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Abstract
Aquatic activities, particularly swimming, have been demonstrated to enhance 
physical conditioning and psychological well-being. However, the risk of water-
induced otitis externa—caused by microbial colonization in the external auditory 
canal—often deters sustained participation in aquatic sports. Traditional swimming 
earplugs are typically limited in terms of comfort, water resistance, and antimicrobial 
protection, which can lead to potential ear canal infections and reduced effectiveness 
in preventing water ingress. In this study, we proposed using 3D scanning and printing 
technology to produce personally customized swimming earplugs to address these 
challenges. Embedded-suspension 3D printing technology was applied to fabricate 
structures using non-self-supporting Polydimethylsiloxane (PDMS) ink, printing 
hydrophobic ink in a hydrophilic system. The 3D-printed PDMS/Ag-3% composites 
exhibited an excellent inhibition rate (99.89%), good sound insulation performance 
(>30 dB, 1000–6300 Hz, 8 mm thickness), elasticity (elongation at break of 62.93%), 
and low modulus (0.85 MPa). We then recruited 60 beginner swimmers for a wear 
trial to demonstrate the effectiveness of personalized earplugs in preventing otitis 
externa and reducing ear canal irritation. This approach not only highlights the 
potential of 3D printing technology in sports equipment but also offers new insights 
for developing customized wearables.
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1. Introduction
Swimming and aquatic activities are integral to public health promotion, improving 
physical fitness, mental well-being, and social cohesion. However, swimming-induced 
ear pain has emerged as a significant health burden,1,2 which may affect vulnerable 
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populations and exacerbate health disparities.3 When 
swimmers’ ears are exposed to water, the moisture and water 
in the auditory canal can remove the protective lining and 
change the acidic environment of the ear canal to alkaline, 
thereby increasing susceptibility to infections.4-9 Water 
safety is a critical public health priority. The Centers for 
Disease Control and Prevention highlights the importance 
of preventing swimming-related illnesses,10 which not only 
compromise individual health but also impose substantial 
healthcare expenditure.11,12 The economic burden extends 
beyond direct healthcare costs to include work and school 
absenteeism, as well as reduced participation in physical 
activities.13,14 Therefore, it is vital to protect the health of 
swimmers when swimming in pools and public waters. 
Traditional swimming earplugs, typically made from 
silicone, wax, or foam, are designed for general use.15 
However, these earplugs often leave debris in the ear canal, 
increasing the risk of infection. In addition, traditional 
manufacturing processes restrict earplugs to standardized 
shapes, resulting in poor stability and limited antibacterial 
properties.16

In recent years, 3D printing technology has been 
increasingly applied in the modeling and preparation of 
new materials.17 The flexibility of inks and materials, along 
with the ability to manipulate structures and functions, 
demonstrates great prospects across various fields.18,19 
Compared with traditional manufacturing processes, 
3D printing technology demonstrates higher plasticity 
and flexibility, enabling the fabrication of complex 
structures.20,21 Among the 3D printing techniques, 
embedded extrusion printing stands out as a promising 
method for fabricating complex 3D structures using 
low-modulus, low-viscosity, or slow-curing inks.22-24 The 
suspension bath overcomes many limitations, including 
the dependence on support structures and nozzle clogging 
problems.25-28 The application of 3D printing technology to 
fabricate swimming earplugs is not only cost-effective and 
easy to use but also allows for personalized designs tailored 
to the ear canal structures of swimmers and enthusiasts. 
Manufacturing earplugs that conform more closely to the 
auditory canal ensures enhanced stability and wearing 
comfort.

In terms of material selection, polydimethylsiloxane 
(PDMS) is a chemically stable, flexible, and biocompatible 
silicone macromolecular polymer material, which has a 
wide range of applications in flexible electronics,29 medical 
devices,30 and microfluidics.31 Owing to the low elastic 
modulus of PDMS (≤1 MPa), it is often necessary to use 
support materials to maintain the stability of complex 
3D structures.32,33 Carbomer can be uniformly dispersed 
and stably suspended in liquid to form a high-viscosity 

