intended calculations. As a result of this process, final meshes
comprising 143,252 elements for model 1, 236,869 elements for model 2, 149,298 ele-
ments for model 3, and 169,702 elements for model 4 were obtained. Figure 4 illustrates
the meshing of model 4.
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Fig. 4. Visual Representation of Meshing in Model 4.

For the imposition of constraints, in relation to tissue interactions, the condition was
established that contacts between them remained immobile and adhered. This decision
was grounded in the necessity to simulate the biomechanical coupling conditions existing
within the eye, thus enabling a realistic analysis of how stresses and deformations are
transmitted between tissues in response to applied pressures and forces.

In determining motion constraints, the choice was made to restrict movement solely
at the base of the optic nerve. This choice was based on ocular anatomy and its inher-
ent motion, ensuring that the model accurately reflected the distribution of loads and
constraints under real-life conditions.

The simulation of volumetric changes and mechanical responses of the eye to glau-
coma was addressed by introducing pressures into the vitreous chamber and anterior
chamber. These pressures were applied to induce changes in ocular volume and simu-
late the characteristic increase in the context of the disease. Two scenarios were consid-
ered: one representing normal ocular conditions with an average intraocular pressure of
16.3 mm Hg, and another simulating glaucoma with a pressure of 33 mm Hg [3].

3 Results

Next, in Fig. 5, the results of the total deformation of model 1 in the glaucoma case are
shown. As observed in the image, the maximum reached zones are in the retina tissue.
These maximum deformations were similar for the other models. The deformations
achieved for each case are shown in Fig. 6, where each one increased by 51%. Model 4
reached the highest deformation, with a value of 0.024 mm.
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Fig. 5. Total eye deformation.
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Fig. 6. Maximum Deformation of the Retina in the Healthy and Glaucoma Cases.

In Fig. 7, the analytical results in the optic nerve zone are presented. In part a) of
the figure, the obtained deformation when the eye operates under normal pressures is
shown.

In case b), where the pressure operates under glaucoma conditions, in model 1 an
increase of 110%was obtained compared to the normal conditions, inmodel 2 an increase
of 85%, in model 3 an increase of 137%, and in model 4 an increase of 100%. Model 3
achieved the highest increase in deformation with 0.017 mm/mm.
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In part b) of the figure, the stresses increased by more than 50%, with model 3
showing the highest increase of 202%, resulting in an increase of 0.58 kPa. It is also
important to mention that these stresses were the maximum throughout the geometry in
all four models, and they were found in the same zone, as shown in part a) of Fig. 8.

a)

b)
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Fig. 7. Structural analysis for the two cases: a) Equivalent Elasticity in the Optic Nerve Zone, b)
Equivalent Stress in the Optic Nerve Zone.

In part b) of Fig. 8, the zone of maximum equivalent stress is observed, located
in the sclera tissue. This maximum zone was also similar to that of the other models.
Therefore, the quantitative results of the maximum equivalent stresses located in this
zone are shown in the diagram of Fig. 9. These results showed an increase of 51% for
each model, except for model 3, which had an increase of 33%.
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Fig. 8. Results of Model 1: a) Equivalent Elasticity, b) Equivalent Stress.
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Fig. 9. Maximum equivalent stresses.

4 Conclusions

This study observed the deformation of ocular tissues, specifically in the region of
the optic disc, under glaucoma conditions, accompanied by an increase in principal
stresses. This indicates that the mechanical properties of optic nerve cells are compro-
mised due to the presence of stress concentrators, which impede proper cellular nutrition
and ultimately lead to cell death over time.

Furthermore, it is noteworthy that the four models produced distinct quantitative
results. However, the qualitative findings exhibited similarities, with maximum stress
concentrations consistently occurring in the same regions. For example, part b) of Fig. 6
demonstrates that the sclera experiences the highest stress concentrations. Additionally,
the retina consistently exhibited maximum deformation in all models, as shown in part
a) of Fig. 6. Based on these observations, it can be concluded that the identified critical
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zones are consistent among the four analyzed models due to the inherent geometry of
the eye.

These findings contribute to a better understanding of the biomechanical behavior
of the eye under glaucoma conditions and emphasize the importance of identifying and
addressing stress concentrators to mitigate the detrimental effects of the disease. Further
research and exploration of treatment strategies targeting these critical zones are justified
to develop effective interventions for glaucoma management.
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Abstract. Knee arthroplasty is one of the most successful operations in joint
replacement but it is not free of failures. Mechanical loosening of the tibial com-
ponent is one of the major causes of knee prosthesis failure. Optimizing the tibial
stem can help not only provide better stability but also better anchorage and less
loosening. Stems with different physical characteristics exist in the market to help
improve these problems. In this work, a methodology for the proposal of a tibial
stem was developed and compared with the experimental data of a commercial
one. Different models of stems with modifications in their geometry were pro-
posed, and results of stresses and deformations in the cortical and trabecular bone
were obtained through finite element analysis. In the deformations of the proposed
stem, the results were below the experimental data and within the normal physi-
ological range. And in the stresses, the magnitude of the final model was up to 6
times lower than the commercial model.

Keywords: Stems · Finite element · Knee prosthesis · Optimization · Stress
analysis

1 Introduction

Osteoarthritis is the most common joint disorder. Knee prosthesis is used to relieve pain
and restore function in patients with knee osteoarthritis who do not respond well to
non-invasive treatment. The most frequent reason for revision total knee replacement
within the first two years after surgery was generally mechanical failure. Among all
causes of failure, the main one was polyethylene wear (25%), followed in frequency by
aseptic loosening (24.1%), instability (21.2%), infection (17.5%), arthrofibrosis (14.6%),
malalignment (11.8%), extensor mechanism deficiency (6.6%), avascular necrosis of the
patella (4.2%), periprosthetic fracture (2.8%) and resurfacing of the patella (0.9%). [1].
Therefore, since themain reason for revision of knee prosthesis replacement is loosening
due to mechanical failure, it is necessary to find a way to reduce this percentage. In this
project we will propose a tibial stem design that allows the transfer of axial loads in a
homogeneous way and that avoids absorbing the torsional torques that can be induced
by a bad balance of the ligaments, generating little concentration of efforts, and thus
avoiding mechanical loosening. Once the proposed final model is obtained, it can be
compared with a commercial model and the results can be analyzed.
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2 Materials and Methods

The study was made according to the next methodology shown in Fig. 1.

Fig. 1. Methodology used.

2.1 Bone and Tibial Stem Modeling

The CAD models of the tibial bone were obtained from a general assembly of the leg
bones obtained from a scan, as shown in Fig. 2a). This assembly was worked to leave
only the tibial bone (see Fig. 2b). Tibial bone was cut parallel to the tibial plateau,
removing approximately 10 mm along the axis in coronal plane and tilting 2° in sagittal
plane. The separation between the cortical and trabecular bone was made, duplicating
the cortical bone, and scaling it to a smaller proportion, this was determined according
to the thickness of the cortical bone [2], see Fig. 2c) and 2d).

Finally, an initial CAD model of the tibial component was obtained, and a stem was
created on the undersurface of the component, as shown in Fig. 2e). This is a simple
cylindrical stem with a diameter of 11 mm and a length of 30 mm, dimensions based on
commercially available stems [3–5].

2.2 Stem Design Proposal

The creation of the stem designs was through proposals with different geometries and
were evaluated considering three parameters: bone removal,machining for bone removal,
and simplicity of the design.

Finally, only three of the initial proposals were selected for analysis, see Fig. 3.
Among these options are cylindrical, X-shaped projection and a trapezoidal stem.

For the dimensions of the stems, we started from an initial value, some according to the
literature [3–5] and others were proposed. The selected stems were then inserted into
the trabecular bone, as shown in Fig. 3d, 3e, and 3f, considering the coronal plane and
the sagittal plane for alignment with the tibia.
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Fig. 2. CAD models: a) tibia-femur assembly, b) tibial bone, c) tibial cortical bone, d) tibial
trabecular bone, e) tibial component of knee prosthesis.

Fig. 3. Initial tibial stems: a) cylindrical, b) X-shaped projection, c) trapezoidal, d) cylindrical
stem anchorage, e) X-shaped stem anchorage, f) trapezoidal stem anchorage.

2.3 Finite Element Modeling

For Finite Element (FE) modeling, ANSYS Workbench™ version 19.1 software was
used. The components were modeled as orthotropic for the cortical and trabecular bone,
and tibial insert as isotropic. The bonded contact type was considered to simulate the
bone growth around the stem. The properties of these components are shown in Tables 1
and 2.
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Table 1. Orthotropic properties for cortical bone [6].

E1 (GPa) 6.9

E2 (GPa) 8.5

E3 (GPa) 18.4

G12 (GPa) 2.4

G13 (GPa) 3.6

G23 (GPa) 4.9

V12 0.49

V13 0.12

V23 0.14

Table 2. Isotropic properties for computational models [5].

Part Young modulus (MPa) Poisson ratio

Trabecular bone (ρ = 0.3g/cm3) 80 0.3

Trabecular bone (ρ = 0.9g/cm3) 2,500 0.3

Trabecular bone (Ti-6Al-4V) 107,000 0.3

Elasticity modulus depends on the bone density and varies significantly if is low or
high [7], in this work two densities will be taken: 0.3 g/cm3 and 0.9 g/cm3.

The mesh size was decided using the Skewness meshing metric with a maximum
value of 1, using element 187 of quadratic order.

2.4 Boundary Conditions

The analysis was performed at “Midstance” walking stage. Due to dynamic effects
during the walking cycle, the body load can rise up to three times [8], therefore, the
weight of an average person equivalent to 80 kg was selected, and the applied load was
2,352 N distributed on the upper surface 50%:50% medial: lateral condyle of the tibial
component with the direction of the vertical axis of the tibia, see Fig. 4.

Displacements of the tibial bone were restricted: cortical and trabecular; in the lower
section, simulating that it is fixed to the ground.
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Fig. 4. Boundary conditions.

3 Results

3.1 Optimization of Tibial Stems

Once the proposed stem models were obtained, changes in geometry such as length,
fillets, chamfers, and mass reduction were considered based on case study simulations.
Three cases were analyzed depending on the body load distribution on the lateral and
medial condyles: case 1 “normal” 50% - 50%, case 2 “valgum” 0% - 100% and case 3
“varum” 100% - 0%, respectively.

Figure 5 shows the different case studies case 2 the load was applied at an angle of
163° and in case 3 at an angle of 186°, both with respect to the vertical axis [9].

Simulations were focused on analyzing the study cases with each stem design. We
began by analyzing the maximum principal stresses, due to their orthotropic behavior,
in the cortical bone, as shown in Table 3.

Table 3 shows the results for each case and the density of the bone, highlighting its
maximum principal stress value. These maxima are below the yield stress magnitude,
which is approximately 178 MPa [7].

The second analysis was respect to the von Mises stresses, due to its isotropic
behavior, of the trabecular bone, see Table 4.

Where the yield stress for trabecular bone at a density of 0.9 g/cm3 and 0.3 g/cm3 is
40 MPa and 5.4 MPa, respectively [7].

Results show that there is no significant difference in the stresses between the
three stem designs; these stresses are below the yield stress, both for cortical bone
and trabecular bone.



Stem Design for Tibial Component of Knee Prosthesis 73

Fig. 5. Case studies: a) case 1, b) case 2, c) case 3).

Table 3. Maximum principal stresses [MPa] of cortical bone.

Stem

Cylindrical X-shaped Trapezoidal

Density 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3

Case 1 3.93 6.41 4.86 5.82 4.51 5.68

Case 2 100 93.81 82.15 84.69 84.92 101.28

Case 3 114 81.56 88.58 93.61 94 145.84

Table 4. Von Mises stresses [MPa] in trabecular bone.

Stem

Cylindrical X-shaped Trapezoidal

Density 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3

Case 1 3.14 0.42 3.26 0.22 3.19 0.22

Case 2 7.78 0.3 7.63 0.29 7.51 0.28

Case 3 13.98 0.55 13 .052 13.5 0.5

It was concluded that the stem design did not significantly impact the magnitude of
the stresses in the bones. It was then decided to analyze how changes in the geometry
of each stem affected the bone-stem interface.
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In Table 5, it is observed that the maximum von Mises stresses occur at the density
of 0.9 g/cm3, so it could be considered as the critical density, and this parameter will be
used for further analysis of stem design.

Table 5. Von Mises stresses [MPa]at the bone interface.

Stem

Cylindrical X-shaped Trapezoidal

Density 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3 0.9 g/cm3 0.3g/cm3

Case 1 2.10 0.42 2.36 0.35 1.89 0.20

Case 2 2.22 0.26 2.88 0.27 1.31 0.19

Case 3 1.86 0.31 3.62 0.43 2.11 0.22

To reduce stress concentrations, we considerer tomakemodifications to the proposed
stems by creating fillets at the corners as well as at the bottom of the geometry. When
making these changes and inserting the stem into the bone, we realized that there could
be a cavity at the bone-stem interface, as shown in Fig. 6, using the cylindrical stem as
an example.

In Fig. 6, depending on the operation performed on the stem, a cavity may remain
at the interface, causing the results to vary.

Based on this information,we began to perform the analyses focusing on the interface
considering bone growth (BG) around each stem and without bone growth.

In Fig. 7, the results of the analysis, with the load and boundary conditions of the
stance phase explained above, are shown in a general way, in section b) the results are
shown without considering changes in the geometry of the stem (without fillets) in order
to have a reference, sections c) and d) show the results considering these changes in the
geometry of the stem as well as considering the bone growth or not, respectively around
the stem.

In general, the stem designs with and without fillets are very small, with maximum
stresses of 6 MPa. The addition of fillets in the stem resulted in an increase of stresses
in the contact zone with respect to without using fillets and only considering BG, with
an increased range of 1 to 3 MPa.

Since in none of these cases the stresses endanger the integrity of the bone, and
considering that the useful life of the prosthesis is approximately 15 years, enough time
for BG to be produced, the analysis will be considered more for the BG part, but without
discarding the analyses without BG.

From the analysis, it was also concluded that increasing the length of the stem helps
to reduce the magnitude of the stress at the interface, but with it also there is greater bone
removal, which weakens the bone structure and can generate osteolysis, so there is no
mechanical justification for increasing the stem, we will work with the lengths obtained
from the literature.
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Fig. 6. Fillet operation at the bone-stem interface.

Fig. 7. Qualitative stress analysis at the bone-stem interface: a)1st modification of the stem, b)
without fillets, c) with fillets and BG, without fillets and BG.

3.2 Second Tibial Stem Optimization

For this second stage, the previous designs were considered and an alternative was made
for each design. For the cylindrical stem, in addition to adding the pegs to prevent rotating
the stem, we reduce the material by making it hollow. For the other 2 stems, we also tried
to reduce material in safe low stress zones, approximately zero based on the analysis
previously performed.

It was considered to remove material in the stem area to reduce costs and machining,
in addition to the fact that in the future there will be bone tissue growth in these voids
and it will have a stronger anchorage.

In Fig. 8, the stress results of the different alternatives are shown, each column
corresponds to the stem with its respective design alternative and each row represents
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state in the stem and in the bone-stem interface considering with and without BG around
the stem.

In all cases, the stress concentration is in the lower zone of the bone-stem interface,
and they are higher with BG than without BG, these stress ranges are between 1 to
5 MPa, which is a value far from the yield stress.

Fig. 8. Qualitative Stress comparison at the bone-stem interface: a) 2nd modification of the stem,
b) stresses at the stem considering BG, c) stresses at the stem without considering BG, e) stresses
at the bone-stem interface without considering BG.

From these 6designs, there is no significant difference in the stress analysis, therefore,
a selection parameter that was considered to reduce the alternatives was the contact area
and the volume of the stem. The greater the contact area at the interface, the greater the
anchorage, and the smaller the stem volume, the lower the bone removal (see Table 6).

Table 6. Contact area and volume of tibial stem designs.

Stem Contact area (mm2) Volume (mm3)

1) 1,291.80 36,587.00

2) 1,682.10 36,259.00

3) 1,622.00 35,791.00

4) 1,510.20 35,367.00

5) 1,939.50 35,753.00

6) 1,825.00 35,550.00
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From this information, 2 of the 6 designs were selected by these parameters; stem 4)
and stem 6). These stems will be used to compare the analysis with a commercial stem.

3.3 Comparison with a Commercial Stem

For the comparison with a commercial stem, we used the information of the article by
Cawley D. et al. [5], which investigates the stresses and distributions in the tibia using
a Genesis II type knee prosthesis, the experimental results will be compared with the
numerical results of this work.

For this comparison, we worked with the same material properties and loading con-
ditions as the article mentioned above. Firstly, themaximum andminimum deformations
were analyzed in the same section views and at the same distances of the cortical bone
and trabecular bone as that of the article.

Fig. 9. Maximum deformations of the commercial stem and computational proposals in: a) cor-
tical bone and c) trabecular bone; and minimum deformations: b) cortical bone and d) trabecular
bone

In Fig. 9, the comparison of the deformations between the commercial stem and
the proposed stems (S4 BG and V6 -BG) is shown, where AM5, L5, and P5 refer to
antero-medial, lateral, and posterior, respectively, and 5 mm from the tibial cut, and so
on.

Figure 10 shows the comparison of stress distribution between the different stems
with the different section views: medial (M), lateral (L), anterior (A), and posterior (P).
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Fig. 10. Von Mises stresses in different section views in trabecular bone: a) commercial stem, b)
stem no. 4 with BG, and c) stem no. 6 without BG.

4 Discussion and Conclusions

In this work, the methodology for the optimization of the knee prosthesis stem was
developed. Starting from the basic stem design and modifying them from numerical
simulations of pathologies suffered by patients in the knee joint. As these case studies
progressed, two stages of stem analysis emerged. The first stage is that upon insertion
of the stem, there may be some voids in the contact zone (interface) with the bone due
to the geometry of the stem (no bone growth), subsequently, the bone will grow filling
these cavities, defining stage 2 as with bone growth.

These analyseswere compared against experimental data from a commercialGenesis
II type stem. The results compared were the maximum and minimum deformations in
the cortical and trabecular bone, and the von Mises stresses at the bone-stem interface.

The results in Fig. 9, show that the maximum and minimum deformations in the
cortical and trabecular bone have a similar trend along the points where they were taken,
being generally lower that of the proposed stems staying within the zone of the normal
physiological range (50 and 1500 με) [10].

Themaximum experimental stresses are 0.35MPawhile those of the proposed stems
are 0.09MPa for stem no. 4 and 0.05MPa for stem no. 6, in theM-L view, and the stresses
are concentrated at the bottom and sides of the stem.

With these results, the stresses and deformations at the interface were reduced com-
pared to those proposed with a commercial stem, as future work remains to compare
with other types of stems to observe how the proposed stems behave.
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Abstract. Scaffolds are three dimensional porous structures with interconnected
pores intended for tissue regeneration. In this work, scaffolds from fish gelatin and
bovine gelatin were obtained by freeze-drying method. Gelatin solutions were
frozen at different temperatures to evaluate their effect on the morphology and
pore size of the obtained scaffold. The chemical composition of the material was
evaluated by FTIR analysis. Scanning Electron Microscopy (SEM) was used to
observe the cross-section of the scaffolds. These images were utilized to perform
a surface morphological analysis. The morphological characterization was carried
out with ImageJ software, obtaining the average pore diameter, average orthogo-
nal pore area and surface porosity. It was found that the freezing temperature is
determinant in the structural morphology of the scaffolds regardless of the gelatin
species, obtaining average pore sizes ranging from 106.32 µm to 220.54 µm,
making them suitable for Tissue Engineering applications.

Keywords: Fish Gelatin · Scaffold ·Morphology

1 Introduction

Scaffolds for Tissue Engineering are three-dimensional structures that must be highly
porous. They should have interconnected pores to allow cell proliferation and possess
sufficient mechanical integrity to support cell cultures, they must be degradable at body
temperature, biocompatible to ensure tissue integration and its degradation should be not
toxic [1]. Interconnected porous net of a scaffold allow cells to spread to the innermost
spaces, promote cell migration and differentiation, and facilitate the mass transport of
nutrients and waste [2].

Freeze-drying is a versatile and widely used method for the manufacture of porous
scaffolds. This process involves freezing a polymer solution, reducing pressure and allow
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sublimation of solvent crystals. The freezing temperature control the rate growth of the
solvent crystals and the size of this crystals determine the pore size of the solid structure
conformed by the solidified polymer [3]. In addition to temperature, there are other
parameters that control the pores size of the scaffold such as the nature of polymer, the
viscosity, and the concentration of the solution.

Gelatin is extensively used for the manufacture of freeze-drying scaffolds due to
its gelling properties. Gelatin is derived from collagen present in animal tissues; it is
composed of amino acids such as glycine, proline and hydroxyproline. The main source
of gelatin for food and pharmaceutical applications has been from mammals such as
bovine and porcine; however, in recent years these sources have been replaced by fish
gelatin. The trend for this change is due to the increase in vegetarianism, the appearance
of bovine spongiformencephalopathy, foot-and-mouth disease, and swine flu; in addition
to the fact that it can be obtained from fishing activities wastes, thus producing a circular
economy benefit [4, 5]. In the manufacture of scaffolds, fish gelatin can provide a pore
size of around 200 µm [6].

In this work, we used fish gelatin and bovine gelatin to produce scaffolds by freeze-
drying method. We seek to know how temperature affects the morphology of the three-
dimensional structure of scaffolds and determine if fish gelatin scaffolds are struc-
turally comparable to bovine gelatin scaffolds. A comparative morphological analysis
of the scaffold structures was conducted, and the pore size and surface porosity were
determined.

2 Methodology

2.1 Materials

In this study gelatin and distilled water were used. Fish skin gelatin and bovine gelatin
were obtained from Sigma-Aldrich.

2.2 Methods

Scaffolds Fabrication. For obtaining comparable scaffolds, we prepared solutions of
each gelatin (fish and bovine) at the same concentration. Gelatin solutions were prepared
in water at 0.65% w/w with continuous stirring for 30 min at 55 °C. The solutions
obtained were placed in polytetrafluoroethylene cylinder molds and proceeded to freeze.
To evaluate the effect of temperature over morphology of the obtained scaffolds we
used two freezing temperatures at -10 °C and -40 °C for 24 h. Subsequently, they were
lyophilized for another 24 h. Upon completion, the scaffolds were stored to avoid contact
with air and labeled as GP for fish gelatin and GB for bovine gelatin.

Fourier Transform Infrared Spectroscopy (FTIR). Samples were analyzed on ATR-
FTIRmode, using the Thermo Scientific Nicolet 6700 spectrometer. A small sample was
cut from the scaffold and placed at ATR device, obtaining the spectrum in the interval
from 4000 to 400 cm−1.
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Scanning ElectronMicroscopy (SEM). Scaffold structure was visualized in a LEICA
Stereoscan 440 equipment at 20 kV. Samples of scaffold were cut and quenched in
liquid nitrogen, subsequently the samples were cracked to analyze the cross section.
Samples were mounted in a sample holder to be covered with a thin layer of gold prior
to observation.

Scaffold Morphology Analysis. Morphological analysis was performed on SEM
images. About 10 to 25 measurements were made per scaffold. The pore diameter,
the pore orthogonal area and the surface porosity were determined. Measurements were
made by digital image analysis using ImageJ software.

Statistical Analysis. Measurements are presented as mean± standard deviation. Anal-
ysis of variance (ANOVA) with Tukey’s test was performed. Statistical significance is
considered when p < 0.05. In figures, error bars correspond to standard deviation.

3 Results and Discussion

Figure 1 shows the FTIR spectrum of the scaffolds with bands characteristic for gelatin.
It was possible to determine that the scaffold fabrication process did not influence the
chemical composition of either of the two types of gelatins. The peak at 3270.9 cm−1

correspond to amide-A group, representing stretching N-H linked to H-bonding sig-
nals, the peak at 1629.3 cm−1 correspond to amide-I group due to C = O stretching
and H-bonding with COO− [7]. Both peaks are similar for fish and bovine gelatin.
For differentiation between gelatin types, we can observe the peak around 1520 cm−1

corresponding to amide-II group, which is slightly more intense for fish [8].

Fig. 1. ATR-FTIR gelatin scaffolds spectrum.

Images from SEM are showed in Fig. 2. Highly porous structures with irregular
pore shapes and different pore sizes are observed. It is possible to identify that the
scaffolds obtained at a temperature of -10 °C presented larger pores and greater wall
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Fig. 2. Scaffolds scanning electron microscopy. A and B are samples treated at -10 °C corre-
sponding to GP and GB, respectively. C and D are the samples treated at -40 °C corresponding to
GP and GB, respectively.

thickness than their counterparts obtained at -40 °C. It was observed that, at higher
freezing temperatures, the variability between pore sizes increased.

The results of the morphological analysis are presented in Table 1. It was observed
that the scaffolds obtained at a temperature of -10 °C have larger diameters than those
obtained at -40 °C, regardless of the type of gelatin. The GP sample presented a greater
dispersion in the pore diameters compared to the GB sample for both thermal treatments,
which indicate that the chemical structure of the fish gelatin different from bovine gelatin
(showed in FTIR spectrum) can influence the morphologic structure of the scaffold.
Figure 3 shows the result of the statistical analysis of the pore diameter measurements.

Table 1. Scaffold structure morphology assessment.

Diameter (µm) Orthogonal area (µm2)

Temperature
(°C)

GP GB GP GB

-10 220.54 ± 113.85 176.54 ± 35.58 26058.13 ± 24135.88 21086.01 ± 16559.94

-40 119.68 ± 50.22 106.32 ± 33.29 9776.12 ± 6035.37 8995.46 ± 3184.79

Another way to characterize the morphological structure of the scaffolds is through
the pore areas, orthogonal to the observation plane. This measure makes it possible to
parameterize the dimensions of the pores regardless of the irregularity of their geometric
shapes. The result of this measurement is presented in Table 1. Figure 4 presents the
result of the statistical analysis. A greater dispersion of the measurements of the areas
between gelatin types and in function of temperature is observed, although the statistical
analysis only showed a significant difference for the GB samples with respect to the
freezing temperature.
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Fig. 3. Pore diameter statistical comparative analysis. A and B correspond to the -10 °C treat-
ment for GP and GB respectively; C and D correspond to the -40 °C treatment for GP and GB,
respectively. ** indicates statistical significance (p < 0.01, one-way ANOVA with Tukey’s test).

Fig. 4. Orthogonal pore area statistical comparative analysis. A and B correspond to the -10 °C
treatment for GP and GB respectively; C and D correspond to the -40 °C treatment for GP and
GB, respectively. * Indicates statistical significance (p < 0.05, one-way ANOVA with Tukey’s
test).

Figure 5 shows the measurement of surface porosity. The surface porosity increases
when the freezing temperature decreases. The scaffolds obtained at -40 °C presented
greater porosity because the formation of water crystals occurs more quickly, so there is
no opportunity for the crystals to grow, in consequence smaller pores are obtained and
therefore there is a greater number of pores on the surface.
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Fig. 5. Scaffolds surface porosity analysis. A and B correspond to the -10 °C treatment for GP
and GB respectively; C and D correspond to -40 °C treatment for GP and GB, respectively.

4 Conclusions

Relationship with statistical significance was found between the freezing temperatures
and the pore sizes of the scaffolds for both gelatin types. At -10 °C, a difference of 1.84
and 1.66 times the pore size was obtained for the GP and GB samples, respectively.
Although a significant difference was not reached between the two gelatin species,
higher values were observed in pore sizes and a greater dispersion of sizes for the fish
gelatin sample. An increase in the concentration of the solutions could lead to a different
behavior in the comparison between gelatin species because the higher the concentration,
the higher the viscosity, interfering with the speed of crystal formation and affecting
the morphology of the scaffold pores. By controlling the processing temperature, it is
possible to obtain scaffolds that meets to morphological needs for the regeneration of a
specific tissue. We conclude that temperature determine the pore size obtaining bigger
pores at higher temperatures, and in terms of structural morphology the fish gelatin
scaffolds are statistically comparable to bovine gelatin scaffolds.
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Abstract. The present article shows the implementation of a bilateral control
scheme as an option to be implemented on a hand orthosis. The reference signal is
computed using a measurement of the position of the phalanx based on a flexible
sensor, the measurements are used to estimate positions of a 3DoF robot based
on a polynomial approximation. The estimated positions are used to compute the
inverse kinematic to provide positions of the orthosis, this is verified using the
Matlab Robotic Toolbox that verifies how the robot reaches the same position of
the phalanx.

Keywords: Hand orthosis · Bilateral Control · Robotics ·Movement analysis

1 Introduction

The development of orthotic devices has been increasing thanks to the recent introduction
of alternative manufacturing processes, new sensing technologies, alternative applica-
tions in industrial processes, etc. [1]. The successful development of orthotic systems
is closely related to a multidisciplinary design approach that must involve aspects such
as biomechanics, the final use, the user conditions, the user satisfaction, the capacity of
the user to perform movements or the capacity of generating movement intention bio
signals, among other important conditions [2]. Another important aspect in the synthesis
of an orthotic device concerns the validation tests that must be performed in preliminary
design steps (capacity of assistive movement generation) in which the dimensions of the
device, size, weight, the workspace, and the velocity/force capacity can be assessed for
possible re-designs, materials/actuator changes, among others. There is a wide variety
of hand orthosis proposals based on different actuators and manufacturing approaches
which may demand evaluation platforms for its analysis.

In this article, it is proposed a set of two modules for the force/position characteri-
zation for actuators in orthotic systems. The first module consists of a bilateral control
platform to evaluate the supporting force in an orthotic device through a bilateral force
control. The second module deals with the kinematic characterization of the movements
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in a hand orthotic device by means of flex sensors and a computational validation of
the direct cinematic of the finger’s articulations based on the Matlab Robotics Toolbox.
The article is divided as follows: Sect. 2 presents each module and its forming ele-
ments as well as its principles of operation. The evaluation of each module is described
in Sect. 3, providing some motivational results. Finally, some concluding remarks and
some proposals for future work are provided.

2 Materials and Methods

Orthotic devices can be useful to assist the user in providing extra force support in
grasping tasks, where force and position control are necessary. To assess the capacity
of the actuators in force/position control, especially when an obstacle or any disturbing
element is present implies a validation platform for the actuators. In this work, the
proposal is given for direct current motors taking as reference the proposal reported in
[3].

Considering that hand orthotic devices may involve the control of each finger sep-
arately [4] or the complete hand movement from an individual global actuating force
[5], both cases usually demand a kinematic analysis of the fingers/hand concerning
mainly the flexion and extension movements, which can be carried out through different
sensing approaches. The proposed measurement approach is based on the use of flex
sensors along with pressure sensors and Inertia Measurement Units to provide extra
movement conditions to describe possible discrete events (important to develop hybrid
biomechanical models [6]). The description of each module is given in the following
subsections.

2.1 Bilateral Control Characterization

Control systems in which the feedback from the robot (orthotic device) to the person
who controls it are called bilateral because the movement and force commands do not
just flow from the operator to the robot, but the robot slave also reflects forces back to
the operator [7]. Figure 1 illustrates the bilateral control for a one degree of freedom
pendular mechanism, where the subindex m is given for the master system (human)
and s is denoted for the slave system (orthosis) which receives the environmental forces
that are reflected to the user. The control task is that the slave system must follow the
reference position (here denoted as qm), the environmental forces are reflected to the
master system and then the force compensation must be implemented in a simultaneous
manner.

Let us assume that each finger/hand is locally expressed as a single rotational pen-
dulum system controlled by a direct current motor (for the case of a different nature
actuator, the dynamic model must be modified to match the kind of actuator). This sys-
tem is duplicated for, both, master, and slave systems. Thus, the simplified mathematical
model of the control system is given by [3]:

q̈m = kvVm(t) − ξm(qm, q̇m, t)
q̈s = kvVs(t) − ξs(qs, q̇s, t)

(1)
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Fig. 1. Schematic of a bilateral control

here, kv is the gain control depending of themotor parameters (contra electromotive force
constant, gear reduction ratio, armature resistance, rotor shaft/gear train lumped inertia),
Vm, Vs are the control inputs in terms of the voltage input (see [8]), and ξs, ξm are the
disturbance terms that include internal effects such as non-modeled dynamics, gravity
terms, friction effects, possible nonlinearities of the system; and external elements such
as the external forces for the orthosis and the user force input as well. The gain parameter
can be experimentally computed by system identification methods such as the Matlab
system identification toolbox [9] and the disturbances must be estimated online for the
bilateral control input through an extended state observer of PI nature [10].

To construct the extended state observers, let us express the master and slave systems
(1) in a space state representation:

q̇m1 = qm2
q̇m2 = kvVm(t) − ξm(qm1, qm2, t)
q̇s1 = qs2
q̇s2 = kvVs(t) − ξs(qs1, qs2, t)

(2)

where qm1 = qm, qm2 = q̇m, qs1 = qs, and qs2 = q̇s respectively. The PI extended state
observers are expressed as:

˙̂qm1 = q̂m2 + λm2
(
qm1 − q̂m1

)

˙̂qm2 = kvVm(t) + λm1
(
qm1 − q̂m1

) + ρ̂m˙̂ρm = λm0
(
qm1 − q̂m1

)

˙̂qs1 = q̂s2 + λs2
(
qs1 − q̂s1

)

˙̂qs2 = kvVs(t) + λs1
(
qs1 − q̂s1

) + ρ̂s˙̂ρs = λs0
(
qs1 − q̂s1

)

(3)

where q̂mi, q̂si, i = 1, 2 are the estimates of qmi, qsi, ρ̂m is the estimate of ξm and ρ̂s is
the estimate of ξs respectively. The injection gains λmi, λsi, i = 0, 1, 2 are set to satisfy
that the linear dominant injection error dynamics (expressed in the Laplace domain).

s3 + λm2s2 + λm1s+ λm0

s3 + λs2s2 + λs1s+ λs0
(4)
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have its roots deep in the left half of the complex plane (Hurwitz condition), which
ensures that the estimation errors are ultimate bounded whose bounds are closely related
to the choice of the injection gains [10]. Finally, the bilateral control is given as follows.
Let us define the tracking error between slave and master systems as ε := qs1 − qm1.
For the slave system (orthotic device), the control consists of a Proportional Derivative
with disturbance compensation (Active Disturbance Rejection) of the form:

us = −kpsε − kds
( ˙̂qs1 − ˙̂qm1

)
− ρ̂s ) (5)

with positive gains kps, kds, , and for the master system (user) the force control is given
by:

um = kf ρ̂s (6)

where the force sensitivity gain kf is a positive constant that must be tuned according to
experimental tests in which the main user defines the most suitable value (which is not
recommended of high gain nature to avoid possible instabilities).

2.2 Module for Position/Force Measurement

Since the problematic related to the position measurements of the hand remains as
an open problem because the existence of a high variability from the anthropometric
dimensions of the people, which implies the implementation of a rigid structure used to
measure the angular positions from the phalanx is not a feasible solution to the problem.
A solution is the implementation of a glove that have an embedded instrumentation that
allows the estimation of the positions on real-time.

The embedded position estimation on the glove is proposed with the use of a flexible
resistive sensor FlexSensor that allows an estimation of the angular changes on the
phalanx, the way the sensor is attached to the glove is shown on Fig. 2.

Since this sensor is based on the changes over their resistive value, an instrumentation
related to the variable is implemented. In this case, a voltage divider scheme is proposed
as shown on Fig. 3 where Rs is the FlexSensor.

The data acquisition is performed using the STM32F407DISCOVERY compiled
on Matlab/Simulink with the Waijung package, this uses the ADC module with 12-
bits definition. A data acquisition channel to the PC using serial communication with a
sampling time of 0.005 seconds is implemented.