gel,34 which can provide a good supportive environment 
and ensure the uniform distribution of the printing 
material to enhance the printing accuracy and consistency. 
Concurrently, the gel strength and viscosity of carbomer 
can be precisely controlled by adjusting the concentration 
and pH to adapt to different printing requirements.35 
To further enhance the antimicrobial properties of the 
materials, silver (Ag), known for its antimicrobial effects, 
was incorporated to prepare novel PDMS-Ag composite 
inks. Ag is currently considered the most effective 
antibacterial metal. Silver ions (Ag+) readily adsorb onto 
most bacterial biomolecules, disrupting their functions,36 
and this antimicrobial property is widely exploited in 
biomedicine, biomaterials, and medical implants.37-39 The 
incorporation of Ag particles can significantly improve 
the mechanical properties of PDMS, complementing its 
inherent flexibility and elasticity. Slow sound propagation 
occurs in mixed structures, similar to aerogels.40 High-
density Ag particles combined with soft PDMS substrates 
may enhance the interaction between the material and 
sound waves, potentially improving sound insulation 
performance.41

In this study, we propose 3D-printed antimicrobial 
earplugs as both personal protective devices and scalable 
public health tools that provide an innovative solution 
to a common health issue faced by swimmers. The outer 
ear canal of each participant was modeled using an ear 
impression material and 3D scanning technology to create 
a personalized design. These custom swimming earplugs 
offer tailored protection during aquatic activities, reducing 
the risk of otitis externa. This aligns with the World 
Health Organization’s (WHO) core principles of providing 
population-specific health solutions.42 3D-printed earplugs 
fabricated using suspension-embedded technology can 
be personalized and produced at a low cost, presenting 
an innovative solution aimed at preventing water-related 
ear infections and promoting safer aquatic activities. 
The key innovations in this study include (i) successful 
printing of hydrophobic PDMS ink within a hydrophilic 
support medium, enabling the creation of complex models 
without traditional molds and (ii) a dual-function design 
incorporating Ag, which imparts antibacterial properties 
to the composite material while enhancing its overall 
sound insulation performance.

2. Materials and methods
2.1. Materials

The PDMS material used was Sylgard 184 (Dow Corning), 
which was purchased from Merck Chemical Technology 
Co., Ltd. (China). Ag nanoparticles (200 nm), Carbomer 
940, sodium hydroxide (NaOH), sodium chloride 
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(NaCl), and deionized water (DW) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (China); NaOH, 
NaCl, and DW were of analytical grade purity and used 
without further purification. LB broth and LB nutrient 
agar for biological experiments were purchased from Hope 
Biotechnology Co., Ltd. (China).

2.2. 3D printing of models

The earplug mold was first created using ear impression 
material, which was injected into the subject’s external ear 
canal and quickly cured to obtain a personalized earplug 
size. This physical mold was then digitized using a 3D 
scanner, and the resulting model was optimized and styled 
using Rhino software (Figure  1). The 3D models, saved 
as Standard Triangle Language files, were converted to 
G-code and sliced into thick layers using Slic3r software 
integrated within the printing software (Cura Wiiboox). 
The resulting X3G file was then transferred to the 3D 
printer through an SD card.

2.3. Inks and support medium preparation

Pure PDMS ink is in a liquid state when extruded and 
requires prolonged curing at high temperatures (Figure 2A). 
Therefore, traditional direct-write 3D printing technology 
cannot produce complex structures using pure PDMS. 
The PDMS ink was prepared by mixing Sylgard 184 at a 
10:1 base-to-curing-agent ratio. This mixture was stirred 
for 30  min using a mechanical mixer and then vacuum 

degassed for 20 min. The PDMS-Ag inks were prepared by 
mixing PDMS ink with Ag nanoparticles at different mass 
concentrations of 1%, 3%, 5%, and 10% relative to the total 
mass. Compared to pure PDMS ink, the PDMS-Ag ink 
requires ultrasonic dispersion for 30 min to evenly disperse 
the Ag nanoparticles before degassing. In preliminary 
experiments, we studied different carbomer formulations 
to optimize the NaOH concentration. Carbomer gels 
were prepared with 0, 0.40, and 0.60 g NaOH per 100 mL 
DW, while keeping Carbomer 940 fixed at 1.20  g. Pure 
carbomer has low yield stress and strong intermolecular 
forces, resulting in rheological properties unsuitable for 
printing. After adding NaOH, the carbomer molecular 
chains undergo stretching and crosslinking (Figure  2B), 
increasing the yield stress of the system to a suitable range 
for printing. The prepared mixture was then loaded into a 
sealed syringe for extrusion. The carbomer support bath 
was poured into a square container (side length = 4 cm) to 
hold the earplug construct during 3D printing and secured 
on the build platform.