A set of experiments are given to determine the range of values from the sensor,
this shows a minimal value of 7K� and a maximum value of 13K�, considering this
information the resistor value R2 corresponds to 34K�. Considering a voltage input
from 3.3V the output voltage is computed by,

3.334K�

Rs + 34K�
(7)

This implies the range of voltage that corresponds to the movement on the hand are
[2.0856 V, 2.7324 V], this information is used to determine the reference signal on the
bilateral control scheme. However, given the high frequency noise in the sensor, a digital
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Fig. 2. Glove with embedded FlexSensor for position measurement from the phalanx.

Fig. 3. Voltage divider for instrumentation of the FlexSensor.

version of a low-pass 3th Bessel filter with a cut-off frequency of 60 Hz is implemented.
The filter transfer function is

15
(

s
ωc

)3 + 6
(

s
ωc

)2 + 15 s
ωc

+ 15
(8)

The cut-off frequency given on radians corresponds to ωc = 376.991 rad/s, such
the transfer function is

H (s) = 8.03× 108

s3 + 2261.95s2 + 2.13× 106s+ 8.03× 108
(9)

Since the implementation is performed on the Matlab/Simulink environment is not
necessary to perform a discretization of the filter.



92 Á. I. De Luna-García et al.

To implement this data as position reference on the hand orthosis is necessary define
the mechanical structure based on the Denavit-Hartenberg convention. The phalanx
could be expresses as a 3DoF robot with the parameters given on Table 1, this implies all
the rotation axis remains on the same direction. The values of l1, l2 and l3 varies depend
of the phalanx of the orhtosis that is considered. Noticed that this model is valid for all
the phalanx except for the thumb, that requires an independent analysis.

Table 1. Denavit-Hartenberg parameters of the 3DoF phalanxs from the hand orthosis.

Link θi di ai αi

1 q1 0 l1 0

2 q2 0 l2 0

3 q3 0 l3 0

Considering the implementation of the Homogeneous Transform matrices on the
Denavit-Hartenbergmethodology the direct kinematics of the system could be computed
as follows:

x = l1cos(q1) + l2cos(q1 + q2) + l3cos(q1 + q2 + q3)
y = l1sin(q1) + l2sin(q1 + q2) + l3sin(q1 + q2 + q3)
z = 0

(10)

However, a simplification that only considers a grip task could consider that the first
phalanx possesses a fixed angular position that allows to describe the direct kinematics
as,

l3cos(q3) = cos(q3)x + sin(q2)y − l2
l3sin(q3) = −sin(q2)x + cos(q2)y

(11)

The inverse kinematics could be estimated based on the following operations,

B = atan(x, y)
L = x

cos(B)

q2 = atan
(
l3cos(q2)+l2

L ,
l3sin(q3)

L

)

q3 = atan

(

±
√

1− x2y2−l22−l23
2l2l3

,
x2y2−l22−l23

2l2l3

) (12)

Since the inverse kinematics provides the angular positions required to reach a desired
position on the axis x and y, it is necessary to propose a relationship that describes the
position measured by the sensor to these coordinates. At first step a gain of 1.5151 is
applied to the voltage measured by the sensor to create an equivalent range of the ADC
to [0V , 5V ], this modifies the range of the output voltages from the instrumentation to
[3.61 V, 4.14 V].
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Once this change of scale is implemented a polynomial approximation is proposed
based on a 4th order expression as follows,

x = 0.5596V 4 − 6.547V 3 + 20.68V 2 − 2.96× 10−15V − 53.39
y = 1.265V 4 − 13.04V 3 + 38.17V 2 + 8.60× 10−13V − 93.82

(13)

This polynomial allows to compute a position of the orthosis based on the measured
position on the glove, the relationship between the voltage and the positions is shown
on Fig. 4.

Fig. 4. Polynomial approximation of the positions based on the measured voltage.

3 Results

3.1 Bilateral Control Test Bed

The platform (Fig. 5) consists in two PLA-based penduli, the structures include a Pololu
12 V dc motor with gear reduction of 150. The master pendulum has a length of 5 cm
and the slave one has a length of 12 cm. Both motors are supplied by a L298 driver and
the control law is implemented in a STM32F407VG discovery embedded card, which
was programmed in Matlab/Simulink through the Waijung blockset [11] using a 4th
Runge-Kutta method sampled each 1 ms (Fig. 6). The electronic system was validated
through Proteus (Fig. 7). The bilateral control scheme was assessed by introducing a
user-based trajectory to be tracked by the slave system while the environmental force
effects feedback the user system. Figure 8 shows the position response of the slave
system (qs) with respect to the master movement (qm) where the slave response can
track accurately the master reference. The control constants were kp = 300, kd = 70
(slave controller) and kf = 35 was the force sensitivity constant for the master system.
The observer gains were λm2 = 29, λm1 = 156, and λm0 = 180 (same values for the
slave system).
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Fig. 5. Bilateral control test bed.

Fig. 6. Bilateral control Simulink programming framework.

3.2 FlexSensor Characterization

The implementation of the characterization from the FlexSensor provides information
about the positions of the sensor. The voltage on the sensor corresponds to change on
the position of the phalanx, must be noticed that the data possesses measurement noise
that must be eliminated. A comparison between the original and the filtered data shown
on Fig. 9 allows to see that the implementation of the 3rd order Bessel filter allows
the elimination of the measurement noise without generate a deformation on the signal.
This implies the filtered data is feasible to be used for the computation of the reference
tracking signal on the bilateral control.

3.3 Orthosis Position Estimation

To verify that the computed values produce a shape of the phalanx on the orthosis similar
to the shape of the phalanx on the hand these positions are used to compute the inverse
kinematics and with the estimated angular positions a simulation using the Robotics
Toolbox of Matlab is performed.
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Fig. 7. Bilateral control proteus simulation.

Fig. 8. Bilateral control experimental results.

The implementation uses the data given on Table 1 to configure the simulation and
considers that q1 = 0 as the position of the first link is fixed. The correspondence between
both elements is shown Fig. 10, on this could be noticed that for the position when
the phalanx is extended the correspondence between both positions fulfil the expected
results.

Moreover, Fig. 11 shows that the positions for a grip task corresponds between the
phalanx position and the equivalent orthosis. This allows to verify that the measurement
of the positions performedwith the FlexForce is a feasible way to determine the positions
of the orthosis.
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Fig. 9. Comparison between the original and the fitted data.

Fig. 10. Extended phalanx and the corresponding estimated position to the orthosis based on the
inverse kinematics.

Fig. 11. Grip on phalanx and the corresponding estimated position to the orthosis based on the
inverse kinematics.

4 Discussion

The presented results are a first step in the general development of a haptic hand, which
is not fully competitive with complete reported schemes such as in [4–6]. However, the
perspectives of the presented work would offer the following advantages: Concerning
[4], our proposal needs fewer sensing signals (neither a training process) to provide
an accurate bilateral control, the presented embedded processing is more accurate and
fast regarding the one in [5]. Finally, the model of [6] can be used along with the
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presented bilateral control proposal with disturbance compensation to improve both
tracking schemes.

5 Conclusions and Future Work

The developed work allows to conclude the following statements:

• The Bilateral scheme provides an adequate methodology to control an orthosis
structure because provides force feedback to the user.

• The implementation of a glovewith a FlexSensor is an option tomeasure the positions
of the phalanx.

• The data acquiredwith the FlexSensor requires a filtering process to provide a feasible
signal for their use on an orthosis application.

• The reference for the actuators from a 3DoF orthosis for grip tasks can be estimated
based on the phalanx measurements when an inverse kinematics is applied.

As futurework it is necessary the instrumentation of all the phalanxof the orthosis and
the implementation of the estimated positions as a reference signal on a real-time imple-
mentation. The computation of the inverse kinematics could be improved to consider
3DoF to assure other tasks could be implemented.
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Abstract. College communities engage in more mental than physical activities,
working for more than 30 h per week in sitting postures in front of computers, and
it can lead to low back pain (LBP). The aim of this work was to study the LES
(longissimus andmultifidus) muscle activity during anterior flexion of the trunk of
people involved in higher education activities who use the computer for more than
30 h aweek. The lumbarmuscle electromyographic activity during anterior flexion
of the trunk was evaluated in 41 subjects (22 with LBP/19 without LBP) that work
at the UNAM Campus Juriquilla. As results, the Flexion-relaxation phenomena
was not observed in healthy participants, and myoelectric silence was not present
in the multifidus muscle of LBP group. Multifidus FRR was lower than average in
both groups and lower than longissimus FRR. The muscles at L4-L5 vertebrae are
at higher risk of asymptomatic muscle disorders and perhaps passive structures
damage as well.

Keywords: Low Back Pain · Flexion-Relaxation Phenomenon ·
electromyography

1 Introduction

College communities engage in more mental than physical activities, typically adopting
a sedentary posture for long hours. In addition, most of their tasks require prolonged
sitting time at a computer. Previous studies found that sitting postures at a computer
have been related to musculoskeletal disorders [1, 2]. Among people who work for at
least four hours per day at a computer, the prevalence of pain was about 55% [3] while
Yue et al. [4] found the prevalence of low back pain (LBP) of 45.6%. Hanna et al. [5]
investigated the association between sedentary lifestyle and LBP in college employees
and found that 61.2% suffered from LBP.

Clinicians recommend measurement of trunk muscle electromyographic surface
activity (EMG) as a tool to evaluate the spine function. Healthy people when flex the
spine forward (cervical or lumbar spine), at the maximum flexion (peak of flexion angle,
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maintenance phase) the EMG activity of the erector spinae muscles decrease at val-
ues lower than the EMG activity in the neutral position (standing), which is known as
flexion-relaxation phenomenon (FRP) [6]. But in people with LBP, the EMG activity of
lumbar erector spinae (LES) muscles continues still during the maintenance phase, the
expected myoelectric silence and in consequence FRP are absent [7, 8]. According to
[9] there are EMG differences between people with and without LBP at the maintenance
phase. The FRP was found to have a strong effect and good accuracy in discriminating
patients with LBP from control subjects, so it can be considered as a biomarker for the
presence of LBP [10–12].

Furthermore, other indexes like flexion relaxation ratio (FRR) index are used to
assess the FRP, it is a ratio between the Peak of EMG activity of the erector spinae
muscles during flexion movement and the EMG activity of the erector spinae muscles
during maintenance phase [10]. In general, healthy, or asymptomatic people showed
higher FRR than people with chronic LBP. According to [13] computer workers with
low values of FRR have potential risk of asymptomatic muscle disorders prior to the
occurrence of pain at the cervical spine, but the sitting posture of cervical spine is different
than lumbar spine, then the question that arises is How is the behavior of FRP and FRR
at lumbar spine among people who use the computer for more than 30 h a week? The
objective of this work was to study the LES (longissimus and multifidus) muscle activity
during anterior flexion of the trunk of people involved in higher education activities who
use the computer for more than 30 h a week.

2 Materials and Methods

2.1 Participants

Individuals from the Universidad Nacional Autónoma de México (UNAM) Campus
Juriquilla community with at least 30 h of computer use per week and aged between
18 and 65 years were invited to participate in the study. Individuals with a medical his-
tory of accidents or cardiovascular or cerebrovascular disease, fibromyalgia, rheumatoid
arthritis, herniated disk, whiplash, pregnancy, or those who declined to participate in the
study were excluded. The Frequent Activities and Job Conditions questionnaires and
the Brief Pain Inventory (BPI) were used to assess the severity of pain and its impact on
functioning [14]. An experienced physiotherapist carried out a manual exploration for
confirming participants self-selected pain zones.

The procedure for assessing trunk flexion relaxation was explained. From standing
position, participants flexed the trunk with the knees extended up to reach the max-
imum voluntary flexion, remaining about 5 s and then returned to standing position.
This procedure was repeated three times. This protocol was approved by the Institu-
tional Bioethics committee from UNAM Campus Juriquilla. Participants who signed
the informed consent form were enrolled in the study (Table 1).
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Table 1. Characteristics of subjects.

Subject (n = 41)

M/F, n 22/19, 41

Age in years: mean (SD) 42 (14)

Occupation:
Academics/Administrative Staff/Students

14/15/12

LBP/Non-LBP 22/19

M: male; F: female; LBP: Low Back Pain

2.2 Data Acquisition

Kinematic parameters were recorded using an IMU (G-Sensor, BTS Bioengineering,
Italy). Surface electromyography (sEMG) data were recorded using the FreeEMG 1000,
(BTS Bioengineering, Italy). Bipolar Ag/AgCl pre-gelled bipolar electrodes (circular
shape, 11 mm diameter; 25 mm center-to-center distance, see Fig. 1) were used. Before
placement of the electrodes, the skin was cleaned with 5% denatured ethyl alcohol,
following the recommendations of the guidelines for the use of surface electromyography
for noninvasive assessment of muscles (SENIAM). The IMU was placed at the level of
the line passing under the angle of the scapula. The sEMG electrodes were placed on the
skin bilaterally to the spine at the longissimus (LF12 left and RT12 right) and multifidus
(LF45 left and RT45 right) following the direction of the muscle fibers.

Fig. 1. EMG probes and electrodes placement bilateral at 3 cm respect to the spin and at the
longissimus erector spinae (LF12 left and RT12 right) and multifidus (LF45 left and RT45 right)
following the muscle fibers.
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2.3 Data Analysis

The IMU and sEMG signals were sent via wireless connection to a computer. EMG
Analyzer software (BTS Bioengineering, Italy) was used to acquire, process, elaborate
the reports and extract the information of the tests. To eliminate noise in the sEMG
signals, a bandpass filter (10–500 Hz) was used. The sEMG signals were rectified,
and the root mean square (RMS) was calculated in 99 ms windows. Muscle activity
during the standing phase, peak muscle activation during flexion, and muscle activity
during maximum flexion (maintenance) on both sides were selected. Then, the flexion-
relaxation ratio (FRR) index was calculated as follows (1):

FRR = Peak of muscle activity during anterior flexion movement

Muscle activity during maintenace
(1)

Datawas saved inCSV format and used as input to a series of scripts written using the
R software (R Foundation for Statistical Computing, Vienna, Austria) for the statistical
analysis. The significant level was set at 0.05. The normality of the data was tested using
the Shapiro-Wilk test. The unpaired t Test was utilized to determine whether there was
a difference between LBP and non-LBP unpaired groups.

3 Results and Discussion

In this study the lumbar erector spinae activity was studied during anterior flexion of
the trunk of people involved in higher education activities who use the computer for
more than 30 h a week. BPI revealed the 53.6% of participants reported suffering from
LBP, with a mild pain severity and low impact on daily life. Other areas mentioned
by participants were the neck and shoulder. Participants were divided into LBP and
non-LBP groups.

During the anterior flexion of the trunk with the knees extended, LES controlled
the movement with an eccentric contraction; peaks of angular velocity and RMS EMG
muscle activity were observed at 50% to 60% of the peak angle of the trunk flexion
(Fig. 2). According to [15] the trunk flexion took place mainly in the lumbar segments
of the spine at 50%. The lumbar spine reached its maximum range of motion at 75% to
85%of trunkflexion, then thefinal trunkflexion occurred at the level of the pelvis (lumbar
pelvic rhythm). At peak of trunk flexion (maintenance phase), the participant remained
for approximately 5 s. Finally, extension occurredwith a concentric contraction, a second
peak of angular velocity and also a peak of RMS EMG muscle activity was observed
[6].

During maintenance, passive soft tissues and vertebrae provide most of the support
for the spine, in healthy people a low LES activity is required to maintain this posture
[10], and it should be lower than RMS during standing [10]. In Fig. 2c the thick blue
line (RMS EMG during maintenance) is below the horizontal red dot line (RMS EMG
during standing), meaning the presence of FRP.
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In this study, peoplewithoutLBP showed lowerRMSofLESduring standing than the
LBP group (p> 0.05). This behavior indicated that people without LBP required a lower
recruitment of LES muscle fibers to maintain the upright position. FRP was observed in
the longissimus of LBP group, muscles activity of maintenance phase was lower than
standing, but in the multifidus the myoelectric silence was not showed. Surprisingly,
the non-LBP group did not show the FRP; both the longissimus and multifidus had
greater muscle activation in the maintenance phase than in the standing position. Table 2
shows the LES muscles activity and the kinematics during the trunk flexion-extension
movement of the trunk.

More than 70%of people included in the study reported sedentary activities, adopting
uncomfortable for more than 10 min suffered fatigue in their lower back during their
workday. According to [16] in sitting posture the muscles activity is low and the passive
structure support the load and guide lumbar joints, exposition to this conditions may
modify themechanical properties of the tissue (creep viscoelasticity) and therefore onset
ofEMGactivity of FRP.Alteration in the passive spinal structure and in the relative length
of muscles (LES, hip, and hamstring) affect the range of motion of lumbar spine and
the coordination of trunk and hip movements, hence muscle activity is needed during
maintenance phase to stabilize the trunk [9]. Prior studies analysed the EMG activity
during the sitting position and they suggest that FRP is present [17, 18], but standing to
forward bending FRP were more robust, and slumped sitting FRP were less consistent.

Longissimus FRRwas higher than normal (2.98) in all participants (p> 0.05). How-
ever, multifidus FRR was lower than normal (7.21) in both groups (p > 0.05). It was
expected that multifidus FRRwas higher longissimus FRR, but it was not obtained. This
result permit inference that muscles at L4-L5 vertebrae are at higher risk of asymp-
tomatic muscle disorders and perhaps passive structures as well. The presence of mild
pain influenced the peak velocity value during flexion and extension motion, non-LBP
group shows higher peak of velocity during flexion and extension. The difference was
significant for the peak value of velocity during extension (p < 0.05).
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Fig. 2. Representative example of lumbar erector spinae activation of a Subject control #14 during
the trunk flexion and extension: a) sequence of the trunk movement, b) angular displacement [deg]
and angular velocity graphs [deg/s], and c) RMS EMG of right multifidus with presence of FRP.

During sitting, the legs are flexed, and the length of hamstring is lower than in
knee extension. This posture may conduce to hamstring contraction. According to [6]
increased hamstring stiffness can lead to decrease the mobility of the lumbar pelvic
rhythm and consequently the peak angle of anterior flexion of the trunk. Poor trunk
flexibility provokes changes in the onset of lumbar and hamstring muscles, and even
asymptomatic people are at risk of LBP [15].
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Table 2. Mean and standard deviation of lumbar erector spinae activation during flexion extension
movement of the trunk. Reported p-values represent the comparisons of media´s groups LBP and
non-LBP from unpaired t Tests.

non-LBP
mean (SD)

LBP
mean (SD)

p-value

Age [years] 41(15) 42(14) 0.530

RMS Maintenance LF12 [uV] 7.378(9.596) 5.142(3.688) 0.092

RMS Standing phase LF12 [uV] 6.346(4.268) 7.816(7.189) 0.361

RMS Maintenance RT12 [uV] 7.811(10.268) 5.371(4.278) 0.042

RMS Standing phase RT12 [uV] 6.399(4.438) 9.883(15.251) 0.193

RMS Maintenance LF45 [uV] 8.758(8.676) 9.707(10.518) 0.667

RMS Standing phase LF45 [uV] 5.309(2.413) 6.035(4.037) 0.093

RMS Maintenance RT45 [uV] 7.634(6.180) 9.242(8.801) 0.357

RMS Standing phase RT45 [uV] 6.349(3.042) 7.009(6.387) 0.337

FRR LF12 (Normal > 2.98) 5.486(3.559) 5.729(3.139) 0.406

FRR RT12 (Normal > 2.98) 6.656(4.840) 5.297(5.006) 0.328

FRR LF45 (Normal > 7.21) 4.428(3.284) 4.755(3.447) 0.432

FRR RT45 (Normal > 7.21) 5.218(3.931) 4.928(4.067) 0.937

Peak of velocity during flexion [deg/s] 108.6(32.4) 97.69(21.4) 0.242

Peak of velocity during extension [deg/s] 115.4(29.6) 102.3(15.3) 0.008

Flexion angle of the trunk during maintenance [deg] 111.1(18.3) 112.1(25.5) 0.651

Individuals with chronic pain were not studied, and the difference in pain scale
between the two groups was not significant, so the characteristics of the two groups
were similar. This is a possible explanation for why there was no significant difference
between the groups in activation of the erector spinae muscle of the lumbar spine in the
standing position and maximum anterior flexion.

4 Conclusions

More than 70% of people included in the study reported sedentary activities, feeling
uncomfortable for more than 10 min and suffered fatigue in their lower back during
their workday, and 53.6% of participants reported suffering from LBP, with a mild pain
severity and low impact on daily life. Individuals with chronic pain were not studied,
and the difference in pain scale between the two groups was not significant, so the
characteristics of the two groups were similar. No flexion-relaxation phenomena were
observed in healthy participants, andmyoelectric silencewas not present in themultifidus
muscle of LBP group. Multifidus FRR was lower than normal in both groups and lower
than longissimusFRR.Themuscles atL4-L5vertebrae are at higher risk of asymptomatic
muscle disorders and passive structures damage as well.
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Abstract. Polypyrrole is recognized as a biocompatible material. Plasma poly-
merization is a technique that enables the synthesis of polymers utilized in certain
biomedical applications. In this work, the biocompatibility of Polypyrrole/Iodine
synthesized by plasma was explored through the determination of the median
lethal dose and subacute systemic toxicity in-vivo murine models. The findings
indicated that the median lethal dose was not reached even at a dose of 13.6 mg/Kg
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relative organ weights. In relation to subacute systemic toxicity, transient behav-
ioral changes indicative of stress and pain were observed in Wistar rats following
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h. Additionally, an elevation in transaminase levels was detected. However, these
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1 Introduction

The biocompatibility of Polypyrrole synthesized by chemical and electrochemical meth-
ods has been extensively studied in various applications, from substrate for cell cul-
ture medium, to biosensor and drug releaser, to being tested as a strategy in tissue
regeneration, obtaining an adequate performance in each application [1].

The plasma polymerization technique has advantages over other methods of polymer
synthesis, mainly the fact that it is not necessary the intervention of other reagents to
carry out the reaction, in this sense, the Pyrrole monomer has also shown outstanding
characteristics in terms of biocompatibility [2]. Additionally, the iodine doping pro-
cess contributes to the increase of electrical conductivity, besides favoring antibacterial
activity [3].

Although detailed information regarding the structure of Polypyrrole synthesized by
chemical or electrochemical methods has been published, the structure of plasma syn-
thesized Polypyrrole remains unclear and is highly dependent on the reaction parameters
[4]. However, it is known that the plasma polymerization method is characterized by a
high degree of crosslinking and branching [2].

In previous studies by this research group, the use of Polypyrrole/Iodine has been
demonstrated as a treatment for spinal cord injury, yielding favorable biological response
and functional recovery in rats. Although the doses examined thus far have shown neuro-
protective and neuroregenerative therapeutic responses (0.66mg/Kg) [5, 6] devoid of sig-
nificant adverse effects. This study investigates the dosage at which Polypyrrole/Iodine
exhibits toxicity.

In this work, the biocompatibility of plasma-synthesized PPy/I was explored to deter-
mine the dosage at which Polypyrrole/Iodine exhibits toxicity, [7] in order to identify
a safety margin between the therapeutic dose and the minimum toxic dose, had been
accomplished by determining the mean lethal dose and evaluating the subacute systemic
toxicity in in-vivo murine models.

2 Methods

2.1 Polypyrrole/Iodine Synthesis and Characterization

PPy/I was synthesized in a tubular plasma reactor and characterized according to a
previous work [5]. The monomer employed for polymerization was Pyrrole (Sigma-
Aldrich®, CAS-No: 107-97-7, product No: 131709), with Iodine as the dopant (Sigma-
Aldrich®, CAS-No: 7553-56-2, product No: 207772). Reactions began in the gas phase,
concluding as solid-phase thin films on the internal reactor surface. Following synthesis,
the PPy/I was subjected to a grinding and subsequently autoclaved using steam under
a pressure of 1.5 × 106 Pa at a temperature of 120 °C for a duration of 15 min. The
morphology study of the surface was performed with a JEOL JSM-5900LV (Peabody,
Massachusetts, USA) scanning electronmicroscopy (SEM) before sterilization and after
sample preparation.
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2.2 Sample Preparation and Doses

Sample preparation was carried out according ISO 10993-12:2012 [8]. In order to deter-
minate the doses to be tested, therapeutic dose of PPy/I that has been used in previous
works [5, 6] was taken into account as reference (0.66 mg/Kg). In all experiments the
via of administration was intraperitoneal in a single dose, saline was used for preparing
a suspension with PPy/I and as vehicle.

2.3 Experimental Animals

All experimental procedures were conducted following the Mexican general law of
health regulations for research and science [DOF02-04-2014] [9], aswell as theMexican
guidelines for animal care and handling [NOM-062-ZOO-1999] [10] with the register
protocol (R-2015785-060) at Instituto Mexicano del Seguro Social. Every attempt was
made to mitigate animal discomfort and minimize the number of animals used.

2.4 Median Lethal Dose

Female Swiss-Webster mice (average 24 g) were divided in groups with different
doses: Vehicle (300 µl and 600 µl of Saline) and Polypyrrole/Iodine (6.6 mg/Kg and
13.2 mg/Kg) and a Control group consisting of healthy individuals [11]. Behavior was
reported with a Functional Observational Battery (FOB) for determining adverse effects
[12] within the first 24 h, besides body weight was recorded up to 14 days. Finally,
they were euthanized, macroscopic necropsy was performed and organs weighed were
registered.

2.5 Subacute Systemic Toxicity

The evaluation of subacute systemic toxicity was carried out in femaleWistar rats (aver-
age 230 g) were divided in groups: Control, Vehicle (1 ml of Saline) and Polypyr-
role/Iodine (20 mg/Kg), changes in behavior were recorded for 24 h after administration
with a FOB [12]. After a 14-day follow-up period, euthanasia was carried out, and
blood samples were collected for subsequent blood cytometry and blood biochemistry
analyses, finally, organs were also extracted and weighed.

3 Results

3.1 Polypyrrole/Iodine Synthesis and Characterization

Figure 1, shows SEM micrographs of PPy/I. Morphologically, the polymer is formed
by fine rough particles of variable size with irregular shapes and multiple edges (mean
4.2 µm) resulting from grinding, Fig. 1A. The micrograph in Fig. 1B presents the PPy/I
after the sterilization process and sample preparation, it is observed that the particles
have coalesced forming a mostly smooth surface without edges and with pores.
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Fig. 1. Polypyrrole/Iodine synthesized byplasmamicrographsSEM.A.PPy/I before sterilization.
B. PPy/I after sterilization

3.2 Median Lethal Dose

A maximum dose of 13.6 mg/kg was achieved using a volume of 600 µl. Behavioral
recordings conducted over a 24-h period revealed that animals receiving Saline exhibited
hypokinesia (up to 75%) and lordosis (up to 25%) behaviors, which subsided within
the first hour. In contrast, animals treated with Polypyrrole/Iodine shown hypokinesia
(up to 83%) and lordosis (up to 83%) behaviors that persisted for two hours before
returning to normal behavior. There were shown changes in body weight around 1%.
No deaths occurred in either group of mice, and there were no presented severe side
effects during the 14-day follow-up period. After animal euthanasia, a gross necropsy
was performed, no abnormalities have been found and their organs (brain, heart &
lungs, liver, kidneys and spleen) had been dissected and weighed Table 1. No significant
statistical differences were observed between experimental groups and relative organ
weights. Two-way ANOVA (p = 0.6816).

Table 1. Bodyweight change and relative organ weight percentage, Swiss-Webster mice. Mean
± SD.

Group Bodyweight
(g)
Day 14

Weight
Change
(%)

Relative organ weight (%)

Brain Heart &
Lungs

Liver Kidneys Spleen

PPy/I
(6.6 mg/Kg)

26.38 ± 0.50 1.02 1.60 ± 0.09 1.50 ± 0.27 5.08 ± 0.66 1.22 ± 0.10 0.62 ± 0.12

PPy/I
(13.2 mg/Kg)

27.98 ± 1.75 1.04 1.52 ± 0.10 1.45 ± 0.26 4.94 ± 0.26 1.20 ± 0.10 0.63 ± 0.08

Saline
(300 µl)

28.10 ± 0.31 1.01 1.53 ± 0.12 1.42 ± 0.13 5.06 ± 0.38 1.47 ± 0.41 0.68 ± 0.18

Saline
(600 µl)

28.20 ± 0.42 1.03 1.46 ± 0.07 1.42 ± 0.13 5.28 ± 0.02 1.47 ± 0.41 0.80 ± 0.18

Control 24.99 ± 2.28 1.08 1.55 ± 0.10 1.17 ± 0.11 6.71 ± 0.97 1.43 ± 0.16 0.77 ± 0.15
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3.3 Subacute Systemic Toxicity

Throughout the 14-day duration of the study, all experimental animals had survived. In
the Polypyrrole/Iodine group, lethargy events had been observed (up to 70%), but they
had resolved within 60 min after administration. A 1% increase in bodyweight had been
observed in all experimental groups.

Following euthanasia, the spleen, kidneys, brain, liver, heart, and lungs had been
dissected. No evidence of hemorrhage or fluid accumulation in the thoracic or abdominal
cavity had been detected in any of the individuals. In all cases, the organswere positioned
and located as expected and did not exhibit enlargement or deformities. No significant
difference was found in the relative organ weights. Two-way ANOVA (p = 0.2056).

The values of blood cytometry and blood biochemistry test analytes were compared
to standardized reference values based on strain, sex, and age range in healthy individuals
[13, 14]. According to cytometry analysis, no findings of anemia or evidence of ery-
thropathy were observed. Regarding the leukocyte series, no alterations in the quantity
or distribution of cell populations (Neutrophils, Basophils, Eosinophils, Lymphocytes,
Monocytes) were detected that could suggest bacterial infection, inflammation, parasito-
sis, or allergies. Additionally, no morphological changes such as reactive lymphocytes
or toxic neutrophils were reported. Finally, the platelet series exhibited values within the
normal reference range, and there was no evidence of hemorrhage.

In the biochemical analysis, the glycemic (Glucose) and lipid (Triglycerides, Choles-
terol) profiles did not exhibit values outside the reference range in any case. In the liver
profile (Total Bilirubin, Direct Bilirubin, Indirect Bilirubin, ALT,AST,ALP), an increase
in transaminases (ALT, AST, and ALP) was observed in the Polypyrrole/Iodine group,
while the Saline group only showed an increase in ALP. The Control group exhibited
increases in Direct Bilirubin, ALT, and ALP parameters. In the renal profile (Urea, Cre-
atinine), the Control group demonstrated increases in both parameters, while the Saline
and PPy/I groups only showed an increase in Urea. Plasma proteins (Albumin) did
not manifest any values outside the reference range in any group. Finally, electrolytes
(Sodium, Chloride, Potassium, Calcium and Phosphorus) solely exhibited an increase
in Phosphorus for the experimental groups Saline and PPy/I, relative to the reference
values Table 2. Values of serum biochemical parameters, Wistar rats.

Table 2. Values of serum biochemical parameters, Wistar rats. Mean.

Analyte Reference Control Saline
(1 ml)

PPy/I
(20 mg/Kg)

Glucose (mmol/L) 4.89–8.96 8.85 6.9 7.75

Triglycerides (mmol/L) 0.18–1.98 1.45 1.3 1.9

Cholesterol (mmol/L) 0.6–2.51 1.915 1.71 1.91

(continued)
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Table 2. (continued)

Analyte Reference Control Saline
(1 ml)

PPy/I
(20 mg/Kg)

Total Bilirubin (µmol/L) 1.2–3.6 2.5 1.35 1.85

Direct Bilirubin (µmol/L) 0.51–1.2 1.3 0.7 0.9

Indirect Bilirubin (µmol/L) 0.34–2.22 1.2 0.65 0.95

Alanine Aminotransferase (ALT) (µmol/(s·L)) 0.23–1.07 1.35 1.07 1.4

Aspartate Aminotransferase
(AST) (µmol/(s·L))

1.07–3.7 2.68 3.04 4.43

Alkaline Phosphatase (ALP) (µmol/(s·L)) 0.3–1.03 2.86 3.33 3.06

Urea (mmol/L) 5.84–6.94 8.5 8.05 8.2

Creatinine (µmol/L) 26.52–53.05 55.5 48 53

Albumin (mmol/L) 0.56–0.87 0.68 0.59 0.65

Sodium (mmol/L) 135–146 139.5 137 136.5

Chloride (mmol/L) 97–106 105 102 105.5

Potassium (mmol/L) 5.3–7.5 7.35 8.4 9.35

Calcium (mmol/L) 2.37–3.02 2.66 2.39 2.56

Phosphorus (mmol/L) 1.46–3.07 2.2 2.43 2.37

4 Conclusions

Prior research indicates that plasma polymerization generated Polypyrrole structures
exhibit branching and crosslinking, in contrast to those generated through conventional
methods, conversely, the surface appears smoother in comparison [2]. However, in this
work it was observed that after the sterilization process the particles fuse and pores
are formed on the surface. Some works in this regard mention that the presence of
pores can contribute to the compatibility of polymers such as Polypyrrole [15], with the
advantage that plasma polymerization does not involve other reagents that could affect
its performance.

Comparing the biological response of Polypyrrole/iodine from this work with other
polymers synthesized by conventional methods [16], it is found that they have an ade-
quate biocompatible response, however they require purification processes before being
used

The biocompatibility evaluation of the plasma-synthesized Polyryrrole/Iodine has
demonstrated good tolerance up to a dose of 13.6 mg/Kg, as evidenced by the absence
of mortality in the experimental animals. Furthermore, no significant changes in body
weight or relative organ weight percentage were observed, and no severe adverse effects
were detected. In terms of subacute systemic toxicity, a maximum dose of 20 mg/Kg
was administered without statistically or biologically significance increase in frequency
or severity of adverse effects or alterations in blood cytometry or blood biochemistry
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parameters. Therefore, doses up to 20 mg/Kg of plasma-synthesized Polypyrrole/Iodine
can be deemed safe for use.
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Abstract. Hydroxyapatite (HAp) is a bioceramic material of great interest in the
field of tissue engineering and bone regeneration due to its high biocompatibility
and bioactivity in the human body. HAp has been doped with different elements
including magnesium, strontium, silver, among others. Particularly, magnesium-
doped hydroxyapatite (HAp-Mg) appears to have high potential in biomedical
applications. Therefore, it is relevant to characterize its biological compatibil-
ity and cytotoxicity. In this study, an in vitro model of fibroblasts obtained from
chicken embryos was used to evaluate the effect of HAp-Mg on cell viability.
HAp doped with 2% magnesium was synthesized using the Microwave-Assisted
HydrothermalMethod. Subsequently, X-ray diffraction analysis was performed to
characterize the HAp-Mg samples. Morphological and microstructural character-
ization of HAp-Mg was carried out using scanning electron microscopy (SEM).
To evaluate the effect of HAp-Mg on cell viability, primary cultures of fibrob-
lasts from 10-day-old chicken embryos (ED10) were obtained. The cultures were
treated with different concentrations of HAp-Mg (0.1–100 μg/ml) for 24 h. Cell
viability and cytotoxicity were then evaluated usingMTT andAlamarBlue assays.
The results revealed that the tested concentrations of HAp-Mg did not present sig-
nificant cytotoxic effects. These findings suggest that HAp-Mg has excellent bio-
logical compatibility and can be considered as a promisingmaterial for biomedical
applications.

Keywords: Hydroxyapatite · Biological Assay · Biomaterials · Tissue
Engineering

1 Introduction

There are different conditions that hinder bone regeneration or repair, whether from fis-
sures, fractures or genetic malformations; Furthermore, the characteristic selfrepairing
capacity of this tissue depends on the type of bone to which it belongs; for example,
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flat bones such as those in the region of the skull and face have a lower tendency for
osteoblast differentiation due to their intramembranous ossification, so their regener-
ation is slower than that of long bones. Despite the fact that bone tissue has a high
tendency to differentiation and repair, to avoid adverse effects of the aforementioned
morphophysiological conditions, it is necessary to find ways to improve and accelerate
these osteogenic processes. Once its cell viability and cytotoxicity have been verified,
a good alternative to solve these problems is the use of hydroxyapatite nanoparticles
[1]. Hydroxyapatite (HAp) belongs to the group of phosphate minerals with a chemical
formula of: [Ca10(PO4)6(OH)2] and is found in the human body as carbonated apatite
deficient in calcium when the bone is in the process of mineralization [2]. It is a bioce-
ramic material of great interest in regenerative medicine given its high biocompatibility
and bioactivity in the human body and can be obtained synthetically as hydroxyap-
atite nanofibers by the microwave-assisted hydrothermal method [3]. HAp has been
doped with different elements including magnesium, titanium, silver, among others [4,
5]. Particularly, magnesium-doped HAp (Mg-HAp) appears to have high potential in
biomedical applications. Magnesium ions are directly involved in numerous biological
mechanisms; for example, they are an important part of the regulation of ion channels,
they participate in DNA stabilization and in the activation and stimulation of cell growth
and proliferation enzymes [6]. In this study, we sought to successfully dope hydroxya-
patite nanofibers with magnesium and analyze their structural properties and biological
compatibility in the chicken embryo model because the presence of magnesium in the
chemical structure of hydroxyapatite can positively influence the expression of genes
associated with osteoblast differentiation, which promotes the production and mineral-
ization of the bone matrix [6]. Additionally, magnesium has the potential to enhance
cell adhesion on the surface of doped hydroxyapatite, thus facilitating the interaction of
cells with the implanted material. Better cell adhesion is essential for successfully col-
onizing bone cells on the implant surface, which is crucial for forming functional bone
tissue [4]. On the other hand, the magnesium released from the doped hydroxyapatite
can act as a regulator of cell activity and bone remodeling processes since magnesium
ions can influence the activity of osteoclasts and osteoblasts, thus helping to maintain
a proper balance between bone formation and resorption [4, 5]. Magnesium can also
enhance the deposition of hydroxyapatite crystals and the formation of bonds between
the particles of the material, resulting in a stronger and more resistant bone matrix,
thus favoring hydroxyapatite-induced bone remineralization [5]. Thus, it is relevant to
characterize hydroxyapatite’s chemical, structural, and biological properties doped with
magnesium, which will be evaluated in vitro. Therefore, our research question becomes:
How does the integration of magnesium into the chemical structure of synthetic hydrox-
yapatite affect cellular viability, biocompatibility, and the creation of functional bone
tissue when employing a chicken embryo animal model?
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2 Material and Methods

2.1 Nano Hydroxyapatite Synthesis

The procedure currently used for the synthesis of HAp fibers was the following: Initially,
the reagents are dissolved in tridistilled water at 60 °C with a magnetic stirrer for 2 h
to obtain two independent solutions; one containing glutamic acid [C5H9NO4. H2O]
and calcium nitrate [Ca(NO3)2. 4H2O] and the other containing monobasic potassium
phosphate [KH2PO4] mixed with potassium hydroxide [KOH].

Subsequently, both solutions weremixed with 2% ofmagnesium nitrate [Mg(NO3)2]
was added to the chemical composition of the mixture and it was kept constant for the
end of the chemical reaction. The reaction mixture was placed inside the quartz tubes.
For the experimental setup, HAp synthesis was performed in amicrowave oven (Synthos
3000 from Anton Paar) with the following parameters: heating rate of 7.5 °C/min up to
170 °C and final pressure of 80 kPa. The reaction was held for another 45 min for each
experiment. After the completion of the reaction, the white crystalline solid obtained
from the reaction mixture was filtered and washed with a cold 1:1 mixture of ethanol
and water and dried at 50 °C in a light vacuum oven.

2.2 X-ray Diffraction Experiments

To identify the crystalline components contained in the final product, XRD was per-
formed on all samples obtained from the synthesis reactions. A D8 Advance diffrac-
tometer manufactured by Bruker was used for the analyzes and the operating conditions
in the equipment were 35 kV voltage and a current of 15 mA. A CuK_α radiation (wave-
length of λ = 1 5406 Å) was used. All diffraction experiments were done from 10° to
90° on a 2θ scale with a step size of 0.05°.

2.3 Scanning Electron Microscopy

A JEOL JSM-6390 LV scanning electron microscope (SEM) was used to observe the
morphology and microstructure of all samples under the microscope. The voltage used
was 20 kV and all images were formed from secondary electrons. The HAp-Mg sample
was collected when the drying process finished. A small portion of the filtered solid was
placed in a sample holder and covered with a charcoal paint. The specimens were then
observed using a JOEL SEM (Model 6400F, JEOL, Tokyo, Japan). The samples used in
the SEM study were 8.0 mm in diameter and 2.0 mm thick.

2.4 Culture and Treatment of Fibroblasts Obtained from Chicken Embryos

Primary cultures of chicken embryo fibroblasts were made, which were maintained
in MEM medium with 10% inactivated fetal bovine serum (SBFi) and a mixture of
5% gentamicin, penicillin (100 u/mL) and streptomycin (100 ug/mL) in the presence
of 5% CO2 at 37 °C. Once 80% confluence was reached, the cells were treated with
different concentrations ofHAp (0.1, 1, 10 and 10 ug/ml) previously dissolved inDMSO.
Treatments were started for 6 days under the aforementioned conditions. Untreated cells
were used as control.
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2.5 Cell Viability and Cytotoxicity Assays

To assess cytotoxicity, anMTT solution was prepared by dispersing 10 mg of the sample
in 10 ml of Hank’s balanced solution. Primary cultures of chicken embryo fibroblasts
were made, which were maintained in a 96-well plate with MEMmedium+ 10% SBFi
and a mixture of 5% antibiotics in the presence of 5% CO2 at 37 °C for 6 days.

The in vitro growth inhibition effect of the test compound was evaluated by spec-
trophotometric determination of the conversion of MTT to "formazan blue" by living
cells. To evaluate cell viability, the AlamarBlue Assay (Thermo Scientific, USA) was
performed. Cells were harvested after 6 days of HAp treatment in 96-well plates. Sub-
sequently, 10% of the volume of the AlamarBlue reagent medium was added, which is
reduced by living cells to a blue compound. Cultures were incubated for 2 h and cytotox-
icity was measured by spectrophotometry at 570 nm in a spectrophotometer (Multiskan
SkyHigh, Thermo Scientific, USA).

3 Results

3.1 X-ray Diffraction Experiments

X-ray diffraction shows the production of highly crystalline HAp-Mg. Phase identifica-
tion was made by comparison with ICDD PDF files [Brucker]. The diffractogram indi-
cates the Miller indices for the main reflections, which correspond to planes 211 (more
intense), 300, 120, 130, 100 and 002 of the HAp according to PDF 86-1199. Figure 1
shows narrow, well-defined Bragg reflections, which also exhibit high intensities.

Fig. 1. Diffractogram of magnesium-doped hydroxyapatite.

3.2 SEM Experiments

Regarding the SEM, in the morphological and topological analysis of the HAp we can
observe elongated crystalline nanofibers with a hexagonal structure which are grouped
forming conglomerates (Fig. 2).
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Fig. 2. Microphotographs of magnesium-doped hydroxyapatite obtained by SEM at different
magnifications.

3.3 Cytotoxicity and Cell Viability Assays

In the morphological evaluation of the primary cultures of fibroblasts at 1–6 days of
treatments, no changes in cell morphology or reduction in the number of cells were
observed (Fig. 3a–f). The results of the Alamar Blue and MTT assays do not show a
significant reduction in cell viability (Fig. 3g and Fig. 3h).

Fig. 3. Chicken embryo fibroblasts in culture treated with different concentrations of HAp.
Treated cells: a) HAp-Mg 0.1 ug/ml b) HAp-Mg 1 ug/ml c) HAp-Mg 10 ug/ml d) HAp-Mg 100
ug/ml e) and f) Control cells without treatment. g) Results ofMTT assay h) Results of Alamar-Blue
assay.
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4 Discussion and Conclusion

In this study, we successfully obtained magnesium-doped hydroxyapatite nanofibers
with a unique highly crystalline hexagonal nanofiber structure. Our crystallographic data
confirmed the successful doping of hydroxyapatite with magnesium, employing the pre-
viously described mechanism of ionic exchange with calcium. The resulting structure
exhibited a remarkable resemblance to the mineral found in natural bone, implying a
higher potential for interaction with the surrounding bone tissue and enhanced biocom-
patibility. Particularly, the hexagonal morphology of these nanofibers played a pivotal
role in promoting the adhesion of bone cells and providing a three-dimensional sur-
face for cell anchoring and proliferation, thereby facilitating bone tissue regeneration.
Previous research has already established that hydroxyapatite with similar character-
istics favors bone regeneration both in in vivo and in vitro settings [4–7]. Moreover,
the highly crystalline structure of these nanofibers demonstrated increased long-term
stability in animal models, which is crucial to ensure that implants or coatings main-
tain their properties throughout the regeneration process, alongside improvements in
mechanical properties compared to commercial hydroxyapatites [1]. This morphology
and crystalline structure enhance the potential of these nanofibers in the development
of bone implants and replacements, owing to their increased mechanical strength, as
we evidenced in previous tension-deformation assays [3]. In the biological realm, we
evaluated the cell viability and cytotoxicity of the HAp-Mg nanofibers through MTT
and AlamarBlue assays. The results indicated that cell viability does not decrease as
the concentration of magnesium-doped hydroxyapatite increases. Specifically, at higher
concentrations of hydroxyapatite, cells exhibited greater viability compared to control
samples. This finding suggests promising potential for bone regeneration, which could
significantly impact the field of regenerative medicine.

While we have established the induction of cell proliferation, especially in stem cells
and osteocytes, delving into the molecular and cellular mechanisms associated with this
inductive effect will be crucial in future studies. The process of ionic doping in hydrox-
yapatite has gained prominence in regenerative medicine and bone tissue regeneration,
as it allows the adjustment of mechanical, biological, bioactive, and antimicrobial prop-
erties of pure hydroxyapatite through the incorporation of magnesium. This ion has the
ability to stimulate bone mineralization and remodeling, playing a fundamental role in
osteocyte proliferation, as previously mentioned [5, 7]. This observation aligns with
our results from biological assays, where we demonstrated the inductive potential of
HAp-Mg nanofibers in cell regeneration. To conclude, the resulting material, Mg-HAp,
showcases considerable potential as a biomaterial in bone tissue engineering. The inclu-
sion ofmagnesiumcan enhance the bioactivity anddegradation of hydroxyapatites,while
the unique morphology of nanofibers promotes cell adhesion and proliferation. The next
crucial step lies in the in vivo evaluation of these HAp-Mg nanofibers, enabling a more
comprehensive understanding of their effectiveness and applicability in real biological
environments.
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Abstract. Bone repair is one of the most studied fields within tissue engineering
since it is one of the most affected structures in the human body. Biomaterials
based on calcium phosphate such as hydroxyapatite (HAp) have demonstrated
to be promising solutions, due to its capacity to mimic the mineral composition
and/or its porous structure. Additionally, using additive manufacturing alongside
Computer-Aided Design Software, has granted the opportunity to generate cellu-
lar scaffolds for replacement or bone grafts thanks to its controllable mechanical
properties, porosity, pore size and structural form. For this reason, the aim of this
project is to design, fabricate and characterize PLA/HAp 3D printed scaffolds
for tissue engineering applications. For this, HAp was first synthesized through
the Microwave-Assisted Hydrothermal Method using Ca(NO3)2, K2(HPO4) and
KOHas precursor and glutamic acid as growth inhibitor, obtainingHApnanofibers
with a hexagonal structure enhancing itsmechanical properties. Furthermore, these
HAp nanofibers were characterized by X-Ray Diffraction (XRD) and Scanning
Electron Microscopy (SEM) to find out the dimension, morphology, topology,
orientation, and crystalline structure of the nanofibers. In addition, a variety of 3D
bone scaffolds with defined and interconnected pores mimicking the morphology
and permeability of the trabecular bone, were designed using 3D Voronoi tes-
sellation method through Rhinoceros 7 with Grasshopper. These scaffolds were
fabricated using the extrusion method, where PLA was melted and extruded as
a filament. Layer by layer the filament was deposited to create scaffolds with
a controlled arrangement of struts and pore dimensions without the need for a
binder.

Keywords: Hydroxyapatite · Bone Scaffolds · Biomaterial · 3D printing

1 Introduction

It is well known that bone is a fundamental structure in the whole body. It is a type
of connective tissue constantly changing, due to its adaptability in shape, size, and
the biomechanical forces it endures. Bone is arranged in two structures, cortical or
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compact and trabecular or spongy bone [1]. Additionally, it is a composite material with
both organic and inorganic components such as collagen type I fibers and hydroxyapatite
(HAp) that are small crystals of mineral structures [2].

As it was previously mentioned, bone is a tissue in constant change, thus there has
been a need to start looking for alternatives to keep the bone from breaking or to repair
it more efficiently avoiding the usage of metals and other material that could cause
cytotoxicity or rejection from the body. For that reason, tissue engineering is looking for
that answer. This branch of engineering altogether with innovative biomaterials such as
synthetic HAp, offer a variety of solutions including the usage of scaffolds to provide
structural template to bear loads of the adjacent tissues, to guarantee support for the
newly formed tissue and extracellular matrix. Nevertheless, the success each scaffold
depends on its design, materials, and patient’s activity [3].

In the present, several manufacturing technologies have emerged to try and improve
past methods and 3D printing is a clear example of new techniques that have come to
innovate this field [4]. These are techniques that apply computational modeling, such
as Computational Assisted Design (CAD) software, allowing the designer to choose the
size, morphology, number of pores, size of pores and percentage of porosity in each
scaffold [3, 5]. Hence, the aim of this work is to design, fabricate and characterize
3D printed composite scaffolds of HAp and Polylactic Acid (PLA) to evaluate their
properties and ability to mimic the spongy bone for tissue engineering applications.
Also, our research question is: Do PLA/HAp 3D printed bone scaffolds possess unique
structural and morphological properties and can they stimulate bone regeneration?

2 Methodology

2.1 Scaffold Design

In this investigation, a scaffold prototype was designed using the 3DVoronoi tessellation
method [6] to simulate the trabecular-like human bone. As it is well described, the
trabecular bone presents a porosity range from 50% to 90% depending on the bone type
[1]. Additionally, prior authors have described that the suggested pore size goes between
200 μm and 1200 μm [3], therefore with this method, we can control two of the most
important variants in tissue engineering scaffolds: pore size and porosity. The scaffolds
were designed through a computer aided design (CAD) Rhinoceros 7 (Robert McNeel &
Associates, WA, USA) with Grasshopper.

To begin with the design, the Bounding Box command was selected to create a solid
region as a total volume of the scaffold. Then, a number of points, that will represent the
center of each pore, were chosen and introduced with the command Populate 3D, inside
the box previously created, these points will serve as seeds to generate the 3D Voronoi
structure [7, 8]. After that, the 3D Voronoi command was used to create the organic
porous structure we are looking for followed by Brep, which deconstructs the object in
edges and vertices. Next Simplify Curve is used to takes the object’s edges to shape them
into geometric figures accompanied by the Duplicate Line remover command. Finally,
those lines are used with Multipipe, as a track to determine the strut diameter of the
cylinder to obtain the trabecular-like structure and create the porous scaffold, shown in
a schematic design in Fig. 1. To prove that the porosity percentage and size of the pore
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have a correlation between the input parameters such as the number of pores and the
strut diameter, and the targeted parameters like porosity percentage the next equations
described by Liu, et al. [8] were followed:

P% = VBounding Box − Vscaffold

VBounding Box
× 100% (1)

Vviod = VBounding Box − Vscaffold (2)

Vviod = VBounding Box × P% (3)

Where VBoundingBox is the volume of the solid structure, P% is the porosity of the
scaffold and Vviod is the vacuous volume, that is, the pore volume and Vscaffold is the
remnant structure after the Voronoi 3D method [8]. Hence, the porosity of the scaffold
is directly related with the strut diameter and the number of pores.

Fig. 1. Scaffold design process using a CAD software and promising results.

2.2 Fused Deposition Modeling (FDM) 3D Printing

For the FDM 3D printing, the porous scaffolds were converted into STL files and trans-
ferred into theUltiMakerCura software for a rapid previsualization and evaluation. These
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first designs were printed in a 2:1 scale to deeply observe the scaffold structure. Finally,
they were fabricated in an UltiMaker S5Model using the FDM process, asWinarso et al.
[9], described consists of building 3D structures by depositing a thermoplastic material,
such as PLA, into a substrate in finite and precise layers using a temperature-controlled
printhead, for it to melt to form a thermoplastic filament obtaining amicroscopic, printed
layer of semi molten polymers.

2.3 HAp Synthesis by HAHM and Characterization

This procedurewas realized by theMicrowaveAssistedHydrothermalMethod (MAHM)
in a reactor Monowave [300] (Anton Paar, Austria), as it is described by Alanís-Gómez
et al., [10] and shown in Fig. 2:

1. Prepare a solution with glutamic acid [C5H9NO4・H2O] and calcium nitrate
[Ca(NO3)2・4H2O] in 250 ml of water, warmed (40 °C) and stirred.

2. Prepare a solution of potassium phosphate [KH2PO4] together with of potassium
hydroxide [KOH] in 150 ml of water, heated and vigorously stirred. Then, mix both
solutions.

3. Subsequently, the vials must be filled with the resulting solution heated in the
microwave oven. To fill the vials, it is necessary to keep them vertical and add the
solution, without exceeding the allowed volume limit. For this, the vials were open
with the sealing device, and the vent screw was open. Next, the cap was snapped on,
sealing the vial under pressure. Finally, the vent screw was closed and placed into the
reactor.

4. The Microwave Reactor was programmed as follows: 170 °C of intern temperature,
a reaction time of 45 min and a cooling time of 15 min.

5. After microwave synthesis, the HAp will be seen as a sediment in the bottom of the
vial with a white powdery appearance, the supernatant liquid is discharged.

6. Finally, the HAp is collected in a sterile falcon tube and washed twice with
isopropanol.

X-Ray Diffraction (XRD). XRD analysis was conducted on all samples obtained from
the synthesis reactions to determine the crystalline components present in the final prod-
uct. The analysis was performed using a Bruker-manufactured D8 Advance diffrac-
tometer to 30 kV. CuK_α radiation and λ = 1 4406 Å was employed. The diffraction
experiments covered a range of 10° to 90° on a 2θ scale, with a step size of 0.05°. Phase
identification was accomplished by comparing the obtained diffractogram with ICDD
PDF files from Brucker, particularly PDF 86–1199.

Scanning ElectronMicroscopy (SEM). SEMwas conducted using a JEOL JSM-6390
to examine the morphology and microstructure of all samples. The SEM operated at a
voltage of 25 kV, and the images were generated from secondary electrons. The HAp
sample was obtained after the completion of the drying process. A small portion of
the filtered solid was placed in a sample holder and coated with charcoal paint. The
specimens were then observed using a SEM. Image capture was performed at 2.0 k and
20.0 k magnification.
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Fig. 2. HAp synthesis process and characterization.

3 Results

Highly crystalline HAp fibers were obtained by the Microwave-Assisted Hydrothermal
Method (MAHM). The HAp samples analyzed by SEM presented a heterogeneous
topologymade up of elongated crystals with hexagonal prism shape and a cross-sectional
diameter of 1.5 μm, grouped in agglomerates between 500–1000 nm. As it is seen in
the Fig. 3, showing a SEM micrograph at 10 k and 20 k magnification of HAp fibers
synthesized by MHAM.

X-Ray Diffraction Analysis of HAp
XRD analysis confirms the successful production of HAp with a high degree of crys-
tallinity. Phase identificationwas accomplished by comparing the obtained diffractogram
with ICDD PDF files from Brucker.

The presence of specific signal in the XRD pattern at characteristic 2θ angles cor-
responding to hydroxyapatite allowed for the confident identification of the phase. The
diffractogram reveals prominent signal corresponding to the Miller indices of major
reflections, namely planes (211), (300), (120), (130), (100), and (002) of the HAp phase,
as indicated by PDF 86-1199.

In our samples, the strongest Bragg reflection corresponds to the (211) plane. The
intensity and position of these peaks provided information about the crystal.

structure and purity of the hydroxyapatite sample. Figure 4 showcases well-defined
Bragg reflections that are narrow in width and exhibit strong intensities.

Finally, PLA 3D scaffolds of trabecular bone were designed and printed shown in
Fig. 5, as a prototype for future biological assays of bioactivity, osteoinduction and
osteoconduction of HAp nanofibers. The prototypes were made in Rhinoceros 7 and
Grasshopper 7 (Robert McNeel & Associates, WA, USA) with a total of 250 pores and a
porosity of the structure of 73%. Once optimal scaffolds for the tests have been obtained
and approved, they will be coated with HAp synthesized in the laboratory by means of
physical deposition techniques to be further tested in cell culture.
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Fig. 3. Analysis of hydroxyapatite powder bySEM. a) 2.0 kmagnification b) 20.0 kmagnification.

4 Analysis

The successful synthesis of highly crystallineHApfibers through themicrowave-assisted
hydrothermalmethod (MAHM) holds great promise for various biomedical applications.
The unique morphology of the HAp fibers, characterized by elongated crystals with
hexagonal shapes, offers several advantages in terms of bioactivity and mechanical
properties [10]. The controlled synthesis of HAp fibers with specific dimensions and
crystallographic orientations can play a crucial role in tailoring the material’s properties
for specific applications, such as bone tissue engineering [11].

The characterization of the synthesized HAp fibers using SEM analysis revealed a
heterogeneous topology with elongated crystals. The presence of well-defined hexago-
nal morphology further supports the high degree of crystallinity achieved through the



128 S.-A. Ana Paola et al.

Fig. 4. Result of an X-ray diffraction experiment. Diffractogram of a HAp powder sample.

Fig. 5. 3D Scaffold proposal printed at a scale 2:1 for testing probes.

MAHMprocess. The clustering of fibers into aggregates indicates the formation of inter-
connected networks, which can potentially facilitate cellular adhesion, proliferation, and
nutrient transport within the scaffolds [8].

The XRD analysis not only confirmed the successful production of HAp but also
provided valuable information about the crystal structure and purity of the synthesized
material. The comparison of the diffractogramwith established ICDD PDF files allowed
for phase identification, with the (211) plane of HAp showing the highest intensity. This
finding aligns with previous studies highlighting the significance of the (211) plane in
HAp crystal growth and mechanical properties. The highly crystalline nature of the HAp
fibers is desirable for their effective integration into the mineralized matrix of natural
bone [12].

The development of 3D-printed bone-like PLA scaffolds incorporating the synthe-
sized HAp fibers represents a significant advancement in tissue engineering [7]. The
design of the scaffolds, with their specific porosity and pore architecture, mimics the
trabecular structure of natural bone, enabling cell infiltration, nutrient diffusion, and
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vascularization [5]. The combination of the scaffold’s structural properties and the
bioactive nature of the HAp fibers can potentially enhance cellular responses, including
cell attachment, proliferation, and differentiation, ultimately leading to improved tissue
regeneration [13].

Future studies can focus on evaluating the biological performance of the HAp-
coated scaffolds, such as conducting new assays of cell behavior, tissue integration,
and bone regeneration capabilities. Additionally, the use of advanced surface modifica-
tion techniques, such as physical deposition or biofunctionalization, can further enhance
the bioactivity and osteoinductive properties of the HAp-coated scaffolds [14]. These
advancements would pave the way for the translation of HAp-based scaffolds into clin-
ical applications, addressing the challenges in bone defect repair and promoting tissue
regeneration.

In conclusion, the successful synthesis of highly crystalline HAp fibers using the
MAHM method, along with the characterization of their morphology and crystal struc-
ture, highlights their potential for various biomedical applications. The integration of
these fibers into 3D-printed bone-like scaffolds opens new possibilities for bone tissue
engineering and regenerative medicine. Further research and development are warranted
to optimize the scaffold design, improve cellular responses, and assess the long-term
performance of HAp-coated scaffolds in clinical settings.

5 Conclusions

This result is significative because the preferable crystalline orientation found in the
X-Ray diffraction analysis, all together with the SEM results indicate that the HAp
fibers grow in a [002] direction, together with the “c” axis of the hexagonal hydrox-
yapatite’s structure. In addition, with the Microwave-Assisted Hydrothermal Method,
HAp nanofibers with high purity and crystallinity were obtained. On top of that, the
scaffold designed with the CAD software Rhinoceros 7 (Robert McNeel & Associates,
WA, USA) and 3D printed in PLA shows promising results due to their high porosity
percentage and pore interconnectivity, as well as their biocompatible properties with
HAp. Furthermore, this type of design can be modified with a simple change in the vari-
ables given to the software to obtain a more porous structure or the other way around.
These variables were considered for future calculations and design improvements.
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Abstract. Hydroxyapatite (HAp) is one of the most important in the family
of calcium phosphates since it is an inorganic component of bone and it has
been proven to be a biocompatible, osteoconductive, and osteoinductive material.
However, it presents low antimicrobial activity making it susceptible to infec-
tions. This work aimed first to synthesize and characterize HAp nanofibers doped
with Mg nanoparticles with a growth-oriented crystalline structure and second to
evaluate their antimicrobial activity. For this, we synthesized HAp nanofibers by
microwave-assisted hydrothermal method and carried out the structural character-
ization using the X-ray powder diffraction method. The morphological, topolog-
ical, and microstructural characterization was performedwith scanning electron
microscopy. Given the results, synthetic Mg-HAp nanofibers exhibited a hexago-
nalmorphology andhigh purity and crystallinity. In addition, the nanofunctionality
show of Mg-HAp exhibits good antimicrobial activity.

Keywords: Nanobiomaterial · Hydroxyapatite · Antimicrobial Activity

1 Introduction

Bone is a connective tissue formed by amineralized extracellular matrix, which provides
support to the body and protection to some organs [1]; This matrix is made up of an
organic phase and an inorganic phase, which is mainly made up of CaPs in the form of
HAp crystals. Factors that affect bone tissue have a significant impact on general health;
and it is that when bone defects are critical, they require the addition of biomaterials with
characteristics like the chemical and structural properties of the tissue for their repair
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since otherwise their regeneration would not be carried out completely [2, 3]. It was
decided to work with HAp due to its chemical composition very similar to the inorganic
component of natural bone tissue, which provides great biocompatibility and bioactivity
with surrounding tissues, facilitating the union, proliferation, and differentiation of bone
cells [4, 5]. This makes it a very attractive biomaterial to use in grafts. Although HAp
has these qualities, studies reveal that it has a low antibacterial property, a necessity for
its clinical application [4]. To increase its physical-chemical, mechanical, and biological
properties, it was decided to dope the HAp with nanoparticles of Mg, which has been
reported in previous studies that Mg is a biodegradable, non-cytotoxic material that
improves all the properties of theHApandhas an antimicrobial effect directly onbacteria,
affecting their cell membrane [6–8].

There is limited research discussing the exact mechanism by which Mg acts against
bacteria. Nevertheless, there are a few proposals that offer some clarity to the ongoing
discussion. According to Robinson et al., the addition of Mg alone cannot be attributed
to the antibacterial inhibition; instead, it is associatedwith changes in pH. In their in vitro
study, they observed diminished growth of Escherichia coli, Pseudomonas aeruginosa
and Staphylococus aereus when reaching levels in pH of >9 [14]. This phenomenon
finds support in the work of Nostro et al., who establish that an alkaline pH causes a
lower adherence of bacteria due to bacterial surface hydrophobicity [15]. Additionally, a
high alkalinity leads to an immoderate consumption of H+, which reduces ATP synthesis
[6].

Another proposedmechanism ofMagnesium revolves around the generation of reac-
tive oxygen species (ROS), which can damage cells by disrupting bacterial proteins and
DNA. This leads to reduced bacterial adhesion, subsequently reducing biofilm forma-
tion [6]. In a study by Sawai et al. the antibacterial attributes of magnesium oxide were
investigated, leading to the conclusion that the ROS generation was responsible for the
antibacterial effects against E. coli and S. aureus [16].

The factors mentioned above could be acting alone or together. However, it is crucial
to acknowledge thatmost evidence has been derived from in vitro studies. Limited in vivo
evidence only suggests that the behavior of the material varies under physiological
conditions, opening the door to further research.

For this reason, the objective of this work was to synthesize Mg-doped HAp
nanofibers with a crystalline growth orientation through MAHM, characterize the
material, and evaluate its antimicrobial activity.

2 Materials and Methods

2.1 Synthesis of HAp by HAHM

HAp synthesis was performed according to Alanís-Gómez et al. [9], in a Monowave 300
(Anton Paar). The reaction mixture’s temperature was 170 °C, with a pressure of 6-11
kPa. At the end of the reaction, a white crystalline solid was obtained, which was filtered
and washed using H2Odd. Finally, the dust was desiccated to 50 °C inside a muffle.
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2.2 Characterization of HAp Nanofibers

X-RayAnalysis.The analysiswasmade in a diffractometerD8Advance [Bruker]. Sample
preparation was not required. In the analysis, a Cu K radiation (to a wavelength of 1.54
Å) was used. The samples were scanned in a range of 2θ from 10° through 90° with a
0.05° step size.

Electron Microscopy. The morphological analyses of HAp were carried out using a
JEO-JSM-6390-Scanning Electron Microscope (Jeol USA Inc). 20 kV was used in the
acceleration voltage.

X-Ray Fluorescence Analysis. The X-Ray Fluorescence analysis (XRF) of the samples
of HAp was made in X-ray fluorescence analyzer (AR Technologies, Inc.). All samples
were distributed in 1 ml of ethanol as a dispersing agent.

2.3 Assessment of Antimicrobial Activity

Cultures of Escherichia coli (ATCC 25922), Enterococcus faecalis (ATCC 29212),
Staphylococcus aureus (ATCC23235) andCandida albicans (ATCC96901)were grown
onMueller-Hinton (MH) agar plates. Once the colonies had grown, samplewas collected
and suspended in a tube with nutrient broth. A sterilized cotton swab was immersed in
the resulting suspension, and a lawn of bacteria was applied to the agar plates. Covered
the sample with a sterile cotton bud, and a layer of bacteria was applied to an MH agar
plate.

The Mg-HAp suspension was placed on filter paper discs and applied to the E. coli
cultures. The side containing the particles faced downwards to ensure direct interaction
with the agar and the bacteria, and the samples were incubated at 37 °C for 48 h. The
inhibition zones around the filter are scarred every 24 h.

3 Results

3.1 X-ray Diffraction

For the analysis of the x-ray diffraction, our sample was compared to the powder diffrac-
tion file given by the International Center for Diffraction Data. The crystalline phases
of our HAp-Mg sample corresponded to those of ICDD-PDF#86-1203. This indicates
a consistency in the crystallography of the material and shows a successful synthesis
method.

The X-ray diffraction image (Fig. 1) shows distinctive Bragg reflections correspond-
ing to hydroxyapatite’s crystallographic planes. We can also observe cleanliness in the
pattern which demonstrates minimal noise interference.

The disposition of the Bragg reflexions are displayed as narrow bands with high
intensities, which could signify high crystallinity and the presence of large crystals.
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Fig. 1. X-ray analysis of Mg-HAp powder.

3.2 SEM

The SEM analysis captured a series of images at progressively closer magnifying inter-
vals to examine the morphology of the fibers obtained. Figure 2a and 2b, taken at a mod-
erate magnification, provide a general overview of the fibers´ shape and arrangement.
The images show a cluster of fibers that form a spherical structure.

Figure 2b, captured at a closer distance, reveals a clearer imageof thefibers, providing
more detail on their individual structure (15000x). However, it is until Fig. 2a with a
magnification of 5000x that the hexagonal morphology of the fibers becomes evident,
this being important since it improves its mechanical properties.

This image Fig. (2b) highlights their unique structural characteristics; attributed by
the glutamic acid that adheres to phosphate groups and gives an acidic pH. This causes
an intricate organized growth of the nanofibers in the c-direction, attributed by specific
physical and chemical parameters used in the hydrothermal method: high temperatures,
pressures and specific volume. These parameters are essential in providing an excellent
medium for reaction speed and generation of smaller particles.

3.3 Energy Dispersive X-ray Spectroscopy

Figure 3 represents the elemental composition of ourMg-Hydroxyapatite sample, which
is a crucial indicator to determine the relationship between phosphorus (P) and calcium
(Ca). The most prominent peak in the Energy Dispersive X-ray Spectroscopy (EDS)
spectrum corresponds to calcium (Ca) with an intensity of almost 16 (cps/eV), which
indicates a significant amount of calcium within the sample. The spectrum also exhibits
the presence of other elements such as phosphorus (P), magnesium (Mg), aluminum
(Al), oxygen (O), and carbon (C).
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Fig. 2. SEM micrographs of Mg-HAp showcasing the fibers morphology. a) 5000 magnification
b) 15000 magnification.

Fig. 3. EDS analysis of Mg-HAp powder

The concentration of the different elements in our HAp sample is shown on Table 1,
providing more detail on major and minor constituents. Major elements are indicated by
% and minor elements by ppm.

Table 1. Element concentration analysis.

Compound Concentration Unit

MgO 1.179 %

P2O5 40.326 %

SO3 0.101 %

K2O 0.171 %

CaO 58.137 %

Fe2O3 417.9 Ppm
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3.4 Kirby Bauer Disk Diffusion Susceptibility Test

The antimicrobial activity of magnesium doped hydroxyapatite was tested in an in vitro
model with a HAp-Mg concentration of 100 μg/ml/DMSO, against Escherichia coli
(Fig. 4a), Enterococcus faecalis, S. aureus and Candida albicans. The diameters of
inhibition of three independent experiments by each microorganism vs positive control
(sensible antibiotic) are shown in Fig. 4b, in which moderate inhibition of bacterial
growth can be observed (Fig. 4b).

Fig. 4. HAp-Mg Antibiogram against E. Coli and inhibition diameters against different strains.

4 Analysis

Mg-HAp powder was synthesized through the microwave assisted hydrothermal method
(MAHM), ensuring precision over parameters such as temperature and pressure. This
method enabled us to produce nanofibers with superior crystallinity by initiating and
guiding their growth. The high crystallinity in the resulting nanofibers Mg-HAp yielded
a well-defined and organized structure, which led to the desired morphology [2, 11].

The powder obtained underwentX-ray analysis to providemore information about its
composition and crystal structure. The crystallographic planes also allowed the identifi-
cation of characteristic peaks and their correspondingMiller indices. The most intensive
reflection occurred in the (211) crystallographic plane at 2θ = 34 degrees, which is
characteristic of hydroxyapatite. We can observe a well-defined spectrogram with nar-
row peaks. The presence of amino acids, as it has been mentioned in several studies,
modifies the morphology and crystalline structure of HAp [12]. Therefore, the glutamic
acid within the reaction functioned as a growth orientator, yielding the formation of
nanofibers with strong definition and direction [2, 12].

Through SEM images we could deepen our understanding about the fibers´ mor-
phology and structure. We can highlight the formation of spherical structures made up
of HAp nanofibers and intermixed with Mg particles. This structure occursas a result of
the deformations that take place on the crystal lattice when Mg ions are involved in the
structure due to the substitution of Ca2+ ions by Mg2+ ions [13]. The examination of
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the fibers at different scales also revealed their hexagonal nature, which suggests a well-
defined crystallographic structure. An EDS was then performed to obtain an elemental
analysis, which offers data to analyze the P/Ca relationship within the sample. However,
it is important to notice the significatively higher peak of calcium, which means there is
a stronger presence of these atoms in comparison to phosphorus atoms.

Given that the calcium peak is 15.5 cps/eV and the phosphorus peak approaches 7
cps/eV, it is possible to calculate Ca/P (15.5 cps/eV/7 cps/eV) which is approximately
2.21. The higher concentrations of elements within our HAp powder were diphosphorus
pentoxide with a concentration of 40.326% and calcium oxide with a concentration of
58.137%. This Ca/P relationship results in 1.64, approaching the relationship in human
bone of 1.67 [2]. The antimicrobial analysis was carried out by using HAp-Mg as the
test sample, with a negative control consisting only of dimethyl sulfoxide (DMSO) and
a positive control consisting of DMSO with an antibiotic, in this case ciprofloxacin
10 μg. To precisely measure the sensibility of a microorganism, the diameter of the
inhibition zones was utilized as an indicator of the antimicrobial activity. The Mg-HAp
presented an inhibition ring of 14 units with a concentration of 2%. The control positive
also demonstrated intense antimicrobial activity while control negative didn’t show any
bacterial inhibition. This only indicates that our results are reliable.

5 Conclusion

This study focused on the synthesis and characterization of magnesium doped hydrox-
yapatite using controlled temperature and pressure using the hydrothermal microwave
assisted method. The resulting particles showed distinctive crystallographic peaks in
the X-ray diffraction analysis, demonstrating the preservation of the hydroxyapatite
structure despite the incorporation of Mg.

SEM analysis revealed a hexagonal and unique morphology of Mg-HAp fibers
attributed by the influence of glutamic acid, as a growth orientator in the c direction. EDS
analysis reassured the elemental composition of our HAp, with notable concentrations
of Ca/P, reaching similarities with human bone composition.

Through the Kirby Bauer Disk Diffusion Susceptibility Test, we observed an inhibi-
tion of bacterial growth when exposed to Mg-HAp at a 100μg/ml/DMSO. These results
point to promising advances on the exploration of Mg-HAp as an antimicrobial strategy
in diverse medical and biomaterials applications.
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Abstract. Hydroxyapatite, a ceramic material with similarity to natural human
bone, finds applications in various medical fields. HAp-based nanocarriers, par-
ticularly in the form of polymeric nanoparticles, offer promising potential for
targeted drug delivery and their investigation in biological systems. This study
focuses on the synthesis of gadolinium-dopedHApnanofiber using theMicrowave
Assisted Hydrothermal Method (MAHM), aiming to assess their suitability as
drug carriers. The morphological and topological analysis, as well as the elemen-
tal chemical composition of HAp-Gd nanofibers, were evaluated using SEM/EDS
and crystallinity was evaluated by XRD. The antimicrobial activity of the bio-
material was tested against Escherichia coli using the disk diffusion method.
The MAHM successfully synthesized HAp-Gd, as evidenced by the results from
SEM and EDS, which confirmed the crystalline and pure nature of the synthe-
sized HAp nanowires. Additionally, these results demonstrated a homogeneous
chemical composition and effective integration of gadolinium into the HAp struc-
ture. Although gadolinium-doped hydroxyapatite exhibited limited antimicrobial
activity against Escherichia coli, the findings provide valuable insights for further
exploration and optimization of its drug delivery potential.

Keywords: Biomaterials · Doped Hydroxyapatite · Gadolinium · Drug Carrier

1 Introduction

In recent years, there has been a growing interest in developing biomaterials with spe-
cific drug release capabilities for biomedical applications [1]. Hydroxyapatite (HAp), a
synthetic compound known for its biocompatibility and ability to mimic natural bone
composition, has emerged as a promising candidate for drug delivery systems [2]. This
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study focuses on the synthesis, characterization, and evaluation of hydroxyapatite doped
with gadolinium (Gd) as an optimized drug carrier. Various characterization techniques,
including X-ray diffraction, energy-dispersive spectroscopy (EDS), and scanning elec-
tron microscopy (SEM), were employed to assess the crystalline structure, elemental
composition, and surface morphology of the composite material [3].

Gadolinium, a paramagnetic element,was incorporated into the hydroxyapatite struc-
ture to enhance its drug carrier capabilities. The successful integration of gadolinium
into hydroxyapatite crystals has been demonstrated in previous studies. For instance,
Somoza et al. (2023) reported the synthesis and characterization of hydroxyapatite-
doped gadolinium nanoparticles, highlighting their potential for efficient drug deliv-
ery systems [4]. Additionally, Yuan et al. (2021) investigated the positive effects of
gadolinium doping on biocompatibility in bone marrow stem cells [5].

The doping of hydroxyapatite with gadolinium offers several advantages, includ-
ing improved drug loading, controlled release, and enhanced imaging capabilities. The
composite material shows promise for applications in photodynamic therapy (PDT) and
photothermal therapy (PTT). In PDT, hydroxyapatite-doped gadolinium can function
as an imaging agent, emitting intense red light upon excitation with ultraviolet light,
enabling precise localization of cancer cells [6]. This facilitates more effective subse-
quent treatment. Furthermore, hydroxyapatite-doped gadolinium is being investigated
as a drug releaser in photothermal therapy, where selective heating and destruction of
cancer cells are achieved using light [6]. The selective encapsulation and release of ther-
apeutic drugs inmalignant cells by hydroxyapatite-doped gadolinium enhance treatment
efficacy and reduce associated side effects.

The objective of this study is to further investigate the synthesis, characterization,
and antimicrobial evaluation doping of hydroxyapatite with gadolinium, focusing on its
potential as an optimized drug carrier in the biomedical field. Through a comprehensive
analysis of the material’s crystalline structure, elemental composition, and surface mor-
phology, we aim to determine the feasibility of this composite for target-ed drug deliv-
ery applications. By elucidating the potential of hydroxyapatite- gadolinium composites
as efficient drug carriers, this research contributes to the advancement of biomaterials
science and offers new avenues for personalized medicine and therapeutics.

2 Material and Methods

2.1 HAp Gd Synthesis

The procedure was carried out by means of the method determined by Alanís- Gómez
et al. [7] on a Monowave 300 (Anton Paar). The calculations of the molar ratio of
gadolinium nitrate were made to correspond to 2% with respect to calcium nitrate. The
temperature of the reaction mixture was 170 °C, with a pressure between 6 to 11 kPa. In
an intermediate process, gadolinium doping was added at a concentration of 2%. At the
end of the reaction a white crystalline solid was obtained, which was filtered and left to
dry at room temperature. And left to dry at room temperature, after which the solid was
recovered from the filter.
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2.2 Characterization of Hap-Gd Structures

Characterization by Scanning Electron Microscope (SEM). They were observed using
two scanning electron microscopes (SEM), namely JEOL JSM-6060 LV from Jeol in
Akishima, Tokyo, Japan, and Hitachi SU8200 from Hitachi High- Technologies in
Tokyo, Japan. An accelerating voltage of 10 kV and 20 kV was applied to make the
observations and secondary electrons were used to form all images.

Energy Dispersive X-ray Spectroscopy Analysis (EDS). It was carried out using EDS
with an EDAX system. Pure and Gd-doped HAp specimens, which were sin- tered at
1300 °C for 6 h, were coated with gold/palladium for 1 min using a sputter- coating
magnetron from Emitech Inc. Then, the gold-coated specimens were observed using a
JOEL SEM (Model 6400F, JEOL, Tokyo, Japan) that was equipped with a Noran light
element EDS X-ray detector.

X-ray Diffraction (XRD). The experiments were conducted using a Bruker D8 Advance
diffractometer. The operational parameters for the equipment were set at an accelerating
voltage of 35 kV and a current of 35 mA. All analyses employed Cu K radiation with a
wavelength of 1.54 Å. Samples were scanned across a range of 10 to 80°. The crystalline
phase identification was achieved by comparison with the powder diffraction file (PDF)
database provided by the International Centre for Diffraction Data (ICDD).

Antimicrobial Activity. It was determined using the Kirby-Bauer disk diffusion tech-
nique, which is a widely accepted and used method to assess the susceptibility of
microorganisms to antimicrobial agents. For this, a sterile HAp-Gd/H20 suspension was
prepared at a concentration of 0.1 mg/ml. Gadolinium-doped hydroxyapatite impreg-
nated discs were then prepared using sterile discs which were allowed to dry at room
temperature. In addition, disks with Ciprofloxacin 5 μg were used as a positive control
and disks impregnated with sterile water as a negative control. Subsequently, the E.
coli strain (ATCC 25922) was seeded with a sterile swab on Müller-Hilton agar under
sterile conditions. The culture was incubated for a period of 24 and 48 h at 37 °C in
an Ecoshell Incubator. After incubation, the formation of zones of inhibition around the
impregnated discs was observed, indicating the antimicrobial activity of the HAp-Gd.
Subsequently, the diameters of the inhibition zones formed around the impregnated discs
were measured. Finally, data obtained were recorded and compared with positive and
negative controls to determine the antimicrobial activity of HAp-Gd against Escherichia
coli. This experiment was carried out in triplicate and the means of the inhibition halos
at 24 and 48 h were plotted against the positive control at 48 h.

3 Results

3.1 SEM of HAp-Gd

For the morphological, topological, and microstructural analysis of the HAp- Gd, a
Scanning ElectronMicroscopy was performed (Fig. 1). In general, nanowires and mixed
structures similar to short and long needles are observed in SEM images approximately
4–6 μm wide by 20–40 μm long, which in turn are made up of horizontal nanofibers.
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From 20 to 40 nm in its cross section. These structures form clumps in the shape of
irregular needles. In addition, we observed that the crystallinity and homogeneity of
the hydroxyapatite decreased as the gadolinium dopant was added, with the pure HAp
observed in Fig. 1a and 1b being more crystalline and homogeneous compared to the
HAp-Gd observed in Fig. 1c and 1d. Finally, the HAp-Gd crystallites showed anisotropic
growth. The different morphologies can be attributed to the various phenomena involved
during the different stages in the synthesis pathways.

Fig. 1. Comparative SEManalysis ofHAp (a)Nanofibers of pureHApobserved at 5000xmagnifi-
cations. (b) Nanofiber of pureHAp observed at 100,000xmagnification. (c) Nanowires of HAp-Gd
observed at 1,000X magnification. (d) Nanowires of HAp-Gd observed at 3,000x magnifications.

3.2 EDS of HAp-Gd

The spectrogram shows information on the elemental chemical composition of the HAp-
Gd sample, identifying the presence of gadolinium in the chemical composition of the
hydroxyapatite. Figure 2 shows one of the 2 specific EDS analyzes that were carried
out on the HAp-Gd1 and 2 samples. From this analysis, it was obtained that its main
elements are Ca, P, C, O, Mg, Al, and Gd. The Ca/P atomic ratios were on average 1.62
and 1.59, respectively.

The identified HAp phase matched the powder diffraction file (PDF) PDF 09–0432,
and no other crystalline components were detected. This suggests a high level of purity.
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Fig. 2. EDS spectra obtained for the HAp-Gd samples.

The HAp-Gd exhibited a characteristic diffraction pattern with Bragg reflections posi-
tioned at 2θ values per the PDF mentioned. Moreover, these reflections displayed the
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Fig. 3. Diffractogram obtained for the HAp-Gd sample.
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expected intensities. Notably, the most prominent reflection occurred at 35.94°, corre-
sponding to the (300) plane. However, the quality of crystallinity in this sample was
found to be low (Fig. 3).

3.3 Antimicrobial Activity

Figure 4 shows the result of the antimicrobial susceptibility test, using discs impreg-
nated with gadolinium-doped hydroxyapatite that were placed on an M.H. where the
Escherichia coli strain was planted. After incubation, we observed zones of inhibition
around the control (+) and HAp-Gd discs, indicating the antimicrobial activity of the
biomaterial. Compared with the positive control of ciprofloxacin, which is a widely used
antibiotic known for its activity against Escherichia coli, the inhibition halo observed
around gadolinium-doped hydroxyapatite-impregnated discs was small. This suggests
that the antimicrobial activity of the biomaterial against Escherichia coli is limited com-
pared to ciprofloxacin. It is important to highlight that the size of the inhibition halo
may be related to the concentration of the antimicrobial agent and its ability to diffuse
in the agar. A small halo indicates that the biomaterial’s ability to inhibit Escherichia
coli growth may be less potent compared to ciprofloxacin.

Fig. 4. Result of the antimicrobial activity test by the disk diffusion method using HAp-Gd 0.1
mg/ml against the positive (ciprofloxacin) and negative (water) control.

The results of three independent experiments of the susceptibility test against E.
coli at 24 and 48 h of treatment were plotted and compared with the result obtained by
the positive control (Fig. 5). A significantly larger diameter (p < 0.05) of the inhibition
halos of the positive control is observed compared to HAp-Gd at 24 and 48 h. The results
indicate that while gadolinium-doped hydroxyapatite may exhibit some antimicrobial
activity against Escherichia coli, its effectiveness is limited compared to a ciprofloxacin
positive control.
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Fig. 5. Graph of the diameters of the inhibition halos obtained by the HAp incubated at 24 and
48 h versus the positive control. Mean values and standard deviation are shown. Student’s t test
was used to compare between groups.

4 Analysis

In the present study, the synthesis and characterization ofHAp-Gdnanofiberswas carried
out with the purpose of later using this biomaterial as a drug transport system, due to
the fact that the optical properties and controlled release of HAp-Gd make this material
a promising candidate for use in photodynamic therapy and photothermal therapy [8].
The use of gadolinium in the manufacture of biomaterials such as HAp-Gd presents
several advantages. First, gadolinium exhibits high pharmacological affinity, making it
an effective drug delivery system [9]. Second, its ability to emit intense red light under
ultraviolet excitation allows for precise localization of cancer cells [4]. In addition, HAp-
Gd can also be investigated as a drug-releasing agent in photothermal cancer therapy,
which uses light to selectively heat and kill cancer cells. By selectively encapsulating
and releasing therapeutic drugs in malignant cells, HAp- Gd increases treatment efficacy
and reduces associated side effects, which holds promise in the field of biomedical
engineering.

In previous studies, gadolinium has been shown to be biocompatible and non- toxic
to healthy cells, which is essential to minimize adverse effects in cancer drug therapy [5].
Therefore, we focus on the synthesis of this biomaterial through the microwave-assisted
hydrothermal method, amethod that our research group previously standardized and that
generates nanofibers with good mechanical properties and high crystallinity. Character-
ization of the HAp-Gd nanofibers was performed using scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) techniques. The SEM allowed us to
obtain high-resolution images of the sample surface, observing structures in the form of
nanowires,while theEDSprovided informationon the elemental composition of the sam-
ple and allowed us to confirm the correct integration of gadolinium in the hydroxyapatite
structure.

The results revealed the formation and successful doping of the HAp-Gd. Further-
more, theHAp-Gd configured a different structure from the onewe obtained in a previous
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study where we synthesized pure hydroxyapatite [7] with a hexagonal cross-sectional
structure. Therefore, the presence of gadolinium in the hydroxyapatite structure can con-
fer unique properties to the material, such as improved optical properties for imaging or
greater efficiency in the release and delivery of drugs. In addition, in the antimicrobial
activity evaluation tests, a slight inhibition effect on the growth of Escherichia coli is
shown, which is favorable since it adds an extra property to the biomaterial by reducing
the risk of infection. In this sense, dual properties of calcium phosphate bioceramics
have previously been demonstrated when they act as nanocarriers [10, 11].

Calcium phosphates (CaP) are commonly used for the treatment of bone infections
associated with bone loss. This material can be used as a local antibiotic delivery agent
for bone infections and can be substituted with antibacterial ions in its crystal structure to
have sustained broad-spectrum antibacterial activity even against drug-resistant bacteria,
some of the most tested ions and with a clear antimicrobial effect are zinc, silver, and
strontiumand the heavymetals gadolinium, rubidium, and samarium [11]. Thesefindings
are consistent with our results; however, future experiments are required to evaluate
the antimicrobial activity of HAp-Gd. Against more microorganisms, including gram
positive and negative bacteria and fungi.

Finally, the synthesis of gadolinium-doped hydroxyapatite nanofibers and their char-
acterization proved to have a promising approach for the development of drug transport
systems in cancer drug therapy. The next step is to explore the biological properties,
cytotoxicity, and biocompatibility of this biomaterial in in vitro assays.
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Abstract. Each year the number of patients requiring motor rehabilita-
tion for the upper limb, particularly for the wrist and forearm, increases,
due to a loss in their fine motor skills. Although physiotherapists assist
them, the progress evaluation remains subjective. Modern technology can
be used to create solutions to provide a quantitative description allowing
objective metrics evaluations for motor recovery of the patients, which
typically yield complex and expensive solutions.

This paper presents a methodology to obtain the differential kine-
matic trajectories of the wrist and forearm performed by a patient,
through video capture of its movement, using the open-source MediaPipe
library. The angles of the wrist and forearm are obtained through inverse
kinematics analysis using hand-specific landmarks. A second-order filter
estimates the angular trajectories for position, velocity, and accelera-
tion. The study was performed with basic movements used in rehabilita-
tion: adduction-abduction, flexion-extension, pronation-supination, and
complex movements such as circumduction with the participation of six
healthy patients. The results show that it is possible to obtain estimates
of differential wrist trajectories. The applications of this methodology in
the fields of biomechanics and rehabilitation are discussed.

Keywords: Wrist and forearm motion · Monocular vision capture ·
Differential kinematics

1 Introduction

Advances in modern technology and medical research have led to an increase in
the population’s life expectancy. However, this extension has also led to increased
disabilities and chronic conditions, particularly in the elderly, often due to cog-
nitive and motor impairments. The World Health Organization estimates that
approximately 2.4 billion people require rehabilitation [1], resulting in a growing
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demand for physical therapists [2]. Specifically, pathologies related to the wrist
and forearm, including fractures, stroke, arthritis, and tendonitis, have become
increasingly important in medical care [3,4].

Despite improvements in the methods used by healthcare professionals to
assess the progress of their patients, there remains a reliance on subjective crite-
ria and imprecise tools. For example, assessment of fine motor skills often relies
on inaccurate instruments such as the grooved pegboard test [5]. In addition, the
goniometer traditionally used to measure joint flexion relies on clinician inter-
pretation and placement to achieve effective results.

Although robotic technology has emerged as a promising avenue to improve
patient recovery with reduced supervision [6], vision-based solutions have
emerged as an economically viable and accurate substitute for objectively assess-
ing motor recovery [7]. Vision-based systems have been used to approximate limb
and joint positions, primarily in whole-body configurations [8].

Existing systems, such as Vicon, use multiple camera configurations to
achieve accurate results using information redundancy but become expensive,
[9,10]. On the other hand, up-to-date monocular systems capture body motion
but do not focus specifically on hand movements, [11]. The sensor glove Cyber-
Glove addresses hand motion tracking, but requires calibration for each patient,
[12]. Recently, the open-source MediaPipe Hands library (MPHL) has come to
the fore [13], which uses hand detection techniques to localize hand landmarks on
2D images and neural networks to estimate and transform these 2D coordinates
into geometry- and depth-dependent 3D coordinates. Furthermore, this system
integrates temporal tracking techniques to provide real-time and accurate results
as the hand navigates through space. It has been employed in [14] as a tool for
measuring tremors in Parkinson’s patients. This raises the question of whether it
is possible to derive wrist joint trajectories and their temporal derivatives using
this motion capture tool.

This paper presents a methodology to capture hand motion vis-á-vis the
forearm, employing a monocular camera in conjunction with the open-source
MediaPipe Hands library. The approach focuses on the estimation of the wrist-
forearm trajectory, implementing the wrist functional range of motion, [15], on
the three basic motions: 1) flexion-extension (FE), 2) abduction-adduction (AA)
and 3) pronation-supination (PS). Moreover, we have added a circumduction
(CIR) motion involving FE and AA carried out during therapy.

2 Methods

2.1 Material

– Laptop with an i5 processor and 16 GB of RAM, operating on Windows 10
64-bit.

– Python 3.8.8 and MPHL 0.9.1.0. was used for image processing.
– MATLAB 2015 software to process landmarks associated with each frame.
– Simulink 8.5 to construct a second-order filter.
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– Recorded videos using a Samsung S20FE camera 12 MP lens featuring an
aperture of f/1.7, mounted on a tripod.

– FHD Video quality at 30 FPS, with a 1:1 aspect ratio.
– Forearm support base.

2.2 Participants

Six healthy volunteers participated in the study, three males and three females
(aged 22.66 years ± 4.84, height of 1.70 m ± 0.10, weight of 73 kg ± 7.00).
Volunteers were made known for detailed information about the experimental
procedure and provided informed consent following the principles outlined in the
Declaration of Helsinki.

2.3 Assessment Procedure

Participants were instructed to perform the exercises presented in a video guide
using the right hand, following the order of AA, FE, PS, and CIR. A physio-
therapist assessed the video guide. Each exercise was repeated three times, with
a 2-second rest period between repetitions. Two videos were recorded for each

participant for which an L2(e) =
(∫ ∞

t0
‖e(t)‖2dt

) 1
2

(Euclidian Lebesgue norm)
of the error trajectory e(t) = y(t) − r(t) (difference of participant’s motion wrt
the reference guide video) has been computed along the experiment, and the
one with the minimum norm value was selected. Figure 1 illustrates the general
procedure, which consists of six steps described below:

Fig. 1. General scheme of the methodology

1. Recording videos using the next conditions:
– Lux level: 364 lx ±3.39.
– Position the camera at 50 cm concerning the hand and parallel to the

palmar surface.
– Elbow flexed at 90◦ and neutral hand position.

2. Getting the landmarks frame-by-frame using Python and MPL with the fol-
lowing library settings: num-hands=1, min-hand-detection-confidence=0.5,
min-hand-presence-confidence=0.5 and min-tracking-confidence=0.5.
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3. Obtaining the position of each landmark point in the coordinate system of
the wrist model:

�p
(w)
Li

= Rw
c
T

(
�p
(c)
Li − �p

(c)
w/c

)
, (1)

where �p
(w)
Li

represents the position of the ith landmark concerning the position

of the wrist landmark in wrist model coordinates, �p
(c)
Li

denotes the position

of the ith landmark, and �p
(c)
w/c represents the position of the wrist landmark,

both with respect to camera coordinates, Rw
c
T refers to the transpose of the

rotation matrix from the camera to the wrist model axis system, defined as:

Rw
c =

⎡
⎣

−1 0 0
0 0 −1
0 −1 0

⎤
⎦ .

4. Obtaining the hand axis system frame following the next steps:
(a) Creation of a plane in the palm using the landmarks of the wrist, the

base of the index finger, and the base of the little finger; and using the
position vectors �p

(w)
L5

and, �p
(w)
L17

that denote respectively the positions of
the index and little finger bases, with respect to the wrist.

(b) Unit approach vector calculation:

�a =
�p
(w)
a∣∣∣�p (w)
a

∣∣∣
, (2)

where �p
(w)
a = 1

2

(
�p
(w)
L5

+ �p
(w)
L17

)
denotes the vector from the wrist to the

midpoint between the index finger base and little finger base, laying in
the palm plane.

(c) Unit normal (to the palm) vector calculation :

�n =
�p
(w)
L5

× �p
(w)
L17∣∣∣�p (w)

L5
× �p

(w)
L17

∣∣∣
, (3)

(d) Unit lateral vector calculation:

�l = �a × �n. (4)

(e) Rotation between the hand axis system frame with respect to the wrist
axis system frame (see Fig. 3) can be constructed simply as:

Rh(k) =
[
�a, �n,�l

]
=

⎡
⎣

ax nx lx
ay ny ly
az nz lz

⎤
⎦ . (5)
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5. Calculation of the wrist angles (ps, aa, fe), defined respectively as pure basic
rotations around the x, y and z-axes of the wrist axis system frame, arise after
the complex rotation matrix produced after the above mention angles, getting
the following expression:

R(θ) = Rx(ps)Ry(aa)Rz(fe) =

⎡
⎣

CaaCfe −CaaSfe Saa

a21 a22 −CaaSps

a31 a32 CaaCps

⎤
⎦ , (6)

where Cx = cos(x) and Sy = sin(y) stand for the basic trigonometric functions
and a21 = CpsSfe + SpsSaaCfe, a22 = CpsCfe − SpsSaaSfe, a31 = SpsSfe −
CpsSaaCfe, a32 = SpsCfe +CpsSaaSfe. Therefore the anatomical angles that
match the basic movements of the wrist with respect to the forearm can be
computed after the elements of (6) with the values of (5), using the 4-quadrant
inverse tangent function arctan2, defining the order zero inverse kinematics:

aa = arcsin (lx) ∈ [−π/2, π/2], (7a)
fe = − arctan 2 (nx, ax) ∈ [−π, π], (7b)
ps = − arctan 2 (ly, lz) ∈ [−π, π]. (7c)

6. Estimation of differential kinematics, ie: the velocity and acceleration tra-
jectories, a second-order filter was implemented and is shown in Fig. 2, with
coefficients ωn = 5rad/sec and ξ = 1.

Fig. 2. Schematic of the second-order filter implementation.

The graphical process of this study is shown in Fig. 3, with a video ver-
sion available at https://www.youtube.com/watch?v=5sEv1w0kW8E. Image c)
shows a hand model created specifically to visualize and compare the trajec-
tories generated by the proposed method. This was modeled using an alter-
native methodology to define the reference frames of each body, different to
the traditional Denavit-Hartenberg (DH) method used in the formulation of
direct kinematics in robotics and biomechanics. The adoption of this alternative
methodology, described in [16], represents a novel approach to addressing hand
kinematics.

https://www.youtube.com/watch?v=5sEv1w0kW8E
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Fig. 3. Algorithm pipeline

3 Results

The graphs presented in Figs. 4, 5, 6 and 7 display the variables ps, aa, and fe,
which represent the angles acquired through the employed method, along with
their filtered versions, accompanied by their respective velocity and acceleration
profiles. Figure 4 displays the overall trajectories for volunteer 6, while Figs. 5, 6
and 7 depict the results of comparing trajectories for each exercise across the six
participants. The figures are segmented by vertical dashed lines, corresponding
to intervals dedicated to the exercises mentioned above. Exercise was executed
in the intervals: AA in t = (0 − 11), FE in t = (11 − 22), PS in t = (22 − 34)
and CIR in t = (34 − 42).

Fig. 4. Trajectories of subject 6 of their angular positions, velocities, and accelerations
captured for the movements of AA, FE, PS and CIR.
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It is vital to acknowledge that the inherent limitations of participants during
the execution of the three primary natural motions (PS, AA, FE) can result in
disturbances in the other angular variables (ps, aa, fe). The trajectory associ-
ated with each specific exercise in Fig. 4 shows heightened activity compared to
other curves, facilitating the identification of the particular motion. For instance,
the involvement of the ps variable is notable during the CIR exercise. However,
it’s important to highlight that the curves showing the most pronounced acti-
vation correspond to the aa and fe angles, consistent with the anticipated out-
comes of this exercise. Notice that zero in all angular position graphs represents
the neutral position of the movement. Positive values correspond to supination,
adduction, and flexion, while negative values relate to pronation, abduction, and
extension movements, respectively to the ps, aa, and fe variables.

The dissimilarities in the trajectories showcased in the figures stem from
individual participants executing the movements according to their capacities,
thereby revealing distinct movement patterns. Importantly, Participant 3 dis-
played comparatively lower performance than other participants, particularly
concerning tracking errors wrt the guidance video. This discrepancy is evident
in the comparative analysis.

Fig. 5. Comparison of the aa trajectories among the 6 participants

4 Discussion

This study’s results are significant for physical therapists, as they provide a
potential method to objectively assess the efficacy of wrist and forearm thera-
pies. This tool effectively measures motor function, coordination, and movement
patterns, and can evaluate the efficacy of therapeutic interventions. Moreover,
estimating velocity and acceleration trajectories could lead to novel objective
metrics, which may enhance the accuracy of patient recovery assessment. These
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Fig. 6. Comparison of the fe trajectories among the 6 participants

Fig. 7. Comparison of the ps trajectories among the 6 participants

trajectories play a crucial role in generating inverse dynamics models of the
upper limb in biomechanics.

It should be noted that the results derived from MPHL have inherent limita-
tions due to its method of estimating 3D landmarks. This limitation arises due to
the derivation of landmarks from the perspective and depth of the 2D landmarks
extracted from the video. Additionally, determining the Z-axis coordinate based
on the wrist landmark limits the participants’ wrist movement during recording.

This proposed solution provides a cost-effective alternative to existing
methodologies like Vicon systems [9,10] or CyberGlove [12], necessitating soft-
ware and hardware acquisition. Integrating the MPHL decreases financial bur-
dens for healthcare professionals and enhances access to objective assessment
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tools in various settings. This approach’s ease of use and scalability promotes
broad adoption, leading to large-scale studies that benefit both patients and
healthcare professionals.

Additional research is crucial in objectively quantifying the accuracy attained
through this solution. Another limitation exists due to the latency introduced by
the second-order filter, which hinders real-time implementation. Future research
recommends integrating a robust differentiator that can provide real-time deriva-
tives to overcome this limitation.

5 Conclusions

The methodology presented in this study allows us to obtain trajectories of wrist
and forearm movements of the right hand using a monocular vision-based motion
capture system and MDHL. Using a second-order filter enables the analysis of
signals in the time domain and the estimation of the first and second deriva-
tives corresponding to the velocity and acceleration trajectories of the wrist and
forearm. The obtained trajectories offer valuable insights into the behavior of
each hand movement, particularly concerning the orientation angles presented.
In turn, this facilitates the study of specific exercises targeting the wrist and
forearm. The movements’ amplitudes fall within the known and reported ranges
in the literature. However, evaluating the tool’s precision remains a necessary
task for future studies.
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Abstract. This work focuses on effectively exploring the application of computer
vision technology in the field of healthcare. In this context, the research aims to
address the limitations present in the traditional method of physiotherapy and how
these can be overcome through the integration of advanced technology, revealing
an opportunity to tackle these shortcomings. Computer vision technology, using
OpenCV and MediaPipe in Python, is responsible for detecting key points on the
human body and calculating internal angles when extending or flexing the knee.
This approach aims to provide valuable support in the treatment of patients diag-
nosed with knee osteoarthritis, one of the primary conditions affecting individuals
over the age of 45.

The implementation of this work results in harnessing this technology to
develop a tool for precise and objective measurement of the range of motion, pre-
senting itself as an alternative to the current procedure. This leads to an increase in
measurement reliability, benefiting amore accurate assessment of patient progress
during treatment. Simultaneously, it optimizes the customization of treatment
plans, surpassing the limitations of traditional methods.

Keywords: Osteoarthritis · MediaPipe · OpenCV · Assistance Software

1 Introduction

This project presents software whosemain objective is to provide help in the treatment of
one of the most common diseases among the population over 45 years of age. Its purpose
is to overcome the current limitations of the analog tools used in disease measurement,
which affect their precision.

The project is divided into several phases. In the first phase, the general aspects of the
problem were addressed, the objectives were established and a detailed action plan was
designed. Next, a comprehensive investigation of the disease was carried out, identifying
its characteristics and limitations.

With all the information collected and considering the established objectives, we
proceeded to develop the software.Articulation recognition technologywas used through
tools such as OpenCV and MediaPipe in Python. This made it possible to accurately
measure the angle of motion of the knee in patients with osteoarthritis.
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One of the main advantages of this approach is that it can be applied in a virtual
environment and at a distance, which prevents patients from abandoning their therapies
and especially benefits those withmobility difficulties. In addition, the software provides
remote assistance tools that simplify the work of the physiotherapist.

In short, a project that uses state-of-the-art technology to improve the measure-
ment and monitoring of knee osteoarthritis treatment. Providing a more accurate, acces-
sible and convenient solution for patients, while facilitating the work of healthcare
professionals

1.1 Problem Statement

Measurement of the range of motion of a joint using a goniometer and visual assessment
by the physical therapist have certain limitations that make it difficult to obtain accurate
measurements. These traditional methods can be subject to human errors and subjective
variations, which compromises the objectivity of the results. This lack of precision can
affect the effectiveness of the treatment and the evaluation of the patient’s progress.
These challenges underscore the need to develop solutions that allow for more accurate
and objective measurement of joint range of motion.

Objective
Develop accurate and reliable software that allows the precise measurement of the
flexion-extension angle of the knee joint, acquiring said information in real time during
therapy sessions. This will improve the quality of care provided by physiotherapists,
will facilitate the assessment and monitoring of the patient’s progress, and will allow
the performance of remote therapies, thus optimizing the fluidity and effectiveness of
the treatment.

2 Theorical Framework

2.1 Osteoarthrosis

The International Osteoarthritis Foundation (FIO) defines osteoarthritis, also known as
osteoarthritis (OA), as a degenerative joint disease that affects both the cartilage and the
bone and soft tissues of the joint (see Fig. 1). It is classified within rheumatic diseases
and, within this classification, it is a type of arthritis. It can occur in the hip, knees, hands,
feet and spine, the first three being the most frequent [1].

The treatment recommended by the American College of Rheumatology (ACR),
the American Academy of Orthopedic Surgeons (AAOS) and the European League
Against Rheumatism (EULAR) for non-pharmacological osteoarthritis includes low-
impact aerobic exercises, aquatic exercises and/or resistance training, physiotherapy,
maintaining a healthy body weight (BMI ≤ 25 kg/m2) and the use of supportive and
orthopedic devices [2].

Knee and hip osteoarthritis show a higher incidence in men under 50 years of age,
while after 50 years of age the prevalence is higher in women. The risk of developing
osteoarthritis in these joints increases in women after menopause. Also, the disease
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Fig. 1. Comparison between a healthy knee and one with joint wear, according to the evaluation
by radiologists, the most prominent pathological feature in osteoarthritis is joint space narrowing.

progresses faster in women than in men. Globally, osteoarthritis of the knee and hip
ranks fourth as a cause of disease in women over 60 years of age and eighth in men [3].

In Mexico, a prevalence of 2.3% in adults is estimated, being one of the main causes
of medical consultation and disability. According to a study carried out at the IMSS, a
prevalence of knee osteoarthritis of 11.7% in women and 8.71% in men was found, with
notable variability in different parts of the country [4].

In summary, physiotherapy plays a crucial role in the treatment of arthritis, aiding
in symptom relief, delaying disease progression, and enhancing patients’ quality of life.
Through stretching and strengthening exercises, the use of orthopedic devices, and joint
rest as recommended by physiotherapists, these goals are achieved. They often use tools
like the goniometer to measure joint movement angles; however, they tend to encounter
measurement errors stemming from human errors, variability among physiotherapists,
and variations in measurement techniques [5].

In order for goniometric techniques to provide meaningful and reliable data, mea-
surementsmust be valid and reliable. In terms of validation, as stated byCurrier, “validity
refers to the degree to which a measuring instrument accurately measures what it intends
to measure and approaches its intended purpose.” In the context of this project, validity
ensures that range of motion measurements accurately reflect the actual angle of the
evaluated joint [5].

On the other hand, reliability, a pivotal component for assessingmeasurement quality,
focuses on the consistency and coherence of results obtained through different measure-
ments carried out by various physiotherapists or at different times. Specifically, the study
of goniometric reliability seeks to mitigate the impact of systematic and random errors
that may arise during the measurement process. By addressing reliability, the goal is
to ensure that measurements are not only precise on a single occasion, but also con-
sistent and reproducible across various circumstances, contributing to a more accurate
assessment and monitoring of patient progress during rehabilitation treatment [6].
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3 Methodology

To fulfill the proposed objectives, the Anaconda programming environment was imple-
mented, as it includes all the necessary basic packages, which facilitates work organiza-
tion and libraries. Similarly, for code writing, the JupyterLab IDE was used to maintain
a dynamic development environment that enhances the efficiency of testing and project
changes.

From the MediaPipe library, the modules “drawing” was used to draw reference
points on the image. Likewise, “pose,” a pre-trained model, was used to perform
detection, segmentation, and localization of the reference points.

To conduct program testing, images were captured in a posture similar to that of the
therapy in which it will be applied, with the goal of detecting reference points on the
ankle, knee, and shoulder (see Figs. 2 and 3).

Fig. 2. Capture for extension test

Subsequently,we obtained the key reference points – shoulder, hip, and ankle –which
are essential for the calculation of the desired angle. Thiswas achieved by accessing these
points through an indicator defined byMediaPipe. The indicator provides a standardized
and consistent method for identifying these specific anatomical landmarks, ensuring
accuracy and reliability in the measurement process. This approach not only streamlines
the data collection procedure but also enhances the precision of angle calculation. By
using these reference points as guided by MediaPipe’s defined indicator, we established
a robust foundation for accurate angle measurement in our project (see Fig. 4).

Using the reference points, we proceed to connect them and create an imaginary line
that touches the second point (the hip) and the last point (the ankle). This configuration
forms a triangle, allowing us to easily obtain the internal angle of the knee. This entire
process is automated and carried out in real-time, enhancing the therapy experience by
providing a smoother and more fluid measurement procedure. This automated angle
calculation eliminates the need for manual measurements, reducing the potential for
human error and ensuring consistent and accurate results (see Fig. 5).



162 P. A. O. Eduardo et al.

Fig. 3. Capture for flexion test.

Fig. 4. Figure 4 illustrates the points detected by MediaPipe which enables us to access the
reference points. This connection ensures that we can accurately identify and utilize the detected
points for further analysis and calculations.

Lastly, to validate the results and ensure the software’s reliability, several tests were
conducted involvingdifferent patients andvarious physiotherapists. This approach aimed
to establish a comprehensive comparison among different techniques and measurement
methods. Additionally, it accounted for variations in body types and the achievable
range of angles. By doing so, a mean measurement error was obtained, allowing for the
assessment of the extent to which the project successfully reduced this margin of error.
This meticulous testing process contributes to the software’s credibility and confirms its
capability to consistently provide accurate and dependable knee angle measurements.
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Fig. 5. Figure 5 displays a preliminary result of the key point detection, their connection, and
the corresponding angle calculation. The calculated angle provides valuable insights into the knee
joint’s range of motion during the therapy session.

The collected data from these tests serves as a foundation for assessing the software’s
performance across a diverse range of scenarios and individuals, ultimately solidifying
its potential as an innovative tool in enhancing knee osteoarthritis therapy, see Table 1.

At the same time the same measurements were taken with the software to compare
errors and measurements, see Table 2.

For a better result the measurements of a second therapist were analyzed and
processed, and these were their results, see Table 3 and 4.

With the measures taken we managed to make a realistic comparison between the
different processes for calculating the angle.

Table 1. The following table shows the results obtained in measuring the internal angle of the
knee with the traditional methods of a physiotherapist in a sample of 5 people who perform the
leg extension in sitting position.

First physiotherapist

5 successive amplitude measurements in degrees obtained in five individuals

Person Measure 1 2 3 4 5 All average Global average

1 176 164 175 170 172 857 171.4 170.04

2 175 172 171 177 177 872 174.4

3 176 172 170 172 174 864 172.8

4 170 168 165 165 170 838 167.6

5 168 160 160 165 167 820 164
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Table 2. The following table shows the results obtained in the measurement of the inner angle of
the knee with the use of the software with the same people and the same posture.

Software measurements in comparison of the first physiotherapist

Person Measure 1 2 3 4 5 All average global average

1 168 170 170 171 173 852 170 164.88

2 163 166 166 164 161 820 164

3 165 169 166 161 169 830 166

4 168 171 172 165 163 839 167

5 164 152 156 153 156 781 156.2

Table 3. 5 successive amplitude measurements in degrees obtained in five individuals.

Second physiotherapist

Person Measure 1 2 3 4 5 All average Global average

1 179 178 175 172 176 880 176 170.72

2 168 175 175 169 168 855 171

3 170 173 165 163 168 839 167.8

4 168 169 166 167 167 837 167.4

5 164 165 175 177 176 857 171.4

Table 4. The following table shows the results obtainedwith the use of the software in comparison
with the measures of the second physiotherapist.

Software measurements in comparison of the second physiotherapist

Person Measure 1 2 3 4 5 All average Global average

1 172 170 172 171 173 858 171.6 165.88

2 166 163 163 161 165 818 163.6

3 167 163 167 171 169 837 167.4

4 163 171 171 165 163 833 166.6

5 160 160 159 161 161 801 160.2

4 Results

Initially, the standard deviation calculation was performed, indicating the biological
variation in degrees using traditional methods, resulting in a biological variation of
4.21° for the measurements of the first physiotherapist, as seen in Table 5.
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Continuing with traditional methods, the measurement error was calculated in
degrees, resulting in a measurement error of 3.2332° with the first 5 samples, as seen in
Table 6.

For the calculations of measurement errors made by the software, a significantly
similar error to that of the current methods was obtained as Table 7 shows.

Calculated the measurement error in degrees of the software in a sample of 5
individuals indicated in Table 8.

Comparison measurements with the second physiotherapist, shown in Table 9.
With traditional methods, the measurement error was calculated in degrees, resulting

in a measurement error of 3.52° with the second 5 samples, shown in Table 10.
Finally, we proceed to compare themeasurements of the second physiotherapist with

the measurements of the software as Table 11 shows.
With the use of the software, the measurement error was calculated in degrees,

resulting in a measurement error of 2.19° with the second 5 samples, summarized in
Table 12.

Table 5. Calculation of standard deviation indicating biological variation in degrees with
traditional methods.

Measurements of the first physiotherapist

Person (x) Biological variance

1 171.4 4.21°

2 174.4

3 172.8

4 167.6

5 164

Table 6. Measurement error.

Person (x1−X)2 (x2−X)2 (x3 −
X)2

(x4−X)2 (x5−X)2 � average Measurement
error

1 21.1599 54.76 12.96 1.96 0.3599 91.02 4.7749 3.2332°

2 0.3599 5.76 11.56 6.7599 6.7599 31.2 2.7928

3 10.2399 0.64 7.84 0.64 1.4399 20.08 2.2803

4 5.76 0.16 6.7599 6.7599 5.76 25.2 2.5099

5 16 16 16 1 9 56 3.8078
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Table 7. Calculation of standard deviation indicating variation in degrees.

Software calculations compared to the first physiotherapist

Person (x) variance

1 170.4 5.3937°

2 164

3 166

4 167.8

5 156.2

Table 8. Measurement error.

Person (x1 −
X)2

(x2 − X)2 (x3 − X)2 (x4 − X)2 (x5 −
X)2

� average Measurement
error

1 5.76 0.16 0.16 0.3599 6.7599 13.2 1.8165 3.16°

2 1 4 4 0 9 18 2.1213

3 1 9 0 25 9 44 3.3166

4 0.0399 10.2399 17.6399 7.84 23.04 58.8 3.8340

5 60.84 17.6399 0.0399 10.2399 0.0399 88.8 4.7116

Table 9. Results with the second physiotherapist.

Measurements of the second physiotherapist

Person (x) Biological variance

1 176 3.46°

2 171

3 167.8

4 167.4

5 171.4

Table 10. Measurement error with second physiotherapist.

Person (x1 −
X)2

(x2 −
X)2

(x3 −
X)2

(x4 −
X)2

(x5 −
X)2

� Average Measurement

1 9 4 1 16 0 30 2.73 3.52°

2 9 16 16 4 9 54 3.67

3 4.83 27.03 7.84 23.04 0.03 62.8 3.96

4 0.035 2.55 1.96 0.16 0.16 5.2 1.14

5 54.76 40.96 12.96 31.35 21.15 161.2 6.34
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Table 11. Comparison of the measurements of the second physiotherapist with the measurements
of the software.

Software calculations compared to the second physiotherapist

Person (x) variance

1 171.6 4.27°

2 163.6

3 167.4

4 166.6

5 160.2

Table 12. Error of measurement with the software in the measurements of the second physio-
therapist.

Person (x1 −
X)2

(x2 −
X)2

(x3 −
X)2

(x4 −
X)2

(x5 −
X)2

� Average Measurement

1 0.16 2.55 0.16 0.35 1.96 5.2 1.14 2.19°

2 5.76 0.35 0.35 6.75 1.96 15.2 1.94

3 0.16 19.36 0.16 12.96 2.55 35.2 2.96

4 12.96 19.36 19.36 2.55 12.96 67.2 4.09

5 0.03 0.03 14.43 0.64 0.64 2.8 0.83

5 Conclusions

In conclusion, this project represents a significant advancement in enhancing knee
osteoarthritis therapy through the application of computer vision technology. The effec-
tive exploration and utilization of tools like OpenCV and MediaPipe in Python have
showcased their capacity to overcome limitations of traditional methods for measuring
joint angles in physiotherapy.

The implementation of this software has enabled precise and automated detection
of key points on the human body, facilitating the calculation of relevant joint angles.
The ability to measure in real-time and non-invasively provides a crucial advantage by
offering continuous and personalized tracking of patients’ progress during rehabilitation.

Thoughtful consideration of concepts such as validity and reliability has been essen-
tial in validating the project. The pursuit of valid and consistent measurements has been
substantiated through comprehensive tests with patients and physiotherapists, allowing
for result comparisons and validation of the software’s reliability across various clinical
scenarios.

By reducing measurement errors and providing more accurate and objective joint
rangemeasurements, this project offers a tangible solution to enhancing knee osteoarthri-
tis therapy. The capability to customize treatment plans and provide ongoing monitoring
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strengthens the patient-centric approach. Ultimately, this innovation holds the potential
to significantly impact the quality of life for individuals grappling with this condition,
paving the way for more effective and tailored therapy in the field of physiotherapy.
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Abstract. The assessment done during physiotherapy is a critical step, since
it provides information needed to determine the best possible treatment for the
patient. Specifically, hands are essential tools for humans; reason for which devel-
oping limitations causes a significant drop in patients’ quality of life. As a result, it
is necessary to have tests that record patients’ development in quantitative terms,
independent of the physiotherapists’ interpretation.

Nevertheless, the instruments used for the task possess limitations that lead
to errors during the assessment. Hence, the aim of this work was to develop
a device capable of measuring the range of motion (ROM) and grip strength,
simultaneously.

To fulfil the project’s objective, force and position sensors were analysed,
resulting in the selection of the FSR400 for strength and P090 for ROM mea-
surements. All sensors were calibrated to obtain the correct units (Newtons and
degrees). Subsequently, the interface was developed using NI LabVIEW. This
software allows for fast analog data input and processing, using specialised data
acquisition devices (DAQ).

Tests for adjustability and accuracy were taken to ensure the correct behaviour
of the prototype. Accuracies of 81.62% in ROM and 52.47% in grip strength were
found, demonstrating its overall functionality and possibility for improvement.

Keywords: Hand Assessment Device · ROM · grip strength · sensors

1 Introduction

Rehabilitation is the process that allows patients to recover, maintain or improve their
basic abilities to perform daily activities that have been diminished as a result of an
accident, disease or as a side effect of medical treatment. Physiotherapists are the
health professionals that provide patients with these rehabilitation processes and their
corresponding assessments, assisted by diverse devices and equipment as needed [1].

In physiotherapy, the initial assessment refers to the dynamic process [3] imple-
mented before starting the patient’s rehabilitation. During this stage, all the information
required to determine an adequate rehabilitation process is acquired through anamnesis
and physical exploration [2]. The developed process must be customised to the patient’s
needs and objectives, based on realistic goals that suit the patient’s lifestyle and context
[4].
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This is why it is essential to have updated functional testing according to the patient’s
pathologies, particular needs and characteristics, as well as adapted in order to make
comparisons amongdevices and to analyse their progress basedon the treatment provided
[5].

On the other hand, human beings are in constant use of their hands, since these are
indispensable to perform basic daily activities. Consequently, if there is a problem in
one or both hands, their quality of life will be negatively affected.

There are various pathologies that affect the hand’s motricity, the most frequent ones
being tendonitis, rhizarthrosis, hand arthrosis and sprains, carpal tunnel syndrome, as
well as traumas, concussions, arthritis and cardiovascular accidents (CVA) [6]. Any of
these can have a detrimental effect on the way hands function, mainly changing their
range of motion (ROM) and the amount of pressure that can be exerted.

As a result, there are several assessment devices that can be used to evaluate both
measures, such as the dynamometer, the pinchmeter, the vigorimeter and the goniometer.
Nevertheless, these tools depend on the physiotherapists’ ability to use and read them,
therefore causing a lack of precision and continuity during the rehabilitation process [7].

Consequently, there is an increasing necessity of developing new devices that satisfy
the acquisition of these measurements while providing an increased accuracy and a
shorter evaluation time, improving the overall process, for both patients and health
professionals. Some devices have been developed that aim to measure either force or
ROM separately [8–10]. However, there is no device capable of obtaining both measures
simultaneously at low cost.

Due to this, the Hand Assessment Device prototype (HAD) was developed.

2 Materials and Methods

2.1 Materials

For the development of the HAD prototype, two sensors were used. Firstly, to measure
force, it was determined that the appropriate sensors, due to their characteristics, would
be the Force Resistive Sensors FSR400 (Interlink Electronics, California, USA), which
meet the maximum dimensions considered to be placed on the fingertips (10mm). These
sensors cover the needed measuring range, with a resolution of 0.1 N and maximum
sensitivity of 102 N, allowing force to be measured by decreasing electrical resistance
as more pressure is applied. In addition, they have force detection resistors at their
core, which are responsible for producing the reduction of the electrical resistance as
they detect variations in pressure. Its operation is based on applying pressure in the
measuring area so that the conductor allows the flow of electricity from one cable to
another. Additionally, when the sensor is in a neutral state, the circuit will remain at rest
and electrical current cannot pass [11, 12].

On the other hand, the choice of sensors for the measurement of ROMwas the P090
rotatory linear potentiometers (TTI Electronics, Texas, USA). These sensors have an
ideal size for being attached to the fingers (since the movements made by the joints of
the hands are very small), as well as having a wide measuring range, and having the
terminals in a lateral position (beneficial for the design of the device). In addition, the
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slot on the knob will help in the adaptation of the sensor, allowing it to move at the same
time and angle as the finger joints.

LabVIEW (National Instruments, Texas, USA) was used as the programming
language.

2.2 Prototype Development

In order to develop the prototype, the methodology shown in Fig. 1 was followed.
Firstly, a previous investigation was carried out to determine the needs of patients and
professionals and existing commercial products. Subsequently, for the construction of
the device, the sensors that would make the desired measurements were chosen, and
the circuit and source code were built (Figs. 2 and 3). The sensors were calibrated, and
the structure that would support the sensors was designed. Likewise, the materials were
chosen to build said structure, and the components assembled. Finally, the prototype
was tested and the necessary corrections were made.

Fig. 1. Methodology followed for the development of the Hand Assessment Device prototype.

Fig. 2. Final assembly of the Hand Assessment Device prototype; back of the hand (left) and
palm (right).
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Fig. 3. User interface (LabVIEW).

2.3 Data Collection

To test the device’s adjustability and accuracy, 10 subjects of different ages and sexes
were asked to use the HAD in order to compare the results with those given by the
references used to calibrate the sensors. Each one of them used the device on their
dominant hand (all ofwhichweremeasured), providing theROMof three fingers (thumb,
index, and middle) and digital strength of one pinch (thumb+index pinch).

Furthermore, the data obtained with the HAD and stated instruments was analysed in
order to calculate the standard deviation to determine the device’s accuracy.Additionally,
a comparison of themeasured handswasmadewith known data to determine the device’s
adjustability to adult hands.

3 Results

A total of 10 volunteerswere tested in order to obtain the accuracy of the hand assessment
device (Tables 1 and 2) and its adjustability to different hand sizes (Table 3).

The device’s accuracy was determined by the following Eq. (1), based on a statistical
analysis of the data.

accuracy = (1 − σz) × 100 (1)

where,
σz = standard deviation of z.
z = (hn - xn)/xn.
xn = goniometer/GFT measurements.
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Table 1. Accuracy and average data obtained from 10 different subjects using the Hand
Assessment Device vs a goniometer.

Finger Hand Joint HAD [°] Goniometer [°] Accuracy [%]

Thumb IP 36.85 43 83.62

MP 11.993 16.8 61.52

Index DIP 37.12 35.2 93.43

PIP 61.28 58.2 90.47

MP 8.23 10.9 71.45

Middle DIP 37.23 36.4 91.78

PIP 50.33 53 90.39

MP 12.22 14.6 70.27

IP: interphalangeal, DIP: distal interphalangeal, PIP: proximal interphalangeal, MP: metacar-
pophalangeal.

hn = HAD measurements.
Table 1 shows the average degrees measured with the HAD compared with the

average degrees measured with the goniometer. These averages were taken from each
of the three fingers’ joints.

Based on these data, it was possible to determine the accuracy presented by the
device. The average accuracy for all joints in all three fingers was 81.62%. Said number
presents the overall accuracy of the HAD in terms of ROMmeasurement, but as it can be
seen, it varies depending on which joint is analyzed. These variations are expected since
the HAD is still a prototype, with structural vulnerabilities that can affect the way in
which it measures finger movement. Still, despite said area of improvement, the device
proves to be accurate for ROM measurements.

Moreover, the device eliminates the inter-rater reliability, whichmay be poor depend-
ing on the physiotherapists’ abilities when assessing the same individual, since it will
perform consistently for each individual.

A similar prototype implemented inertial measurement units (IMUs) to measure
ROM. Even though this device reported a small error rate (≤2°) [8], the IMUs are
more complex to calibrate and more expensive, making the potentiometers better to
replicate the device at a low cost while maintaining a good accuracy level. In addition,
this prototype does not include any force measurements. Another similar device uses
the ROM for a motion capture device [9]. Since the objective of this prototype was
motion capturing, there are no ROM measurements, making it difficult to evaluate if its
performance would allow a better assessment for the rehabilitation process.

As shown in Table 2, the accuracy corresponding to the force measurements is
globally barely over 50%. This can be improved by ensuring the FSRs have a correct
connection, since faulty connectionswere detected on them during testing. Another issue
was that the available sensors were not as accurate as expected. Therefore, if replaced,
the device’s accuracy for grip strength measurement will improve exponentially.
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Table 2. Data comparison obtained from 10 subjects using the Hand Assessment Device vs the
Grip Force Transducer

Finger-pulp pinch (thumb+index)

HAD [N] Grip Force Transducer [N] Accuracy

17.31 33.11 52.74%

The data obtained in Table 3 correspond to three hand measurements that provide a
global view of a patient’s hand size. This was done in order to determine whether the
HAD has enough versatility to be used on any adult patient, regardless of their hand size.
The device evaluation was performed using a total of 10 subjects, 5 men and 5women. In
this case, the male subjects largest hand length was 21 cm, while for the female subjects
was 18.40 cm. Comparing these values with the average hand size for males (19.30 cm)
and females (17.27 cm), it can be ensured that the HAD has enough adaptability to be
used in any adult patient [13].

Table 3. Subjects’ hand size

Subject Hand lengthb) [cm] Hand widthb) [cm] Thumb lengthc) [cm]

1| 18 8.5 11.4

2 19.3 8.2 11

3 18.4 7.5 11.7

4 17 8 11.5

5 16.8 8.0 11

6 21 10.4 16.5

7 18.4 8.9 10.3

8 16.8 7.6 11.6

9 17.5 7.5 12

10 18 8.7 14.3

a) Hand length: measured from the tip of the longest finger to the crease under the palm.
b) Hand width: measured below the knuckles excluding the thumb.
c) Thumb length: measured from the tip of the thumb to the crease under the palm.

4 Conclusions

Knowing the range of motion and pressure applied by the hand is fundamental in order
to prescribe an ideal rehabilitation process, thus allowing patients the best opportunity
to recover their functionality. Therefore, the HAD is an innovative tool that will allow
physiotherapists to perform detailed, accurate and quantifiable assessments on patients
that are in need of hand rehabilitation, providing the best outcome possible.
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The prototype fabricated presented an average accuracy of 81.62% in ROM mea-
surement and 52.47% in grip strength measurement. These results will be improved by
replacing the selected sensors andmodifying the design vulnerabilities thatwere detected
during the testing process. Even though these limitations were detected, the HAD is an
excellent start for a device that can measure both instantaneously. Moreover, the HAD’s
adjustability has been ensured thanks to the comparison made with the average hand
size for males and females, ensuring that it can be used to assess any adult hand.
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Abstract. Introduction: Liver diseases in Mexico are the fifth cause of mortality
and it involves a limited donation culture. Currently, alternatives such as the use
of extracellular matrix (ECM) are developed to solve this health problem. Tissue
engineering works on recellularization techniques to combine cells, biomolecules,
and bioscaffolds and thus create functional organs because they do not generate
an antigenic response. Objective: To determine the survival of the recellularized
primary hepatocytes in a Wistar rat liver extracellular matrix (ECM) in 7 days
in vitro culture. Material and methods: Experimental and longitudinal study, five
Wistar rats weighing 300 g were used. Once extracted, the livers were decel-
lularized with the process of Morales-Guerrero et al. in 2022 through a gravity
perfusion system (GPS) using washes in series of 3 h each one with no ionic and
anionic detergents, subsequently, tissue sections from the MECs were sliced and
used for in vitro cultures with GFP primary hepatocytes in 7 days. The evaluation
was with histological stains. Results: After 7 days, cell proliferation was observed,
with preserved morphology. Conclusions: the hepatic ECM allowed the survival
of the recellularized hepatocytes and cell proliferation processes. This promotes
the development of studies about the recellularization of extracellular matrixes.

Keywords: Liver · Recellularization · Extracellular Matrix

1 Introduction

Liver diseases in Mexico are the fifth cause of mortality and it involves a limited dona-
tion culture [1, 2]. Currently, alternatives such as the use of extracellular matrix (ECM)
are being developed to solve this health problem [3, 4, 5]. Tissue engineering works on
recellularization techniques to combine cells, biomolecules, and bioscaffolds (ECM) and
thus create functional organs since it has been described that these constructs preserve
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proteins and growth factors that can guide the cellular union and proliferation processes
in an organ-specific way for their repopulation [6, 7, 8, 9]. Thus, the recellularization
requires three main characteristics: cells from appropriate sources, an optimal method
of cell seeding, and an adequate repopulation method to achieve functional remodel-
ing [10, 11]. In addition, a very important characteristic of the scaffolds is the null
immune response to their transplant, which represents a great advantage over conven-
tional methodology [5, 12, 13]. This would improve the prognosis of patients, a shorter
waiting time for the recipient and a decrease in treatment costs [14]. Therefore, this
study aims to determine the survival of the recellularized primary hepatocytes cultured
in a Wistar rat liver ECM.

2 Material and Methods

An experimental and longitudinal study, in which five Wistar rats´ livers weighing
approximately 300 g were used. Once extracted, the livers were decellularized with no
ionic and anionic detergents for 12 h based on Morales-Guerrero et al., 2022 technique
through a GPS (Triton x-100 at 1%, 2%, and 3% followed by SDS at 1% and finally, a
PBS buffer) [15, 16]. Subsequently, tissue sections from the acellular MECs obtained
were sliced and used for in vitro cultures with green fluorescent protein labeled (GFP)
primary hepatocytes in 7 days. Finally, the tissues were processed for evaluation with
Hematoxylin and eosin (HyE) and Hoechst 33342 staining to identify cell morphology,
also used the F-ara-EdU to identify cell proliferation processes.

3 Results

H&E staining allowed evaluation of the characteristics of the nucleus and cytoplasm of
the hepatocytes during culture,which remained unchanged during culture (Fig. 1).On the
other hand, staining with Hoechst 33342 facilitated the identification of superimposed
nuclear DNA in GFP hepatocytes after one week of culture, which did not represent
degenerative changes (Fig. 2). Finally, staining with F-ara-EdU allowed us to appreciate
cells with nuclear DNA synthesis after 7 days (Fig. 2).

Fig. 1. Morphological evaluation of the recellularized liver matrix (40×). Microphotographs
of staining for HyE showed a liver section of the control (left), decellularized (center), and
recellularized (left) which can observe primary hepatocytes (arrows).
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Fig. 2. In vitro cultures of hepatocytes on the recellularized liver matrix (62×). The micropho-
tographs can show the GFP primary hepatocytes (green), the nuclear components with Hoechst
33342 staining (blue) and proliferating DNA nuclear component with F-ara-EdU staining (red)
(Color figure online).

4 Conclusion

In this work, a successful recellularization technique was developed, and it was possible
to demonstrate cell survival in 7 days. Specifically, it was possible to identify that cell
morphology is preserved, which coincides with studies such as that of Uygun et al. in
2010. In addition, a proliferationmarker identificatory alludes to the cell´s ability to iden-
tify an optimal environment that can be repopulated. This information promotes further
studies about the scaffold-specific metabolic and repopulation processes. As reported,
hepatocyte transplantation is a potential therapy for numerous diseases, but its survival
remains challenging [8]. Although there are different challenges concerning the possi-
ble interactions between different cell lines, vascularity, oxygenation, and thrombosis
in vivo studies [6, 8, 14], this work adds efforts to find new therapeutics to the organ‘s
scarcity for transplants.
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Abstract. In recent years, the sales of laser pointers have not been regulated,
which represents a public health hazard due to their close relationshipwith induced
maculopathy cases. The lack of knowledge about the damage caused by the direct
exposure of the eye to laser pointers is a common practice among children and
teenagers. Attractive factors include the intensity and bright color of the light, so
they forget about the exposure risk. The light emitted by a laser pointer can cause
everything from mild retinopathy or maculopathy to total vision loss. The present
work shows an experimental study with pig eyes to compare the healthy macula,
cornea, and retina with exposure to laser pointers. The length of exposure was
15 cm for all samples, varying the time between 15 and 60 s. For 15 and 60 s, the
cornea showed slight injury from the three laser pointers; however, the macula and
retina presented damage. At 60 s, the macula and retina showed severe lesions,
including burns.

Keywords: Maculopathy · Laser pointer · Exposure damage

1 Introduction

The increasing number of cases of loss of vision in children and teenagers is commonly
associated with the use of laser pointers. Regardless of the time exposure, the retina
and macula can be injured, and loss partial or total vision [1]. A laser is a device that
creates a single-color, magnified source of light that does not get wider or weaker as
with other sources. The fundamental principle for producing laser light is based on the
mirror array’s ability to intensify a hue and direct it in one direction [2]. Furthermore, it
should be monochromatic, coherent, and collimated (see Fig. 1).

The correlation between the signal’s amplitude and phase times is referred to as
temporal coherence, thus, a high level of coherence thus characterizes laser light (Eq. 1).

τ ≈ 1

2π�ν
(1)

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024
J. de J. A. Flores Cuautle et al. (Eds.): CNIB 2023, IFMBE Proceedings 97, pp. 183–190, 2024.
https://doi.org/10.1007/978-3-031-46936-7_20

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-46936-7_20&domain=pdf
http://orcid.org/0009-0007-0109-3551
http://orcid.org/0009-0002-1821-3402
http://orcid.org/0000-0002-0021-9219
http://orcid.org/0000-0002-6585-4766
https://doi.org/10.1007/978-3-031-46936-7_20


184 A.-Y. Cardiel-Espino et al.

Fig. 1. Schematic diagram for a) coherent light and b) collimated light.

where�ν is the varying frequency. The length of time that this beam remains collimated
is given by:

b ≈ 2πω2
0

λ
(2)

where λ is the wave length and ω the radius of laser beam that correspond to photon flux
propagated through a mediumwith velocity v, speed light in the vacuum c and refraction
index n (Eq. 3) [3].

v = c

n
(3)

Laser devices have been used by most of the population; children and teenagers are
the main users, with a high risk of retinal injury [4]. A possible cause is their natural
curiosity to watch the light emitted from the laser pointer, which is considered harmless,
increasing the number of induced maculopathy cases that represent a public health
problem [5].

The macula is a small tissue surrounding the fovea and allows to see fine details of
the outside and includes an important number of retinal cells (see Fig. 2) [6].

The macula can be injured by multiple mechanisms such as photochemical, ther-
mal, and ablative, in particular by high-intensity light [8]. A work published in 1999
mentioned the appropriate use of laser pointers as not being a hazard [9]. Nevertheless,
there is a currently debate about the risks of these devices. Among the articles pub-
lished, Sanches et al. reported a 9-year-old child with visual loss from the exposure of a
laser pointer in his right eye and feasible irreversible damage [10]. Thomse studied the
laser-tissue interactions to understand the photochemical, photothermal, and photome-
chanical pathobiological effects; she mentioned the lethal effects on the cornea by laser
exposure devices [11]. Raevis and Shrier published a work about a 12-year-old boy with
maculopathy induced by a blue laser pointer [12]. Additionally, Gonzáles mentioned the
hazards of unaware use of laser pointers when the eye is exposed to high-intensity light
[13]. The purpose of this paper is to present an experimental study with exvivo tissues
to quantify the damage to the cornea, macula, and retina of healthy and exposed eyes
exposed to lasers of different wavelengths.
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Fig. 2. Schematic diagram of human eye anatomy.

2 Materials and Methods

The work constitutes an experimental study with pig eyes exposed to four laser pointers,
in order to obtain a description of the cornea, macula, and retinal damage. the used
devices were a green laser with item model number LJK DT-8008–30 and a wave-
length of 532 nm, two red lasers of 630–650 nm, and a blue laser with a wavelength of
405 nm. Output power was 5 W and 5 mW, respectively, a microscope model Olympus
CX31RTSF and pig eyes (see Fig. 3).

Fig. 3. a) Laser pointers used on experimental array and b) Microscope model Olympus.
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The length from the laser beam to the eyes was 15 cm for all samples with time
exposure was between 10 and 60 s for each trial. The test was repeated twice to decrease
the measuring error (see Fig. 4).

Fig. 4. Exposure of pig eyes to laser pointers a) Red laser, b) Green laser c) Blue laser for 15 cm.
(Color figure online)

The cornea, macula, and retina were separated from the eye and located on a sample
holder to evaluate the injury to tissue. The severity of the lesion was quantified through
a light microscope coupled to a digital camera (see Fig. 5).

Fig. 5. a) Cornea, b) Crystalline section and c) Observed samples.

The samples exposed to the laser beam were compared with healthy images to
identify the lesions that are associated with pigmentation changes. All irradiated tests
showed significant alterations in color; however, the increased time exposure was a
determining factor for macula and retinal damage.
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3 Results and Discussion

Corneal images showed pigmentary changes that include hyperreflectivity due to damage
to the retina andmacula, as a result of laser light penetrating deep into the eye [14, 15]. A
possible answer for the injury is related to thermal damage and photochemical impacts
as a consequence of the time exposure for durations longer than 10 s [16]. The degree
of damage from laser irradiance on the eyes after 15 s also depend on the wavelength
that corresponded to the laser color.

All exposed corneas were affected. Even though the literature said that the biggest
damage could be caused by exposure to blue lasers, in the present work the greatest
lesion corresponds to the red laser. The injury of cornea has a dendritic region in all
samples that don’t appear defined but instead showed to be radiated or branching (see
Fig. 6b).

Fig. 6. a) Healthy cornea, b) Red, c) Green and d) Blue laser, for exposure time of 15 s. (Color
figure online)

In regards to themacula, all samples presented remarkable lesions thatmay be related
to the foveal damage. Red laser lesion area (see Fig. 7b) is more defined than green (see
Fig. 7c) and blue laser (see Fig. 7d).

Fig. 7. a) Healthy macula, b) Red, c) Green and d) Blue, for exposure time of 15 s. (Color figure
online)
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Although high-power laser injuries may result in macular holes, there have been
reports of retinal hemorrhages as a result of direct exposure [17]. Thus, it is probably
true that the retina shows damage in different areas by prolonged time exposure.

In particular, the retina exposed to the red and green laser (see Fig. 8b and c) presents
damage in different zones and a more defined area for the blue laser (see Fig. 8d).

Fig. 8. a) Healthy retina, b) red, c) green and d) blue laser, for an exposure time of 15 s. (Color
figure online)

The cornea exposed to the green laser for one minute (see Fig. 9a) shows a geometry
dendritic lesion similar to (Fig. 6c). Despite the increased exposure time, it presented
minimal damage, probably by material transparency, as the wavelengths can pass freely
(see Fig. 9a) [18].

On the other hand, the macula featured severe injuries, although the lesion shape is
irregular, the appearance evinces the severity of the damage (see Fig. 9b).

Fig. 9. a) Cornea, b) Macula and c) Retina for time exposure of a minute.

According to Birtel et al. the degree of retinal damage depends on the laser wave-
length, exposure time, spot size, and power [13]. Thus, there is probably harm induced
owing to photocoagulation. Although the retina lesion shape does not have a defined
geometry, the severe harm caused by the portable green laser pointer can be seen by
visual inspection.
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Neffendorf et al. declared that laser output powerful of 5 mW does not permanently
harm the retinawhen the eye is exposed to a laser pointer for a few seconds [15].However,
the exposure effects may cause blinding bursts or glare, as the retina is a tissue especially
susceptible to laser lesions, resulting in loss of vision.

4 Conclusions and Future Work

The unregulated sale of laser pointers on the internet and local stores has increased
the number of cases of induced maculopathy. Usually, children and teenagers are the
most vulnerable to laser light exposure, as their natural curiosity for things discovery
leads them towatch the light for long periods of time. Although thematerial transparence
rarely causes damage to the ocular surface, it is probably a cause of lesions in the macula
and retina, as the retina’s ability to amplify irradiance makes it particularly vulnerable
to injuries, that include damage in the fovea.

The test tissues were quantified comparing a healthy cornea, macula, and retina with
those exposed for 15 and 60 s. The corneas irradiated showed slight burns for 15 s; this
also happened for 60 s, and in both cases, the damage was similar, probably because of
the cornea’s similarity to a crystal, which involves the light can freely pass.

The irradiated cornea with the red laser showed the biggest injury compared with its
exposure with the green and blue lasers. An essential factor in increasing the lesions on
the eye parts was the time exposure, as the macula showed the biggest damage at 60 s.

In regards to the retina, it is evident that the harm occurs for both times, however, it is
most severe at 60 s. In conclusion, the sale of laser pointers should be controlled according
to international standards. Moreover, children and teenagers should be supervised to
avoid possible see sense damage.

The future work will be focused on the analysis of lens damage and intraocular fluid,
called aqueous humor, that is produced by the ciliary body.
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Abstract. During the years 2018, 2019 and 2020, the National Institute of Res-
piratory Diseases (INER, its acronym in Spanish) had an increase in ventilator-
associated pneumonia of 12%, 53%, and 77%, respectively. In the last year, the
increase was much higher due to the care of critically ill COVID-19 patients who
required mechanical ventilation. Currently, INER has 292 mechanical ventilators
from 16 different brands, with varying ages. Therefore, the objective of this study
was to analyze and improve the sanitization procedures of these medical devices
using the Six Sigma methodology. Three procedures were studied: 1) Ventilator
cleaning; 2)Disinfection of reusable accessories, and 3)High-level disinfection for
mechanical ventilators. In total, five non-value-added activities and four areas of
opportunity were identified. Seven innovations were proposed and implemented
in a four-week pilot program, resulting in an average improvement of 76% in
procedure execution.

Keywords: Mechanical Ventilator Disinfection · Procedures Innovation · Six
Sigma Methodology

1 Introduction

The National Institute of Respiratory Diseases (INER, its acronym in Spanish) is a third-
level public hospital whose main objective is to address respiratory diseases, scientific
research, training of qualified human resources, and the provision of highly specialized
medical care services, covering the entire national territory [1]. It has 273 beds and
over six thousand diagnostic, treatment, and rehabilitation medical devices to provide
patient care. The department responsible for managing these devices is the Biomedical
Engineering Department (BED).

During the years 2018, 2019, and 2020, INER had an increase in Ventilator-
Associated Pneumonia (VAP) of 12%, 53%, and 77%, respectively. In 2020, there was a
much higher increase due to the high demand of patients with critical COVID-19 cases
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requiring mechanical ventilation [2]. Currently, INER has 292 mechanical ventilators
from 16 different brands with varying ages.

To carry out the sanitization procedures of the mechanical ventilators, INER has
the Respiratory Therapy Service (RTS) and a Biosafety Committee. Additionally, the
Biomedical Engineering Department assists in executing these procedures throughmed-
ical technology management. Therefore, the objective of this study was to analyze and
improve the sanitization procedures of the mechanical ventilators by applying the Six
Sigma methodology.

2 Methodology

Three procedures were studied: 1) Ventilator cleaning; 2) Disinfection of reusable acces-
sories, and 3) High-level disinfection for the ventilators [3]. The Six Sigmamethodology
[4] was used, following these stages:

1. Analysis: The non-value-added activities (activities that do not contribute to cus-
tomer satisfaction, do not improve the perception of service, and do not meet process
requirements) and the associated waste were identified. There are seven types of
waste: motion, waiting time, overproduction, overprocessing, quality defects, inven-
tory, and transportation [4]. The areas of opportunity were also identified to discover
cause-and-effect relationships.

2. Innovation: Using Lean tools [4], various innovations were proposed to make the
execution of the procedures more effective.

3. Implementation: The innovations were implemented in the three studied procedures
during a four-week pilot program.

3 Results

3.1 Cleaning Procedure

Analysis. The cleaning procedure for the ventilators, when they have been connected
to a patient, is carried out four days a week in three shifts: Tuesday, morning shift;
Thursday, afternoon shift; and Saturdays and Sundays, special shift. The ventilator is
superficially cleaned using towels soaked in isopropyl alcohol, with random motions
covering the entire screen. Afterwards, using towels soaked in hydrogen peroxide, the
casing, humidifier, nebulizer, and cables are cleaned, as well as the rails for mobilization,
the respiratory circuit arm, the transport cart, and the wheels. The coordinator of the
Respiratory Therapy Service (RTS), who is a pulmonologist, assigns the number of
ventilators to be cleaned to the inhalation therapy technician.

Opportunity Areas. Two areas of opportunity were identified:

• Respiratory circuit control. The respiratory circuit should be changed every week or
when visibly dirty (with organic matter or condensed fluid). Mechanical filters are
changed every third day. However, there is no control over these activities, so it is
unknown how many days each accessory has been on the mechanical ventilator.
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• Respiratory circuit replacement. These circuits are disposable and should be used for
no more than 96 h or 4 days [5]. It is crucial to have control over the usage time.
After the cleaning procedure, new disposable accessories are placed on a ventilator,
but sometimes it may remain unused for several days until a patient who needs it
arrives. Consequently, the accessories are exposed to environmental contamination
during that period.

Innovation. Two innovations were developed for the aforementioned areas of oppor-
tunity. The Lean tool called Kanban (a visual tool) [4] was used. The following are the
proposed innovations:

• Disposable accessories control. To control the expiration period of disposable acces-
sories in accordancewith themanufacturer’s recommendations stating that respiratory
circuits are for short-term use (four to seven days) and electrostatic filters (three days),
a visual tool was designed for each of these accessories (Fig. 1). These tools are placed
on the support arm of the mechanical ventilator after the cleaning procedure, and the
information is completed by the inhalation therapy technicians. The card contains the
identification number of the ventilator, the date, and the shift when the disposable
accessory was placed.

(a) (b)

Fig. 1. Visual tools for disposable accessories.

• Completion of the cleaning procedure. To verify compliancewith the ventilator clean-
ing procedure, a visual tool was designed to be placed at the end of the ventilator
cleaning procedure, which the inhalation therapy technician completes the informa-
tion (Fig. 2). The card contains the day on which the cleaning is performed (Tuesday,

Fig. 2. Card to conclude the cleaning procedure.
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Thursday, Saturday, and Sunday). The corresponding checkbox is marked according
to the case.

3.2 Disinfection Procedure for Accessories

Analysis. There are three types of reusable accessories that require disinfection:

• Type A: Masks for non-invasive mechanical ventilation (NIMV), flow sensors, exha-
lation filter housings, headgear, expiratory valve, micro-pumps and their “T” piece,
ventilator chamber, and nebulizer head circuits.

• Type B: Heating cable/warmer, temperature sensor cable, exhalation filters.
• Type C: Exhalation valves.

Non-value-added Activities. In relation to the disinfection procedure for accessories,
two non-value-added activities were identified. these are associated with waste of quality
defects:

• Disinfection Time. The Respiratory Therapy Service procedures manual [6] specifies
that the accessories should remain submerged in each of the disinfectant solutions
(CIDEX OPA and Endozime) for 40 min, but this time is not being measured.

• Sealing Machine. Accessories that are packaged in medical-grade bags should be
sealed, but the sealing machine has been out of service for months. Currently, only a
fold is made in the bag, which poses a biological risk to the disinfected accessories.

Opportunity Areas. Two opportunity areas were identified:

• Control of Accessories. Some criteria for discarding accessories include visible dam-
age or obvious dirt, which depend on the personnel evaluating the accessory.However,
there is no control over the quantity and type of accessory that is discarded.

• Biological risk. According to the procedures manual of the Respiratory Therapy
Service [6], biological cultures should be performed on each accessory to control the
quality of the disinfection process.However, it is unknownhow frequently the cultures
are performed, which accessories are selected for testing, how many accessories are
tested, and what the results of the cultures are.

Innovation. Three innovation proposals were generated:

• Timer for measuring disinfection time. A timer was provided to the Respiratory Ther-
apy Service assistant to measure the 40 min that reusable accessories should be
immersed in the disinfectant solutions.

• Quick user guide. A quick guide for the disinfection procedure of each disposable
accessory was designed, based on the procedures manual of the Respiratory Therapy
Service [6]. The infographic describes all the steps of the process (Fig. 3).

• Accessories control. A digital logbook was designed to record information regarding
the disposal of mechanical ventilator accessories. Additionally, a printed and lami-
nated QR code is displayed in the Respiratory Therapy washing unit. The QR code
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Fig. 3. Quick guide for disinfecting mechanical ventilator accessories.

redirects to a digital form (Fig. 4) with fields such as date, accessory type, clinical ser-
vice, brand, reason for disposal, and observations. This information is automatically
stored in a database (Excel®) accessible to any user in real-time.
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Fig. 4. Digital form for accessories control

3.3 High-Level Disinfection Procedure for Mechanical Ventilators

Analysis. The High-Level Disinfection (HLD) procedure is performed only for ven-
tilators at risk of contamination with highly infectious microorganisms, such as those
with multidrug-resistant pathogens. The process begins after the thorough cleaning pro-
cedure, verified by the janitorial staff, ensuring proper cleanliness of the entire space
and the elements within the enclosure. For infusion pumps and vital signs monitors,
a medium-level cleaning and decontamination are carried out by a specialized exter-
nal company. This process involves applying vapor pressure with a disinfectant to the
medical devices.
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Subsequently, the HLD is performed by personnel from the Biosecurity Committee,
covering the entire enclosure, including the mechanical ventilator. The HLD procedure
depends on the microorganisms the patient has been exposed to. For Type 1 microorgan-
isms (Clostridium difficile and Acinetobacter), a vaporized hydrogen peroxide (H2O2)
gasifier and an aeration system are used to remove excess H2O2 after the appropri-
ate exposure time. For Type 2 microorganisms (Pseudomonas, Aspergillus, Escherichia
coli, Staphylococcus aureus, andMycobacterium tuberculosis), ultraviolet typeC (UVC)
light is irradiated from different angles using a system equipped with ten lamps arranged
in a circular manner.

Non-value-added Activities. Three activities that do not add value were identified:

• Ventilator Control. There is no control over which ventilators require HLD because
the associated microorganism is unknown. This activity is associated with the waste
of quality defects.

• Communication Flow. The completion of the thorough cleaning procedure by the
janitorial staff and the cleaning by the external company is not known. Thismeans that
the Biosecurity Committee personnel may arrive to perform the HLD, but sometimes
the previous procedures have not been completed. Consequently, the HLD needs to
be rescheduled. This activity is associated with wastes called waiting time andmotion
due to the resulting delays and staff relocation.

• Identification of ventilators requiring high-level disinfection (HLD). Occasionally,
several ventilators are stored in one enclosure without knowing which ones require
HLD. This activity is associated with the waste of quality defects.

Innovation. Two innovation proposals were generated:

• Digital logbook: A digital logbook was designed for the Biosecurity Committee per-
sonnel to record information about ventilators requiring HLD, the corresponding
microorganism, and the type of disinfection required. Any user can access this infor-
mation. A QR code was designed to redirect to a digital record (Fig. 5) for recording
the date, ventilator identification number, microorganism type, time, and the status of
the ventilator (if contaminated). The information is automatically stored in a digital
spreadsheet database that can be shared with any user and accessed in real-time. An
example of how the stored information would look is shown in Fig. 6.

• Identification of contaminated ventilators. With the aim of communicating to the staff
about the type of disinfection required for the mechanical ventilator, and whether
it is contaminated with any microorganism, two visual tools were designed. Their
dimensions are 13.0 cm × 18.5 cm and are printed on opaline paper in two different
colors. The pink color (Fig. 7a) is used for a ventilator contaminated with Type 1
microorganisms (Clostridium difficile and Acinetobacter). In this case, decontamina-
tion needs to be performed using ultraviolet lamps. The blue color (Fig. 7b) is used for
a ventilator contaminated with Type 2 microorganisms (Pseudomonas, Aspergillus,
Staphylococcus aureus, Mycobacterium tuberculosis, and Escherichia coli). In this
case, decontamination needs to be performed using hydrogen peroxide (H2O2). The
green color is used to indicate that the ventilator has been disinfected (Fig. 8). These
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Fig. 5. Digital record.

Fig. 6. Example of shared digital spreadsheet visualization

signs are placed on the mechanical ventilator after the completion of the High-Level
Disinfection (HLD) procedure by the Biosafety Committee staff.
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(a) (b)

Fig. 7. Visual tools for the identification of contaminated ventilators

Fig. 8. Visual tools for the identification of decontaminated ventilators.

4 Implementation of Innovations (Pilot Program)

During a four-week period (from August 29th to September 24th, 2023), a pilot program
was implemented in the Clinical Pulmonology Service of the INER. Five innovation
proposals were implemented, and training was provided to seven users from the Respi-
ratory Therapy Service (RTS): six inhalation therapy technicians and one assistant from
the washing area, who work in three different shifts (morning, evening, and special).
Additionally, shadowing (a qualitative research technique conducted on a small scale
where the researcher acts as an observer of the real-life situations of a research subject for
a set period [7]), was conducted with the seven RTS users. The implemented innovations
are described below.

4.1 Control of Disposable Accessories

Sixteen cards, like those shown in Fig. 1, were generated to identify the accessories
of eight ventilators. Seven inhalation therapy technicians were trained in the use of
these cards across the three shifts (morning, evening, and special). During the first
three weeks, there was low compliance with this activity. Feedback was provided to the
technicians, and the cards were replaced with adhesive labels. During the fourth week
when these labels were used, the activity showed a 50% improvement in response from
the technicians, both in controlling the respiratory circuit and the ventilator filters. It
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should be noted that for electrostatic filters, it was observed that writing the date and
shift on the filter housing is more effective.

4.2 Control of Completion of Mechanical Ventilator Cleaning Procedure

Eight cards, as shown in Fig. 2, were generated, and placed on eight ventilators. Seven
inhalation therapy technicians were trained across the three shifts (morning, evening,
and special) on how to fill out these cards. This activity had a compliance rate of 78%.

4.3 Measurement of Disinfection Time

A stopwatch was provided to the accessory disinfection area for mechanical ventilators.
The staff was trained to time the 40 min required for immersing the accessories in each
of the disinfectant solutions (CIDEX OPA and Endozime). Through shadowing, com-
pliance with the required time for the disinfection process was evaluated. This activity
had a compliance rate of 100%.

In the three procedures analized (cleaningventilator, control accessories anddisinfec-
tion time) there were an improvement in the performance of 78%, 50%, and 100%
(Fig. 9).

Fig. 9. Improvement percentage for the tree proceesess studied

5 Conclusion

In this study, the Six Sigma methodology was employed to analyze three sanitization
procedures at the National Institute of Respiratory Diseases: 1) Mechanical ventilator
cleaning; 2) Disinfection of reusable accessories; and 3) High-Level Disinfection (HLD)
for mechanical ventilators. A total of five non-value-added activities and four areas of
opportunity were identified, and seven innovations were proposed.
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Forty visual tools were implemented. For the cleaning procedure, 32 cards were
placed on the support arm of eight mechanical ventilators, and eight cards were used for
the HLD procedure.

Training was provided to seven users from the Respiratory Therapy Service (six
inhalation therapy technicians and one assistant from the washing area) across three
different shifts (morning, evening, and special).

In all cases, therewas an improvement in the performanceof the procedures.Cleaning
of mechanical ventilators increased by 78%, control of disposable accessories increased
by 50%, and the 40-min time stipulated for disinfecting accessories was achieved with
100% compliance.

Finally, it is important to say that, in Mexican hospitals, in general, the clinical pro-
cesses have a high variability in the results obtained, since they are executed according
to the expertise of the medical/paramedical staff. The Six Sigma methodology has the
objective of minimizing the execution of processes through five stages (define, measure,
analyze, innovate, control —DMAIC—). In particular, the last stage allows establishing
control measures to know the performance of the processes studied and, where appro-
priate, apply DMAIC again to develop new improvements. In this sense, Six Sigma is
a continuous improvement methodology that allowed unifying criteria among all the
actors involved in the execution of the disinfection processes of mechanical ventilators,
obtaining effective and efficient results in their performance, as well as the contribution
in reducing the incidence of nosocomial infections. Finally, Six Sigma is a methodology
that can be used to improve any process that is of interest in health services.
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Abstract. The objective of this work was to develop a technical evaluation tool
(related to the state of operation) to prioritize the replacement of medical devices.
The result was a technical indicator with which 608 medical devices of nine
different technologies were evaluated, from the National Institute of Respiratory
Diseases (INER, its SpanishAcronym). This evaluation provided auxiliary criteria
for the Department of Biomedical Engineering (DIB, its Spanish Acronym) to
make decisions based on evidence, and to plan the replacement of the medical
devices. The replacement priority distribution was as follows: 398 devices must be
replaced in a period not longer than six years (mediumpriority); 127 obtained a low
priority (replacement in 10 years); and the smallest percentage of medical devices
(14%) must be replaced in the next three years (high priority). This evaluation
provided an auxiliary criterion to the INER DIB staff, to make decisions about the
replacement of medical devices, based on evidence.

Keywords: Technical Evaluation · Medical Equipment Replacement ·
Replacement Priority

1 Introduction

Health technology assessment (HTA) is a systematic and multidisciplinary evaluation
of the properties of health technologies and interventions covering both their direct and
indirect consequences. It is a multidisciplinary process that aims to determine the value
of a health technology and to inform guidance on how these technologies can be used
in health systems around the world. HTA is a transparent and accountable process that
can be used by decision makers and other stakeholders to support the decision-making
process in health care at the policy level by providing evidence about given technologies
[1].

In general, public hospitals in Mexico have a very old inventory of medical devices
and there is great interest in developing evaluation tools that can provide auxiliary cri-
teria based on evidence to prioritize the replacement of medical technology and make a
rational investment of financial resources. In this sense, different evaluation tools have
been developed, such as an indicator to determine the surplus or deficit of the medical
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equipment in critical care units [2]; a comparative analysis of two indicators of technical
evaluation for the replacement of medical equipment [3]; the use of pattern recognition
techniques for supporting the replacement of medical equipment [4]. The present work
was supported by the technical indicators reported in the last two works, and new vari-
ables, that were of interest to the staff of the Department of Biomedical Engineering,
were incorporated.

Knowing the technical state of the equipment allows having a criterion to know the
period of replacement, therefore, the objective of this work was to develop a technical
evaluation tool to assist and prioritize the replacement ofmedical deviceswhich is related
to the state of operation. The result was a technical indicator used to evaluate 608medical
devices of nine different technologies from theNational Institute of RespiratoryDiseases
(INER, its Spanish Acronym) [5]. This evaluation provided an auxiliary criterion to the
staff of theDepartment of Biomedical Engineering (DIB, its SpanishAcronym) of INER,
to make decisions on the replacement of medical devices, based on evidence.

2 Methodology

2.1 Definition of Variables

Eight variables defined in previous technical indicators [3, 4] were considered, and two
new variables were defined in conjunction with the staff of Department of Biomedical
Engineering (DIB) of the institute: equipment type (x5), and failure cause (x10). In total,
ten variables were defined (xi) with their relevance factor (ρi), related to the performance
and operation of medical devices (Table 1). Observe that the most relevant variables (ρi
= 15) are those related to the availability of spare parts and consumables for the next
five years (x1 and x2). The least relevant variables are x9, corresponding to maintenance
requirement, and x10, the cause of failure, Both with ρ = 12. The variables have a
qualitative domain (qi) with which the dib staff works.

Table 1. Variables and weights defined for the technical indicator

xi Variable ρi

x1 Spare parts available next 5 years 15

x2 Consumables available next 5 years 15

x3 Equipment age 14

x4 Out of service days of the equipment 14

x5 Equipment type 13

x6 Equipment function 13

x7 Equipment failure frequency 14

x8 Physical risk 13

x9 Maintenance requirement 12

x10 Failure cause 12
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To develop the assessment tool, a mapping was done to have a quantitative domain
(Mi) (Table 2). Notice that there are two boolean variables (x1 and x2). All other variables
have at least three values in their domain. In all cases, the domain of the variables is in
the interval Mi = [0, 15].

Table 2. Qualitative (Qi) and quantitative (Mi) domain of the variables xi

xi Qi Mi
x1 yes/no [0,15]
x2 yes/no [0,15]
x3 [0, 5] years 3

[6, 10] years 6
[10, 15] years 9
[15, 20] years 12

>20 years 15

x4
0 days

[1, 5] days
0
3

[6, 30] days 6
>30 days 15

Life support 15
x5 Surgical and intensive care 14

Surgical sterilization 13
Monitoring of physiological variables 10

Analytical lab 8
Physiotherapy and treatment 7

Lab accessories 6
Medical equipment accessories 4

Computer and related 2
Diagnostic 15

x6 Therapeutic 12
Rehabilitation 9

Other 3
Without failures 0

x7 [1, 2] failures 4
[3, 4] failures 8
[5, 6] failures 12

>6 failures 15
Patient/operator dead 15

x8 Patient/operator partial damage 12
Inappropriate treatment/misdiagnosis 9

Equipment damage 6
No significant risk 3

x9 Security tests 15
Calibration 12

Preventive maintenance 9
Function check 6

Visual inspection 3
x10 Hardware failure 15

Software failure 10
External failure 3
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2.2 Technical Indicator

The Technical Indicator (IT) was defined by expression (1).

IT =
∑10

i=1ρixi
N

=
∑10

i=1ρixi
2025

(1)

where: xi, is variable i; i = {1, …, 10}
ρi: relevance factor for xi;
N, normalization factor so that the value of IT = [0, 1] defined by (2).

N =
∑10

i=1
ρiMimax (2)

Qualitative Scale for IT Interpretation. The qualitative scale allows an interpretation
of the numerical result obtained with the technical indicator (IT). This scale was defined
with three intervals that indicate the priority and replacement time of the medical device
(Table 3).

Table 3. Qualitative scale for the replacement of medical devices

IT Priority Replacement (years)

[0, 0.25] Low 10

[0.26, 0.55] Medium 6

[0.56, 1] High 3

2.3 Application of the Technical Indicator

To illustrate the application of the technical indicator (IT), a volumetric ventilator located
in the Intermediate Therapy Unit was evaluated with the data shown in Table 4. Observe
the qualitative domain (Qi) of each variable and its respective quantitative domain (Mi).
It is a mechanical ventilator that is 17 years old and was out of service for more than a
month due to software failures.

Substitute the quantitative value of each variable in (1):

IT =
∑10

i=1 ρixi
2025

=
15(0) + 15(0) + 15(12) + 14(15) + 13(15) ∗ 13(12) + 14(4) + 13(15) + 12(15) + 12(10)

2025

IT = 0.6
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According to the qualitative scale (Table 3), this volumetric ventilator needs to be
replaced in a period not longer than 3 years, since it obtained a high replacement priority.

Table 4. Description of a volumetric ventilator in terms of the ten variables defined in the
qualitative (Qi) and quantitative domain (Mi).

Variable Qi Mi

x1 yes 0

x2 yes 0

x3 17 years 12

x4 > 30 days 15

x5 Life support 15

x6 Therapeutic 12

x7 2 failures 4

x8 Patient dead 15

x9 Security tests 15

x10 Software failure 10

3 Results

In total, 608medical devices distributed in nine types of technology (anesthesiamachine,
defibrillator, electrocardiograph, mechanical ventilator, mobile Rx, oximeter, spirome-
ter, tomography scan, and vital signs monitor) were evaluated. For the application of
the Technical Indicator (IT), the information registered in the physical and functional
inventory of the equipment during the year 2022 was used. The information of the first
two variables: x1 and x2 (availability of spare parts and consumables the next five years),
it was requested directly from the suppliers of each brand. The data for the variables: x4
(days out of service), x7 (failure frequency) y x10 (failure cause) were obtained from the
corrective maintenance orders from the Department of Biomedical Engineering (DIB,
its Spanish Acronym). The tool was developed in Excel and the result is displayed in a
visualizer that shows the name of the device, the inventory number, the medical service
where the medical device is located, the IT result and the replacement time in years. A
fragment of the result obtained for twelve volumetric ventilators is shown in Table 5.

The replacement priority results for each device are shown in Table 6. Notice that in
the replacement priority column, it shows howmany devices got the corresponding prior-
ity (in parentheses). For anesthesia machines, tomographs, portable Rx and spirometers,
in all cases, a result was obtained in the interval IT = [0.26, 0.55], which corresponds to
a medium replacement priority, that means the replacement of these devices should be
done in a period not longer than six years. 97% of the vital signs monitors (127) obtained
a low replacement priority (10 years). On the other hand, most of the remaining devices:
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49 defibrillators (94%), 24 ECGs (96%), and 53 oximeters (98%), must be replaced
within 6 years.

In the case of mechanical ventilators, it should be mentioned that due to the re-
conversion of INER to COVID-19 Hospital, in 2020 there was an acquisition of 228
devices. The Institute currently has 310 ventilators of two types (volumetric and transfer),
of 16 different brands with different ages.

Table 5. Visualization of the result obtained with the technical indicator and the replacement
period

Equipment name No. Inventory Medical service IT Replacement

Mechanical ventilator 570416 Intermediate therapy 0.63 3 years

570417 Intermediate therapy 0.63

570457 Sleep clinic 0.66

570458 Sleep clinic 0.66

570490 Respiratory therapy 0.79

570489 Respiratory therapy 0.80

570506 Pulmonary rehab 0.42 6 years

571265 Emergency room 0.42

570459 Sleep clinic 0.44

570472 Respiratory therapy 0.44

570462 Sleep clinic 0.44

570471 Respiratory therapy 0.53

The oldest ventilator is from 1998 (25 years), and the most recent ventilators are
from 2020 (3 years). The technical indicator was applied and it was obtained that 75%
of these ventilators, the replacement priority is medium; which means they have to be
replaced in a period not longer than 6 years. The remaining 25% got a high priority
(replacement in 3 years). This last percentage corresponds to the 78 oldest ventilators
acquired before 2020.
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Table 6. Replacement priority for 608 medical devices evaluated with the technical indicator

Medical equipment Amount IT Replacement priority Replacement period
(years)

Anesthesia machine 9 [0.38, 0.46] Medium 6

Tomography scan 3 [0.33, 0.35] Medium 6

Mobile x ray 5 [0.26, 0.48] Medium 6

Spirometer 19 [0.27, 0.36] Medium 6

Defibrillator 52 [0.36, 0.60] Medium (49)
High (3)

6
3

Electrocardiograph 25 [0.31, 0.58] Medium (24)
High (1)

6
3

Vital signs monitor 131 [0.25, 0.27] Low (127)
Medium (4)

10
6

Oximeter 54 [0.27, 0.58] Medium (53)
High (1)

6
3

Mechanical ventilators 310 [0.38, 0.82] Medium (232)
High (78)

6
3

Total 608

Asmentioned, 608 medical devices of nine types were evaluated. The distribution of
the replacement priority in each case is shown in Fig. 1. Observe that 65% of the devices
must be replaced in a period not longer than six years (medium priority). 21% scored
low priority (replacement in 10 years), and the lowest percentage of medical devices
(14%) must be replaced within the next three years (high priority).
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Fig. 1. Distribution of the replacement priority of the 608 medical devices evaluated



A Technical Assessment Tool to Prioritize Medical Devices Replacement 209

4 Conclusion

A technical indicator (IT) was developed to evaluate the state of operation of medical
devices. For the interpretation of the numerical result obtainedwith IT, a qualitative scale
was designed with three intervals that indicate the replacement priority: high, medium
or low; with its replacement period of 3, 6 and 10 years respectively.

A sample of 608 medical devices of nine different technologies from the National
Institute of Respiratory Diseases was evaluated. 389 devices obtained a medium priority
and must be replaced in a period not exceeding six years. 127 devices got a low priority,
and need to be replaced in 10 years. The fewest number of medical devices (83), need
to be replaced in the next three years, as they got a high priority.

The technical evaluation instrument presented in this paper provides evidence to
develop a technology substitution program and make a rational exercise of the financial
resources available at INER. In other words, it helps to acquire the most necessary
medical devices, according to the replacement priority obtained.

Finally, the methodology with which the indicators are developed allows for the
incorporation of other variables that are of interest to the user, since they are mathemat-
ical models based on knowledge. In this case, the staff of the Biomedical Engineering
Department of the National Institute of Respiratory Diseases incorporated two more
variables (type of equipment and cause of failure) that are using to assess the techni-
cal status of medical equipment. The flexibility of these evaluation instruments lies in
the fact that they are based on the expertise of the users and can be modeled accord-
ing to the interests of the evaluator. Evaluation instruments with these characteristics
provide evidence-based auxiliary criteria for technical decision-making regarding the
performance of installed medical devices.
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Abstract. The SUMA Center of Cleft Lip and Palate Comprehensive Care is
a non-profit civil association whose mission is to provide care to patients with
cleft lip and palate in vulnerable conditions. The comprehensive care protocol
involves 16 medical specialties, including Dentistry. Dental treatment for patients
beginswith Pre-surgical Orthopedics, which consists of reorienting the anatomical
structures that affect the cleft, to reduce the amplitude and improve the effective-
ness of the first surgical intervention. The objective of this work was to innovate
the process of Pre-surgical Orthopedics care of the Dental Department of the
SUMA Center, using the Six Sigma methodology. Non-added-value activities,
areas of opportunity were identified, and some innovation related to the manage-
ment of information in the medical record were proposed. The innovations were
implemented in a pilot program by four weeks.

Keywords: Cleft Lip and Palate · Pre-surgical Orthopedics · Six Sigma
Methodology · Process Innovation

1 Introduction

The congenital malformation of cleft lip and palate (CLP), clinically called primary
and secondary cleft palate respectively, not only brings aesthetic consequences, but also
affects different functions in the patient, such as feeding, hearing, nasal breathing, and
language, among others. Ideally, patients should be comprehensively evaluated during
the first month of life by different specialists (plastic surgeon, dentist, pediatrician,
geneticist, among others) to specify the diagnosis, and to verify the existence of other
pathologies associated, and where appropriate, the performance of additional diagnostic
studies [1]. The multidisciplinary team must attend to the patient early, in accordance
with a treatment protocol with a defined schedule for each type of cleft lip and palate.

SUMA, the cleft lip and palate comprehensive care center is a non-profit civil asso-
ciation whose mission is to care patients with cleft lip and palate (CLP) in vulnerable
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conditions, from the prenatal stage to the end of their life [2]. It is the first Cleft Lip
and/or Palate Leadership Center in Mexico endorsed by the Smile Train Foundation,
which is an international humanitarian organization focused on providing solutions to
cleft lip and palate in a sustainable manner [3]. The care protocol involves 16 clinical
specialties, among which is Dentistry [4]. The clinical processes of the SUMA Dental
Department involve the areas of General Dentistry, Maxillofacial Surgery, Orthodontics,
Pediatric Dentistry and Pre-surgical Orthopedics. In general, the specialists assess the
patient and decide the treatment according to their expertise. This implies that there are
no unified criteria nor standardized processes in patient care.

Pre-surgical Orthopedics is a treatment that consists of reorienting the anatomical
structures that affect cleft palates, to reduce the width of the cleft and improve nasal
deformation before the first surgical intervention. Using several orthopedic devices, it
allows an adequate development of the gums and teeth, a better feeding of the newborn,
and helps the result of the surgery to bemuch better. The patient undergoes this treatment
for three months, on average. The objective of this work was to innovate the process of
Pre-surgical Orthopedics care of the Dental Department of the SUMA Center, using the
Six Sigma methodology.

SixSigma is amethodology for quality improvement thatmeasures howmanydefects
there are in a current process and seeks to systematically eliminate them. This methodol-
ogy has been used successfully in the innovation and control of several health technology
management processes [5–7]; as well as for improving the drug dispensing process [8].

2 Methodology

Six Sigma is a method that provides organizations tools to improve the capability of
their processes. This increase in performance and decrease in process variation helps
lead to defect reduction and improvement in profits, employee productivity, and quality
of products or services. This is achieved by using a structured approach called DMAIC
(Define, Measure, Analyze, Innovation, and Control) to identify and eliminate causes
of variation and improve processes [9]. For the study of the Pre-surgical Orthopedics
process, the Six Sigma methodology was used as follows:

1. Analysis. Non-added-value activities (activities that do not contribute to patient sat-
isfaction, do not improve the perception of the clinical service, and do not meet
the process requirements), and the associated waste were identified. According to
the methodology, there are seven types of waste: movement, waiting time, overpro-
duction, overprocessing, quality defect, inventory and transportation [9]. Areas of
opportunity to discover cause-effect relationships were also identified.

2. Innovation. Innovations were proposed to improve the performance of the process
through Lean tools [9].

3. Implementation. The innovations were implemented in the SUMA Dental Depart-
ment’s Pre-Surgical Orthopedics process in a four-week pilot program.
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3 Results

3.1 Pre-surgical Orthopedics Medical Devices

Pre-surgical Orthopedics treatment consists of the use of various orthopedic devices
for the stimulation and bone remodeling of cleft nasal, alveolar and palatal segments,
to reduce the size of the cleft before surgery. In this sense, considering the anatomical
characteristics of the fissure, and the type of medical device used, the management of the
patient’swas analyzed. Themostwidely usedmedical devices in PresurgicalOrthopedics
[10, 11] are:

• Lip taping. It is medical adhesive tape such as foam or surgical silk tape across the
upper lip.

• Naso-alveolar Molding (also known as NAM). It is a passively therapy repositions
both the alveolar segments and nasal cartilages prior to cleft lip repair.

• Nasal conformers (or retainers). There are typically used to correct or retain the nostril
shape after primary cheiloplasty surgery (lip surgery). The main difference between
NAM and nasal conformers is that the nasal conformers do not have an alveolar
molding effect.

• Nasal elevator. It is a premade nasal and alveolar molding device which can be used
to successfully mold the upper lip, alveolus, and nose prior to cleft lip repair.

• Feeding obturator. It is a device that creates a seal between the oral and nasal cavities
and controls the flow of milk.

• Friedman’s stimulation palate. It is used to confront the alveolar ridges less than 5mm
to continue subsequently with the formation of the nasal wingswhichwere depressed.

• Micro-implants. There are small titaniumpins 1-2mm in diameter, and 6mm in length.
They allow absolute or skeletal anchorage.

The most used medical devices in SUMA patients are shown in Table 1. Note that for
cleft lip (unilateral or bilateral), the same devices are used. In the case of cleft palate, an
obturator plate is used to help better feeding the patient. For labial-palatal clefts (clefts
that occur in both lip and palate simultaneously) the same treatment is also carried out,
regardless of whether the primary cleft palate is unilateral or bilateral.

According to the management of Pre-surgical Orthopedics analyzed, it was observed
that in 53 records of patients treated at SUMA chosen at random, the distribution of the
use of these orthopedic devices was as follows:

• Naso-alveaolar Molding (NAM): 39.6% (21 patients)
• Friedman’s stimulation plate: 7.5% (4 patients)
• Feeding obturator: 7.5% (4 patients)
• Nasal conformer: 50.9% (27 patients)
• Lip taping: 33.9% (18 patients)
• Nasal elevator: 22.6% (12 patients)
• Micro-implants: 3.8% (2 patients)
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Table 1. Medical devices for Pre-surgical Orthopedics management.

Case Medical devices

1. Unilateral cleft lip Lip taping
Nasal elevator or nasal conformer

2. Bilateral cleft lip Lip taping
Nasal elevator or nasal conformer

3. Cleft palate Feeding obturator or Friedman palate

4. Unilateral cleft lip + cleft palate Lip taping
Nasal elevator
Nasoalveaolar Molding (NAM)

5. Bilateral cleft lip + cleft palate Lip taping
Nasal elevator
NAM
(If the patient is older than 4 months, and the bone is no
longer malleable, only micro-implants are placed)

Most of the patients used a NAMplate (almost 40%) and the device that was used the
least was the micro-implant, since it is generally applied in outdated patients (when Pre-
surgical Orthopedics is not applied before three months of age), or patients are older than
6 months of age. Therefore, micro-implants have a lower incidence use in the SUMA
Center.

Analyzing the type of orthopedic device used in patients treated at the SUMACenter,
makes it possible to identify those with the greatest demand and provides auxiliary
criteria for making decisions on the rational investment of the budget. The latter is very
useful in invest financial resources in a non-profit organization that works fromdonations
(as SUMA Center).

3.2 Analysis of the Pre-surgical Orthopedics Process

The execution of the Pre-surgical Orthopedics Process is shown in the flowchart of Fig. 1.
There are five actors involved: patient, dentist, pediatrician, geneticist, and surgeon. The
patientwho arrives for the first time at the SUMACenter, photos of the original fissure are
taken, and a file is opened. Subsequently, he/her has a pre-consultation with the medical
specialties of pediatrics and genetics. If the patient is diagnosed with an additional
disease, is not accepted and is referred to another public health institution.



Innovation of Pre-surgical Orthopedics Process for Patients with Cleft Lip and Palate 215

Fig. 1. Pre-surgical Orthopedics Process
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Non-added-value Activities. During the analysis of the Pre-Surgical Orthopedics pro-
cess, three activities that do not add value were found (Table 2). Note that the associ-
ated waste was overprocessing/rework for activities 1 and 3, and for activity 2, it was
associated with wasted inventory.

Table 2. Activities that do not generate value andwaste associated in the Pre-SurgicalOrthopedics
process.

No Non-added-value activities Associated waste Innovation

1 Duplicate diagnosis by
surgical and dental specialists

Overprocessing/Rework Make a single joint diagnosis
with both specialists involved

2 Unused format “Historia
Dental” (dental record)

Inventory Eliminate this format and,
where appropriate, design the
new format

3 Medical record on paper and
digital

Overprocessing/Rework Use only digital record

OpportunityAreas. Five areas of opportunitywere found and for each one an improve-
ment was also proposed (Table 3). Observe that the computer is affecting the registration
of the digital records because it requiresmodifying the software and hardware, in addition
to the fact that the registration is not complete. For example, it is necessary to incorporate
information about who is responsible for the patient in the consultation correspondent.

Table 3. Opportunity areas in the Pre-surgical Orthopedics

No Areas of opportunity Improvement proposal

I Incomplete record Update registration system

II Outdated computer It is suggested to update the work teams

III Clinical history without notes of medical
evolution

In all cases a medical note must be made

IV Messy medical notes timeline Propose a chronological order of the
medical notes within the file

V Medical notes without author Use a color code by specialty

3.3 Innovation of the Pre-surgical Orthopedics Process

The innovations proposed for the three wastes (Table 1) are related to the management
of information in the patient’s record. For the five areas of opportunity (Table 2), some
improvements imply updating the software and hardware of the computer equipment.
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In both cases, the innovations aim to optimize the patient record and the follow-up
information and increase the effectiveness of dental process.

3.4 Implementation of the Innovations

The innovations that were implementedwere those related to the handling of information
in the patient’s file, which are described below.

Patient Follow-up. The format called “Monitoring Sheet” was updated (Fig. 2). The
following fields were added: patient name, file number, date of birth and dates of admis-
sion. Twelve Treatment Phases were included in which the patient can be placed and the
start and end dates of each stage. A section was also included to record the initial diagno-
sis of the patient (original cleft) and another called “Alert” for specific observations by
the specialist. The printed format is currently in use at the SUMA Dental Department.

Fig. 2. Monitoring sheet
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Record of Medical Evolution Notes. This section of the file was also updated (Fig. 3).
A color was assigned to identify each specialty of the Dental Department that made
the medical note. For Pre-surgical Orthopedics, the mint blue color was chosen; for
Pediatric Dentistry, the orange color; and for Orthodontics, purple. For example, in
Fig. 3 the date of the medical note was highlighted with mint blue, which means that it is
a Pre-Surgical Orthopedics note. Additionally, the patient’s dental laboratory order may
be attached containing the following information: patient’s name, file number, name of
the requesting doctor, medical devices to be made, and the date of delivery.

Fig. 3. Record of medical evolution notes

Record of Anthropometric Measurements of the Cleft. New formats were designed
and implemented for including anthropometric measurements of unilateral clefts (Fig. 4)
and bilateral clefts (Fig. 5). These request the patient’s name, the patient’s file number,
and the date of the record of the information. The format considers information on
the extraoral and intraoral characteristics of the cleft. Measurements of the different
anatomical structures affected by the fissure are recorded. In each case, a photo of the
corresponding anatomical structure is presented, a section to indicate which is the cleft
side (unilateral cleft); and another to indicate the non-cracked side. Both formats serve
to assess and diagnose the fissure more objectively.
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Fig. 4. Format for anthropometric measurements of the unilateral patient.

Fig. 5. Format for anthropometric measurements of the bilateral patient.
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4 Conclusion

The process of Pre-surgical Orthopedics of the Dental Department of the SUMA Center
was analyzed using the Six Sigmamethodology. Three non-added-value activities related
to inventory and overprocessing (re-work) wastes were identified; and five areas of
opportunity. To improve the performance of the process, five innovations were proposed.

Together with the Pre-surgical Orthopedics specialists, the follow-up formats and
medical notes were updated. Additionally, to provide more evidence for making an
accurate and timely diagnosis, a new format was designed to record the anthropometric
measurements of the anatomical structures affected by the fissure. These three formats
are currently being used for the registration and follow-up of patients in the SUMA
Dental Department. The evaluation of the impact of these improvements will be done in
six months.

It is important to say that it is imperative that the Dental Department eradicate the
use of paper in patient records and migrate to digital tools to perform these tasks. That
is why, it is necessary to have updated computers and software, as well as the training
of specialists to use these digital tools.

Finally, although in this work the Six Sigma methodology was applied to innovate
pre-surgical orthopedic processes, it is important to say that this methodology can be
used to improve any type of process related to health care.

Acknowledgement. The authors want to thankDoctors Scarlett Escobar andMayraÁlvarez from
the Dental Department of the SUMACenter, because without their collaboration the development
of this work would not have been possible.
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Abstract. The COVID-19 pandemic has impacted clinical engineering proce-
dures, including medical technology management, training and technical support,
quality risk management, and research and development. This research aims to
highlight the permanent changes in clinical engineering practices that emerged
due to the pandemic in OECD member countries. By analyzing sources of infor-
mation, this study examines how the adoption of technologies and digitization of
healthcare have been accelerated during the pandemic. The findings are presented
in implementations focused on telemedicine, big data, and digital healthwhile also
identifying areas of opportunity and challenges for the ongoing adoption of these
measures.This abstract provides a succinct summaryof the research’s focus, objec-
tives, and key findings related to the impact of COVID-19 on clinical engineering
procedures and the consequent transformations in healthcare practices.

Keywords: clinical engineering · COVID-19 · OECD

1 Introduction

In December 2019, a cluster of pneumonia cases with an unknown cause was observed in
Wuhan,China, leading to an increasingnumber of reported human infections [1, 2]. Itwas
later confirmed as a novel coronavirus, SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) [1]. On March 11, 2020, the World Health Organization declared the
disease caused by SARS-CoV-2 as coronavirus disease 2019 (COVID-19) and classified
it as a pandemic [2].

COVID-19 generated significant stress within various healthcare services due to its
high contagion rate, leading to an overload of the healthcare system and demanding
organizational changes. Throughout the pandemic, healthcare professionals acquired
the knowledge and skills required to manage patients infected with COVID-19, utilizing
the available resources at the time. These workers faced numerous challenges since the
onset of the pandemic, including adapting hospitals for the treatment of SARS-CoV-2-
infected patients, limited availability of protective equipment for staff, and inadequate
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clinical protocols [3]. The surge in demand for medical services caused by the pan-
demic prompted healthcare managers to focus on implementing actions to maximize the
efficient utilization of limited resources [4].

Griffin et al. [5] list the initial challenges arising fromCOVID-19 and the correspond-
ing solutions. These include expanding service capacity, ensuring employee well-being,
addressing clinical challenges, and providing education on the subject. Based on these
issues, contingency plans, ethical recommendations, guidelines on ventilation systems,
and resource and patient redistribution strategies were developed [6].

Observing the healthcare system’s response to the increased demand for medical
care and recognizing the emerging medicolegal and ethical aspects faced by health
professionals, consensus documents were developed, incorporating medical criteria and
fundamental ethical values [7]. Tomitigate the spread of the viruswithin healthcare facil-
ities, measures such as audits, training, and continuous supervision were implemented
[8].

The digitalization of healthcare emerged as a potential solution to transform health-
care delivery during the pandemic [9]. Telehealth, for instance, proved to be a valuable
tool for COVID-19 patients, enabling remote assessment and care delivery. Conversely,
telehealth provided convenient access to routine care without exposure in crowded hos-
pitals for uninfected individuals at higher risk, such as older adults with pre-existing
conditions [10]. The application of intelligent technologies or systems to control and
manage SARS-CoV-2 infection offered various advantages, ranging from the rapid pro-
duction of 3D-printed medical products to the timely assessment of hospital activities
using artificial intelligence and machine learning [11].

According to the adaptations, changes, and regulations implemented in hospitals
to provide care for COVID-19 patients in member countries of the Organization for
Economic Cooperation and Development (OECD), this paper aims to investigate the
long-term impact of these measures on clinical engineering procedures.

2 Methods

A comprehensive search was conducted to identify scientific articles, reports, and docu-
ments that discussed the implementations resulting from the COVID-19 pandemic and
their impact on clinical engineering. These sourceswere gathered fromvarious databases
and subsequently compiled for further analysis. The acquired information was tabulated,
and inclusion and exclusion criteria were applied to refine the data.

Inclusion criteria:

• Information collected from scientific articles and reports from OECD member
countries.

• The articles had to be published in English or Spanish.
• The articles had to evaluate the impact or permanence of adaptations, changes, and

regulations implemented in hospitals to care for patients with COVID-19.
• The timeframe for inclusion was from 2020 to 2022.

Exclusion criteria:

• Information frombooks andother systematic or state-of-the-art reviewswas excluded.
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2.1 Document Search

To align with the definition of clinical engineering as the application of engineering
knowledge and health technology management to support patient care, a list of relevant
terms associated with the topic was generated. These terms created Boolean equations
that enhanced the search for relevant information. The search equation was employed
in the following databases: EBSCO, PubMed, and ScienceDirect. The University of
Ciudad Juarez provided direct access to these databases. The search Eq. (1) used was
formulated in English and Spanish.

((coronavirus OR COVID-19 OR SARS-Cov-2 OR pandemic OR post-covid-
19) NOT (allergic OR vaccination OR during)) AND (hospitals OR "health 
facilities" OR "medical equipment" OR healthcare OR "biomedical engineer-
ing" OR "clinical engineering") AND ("internet of things" OR telemedicine 
OR "patient monitoring" OR "electronic health records" OR "medical technol-
ogy" OR "big data”) (protocols OR normative OR regulations OR "government 
policy") 

(1)

2.2 Classification of Information Sources

An Excel file was created to facilitate the organization of the collected information.
The file consisted of four different sheets: title, DOI, inclusion/exclusion/revision, and
reason. Each sheet corresponded to a specific database where the results were obtained.
Documents meeting the inclusion criteria, as determined by the content of their abstracts
and titles, were added to the inclusion section of the Excel file. The DOI of each included
document was recorded for identification purposes.

2.3 Content Analysis and Identification of Adaptations

The selected information sources from the initial stage were subjected to a detailed
content analysis based on the established guidelines. A table was created to identify the
title of each article, provide a summary of its content, specify the implemented change
or adaptation, describe how the implementation was carried out, identify the specific
area where it was implemented, and include an inclusion/exclusion condition section to
filter further and categorize the obtained results effectively.

2.4 Categorization of Identified Changes

To ensure a structured view of the identified implementations or adaptations, the search
terms associated with clinical engineering were utilized to define categories for classi-
fying the selected information sources. This categorization process aimed to present the
gathered information clearly and organized. The articles and reports were categorized
into the following fields: telemedicine, microdata, and eHealth. Once the categories were
established, the obtained information was presented through tables, focusing on visu-
alizing the implemented actions and their applications in various medical areas rather
than sorting them by specific medical fields.
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3 Results

This section presents the findings, synthesizes, and discusses the identified areas of
opportunity or challenges associated with the obtained results.

3.1 Document Search

Equation 1 was utilized in the search engines to retrieve relevant information. However,
the search conducted using the equations in Spanish did not yield significant results. As
a result, only the equations in English were applied. Figure 1 shows the PRISMA 2020
flow diagram for identifiying of studies via databases and registers.

Fig. 1. Prisma 2020 flow diagram.

3.2 Summary of Selected Sources

Out of the initial 39 documents, a final selection of 10 documents was made as
information sources. This reduction was made with the specific aim of highlighting
real-world project implementations. The following tables present the categorization of
the identified implementations. Table 1 showcases implementations centered around
telemedicine; Table 2 focuses on implementations related to big data, and Table 3
highlights implementations in the realm of digital health.
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Table 1. Implementations focused on telemedicine.

Article Health area Situation to be addressed Summary of contents

[12] Neurology Amyotrophic Lateral Sclerosis
Clinical Trials

Telemedicine requirements for
supporting clinical trials in
recruitment, consent, screening,
and evaluation, such as
investigator compliance with
FDA-1572. Remote tests, like
the ALSFRS-R, are performed
for ALS treatment

[13] Orthopedics Remote patient care in surgical
orthopedics

Identifying the benefits and
challenges of remote care
became necessary during the
COVID-19 pandemic. Benefits
include increased access to
healthcare and decreased
provider spending. The
challenge to address: Cost
management for technology
implementation and
maintenance

[14] General Practice Two-way communication
systems linked to the patient’s
medical record

Existing patient portals are
being improved to allow online
interfaces for patients to
monitor certain aspects of their
health remotely, such as blood
sugar levels or blood pressure

[15] Otolaryngology Digital assessment and care Shift towards using virtual
platforms for patient care that
comply with HIPAA
requirements, including
platforms like “Skype for
Business,” “Zoom for
Healthcare,” “Google G Suite
Hangouts Meet,” “Doxy.me,”
“Updox,” and “Vsee”

[16] Neurology /
Neurophysiology

Development of guidelines in
Italy for clinical
teleneurophysiology

Use of secure VPN connections
and remote desktop programs
to establish both in-hospital and
out-of-hospital computer
networks, ensuring compliance
with patient privacy legislation
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Table 2. Implementations focused on big data.

Article Health area Situation to be addressed Summary of contents

[17] N/A Secure informed consent of
personal data provided by
individuals

Research on synthetic data,
generated by artificial
intelligence algorithms
trained on real-world data,
aiming to address the issue
of miscommunication
regarding informed consent
and the abuse of personal
data

[18] Oncology, General
Medicine, Gynecology,
and Obstetrics

Measuring the performance
of healthcare innovations

Use of dashboards to
present key performance
indicators and enable
performance management in
hospitals. Example
applications in pilot projects
include deploying a tracking
interface for locating
medical equipment and
utilizing big data to identify
workflow bottlenecks within
the hospital

[19] N/A Unfalsifiability and
anonymity of patient
information

Proposing a secure and
privacy-preserving
authentication system,
known as SEAPA, based on
Lattice’s approach, to meet
the data security
requirements of
cyber-physical healthcare
systems

3.3 Summary of Findings

Although the articles were classified based on the primary implementation identified,
they have a close relationship. Telemedicine in clinical engineering is connected to
managing big data, and digital health is linked to artificial intelligence, cybersecurity,
and big data. An example of this relationship is in reference [22], where inter-societal
recommendations by the Italian Society of Neurophysiology and the Italian Society
of Telemedicine are mentioned. These recommendations involve using computer net-
works, secure VPN connections, and remote desktop software to enable remote control
of electro-medical equipment by physicians.
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Table 3. Implementations focused on digital health.

Article Health area Situation to be addressed Summary of contents

[20] N/A Investing in new information and
communication technologies, such
as artificial intelligence,
cybersecurity, and high-
performance computing

The new European interoperability
framework was announced in
2017, and research work has been
conducted to implement it as a
strategy within the timeframe of
2020–2025

[21] N/A Modernize the information system
with the purpose of guaranteeing
reliable information that anticipates
the needs of the population and
favors the National Health System

Policy guidelines related to
e-health are mentioned, including
coordinating measures to prevent
and combat diseases, particularly
during pandemics, focusin on
utilizing digital media. Emphasis is
placed on improving
communication, databases, and
digitizing records in the healthcare
sector

Compliance with General Data Protection Regulation (GDPR) requirements, such
as appointing a data protection officer, maintaining a register of processing activi-
ties, obtaining signed consent, and conducting data protection impact assessments, is
necessary for health institutions.

Critical data management and control are often outsourced to external providers.
Patient rights regarding access, deletion, and transfer of personal data should be
respected.

During the COVID-19 crisis, big data technology was used to support virus con-
trol, and it continues to be used for performance management in hospitals. Integrated
management tables and pilot projects were utilized to analyze their functionality.

The pandemic has led to the adoption of medical technologies in most of the OCDE
countries, particularly in private health institutions. Digital health has been incorporated
to improve administrative management, with logic/benefit measures applied to labora-
tory information systems and medical imaging. Laboratory chains are more advanced
in medical technology and telemedicine services, allowing for experience and quality to
be gained before implementing them in more extensive settings like hospitals.

3.4 Limitations and Future Areas of Opportunity

Although the benefits of clinical engineering strategies during the pandemic have been
discussed, there are also areas of opportunity for further improvement and their continued
implementation in clinical practices.

Reference [17] highlights a limitation related to users not always limiting the use of
their personal data to the original purpose for which consent was given. In one example,



Permanent Changes in Clinical Engineering Procedures Since COVID-19 229

private information collected for tracking purposes during the pandemic was used in a
murder investigation, indicating a need to address mishandling of patient data.

Other limitations identified in the investigation include the time range of the
search, with many articles focusing on pandemic mitigation strategies rather than future
applications or potential long-term implementation in clinical engineering.

Member countries face various limitations in achieving permanent implementations,
such as the absence of interoperable platforms, inadequate regulatory frameworks for
digital health, limited budgets, and operational capabilities.

The Mexican Health Sector Program proposes six action plans to address these
limitations and promote digital health:

1. Create a Health Intelligence Center to standardize information recording and storage.
2. Utilize existing information systems to create platforms and databases.
3. Digitize records or promote interoperability across different levels of care.
4. Strengthen mechanisms for recording personal data to avoid duplication.
5. Implement telemedicine in marginalized populations.
6. Improve the evaluation and management of Information and Communication
Technologies in healthcare to enhance service quality.

4 Conclusions

The investigated implementations played a significant role in mitigating the spread of
the SARS-CoV-2 virus and have found additional applications in healthcare and health
management practices, leading to their permanent use.

The categorized applications and changes highlight the interconnectedness between
different functions, such as the need for interoperability to support patient information
management, closely related to digital health.

While the adoption of technologies for risk management during the pandemic was
accelerated, the permanent implementation of these technologies in clinical engineering
procedures requires careful consideration of various factors, including technology costs,
legal agreements, the appointment of data protectionofficers, andongoingdata protection
assessments.

The research needs to be more transparent regarding whether healthcare managers
comply with the necessary agreements, training, regulations, and standards to establish
the permanence of technologies in different healthcare areas officially. The need for
written agreements, training, and regulatory frameworks is discussed, as well as the
potential reliance on temporary consents and permits, which may indicate the current
state of the permanence of these technologies in clinical engineering procedures.
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Abstract. This study investigates the influence of hospitals built with conven-
tional architecture compared to those built using neuroarchitecture, a branch
of architecture that considers the impact of design on cognitive and emotional
responses. Neuroarchitecture merges architectural design and brain science, craft-
ing environments optimized for human well-being. It encompasses factors like
spatial layout, colors, textures, and acoustics to shape cognitive and emotional
responses positively. This interdisciplinary approach aims to create spaces that
promote relaxation, focus, and overall mental health. A device sensitive to skin
impedancewas used tomeasure symptoms of stress. A total of 28 participantswere
shown two videos, one featuring conventional architecture and the other showcas-
ing neuroarchitecture. Additionally, the Depression, Anxiety and Stress Scale - 21
Items (DASS-21) questionnaire was administered to assess the symptomatology
of stress, depression, and anxiety. Significant differences in skin impedance were
found between subjects exposed to Neuroarchitecture and Conventional Architec-
ture environments. In the Tococirugía data, Neuroarchitecture showed an average
impedance of 355 K� compared to 287 K� in the conventional environment.
Similarly, in the UCIN data, Neuroarchitecture had an average impedance of 302
K�while the conventional environment had 230K�. For theUTIN data, Neuroar-
chitecture exhibited an average impedance of 377 K�, whereas the conventional
environment had 235 K�. The DASS-21 questionnaire results indicated higher
levels of moderate stress (53.5%) compared to mild anxiety (46.4%) and mild
depression (50%) among medical personnel in the evaluated clinical services.

Keywords: Neuroarchitecture · Stress reduction · Skin impedance · Stress
Scale-21 ·Medical personnel

1 Introduction

Stress is a significant factor that impacts individuals’ health andwell-being,with the brain
playing a crucial role in our stress response. Chronic or excessive stress can have neg-
ative effects on health, while moderate stress can have positive effects on adapt-ability.
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Stress activates the hypothalamic-pituitary-adrenal and sympathetic-adrenomedullary
axes, triggering physiological responses to maintain homeostasis. Disruptions in these
axes are associated with psychological disorders and health problems [1]. Stress also
affects memory, behavior, and overall health. The American Psychiatric Association
(2017) points out anxiety and depression disorders can lead to suicidality, increased
cardiovascular risk, sleep problems, and other symptoms [2].

In Mexico, occupational stress affects 63% of workers, the highest percentage glob-
ally [3]. Healthcare professionals are particularly vulnerable due to overwhelming de-
mands [4]. Environmental demands impact satisfaction, well-being, and functioning [5].
Neuroarchitecture explores design’s influence on cognitive and emotional re-sponses.
Some elements define this field: spatial layout and flow impact navigation and com-
fort; lighting influences circadian rhythms and mood; color palette evokes emotional
responses; materials and textures affect tactile experiences; acoustics and noise control
influence stress levels and concentration; biophilic design connects to nature, reducing
stress; and environmental comfort, including temperature and air quality, impacts well-
being. These elements play a crucial role as they interact with sensory perceptions and
cognitive processes, enabling architects and designers to craft spaces that optimize cogni-
tive function and emotional well-being by aligningwith the brain’s innate tendencies and
capacities [7]. Research demonstrates Neuroarchitecture’s benefits in healthcare, reduc-
ing pain, stress, and anxiety medication use, and enhancing patient and staff satisfaction
[8, 9]. Neuroimaging reveals the Para-hippocampal place area’s role in processing and
storing information, intensifying in response to specific places and visual scenes [6].

As mentioned above, the occupational stress among healthcare workers is a signifi-
cant concern [10], and the situation in our country is not an exception. Hence, this study
aims to corroborate the following hypothesis: “There are differences in psychologi-
cal stress among medical personnel, as measured by skin impedance when observing
Neuroarchitecture in comparison to Conventional Architecture at the Guadalupe Victo-
ria Maternal and Child Hospital in Atizapan de Zaragoza”. To achieve this, measures
regarding stress response through galvanic skin impedance (GSR), aka electrodermal
activity (EDA), andLikert-type questionnaires likeDepression, Anxiety and Stress Scale
- 21 Items (DASS-21) were employed as the have shown to provide valuable insights
into anxiety, depression, and stress levels.

2 Materials and Methods

A system was developed to measure skin impedance using an impedance sensor as well
as to showcase virtual reality videos created with Conventional Architecture and Neu-
roarchitecture, aiming to provide visual representation of the investigated environments.
At the end the DASS-21 questionnaire was administered to obtain levels of depres-
sion, anxiety, and stress experienced by the medical personnel at the Guadalupe Victoria
Maternal and Child Hospital in Atizapan de Zaragoza. The following sections details
the developed system, data acquisition and data analysis performed in this study.
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Fig. 1. In section A, the sensor (Grove - GSR Sensor) connected to the Arduino is observed.
Section B shows the virtual reality glasses (Oculus Rift), section C displays the sensor with
electrodes, and section D depicts the sensor and VR glasses placed on the user.

2.1 System Development

Skin impedance measurement was conducted using the Grove - GSR sensor (Seeed
Studio, Shenzhen, China), which measures skin impedance connecting two electrodes to
different fingers. It is well-known that skin conductance, or impedance, directly provides
information about human emotional behavioral regulation, justifying its use for stress
detection applications. The sensor sends the signal as voltage to an Arduino UNO board
(Arduino, New York, USA), where the voltage is converted into impedance.

Physically, the used Grove - GSR sensor, shown in Fig. 1A, was connected to two
nickel electrodes (labels A.1 and A.2). Additionally, as shown in Fig. 1.B, virtual reality
goggles (Oculus Rift, California, USA) were used to show a video of Conventional
Architecture and a video with Neuroarchitecture in hospitals. To conduct the study, the
nickel electrodes were inserted into a pair of elastic garments, shown in Fig. 1C and
labels C.1 and C.2, to ensure contact with the fingers. Finally, during the study, the
sensor electrodes were placed on the middle and ring fingers to measure skin impedance
while videos were presented.

To create the architectural environments, virtual reality videoswere download, show-
casing Neuroarchitecture and Conventional Architecture in hospitals. The videos were
sourced from the websites of Hospital Serena del Mar in Colombia (Fig. 2, labels A,
C, E, G) and Hospital General 450 in Mexico (Fig. 2, labels B, D, F, H). The videos
were randomly played for participants using the virtual reality headsets, and the skin
impedance measurements were taken while they were exposed to each environment.

2.2 Data Acquisition

This non-randomized experimental study compares the psychological stress response of
medical personnel when observing Neuroarchitecture in hospitals versus Conventional
Architecture. Three physicians and 25 nurses (N = 28) aged between 25 and 45 years,
who are part of the medical staff at Guadalupe Victoria Maternal and Child Hospital
in Atizapan de Zaragoza, with an 8-h work shift from 7:00 am to 3:00 pm, Monday to
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Friday, andwith 2 to 10 years of work experience at the hospital, were selected. Themed-
ical staff from the Neonatal Intensive Care Unit (known as UCIN in Mexico), Neonatal
Intermediate Care Unit (known as UTIN in Mexico), and Labor and Delivery (known as
Tococirugía in Mexico) provided their support. Inclusion criteria were the acceptance
and signing of the informed consent letter by the medical personnel. Exclusion criteria
included individuals who were unable to tolerate the test. Ethical considerations were
addressed throughout the study, ensuring the dignity and rights of the subjects. Confiden-
tiality of information and data was guaranteed, and informed consent was obtained from
the medical personnel. The study adhered to the standards established in the General
Health Law for Health Research in Mexico.

Fig. 2. Hospitals with Neuroarchitecture and Conventional Architecture: A), B) Hospitalization
Spaces; C), D) Waiting Areas; E), F) Green Areas; G), H) Exterior Views of Both Hospitals,
Serena del Mar Healthcare Center (A), C), E), G)) and Hospital General 450 in Durango (B), D),
F), H)).
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2.3 Data Analysis

The collected data were analyzed using descriptive statistics, including box plots to
visualize the distribution of skin impedance data. The data from the DASS-21 question-
naire were also analyzed to determine the levels of depression, anxiety, and stress in
the medical personnel. This analysis provided information on the impact of Neuroarchi-
tecture on the mental health of medical staff. Statistical analysis was performed using
R Studio Ver. 1.4.1703 (RStudio, Inc., Boston, MA, USA), to evaluate the difference
in skin impedance levels between the two hospital environments. For each impedance
signal, the last 30 s of each signal were analyzed, considering that a transition from one
psychological state to another had already occurred at that point. Finally, these values
were averaged for each subject. An unequal variance t-test was conducted on dependent
samples with a significance level of p < 0.05, and a left-tailed hypothesis to determine
whether the two groups had a statistically significant difference in terms of their mean
skin impedance values.

Fig. 3. Mean differences obtained in: A) Tococirugía, B) UCIN, and C)UTIN. All graphs (x-axis)
depict the comparison between conventional architecture and neuroarchitecture, while the y-axis
represents the change in impedance, using the same scale for all graphs.

3 Results

The results of the test to verify if there was a difference in skin impedance between sub-
jects exposed to Neuroarchitecture and Conventional Architecture environments were
found to be the following.

For the Tococirugía data, as shown in boxplots from Fig. 3A, a statistically sig-
nificant difference was observed (t = −64.699, p = [2.2x10](−16)) in the average
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skin impedance between neuroarchitecture and conventional environments. The average
impedance in the Neuroarchitecture environment was 355K�, while in the conventional
environment, it was 287K�.

Regarding the results for the UCIN data, shown in Fig. 3B, a significant difference
(p = [2.2x10](−16)) in the average skin impedance between the two environments was
also found. In this case, the average impedance in the Neuroarchitecture environment
was 302K�, while in the conventional environment, it was 230K�.

Finally, for the UTIN data, shown in Fig. 3C, a statistically significant difference
(p = [2.2x10](−16)) in the average skin impedance was also observed between the
neuroarchitecture and conventional environments. The average impedance in the Neu-
roarchitecture environment was 377K�, while in the conventional environment, it was
235K�.

Table 1 summarizes the results regarding the DASS-21 questionnaire. They indicate
that 14.3% of the medical personnel in the Hospital presented normal levels of stress,
followed by 21.5% for mild, 53.5% for moderate, and 10.7% for severe. Also, they
indicate that 14.3% of the medical personnel in the Hospital presented normal levels of
anxiety, followed by 46.4% for mild, 35.8% for moderate, and 3.5% for severe. Finally,
for the depression section of the DASS-21 questionnaire indicates that 21.5% of the
medical personnel presented normal levels of depression, followed by 50% for mild,
25% for moderate and 3.5% for severe. These results suggest a higher stress prevalence
than anxiety and depression in the three evaluated clinical services.

Table 1. DASS-21 scores.

Percentage of Incidents

Symptomatology Normal Mild Moderate Severe Extremely severe

Stress 14.3% 21.5% 53.5% 10.7% 0

Anxiety 14.3% 46.4% 35.8% 3.5% 0

Depression 21.5% 50% 25% 3.5% 0

4 Discussion

This study examined the relationship between hospital architecture and the physiolog-
ical response of healthcare workers using skin impedance measurements. The results
indicated that Neuroarchitecture environments influenced the psychological stress and
average skin impedance in the Tococirugía subjects. The higher impedance observed in
the Neuroarchitecture environment may be attributed to its design factors aligned with
Neuroarchitecture principles [10]. These findings align with previous studies suggest-
ing that Neuroarchitecture-built environments positively impact sensory experience and
well-being [11, 12].

However, this study had limitations, including a small sample size and focus on a
single Tococirugía service in a specific hospital. Factors such as age, specific med-
ical conditions, and patient stress were not evaluated, which could influence skin
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impedance. Further research should assess each Neuroarchitecture factor independently
and explore whether their combination contributes to the observed statistical difference.
Larger-scale investigations in diverse hospitals, considering these factors, are recom-
mended to enhance understanding of the influence of Neuroarchitecture environments
on psychological stress and their potential association with skin impedance.

Furthermore, the results in subjects working in UCIN and UTIN services were very
similar to those obtained in Tococirugía. Therefore, we believe that regardless of the
clinical area in which this study is conducted, the results will be consistent with our
findings in Tococirugía. It worths noting that, we believe that the results of UCIN and
UTIN present the same limitations as the Tococirugía study.

The results of theDASS-21questionnaire highlight the importance of addressing psy-
chological stress in healthcare personnel in the UCIN, UTIN, and Tococirugía services.
However, particularly in the UCIN, the results showed a higher prevalence of psycholog-
ical stress. We believe that the stress experienced by the subjects in this service is due to
the emotional burden of caring for critically ill patients, as well as the physical demands
involved [13], which may contribute to higher levels of stress compared to other areas.
Therefore, since these hospitals are unlikely to change their architecture from conven-
tional to Neuroarchitecture, we believe it is necessary to implement stress management
strategies and provide appropriate psychological support to ensure the well-being of
healthcare personnel.

Moreover, it worths highlighting that, although the results showed that stress was the
most prevalent condition in all three services, significant levels of anxiety and depression
were also observed. Therefore, we believe that it is necessary to comprehensively address
the mental health of healthcare professionals by offering courses and workshops that
address psychological stress, anxiety, and depression in this population. Finally, we
acknowledge that a limitation of the study with the DASS-21 questionnaire is the lack
of a control group, and we believe it is necessary to include one in future studies.

Results emphasize addressing stress, anxiety, and depression through tailored inter-
ventions and psychological therapies to improve mental health [14]. Additionally, we
believe it is necessary to provide Special attention needed for individuals with severe
conditions.

5 Conclusion

This study provides evidence that Neuroarchitecture can have a positive impact on reduc-
ing stress among healthcare personnel compared to a hospital with conventional archi-
tecture. These findings are important as stress can significantly affect the quality of care
provided by medical staff to patients.

Moreover, building on the Neuroarchitecture perspective, a set of overarching rec-
ommendations comes to the fore. These recommendations, guided by the essence of
Neuroarchitecture, have the potential to reshape hospital spaces. Ranging from the incor-
poration of calming design elements, such as nature-inspired motifs and aesthetically
pleasing color palettes, to optimizing spatial arrangements that promote relaxation.

Furthermore, this study suggests that biomedical engineers, architects, and design-
ers involved in hospital construction should consider incorporating Neuroarchitecture
principles when designing a hospital.
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Abstract. This work focused on enhancing the management of medical equip-
ment in a hospital by utilizing Quick Response (QR) codes and a customized
database. For this purpose, a MySQL database was established, containing com-
prehensive information about the available medical equipment within the hospi-
tal. Additionally, a Graphical User Interface (GUI) connected to the database was
developed, enabling data editing, maintenance date updates, and QR code gen-
eration for each individual equipment. These QR codes were affixed to the med-
ical equipment to facilitate easy tracking and organization. An experiment was
conducted to demonstrate the efficiency of QR code utilization as compared to
manual information retrieval. Throughout the experiment, challenges such as lim-
ited knowledge regarding equipment location and restricted database access were
also identified. Technical solutions were proposed to enhance the connectivity
between mobile devices and the hospital’s database. Overall, the implementation
of the QR code and database-driven approach significantly improved the medi-
cal device management system’s organization, enabling efficient maintenance and
precise tracking of equipment locations.

Keywords: Health Technologies ·Medical Equipment · QR Code

1 Introduction

Propermanagement ofmedical equipment is crucial to ensure the safety and effectiveness
of healthcare services. Improper use of these equipment can have serious consequences
and impact the quality ofmedical care. InMexico, there is a need to improve themanage-
ment of medical equipment, as risks such as equipment unavailability, safety issues, and
their incorrect location have been identified. To address these challenges, technological
solutions such as the use of QR codes and NFC chips have been proposed [1].

QR (quick response) codes are information carriers that can be scanned using a
camera-enabled mobile device, making them practical and cost-effective. On the other
hand,NFC (near field communication) chips enable short-rangewireless communication
and are considered secure for transmitting data between devices. These technologies can
enhance the management of medical equipment by providing detailed information and
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facilitating staff training [2]. In an experiment conducted at the Medical University
of Shanxi in Taiyuan, China, it was demonstrated that the use of electronic manuals
with QR codes improved data search and training, as well as equipment utilization and
satisfaction by healthcare personnel. This finding suggests that QR codes are a viable
and cost-effective option when compared to NFC chips [3].

In this study, research was conducted on the implementation of a medical equipment
management system using QR codes at a Hospital in Atizapán de Zaragoza, Mexico,
with an inventory of 408 medical equipments. The aim of the study was to improve orga-
nization and prevent adverse events and was prompted by recognizing issues with the
manual and impractical process of information retrieval for order filling. The Biomed-
ical Engineering Department (BMED) oversaw the implementation of a computerized
management graphical user interface (GUI) to handle medical equipments, including
the incorporation of new equipment, maintenance, and inventory control.

2 Materials and Methods

2.1 Design and Implementation of the System

The implemented medical equipment management system consisted of a database, a
GUI, and QR codes affixed to the medical equipment. The relationship between these
three components is shown in the flowchart of Fig. 1, and their design and implementation
are described below.

Fig. 1. Flowchart illustrating the components and workflow of the proposed medical equip-
ment management system, showcasing the database, GUI, and QR code integration for efficient
equipment tracking and maintenance.

First, a Structured Query Language (MySQL) database, managed using the php-
MyAdmin software tool (PhpMyAdmin, Gifhorn, Germany), was established to gather
information about medical equipment within the hospital. The database contained essen-
tial details of each of the 408 registered medical equipments, including their ID, name,
brand, model, serial number, inventory number, asset control number (SICOPA number
from the State ofMexico’sweb-based asset control system), area, and location.Addition-
ally, it recorded the scheduled dates for upcoming preventive or corrective maintenance
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or, alternatively, the date of the most recent maintenance performed on the respective
equipment. The database was designed with three tables: 1) Equipment, 2) Areas, and 3)
Sites. As medical equipment is assigned to specific areas and sites, the Areas and Sites
tables were created to track existing areas and sites. These tables were interconnected
with the Equipment table, as depicted in Fig. 1, as each piece of equipment must be
associated with a designated area and site.

Regarding the GUI, it was developed using the Java programming language and
the NetBeans platform (NetBeans, Menlo Park, CA, USA). The GUI was linked to
the aforementioned database, enabling access to and modification of stored informa-
tion. Functionalities of the GUI encompassed editing medical equipment data, updating
maintenance schedules, adding or removing equipment, and generating QR codes. Illus-
trated in Fig. 1, the bidirectional connection between the database and theGUI facilitated
information retrieval from the database and allowed data modification within the GUI.

TheGUI’s distinctive feature involved generating a uniqueQR code for eachmedical
equipment. These QR codes encapsulated information authorized by the Biomedical
Engineering Department (BMED) is head to be easily displayed to hospital personnel,
including ID, name, brand, model, serial number, inventory number, SICOPA number,
area, and location. These generated QR codes consisted solely of text. When scanned
using a QR code reader application, the text within the code appeared on the device’s
screen (be it a smartphone or tablet) without necessitating an internet connection. It
is noteworthy that the QR code implementation aimed to enhance medical equipment
organization and trackingwithin the hospital. Consequently, generating uniqueQRcodes
for eachmedical equipment facilitated straightforward scanning using anymobile phone
or tablet, eliminating the requirement for an internet connection (Wifi, GSM, 3G, 4G,
or 5G). This proves particularly advantageous within a hospital environment where
consistent access to a stable internet signal might be restricted.

Ultimately, the QR codes generated by the GUI were printed and affixed to each
medical equipment using label paper, and an additional transparent adhesive protective
layer was applied to prevent damage during cleaning.

Access to theGUI is exclusively granted to theBMEDpersonnel. They are authorized
to generate QR codes for any hospital equipment and update the database. The GUI is
accessible solely from the BMED computer and is supervised by the department head.

2.2 Experiment

A randomized experiment was conducted to test whether the time taken to complete a
service order using the implemented systemviaQRcodeoffers an advantage compared to
manual filling, that is, without using the implemented system. For this purpose, fifteen
volunteers (n = 15) from the BMED were recruited. Inclusion criteria were subjects
involved in preventive and corrective maintenance services for medical equipment, with
3 to 5months of work experience, on the morning shift, as the hospital’s BMED operates
only during the morning shift, and all participants were interns. Exclusion criteria were
subjects not involved in these services, and non-inclusion criteria were subjects who had
to withdraw from the experiment for any reason. No personal information was requested
from them. For each volunteer, the time required for each procedure, that is, information
retrieval with and without QR codes, was measured. Finally, the obtained data were
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compared using a Welch’s t-test (α = 0.05), using R Studio software Ver. 1.4.1703
(RStudio, Inc., Boston, MA, USA).

3 Results

3.1 Implemented System

Thefinal database comprises three tables: Equipment,Areas, andSites. These tables store
pertinent details about each piece of equipment, including the scheduled date for its next
preventive and comprehensive maintenance. Figure 2 illustrates the connection between
the Areas and Sites tables to the Equipment table, allowing the creation of a dropdown
menu that enables users to choose from existing areas and sites within the hospital.
This functionality streamlines the process of selecting and associating equipment with
specific areas and sites within the hospital.

Fig. 2. Diagram illustrating the structure and relationships of the database, showcasing the
Equipment, Areas, and Sites tables.

Regarding the implemented GUI via NetBeans, it offered seamless and efficient
access to the information stored in the database. The bidirectional connection between
the database and the user interface allows for timely updates of the information. Figure 3
displays a screenshot of the implemented GUI, showcasing the interface design and the
buttons utilized for various functionalities.
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Fig. 3. GUI showcasing the intuitive design and user-friendly interface. The GUI provides
seamless navigation and access to various functionalities, including equipment registration, and
maintenance scheduling.

Implementation and deployment of QR codes generated from the database informa-
tion has allowed for more precise tracking of medical equipment. Figure 4 illustrates
howQR codes were applied to each piece of medical equipment, enabling easy scanning
and retrieval of relevant information. This implementation has streamlined the tracking
process, improving efficiency and accuracy in equipment management.

Fig. 4. Deployment of implemented QR codes. Left: The application of QR codes to each piece
of medical equipment. Right: The QR code visibly applied on a vital signs monitor, ready for use.
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An example of information retrieval using QR codes is depicted in Fig. 5, where
the smartphone camera is seen reading the QR code and the obtained information is
displayed directly in the mobile device. This information includes all relevant details
about themedical equipment. EachQRcode can be scanned by anymedical staffmember
to review the equipment’s information.

Fig. 5. Scanning of QR codes and information retrieval. Left; The camera of the cellphone
scanning the QR code. Right: The information displayed upon scanning the QR code.

3.2 Hypothesis Testing

The resulting data about times required to fill out an order both with and without the
use of QR codes is summarized in the box plot of Fig. 6. Statistical analysis via Welch’s
t-test, considering a 95% confidence level, revealed a mean difference (t = 2.79) with
a statistically significant difference (p = 0.0099) in time taken to fill out a maintenance
request form in the experimental group (x = 58.73s) compared to the mean value in the
control group (x = 76.33s). Additionally, there was less dispersion in the experimental
group (σ = 13.57s) compared to the control group (σ = 20.29s), as can be noted from

Fig. 6. Distribution of the search times for equipment information without using the QR code
and using the QR code strategy. Statistically significant differences (p = 0.0099) were observed
between the two samples.
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Fig. 6. The analysis reveals significant differences between the two samples, indicat-
ing that the utilization of QR codes substantially reduces the time required to retrieve
equipment information.

4 Discussion

The implementation of QR codes has proven to be effective in improving the efficiency
of medical equipment management by providing easy access to relevant information
and avoiding confusion [4]. This is particularly relevant for Biomedical Engineering
Departments, nurses, and physicians who often struggle with knowing the location of
each medical equipment.

Thedevelopment of the database revealed inconsistencies andmissingdata in the hos-
pital’s inventory, which is a common issue in many hospitals [5]. A thorough inventory
review was necessary to determine which equipment was decommissioned, operational,
or in storage, among other details. Once the information was correctly established, each
medical equipment was registered in the database, including its name, brand, model, ID,
inventory number, serial number, asset control number, area, and location.

Regarding the comparison between retrieval information times without QR codes
versuswithQR codes, the results showed that the use ofQR codes significantly improved
the speed of recording preventive and corrective maintenance services in the BME
Department (p = 0.0099). This solution can be particularly beneficial for BME workers
as it allows faster and more efficient access to relevant information.

Additionally, the implementation of QR codes has been found to increase accuracy
in service order completion. Previously, personnel had to physically search for equip-
ment details or check computer records, which was a time-consuming process prone to
errors. By utilizing QR codes, the probability of human errors is reduced as information
is directly scanned from the equipment, resulting in less time spent (x= 58.73 s vs.
x = 76.33 s). Furthermore, the Deputy Head of the BME Department does not have
to allocate additional time and resources to review and correct incorrect orders, thereby
improving process efficiency. This can have a positive impact on the quality of pre-
ventive and corrective maintenance of medical equipment, indirectly affecting patient
care. A study published, in the Medical Journal of the Mexican Social Security Institute
in 2016, found that delays in maintenance can lead to increased patient waiting times,
appointment cancellations, and decreased diagnostic and treatment quality [6]. Thus,
timely and efficient maintenance services are crucial to ensure medical equipment is in
optimal condition for patient care.

Moreover, it was observed that the personnel in the hospital’s BME Department
easily adapted to the use of QR code technology to access equipment information.
This suggests that implementing this solution can be relatively easy and quick in other
hospitals aiming to improve their equipment management.

Despite the advantages of the developed system, two significant obstacles were
encountered during the research. First, the hospital did not allow a connection to the
database via mobile devices within its network. Additionally, the hospital management
objected to the disclosure of maintenance information to avoid potential conflicts with
the staff.
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We consider that establishing a connection between mobile devices and the hos-
pital’s database is feasible. Solutions such as implementing a virtual private network
(VPN), using remote access software, or establishing a secure internet connection can
be employed. These solutions have been widely used in healthcare environments to
ensure data privacy and security [7]. However, implementing the QR code program in
the hospital where the internet connection was unstable, and administration personnel
did not approve granting access to certain informationwas not a viable option. Therefore,
only the use of QR codes without internet access was implemented at this stage, and the
GUI with database connection remained exclusively for the use of the BMEDepartment.
Hence, addressing of the main obstacles of this study remains to be explored as future
work and represent areas of opportunity for the BME Department.

The promising results of this study suggest that implementing QR codes in the
process of completing preventive and corrective maintenance orders can significantly
improve efficiency, accuracy, and speed. This solution can be valuable inmany hospitals,
enhancing the management of medical equipment and positively impacting the quality
of preventive and corrective maintenance, ultimately benefiting patient health.

5 Conclusion

The implemented database represents a significant advancement in the management
of the hospital’s Biomedical Engineering department. Prior to its implementation, the
hospital lacked proper organization in its medical equipment records. The database’s
structure also seamlessly facilitated the integration with the QR code implementation.
The utilization of QR codes streamlined data accessibility, enabling efficient tracking
of equipment location, and leading to a reduction in maintenance order filling time.
This enhancement significantly improved the management and organization of medical
equipment within the hospital.

The ability to swiftly access detailed information about each equipment considerably
enhanced the accuracy and speed of carrying out preventive and corrective maintenance
orders. Additionally, the developed graphical interface is expected to contribute to avoid-
ing confusion and errors during equipment use byoffering precise andup-to-date location
information.

The comparison between equipment management before and after the implementa-
tion of the database and QR code system revealed a clear improvement in the swiftness
and accuracy of the process. These implemented solutions enabled a straightforward
and swift tracking of equipment. The convergence of the medical equipment database
and QR code application seems to be a promising and practical solution for medical
equipment management within hospital settings.
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Abstract. The dissemination of misinformation on social media during the pan-
demic has had a significant impact on people’s perception, leading to misconcep-
tion in terms of healthcare actions and treatments. This study is aimed to investi-
gate the relationship between academic degrees and the level of misinformation
on social media during the COVID-19 pandemic. A scientifically validated survey
was used to evaluate data from N = 101 volunteer participants on aspects such
as monthly income, academic degree, internet, and social media usage habits, as
well as true and false questions about COVID-19 facts. The results revealed a
relationship between academic degree level and the belief in false news related to
the pandemic; where 75% of the doctoral level population identified fake news in
contrast to those at the primary and secondary levels, which obtained 37.5% and
39.58% respectively. Ultimately, this study could provide insights about how the
Mexican population learn on social media and how strategies can be implemented
to foster a better understanding of the COVID-19 pandemic, andmore importantly
in future ones.

Keywords: Fake News · COVID-19 · misinformation · academic degree

1 Introduction

Currently, access to health information is relatively easy, but the spread of fake news
on social media has led to a decline in the quality of such information [1]. During the
COVID-19 pandemic, an “infodemic” occurredwhere a large amount of true information
and rumors were disseminated, making it difficult for the population to make accurate
decisions [1].

Society behavior and decision-making are influenced by emotions, and in the context
of the infodemic generated by COVID-19, the excess of data and images on social
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media instilled fear in people worldwide [2, 3]. Individuals tend to acquire and share the
information they find appealing, which may include false information. Over the years,
information manipulation has established behavioral patterns in society, and during the
pandemic, the flow of manipulated information destabilized society and generated panic
[4, 5].

On socialmedia, persuasive ideas and false rumors related toCOVID-19werewidely
spread, e.g., ineffective home remedies and conspiracy theories about vaccines. It isworth
highlighting that some individuals considered these irrational ideas as true, leading to
vaccine hesitancy once vaccines became available [6–8].

Several studies in different countries, such as Mexico, Peru, and Brazil, have identi-
fied socialmedia as themainmeans to spreadmisinformation, especially through images.
Particularly in Mexico, UNAM carried out an investigation where they conducted a sur-
vey, and participants indicated that their information-seeking arose from the uncertainty
generated by their lack of knowledge about the virus [9]. They also mentioned that they
shared the information with their acquaintances to keep them informed. In Peru, a sim-
ilar study was conducted, in which it was discovered that misinformation originated on
social media [3]. In Brazil, it was found that even before a positive case was reported in
the population, they were already seeking answers about what was happening in China
[10]. For instance, on the YouTube platform, a wide variety of content related to vaccine
development was shared, leading to vaccine hesitancy in some individuals. Unfortu-
nately, society tends to pay more attention to content produced by artists rather than the
content shared by health authorities [11].

The lack of effective connection between public institutions and the media caused
people to seek alternative sources of information, where they found content opposing
health measures and generating a rejection of health recommendations [12].

This study is aimed to explore the possible relationship between individuals with
different academic degrees and their belief in false information, and thus shedding light
on the understanding about how these factors can influence the dissemination and accep-
tance of misinformation. To this end, a survey-based study was conducted to determine
if there was an influence of the information presented on social media on the perception
of the COVID-19 pandemic. The survey was applied to N = 101 volunteers with a vast
diversity of academic degrees.

2 Materials and Methods

The abovementioned questionnaire was structured as follows (Fig. 1). First, a question
was asked about age with four possible answers (Fig. 1a). Next, a question was posed
regarding the academic degree level, ranging from primary education to doctorate degree
(Fig. 1b). Then, a question about monthly income (MI) was asked, considering the three
types of income that subdivide the economic classes according to the National Institute
of Statistic and Geography of Mexico, INEGI (Fig. 1c).

Subsequently, information about the participants’ work sector was obtained, includ-
ing the type of job and income (Fig. 1d). Following that, a question about the source of
information was asked (Fig. 1e), a question to determine if participants use the internet
(Fig. 1f), and further inquiries were made about their use of social media and which
platforms they use (Fig. 1g).
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Fig. 1. Questionnaire related to fake news.

Afterwards, participants were asked about their daily interaction time spent on social
media (Fig. 1h). Then, a question was posed about the motive behind their social media
interaction (Fig. 1i). Finally, at the end of the questionnaire, eight false questions (Fig. 1j)
and three true questions (Fig. 1k) aboutCOVID-19were included, forwhich the response
options were “true,” “false,” or “I don’t know” (Fig. 1l).

The validation of the survey involved five experts with a doctoral degree in medical
scienceswho hadworkedwith patients affected byCOVID-19 during the pandemic. This
validation process consisted of sending them the survey after designing and developing
it, for them to make corrections. These corrections included modifications, deletions,
and even the addition of clauses and questions. After receiving the initial feedback,
adjustments were made, and the survey was sent back to them for final approval.

The survey was conducted using the digital platform Google Forms (Google LLC,
Mountain View, CA, USA) and was distributed across different groups through the mes-
saging applicationWhatsApp (Meta, Menlo Park, CA, USA). A total of N = 101 volun-
teers participated in this study, and their responses were captured and stored for subse-
quent analysis.During the analysis, the datawere categorized by age, economic level, and
academic degree of the participants. “False,” “true,” and “do not know” responses were
grouped and organized considering the economic level and academic degree. Finally,
percentages were calculated, and the results were summarized in tables.

3 Results

The survey results showed the participation of nine adolescents (aged 13–19 Y.O.), 70
young adults (aged 20–39 Y.O.), 19 middle-aged adults (aged 40–59 Y.O.), and three
elderly adults (over 60 Y.O.) who completed the survey; of which the participation
of 1 person with primary education, 6 of secondary education, 11 of upper secondary
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education, 3 of technical career, 58 of bachelor’s level, 11 of master’s level and 11
of doctoral level was registered. Economic income was grouped into three proposed
salary ranges; where 45 subjects reported earning MI < $11,343/month, 24 subjects
reporting income $11,343 < MI < $22,927/month, 26 subjects had a salary range of
$22,900<M< $77,975/month, and 6 subjects who did not provide income information.
All the MI are reported in Mexican peso. These findings demonstrate the diversity of
the participant group in terms of age, academic degree, and income, providing a broad
and representative view of the analyzed sample.

Table 1 summarizes the survey results about the interaction of subjects by academic
degree with social media. These findings highlight the significance of the internet as an
information source and the engagement of the study participants on social media, with
notable variations in the percentage based on the subjects’ academic degree; the groups
ranging fromprimary school, secondary school, high school, technical career, bachelor’s,
master’s, to doctorate (100%, 66.6%, 100%, 0%, 93.1%, 70%, and 90% respectively)
interact on social media. Additionally, these results reveal that the use of social media
during work hours is common among participants, with entertainment being the pri-
mary motive for social media browsing across most academic degree levels. However,
notable differences are observed, such as the use of social media for information seeking,
particularly among participants with a doctoral degree.

Table 1. Interaction of subjects by academic degree with social media (N = 101).

SC = Social Connection, E = Entertainment, I = Information, SE&C = Self-expression and 
Creativity, KSR = Knowledge Seeking and Research, PN = Personal Networking. 

 social networks social media

Academic Radio Television Internet Newspaper Yes No Does not t<1h 1h<t<8h 8h<t SC E I SE&C KSR PN
Degree use them
Elementary school 0 0 1 0 1 0 0 0 1 0 0 0 1 0 0 0
Middle school 0 0 6 0 4 2 0 1 4 1 2 4 0 0 0 0
High school education 0 0 11 0 11 0 0 1 8 2 1 9 0 0 1 0
Technical career 0 0 3 0 0 3 0 0 3 0 0 1 2 0 0 0
Bachelor's degree 0 0 58 0 54 4 1 6 45 6 2 39 9 1 6 1
Master's degree 1 0 10 0 7 4 3 2 6 0 0 5 3 0 2 1
Doctorate 0 2 9 0 10 1 1 6 4 0 0 3 5 0 3 0

Sources of information Interaction on Time on social networks Reason for browsing 

The results from Table 2 indicate association between economic incomes and
responses to true and false questions about Covid-19, with notable performance among
those with medium and high incomes. It is important to highlight that there was a per-
centage of participants who did not provide information about their salary, and also a
percentage of participants who did not respond to certain questions.

Finally, the comparison between the level of academic degree and the responses
related to COVID-19 is presented in Table 3. It can be observed that in the responses to
false questions, no discernible trend is apparent among those who answered “true” or
indicated not having knowledge. However, a significant upward trend is evident from
elementary education to doctoral level in the false responses.On the other hand, regarding
the responses to true questions, no visible trend is observed in any of the categories: true,
false, or unknown.
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Table 2. Comparison by economic income vs. responses to COVID-19 questions (N = 101).

Table 3. Comparison by academic degree vs. responses to COVID-19 questions (N = 101).

4 Discussion

The results of this study showed the perception of different demographic groups
regarding health information related to the COVID-19 pandemic. These results could
inform and serve as a basis for generating communication and health education strate-
gies between health authorities and the population to provide adequate and reliable
dissemination of information to all segments of the population.

Additionally, the results of this study seem to emphasize the role of the internet and
social media as sources of information in the current context [13]. The findings are par-
tially conclusive regarding internet usage based on participants’ academic degrees; the
results indicated that using social media during work hours is common, with entertain-
ment being the main motive for browsing social media platforms across most academic
degree levels. Therefore, we believe that the findings of this study could contribute to
providing a clearer understanding of how people use information during a pandemic
situation, which is important for authorities to design communication and education
strategies tailored to different educational groups [14].

Regarding the comparison of economic incomes with responses to false questions
about COVID-19, the results showed a potential association between economic incomes
and responses to both false and true questions about COVID-19. Specifically, it was
expected that the group of individualswith lower incomeswould answer a higher number
of false questions as true, and the other two groups exhibited very similar patterns.
Additionally, in responses to false questions marked as false, those with lower incomes
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provided the fewest correct answers. Subjects withmiddle incomes, similar to those with
high incomes, responded similarly. These latter two groups exhibited similar response
levels. We believe that this is due to the fact that individuals from the middle and upper
class possess a higher level of academic education.

In relation to the results indicating that individuals with a elementary school aca-
demic degree were more likely to answer false questions as true about COVID-19, we
believe that participants at this educational level have less exposure to reliable sources
of information, such as official health websites or even research articles, as well as a
lower capacity to analyze and evaluate the accuracy of the information they receive.
Similarly, the findings showing that participants with a elementary school academic
degree answered false questions to a greater extent could be attributed to a lack of
knowledge and skills necessary to identify misinformation. Individuals with lower aca-
demic degrees may have limited access to formal education, which restricts their ability
to develop critical thinking and discernment skills [15]; however, a study with a larger
number of subjects at this level is necessary. Additionally, the results seem to demon-
strate a decreasing trend in the percentage of false responses to false questions as the
educational level increases. This pattern could be attributed to the development of higher
levels of critical thinking and the acquisition of competencies that facilitate the ability
to distinguish between false and true information. Participants with higher levels of edu-
cation may possess greater skills to analyze and evaluate the accuracy of information,
as reflected in their ability to correctly identify false responses [15].

Regarding responses to true questions, the results seem to show that participants
with a primary academic degree, secondary academic degree, and technical career level
obtained a 100% correct response rate. Thismay be related to the content of the questions
and the familiarity of these groups with the topic. On the other hand, the groups that
answered the true questions as false seem to exhibit an ascending pattern according
to the academic degree, with primary, high school, technical career, bachelor’s degree,
master’s degree, and doctoral degree; except at the secondary level, where they answered
false to a greater extent to the true questions. This trend may be related to the level of
knowledge and analytical skills developed at each academic degree [16].

The results found allowed us to establish that the academic degree is a factor that
influences the identification of fake news, however, the lack of answers to some questions
posed in the survey limits the interpretation of the results. The sample size is significant,
however, if we seek to reach specific population sectors, we could obtain a clearer idea
of the impact that the academic degree has on the identification of false news.

It is important to highlight that a fundamental aspect in future work will be to present
the participants with real information based on reliable evidence and then administer the
same questionnaire again to determine if this modifies their responses.

5 Conclusion

The vast amount of information circulating during the COVID-19 pandemic continues
to be bewildering for society. The lack of regulation of content disseminated on social
media platforms has generated confusion regarding COVID-19.

This study aimed to highlight the relationship between educational attainment and
responses to true and false questions about theCOVID-19pandemic, aswell as the crucial
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role that critical thinking, access to reliable information, and discernment play in indi-
viduals’ ability to correctly identify answers. These findings underscore the importance
of promoting education and the development of critical skills in society through critical
thinking training programs from early stages of education, and by encouraging access
to trustworthy sources of information. These measures would contribute to enhanc-
ing understanding and response to crisis situations, such as the COVID-19 pandemic,
empowering individuals with tools to make informed and well-founded decisions.
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Abstract. The Design Thinking (DT) methodology is a creative and
human-centered approach based on a deep understanding of the user’s
needs and challenges in order to define a problem and develop specific
solutions. In the case of remote teaching of practical lessons for Biomed-
ical Engineering, the use of DT emerges as a facilitator to identify and
understand specific needs and challenges of students and teachers. In this
work we propose several remote teaching models based on DT, particu-
larly created for practical sessions of a Medical Imaging Systems course
(lightboard, online and offline modalities classes). These models received
positive evaluations from students, highlighting their ability to main-
tain attention, aid in concept comprehension, and provide high-quality
audiovisual resources. These results showcased how DT proved to be an
effective tool in addressing the demands of remote teaching and improv-
ing the learning experience.

Keywords: design thinking · audiovisual · remote education ·
biomedical engineering teaching

1 Introduction

In recent years, due to the massive closure of face-to-face activities in educa-
tional institutions to mitigate the impact caused by the COVID-19 pandemic,
most countries have opted to guarantee educational continuity through distance
resources, with the Internet being an optimal option, since it provides various
communication tools, ideal for bringing schools and learning processes closer to
students’ homes. [1].

However, when restructuring and migrating the educational model to the field
of online education several difficulties arose, due to technology does not replace
the role of teachers, nor the areas of development that a school implies as a space
for meeting and social coexistence [2]. Therefore, many educational institutions
that relied mainly on a traditional face-to-face approach for the learning process,
were not prepared for this urgent transition.
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Besides, in the field of biomedical engineering, the use of hands-on sessions is
essential to properly achieve the learning process related to medical technology,
and the migration of these practical activities to a virtual scenario is still an
open problem for biomedical engineering students, teachers and professionals.
Therefore, the use of Design Thinking (DT) to identify and understand the
specific challenges and needs of students and teachers or trainers in this situation
makes it a suitable methodology to develop effective remote teaching models that
translate into a better experience and improved learning outcomes, that might
lead to unique solutions that would otherwise have been ignored.

DT could be defined as a five-stages design approach that aims to address
complex problems by generating innovative solutions. The DT concept was devel-
oped over several decades [3]. In the 1960s, in the United States, approaches such
as “Design Science” and “Industrial Design” emerged, which were mainly based
on quantifiable facts and on improving the efficiency and functionality of prod-
ucts. Designers worked in university laboratories or factories, and focused on
aspects such as ergonomics and the science of design. Buckminster Fuller was
one of the pioneers of Design Science, seeking to apply scientific principles to
design an environment that would meet the needs of humanity without harming
the planet. Both approaches were characterized by specialization and measure-
ment of results [3].

At the same time, in Scandinavia, the “Cooperative Design” approach was
emerging, inviting all participants, from experts to workers and users, to co-
design products and services. Tools such as cooperative prototyping, ethno-
graphic research and democratic dialogue were used to generate ideas and
improve designs. This approach focused on user participation for the co-creation
of systems, services and policies [3].

These two approaches laid the foundation for what we know today as Design
Thinking, emerging as a way to creatively address and solve complex problems in
a user-centered and creative way through a collaborative and iterative approach.
Being popularized in the 1990s by IDEO, a design firm that played a pivotal role
in human-centered design education [3].

In the field of biomedical engineering, the DT methodology has been used suc-
cessfully to address challenges in healthcare services and improving the patient
experience. For example, in a large healthcare provider such as Kaiser Perma-
nente, a multidisciplinary team from IDEO collaborated with professionals in
several hospitals to identify and address problems at shift changes. Through
observation and collaboration with nurses, it was discovered that information
sharing was occurring inefficiently, leading to gaps in patient care [4,5]. Using
the ideas gained during the observation, the innovation teams explored potential
solutions through brainstorming and rapid prototyping techniques. In the case of
the Shift Change Project, a working prototype was developed that included new
procedures and a simple software that allowed nurses to access previous shift
change notes and add new ones. This improved knowledge transfer and reduced
preparation time, allowing earlier and more informed contact with patients [4,5].
The implementation of this change had a significant impact on the quality of
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patient care and the work experience of nurses. The average time between a
nurse’s arrival and first interaction with a patient was cut in half, resulting in
a considerable increase in the amount of nursing time available in hospitals.
In addition, nurses experienced a higher level of job satisfaction. This success
led to the implementation of Kaiser’s new system-wide shift changes and the
integration of the ability to reliably record critical patient information [4,5].

The use of DT can provide new alternatives to face a problem, such as virtual
teaching approaches, and analyze and determine the option that best suits the
needs of a particular problem [6,7]. In this context, the aim of this work is to use
DT to develop remote teaching models as a complement for practical sessions
for the Medical Imaging Systems course of the Biomedical Engineering program
at UASLP, Mexico.

2 Methodology

The DT methodology followed in this work was proposed by the Stanford’s
Hasso-Plattner Design Institute, an it consists of five stages: Empathize, Define,
Ideate, Prototype, and Test. In the next sections, a brief description of each
stage is presented [7,8].

2.1 Empathize

Empathy is the first stage of the DT methodology and is the core element of a
human-centered design process. Empathizing is the work that goes into under-
standing people within the context of the design challenge. It is the effort to
understand how they do things and why, their physical and emotional needs,
what is meaningful to them [7,8].

To perform this step, a survey was conducted to students from different gener-
ations of the Bachelor’s Degree in Biomedical Engineering about their experience
in virtual classes during the semesters of the period from August 2020 to July
2021.

2.2 Define

The goal of the Define stage is to craft a meaningful and actionable problem
statement. This should be a guiding statement that focuses on the ideas and
needs of a specific user or composite persona. Ideas do not usually appear sud-
denly; rather, they emerge from a process of synthesizing information to discover
connections and patterns. In a simply way, Define is a way of giving meaning
[7,8].

For this step, we developed a User Persona (UP), as it allowed us to gain a
deeper understanding of the users and their needs. A UP is a design tool that
consists of the creation of a fictitious profile, based on the data collected in the
empathy process, which helped us to understand and represent the characteris-
tics, behaviors, needs, frustrations and motivations of, in this case, the student.
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2.3 Ideate

Ideation is the stage of the design process focused on the generation of ideas.
Mentally, it represents a process of “scaling up” in terms of concepts and out-
comes. Ideation provides both the approach and the material to build prototypes
and bring innovative solutions to students [7,8].

For this step, we use the “inverse brainstorming” technique, which consists of
a reverse exploration for problem solving, i.e., we identify barriers and obstacles
that must be avoided in order to find effective solutions. By questioning assump-
tions or approaches that highlight the problem, creative thinking is encouraged
and new perspectives are discovered to solve the problem in an innovative way.

2.4 Prototype

This step is characterized for accelerating the innovation process, as it is when
we shape our idea and begin to understand its strengths and weaknesses, and
the faster we do this, the faster our ideas evolve [6,7].

For this step, we established three proposals to cover the solutions established
in the ideation stage. We did their layout and then developed a prototype of each
proposal to apply them in practical classes and thereby discover their usefulness
in satisfying the solutions proposed in the ideation phase.

2.5 Test

The last stage of DT is to acquire feedback on the prototypes created from
the users, in this case the students. This stage gives another opportunity to
understand the user experience and point out the path for the next iterations of
the prototypes [7,8].

To accomplish this step, students of the Medical Imaging Systems course
who experienced the two lectures were asked to complete a survey regarding
the quality of the lectures. Attention to the class, understanding of the concepts
addressed and the quality of the audiovisual resources used were evaluated.

Additionally, two open questions were asked with the intention of understand-
ing what advantages students find in the virtual practical sessions compared to
the face-to-face practical sessions, and with which elements and tools applied to
the distance classes they believe could improve their learning.

3 Results and Discussion

The results of each stage of the process of DT applied to develop models of
practical distance learning classes in the field of Biomedical engineering and the
corresponding discussion are presented below.

3.1 Empathy

In the empathy phase, 58 students were interviewed to understand their general
experience with distance education and to gather their opinions and suggestions.
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Some of the multiple choice questions of the survey, as well as the results are
presented in Table 1.

Table 1. Online classes experience survey results

Questions Answers

Excellent Good Average Below
average

Deficient

What is your general opinion about
remote education?

0% 33% 45% 19% 3%

What has been your experience with
the quality of your internet connection
during online learning?

3% 38% 40% 16% 3%

How would you rate the audiovisual
resources used in your distance
learning classes?

9% 55% 34% 2% 0%

How do you rate the student-teacher
interaction in online learning?

2% 37% 44% 16% 2%

How would you rate the attention
you give to the remote classes?

2% 24% 50% 24% 0%

What do you think of the teaching
and learning processes established
in your online classes?

0% 50% 45% 5% 0%

They were also asked to evaluate their general satisfaction with the distance
learning classes, both practical and theoretical. These results can be seen in Fig. 1

Fig. 1. Comparative satisfaction graph in distance learning classes.
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In general, students considered distance education to be average, as well as
the quality of their internet connection, the attention given to classes and the
student-teacher interaction in online learning. The audiovisual resources used in
the classes were rated as good. In terms of satisfaction with the distance classes,
the students preferred the theoretical classes over the practical classes.

In addition, students were asked an open-ended question in which they were
invited to propose elements and tools to improve the online learning experi-
ence. From the answers obtained, the most frequently addressed concepts were:
improved practical classes, better material, more interaction, more adaptation
and better internet connection.

3.2 Definition

Based on the information gathered in the empathy phase, a User Persona was
developed that highlighted the needs, characteristics, motivations and frustra-
tions of the students. This helped define the main problem to be addressed in
the design of the practical distance learning classes. The created UP can be
visualized in Fig. 2

Fig. 2. User persona created with the data collected in the empathy process.

User Persona problem definition. The problem faced by Gabriela is how
to improve her online learning experience to effectively develop her skills and
knowledge in the field, overcoming the limitations of face-to-face interaction,
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the restrictions in the practical distance classes, the difficulty to solve doubts
immediately, the possible difficulties with the quality of internet connection and
the feeling of not being fully adapted to the virtual environment.

3.3 Ideation

In the ideation phase, the inverse brainstorming technique was applied to gen-
erate potential solutions to the defined problem. The result of the application of
this technique for our problem can be seen in Fig. 3

Fig. 3. Application of inverse brainstorming to find solutions to our problem.

As a result, three possible solutions were identified: 1) constant and direct
student-teacher interaction, 2) audiovisual tools to address practical issues, and
3) the possibility of taking classes offline through recordings.

3.4 Prototyping

With the solutions proposed in the Ideation phase, three approaches were pro-
totyped:

Lightboard Class. Our first proposal was the use of a lightboard with the inten-
tion of resembling as much as possible a classroom with the use of a whiteboard.
We were able to implement it successfully, as can be seen in Fig. 4. However, we
had to discard its use for the practical classes, because although it is very useful
when we want to present a topic on the board, it does not offer any advantage when
we need to present or demonstrate equipment for practical classes. However, it is
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a great way to explain theoretical topics in recorded classes, due to its similarity
to the approach that would be taken in a classroom.

(a) Lightboard set (b) Lightboard in use

Fig. 4. Demonstration of the use of the lightboard.

Online Modality. Our second proposal was built with the intention of allowing
the student to maintain an active participation, with real time feedback from
the teacher during the session, and the possibility of re-watch the class in the
subsequent recording of the lesson. This modality was applied for a practical
class for the use of a wireless ultrasound in the Medical Imaging Systems course.
Therefore, it was necessary to visualize the transducers, the acquisition interface
and the real-time acquisition. The layout with the material used and the actual
application of the class is presented in Fig. 5.

(a) Layout of the online modality.

(b) Online demonstration class of
wireless ultrasound.

(c) Online class visualization in real
time.

Fig. 5. Layout and application of the online modality. [9].
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Offline Modality. Our last proposal had the goal to provide students and
professors the possibility of maintaining an asynchronous and timeless class,
since it can be visualized at any time and place, solving the common problem of
a poor internet connection for online classes. However, it is important to mention
that this modality requires a later accompaniment by the teacher to confirm and
reinforce the content seen in the class. The application of this modality was for
the use of a CHISON ECO1 ultrasound. The layout of the scenes with the
material used and its application in the class is shown in Fig. 6.

(a) First layout of the offline modal-
ity

(b) Second layout of the offline
modality

(c) Offline class recording of the
CHISON ECO1 ultrasound demon-
stration class.

(d) Edited offline class.

Fig. 6. Layout and application of the offline modality. [9].

3.5 Testing

In the testing phase, 26 students from the 2022 Medical Imaging Systems course
were interviewed to evaluate the quality of the proposed prototypes. The results
can be seen in Table 2.



266 J. L. Rodŕıguez-Medina et al.

Table 2. Satisfaction survey results [9]

Question Online Class Offline Class

Excellent Good Moderate Little None Excellent Good Moderate Little None

How do you rate the
attention you
had in the class?

0% 33% 56% 11% 0% 22% 45% 22% 11% 0%

How do you rate your
understanding of
the concepts covered during
the session?

0% 67% 33% 0% 0% 45% 33% 11% 11% 0%

How do you consider the
audiovisual resources
used in the class?

33% 45% 22% 0% 0% 22% 67% 11% 0% 0%

The results of the survey were as follows: in terms of attention in class, most
of the students considered it “moderate” in online classes and “good” in offline
classes. Regarding the understanding of the concepts addressed, most of the
students considered it “good” in the online classes and “excellent” in the offline
classes. As for the quality of the audiovisual resources, most of the students
considered it “good” in both cases.

Additionally, another survey was conducted with 22 students, in which they
were asked two open-ended questions: 1) The advantages of virtual practical
sessions compared to face-to-face sessions, the most frequent answers included:
possibility of recording, flexibility on time and valid long-term option; 2) What
elements and tools could improve learning in distance classes, the most frequently
addressed concepts were: use of games, active participation of teachers, more
practical sessions and rest time.

3.6 Discussion

The results obtained throughout the DT methodology provided valuable infor-
mation for the design of practical distance classes in Biomedical Engineering.
The solutions proposed in the ideation phase, such as improve student-teacher
interaction and possibility of offline classes, represented promising approaches
to address the identified problem. The prototypes developed, online and offline
modalities, were positively evaluated by students in terms of understanding of
concepts and quality of the audiovisual resources.

The responses to the open-ended questions in the post-test surveys revealed
that students find advantages in virtual practical sessions, such as the possi-
bility of accessing recordings, saving time and having a valid long-term option.
Elements and tools that could enhance learning in distance classes were also
identified, such as the use of games, active participation of teachers and more
practical sessions.
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4 Conclusions

The results obtained demonstrate that the application of DT methodology in
Biomedical Engineering for the design and improvement of practical distance
learning classes offers an effective framework for understanding the needs and
expectations of students, identifying problems and generating innovative solu-
tions.

The application of DT allows the adoption of a user-centered approach, which
ensures that solutions developed are designed to meet the real needs of students.
In addition, it promotes empathy and a deep understanding of the challenges and
constraints faced by students in the distance learning environment. In addition,
it is possible to transfer these solutions to a professional scenario where online
and offline training sessions could be achieved efficiently in a user-center way.

As Biomedical Engineering continues to evolve, it is important to consider the
potential that DT presents as a tool to address future challenges, and provide new
opportunities for innovative medical device design, improvement in healthcare
processes, and the development of more effective educational solutions.
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