2.4. Extrusion printing process

Figure  3A displays the 3D printing process for the 
personalized earplugs. A  commercial fused deposition 
modeling 3D printer (One Mini, Wiiboox, China) was 
modified by incorporating an additional pressure-
controlled regulator to precisely control the ink extrusion 
rate. Initially, when PDMS ink was injected into the pure 

Figure 1. Synthesis and application of 3D-printed personalized earplugs
Abbreviations: CAD: Computer-aided design; PDMS: Polydimethylsiloxane
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carbomer solution, it formed droplets near the needle 
tip and adhered to the needle surface (Figure  3B). After 
parameter adjustment, PDMS ink was successfully 
extruded as smooth, continuous, fine filaments within the 
carbomer matrix (Figure 3C), establishing the foundation 
for subsequent 3D structure printing. Figure 3D illustrates 
the outcome of suboptimal print parameters, specifically 
high layer height (>0.15  mm), low pressure (<40 psi), 
and low fill density (<80%), which lead to discontinuous 
ink deposition in the support structure. This results in an 
unstable printed form that fails to solidify properly and 
cannot be successfully removed. In contrast, the upper 
half of the features structure (Figure 3E) was printed with 
optimized parameters: layer height of 0.15 mm, 85% infill 
density, 25 mm/s print speed, and 50 psi extrusion pressure; 
these settings yielded dense, continuous filaments. 
However, when the layer height was reduced to 0.02 mm 
while keeping the other parameters constant, the resulting 
structure was sparse and poorly fused. These observations 

highlight how careful adjustment of printing parameters 
significantly enhances printing fidelity, improving both 
layer-to-layer bonding and structural integrity.

2.5. Curing and releasing the construct from the 
support medium

The construct, embedded within the carbomer support 
gel, was cured in a vacuum oven at 80°C for 24 h to ensure 
complete polymerization and formation of a stable elastomer. 
A flush solution was prepared by dissolving 2.338 g NaCl in 
200 mL DW. After cooling, the construct was immersed in 
the flush solution for 20 min to remove the carbomer support. 
The remaining support material was easily removed through 
gentle rinsing, leaving behind the printed structure with high 
fidelity and minimal residual material.

2.6. Characterization

The rheological behaviors of the inks and the support 
medium were analyzed using a rotational rheometer 

Figure 2. 3D printing with PDMS ink. (A) Polydimethylsiloxane (PDMS) ink in direct-write 3D printing. (B) PDMS ink in embedded-suspension 3D 
printing

A B

Figure 3. 3D printing process. (A) 3D-printed earplug process. (B) Extrusion in pure carbomer solution. (C) Curing of Polydimethylsiloxane (PDMS) in 
carbomer. (D and E) Print structure under different printing parameters: Printing with 80% fill density (D); and with other parameters unchanged, the 
upper layer: 0.15 mm layer height, and the lower layer: 0.20 mm layer height (E)

A

B C D E
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(HAAKE MARS 40, Thermo Scientific, Germany). 
Apparent viscosity was measured under shear rate sweep 
mode, with the shear rate increasing from 0.001 to 
1000 s−1. Stress sweep tests were performed at a constant 
frequency of 1 Hz to determine the storage modulus (G′) 
and loss modulus (G′′) as functions of shear stress from 
1 to 1000 Pa. All experiments were conducted at 25°C, 
within the instrument’s Peltier temperature control range 
of −40–200°C. Triplicate measurements were performed 
for each ink formulation, and the initial data points were 
discarded to eliminate artifacts due to sample loading. 
The microscopic morphology and elemental distribution 
of the printed constructs were analyzed using scanning 
electron microscopy (SEM) (Sigma 300, ZEISS, 
Germany). The crystal structure and phase composition 
were measured using X-ray diffraction (XRD) (Ultima IV, 
Rigaku, Japan). The mechanical properties of PDMS-Ag 
composites were assessed using a universal mechanical 
testing machine (5982, INSTRON, United States of 
America [USA]). The acoustic insulation properties 
of the 3D-printed materials were determined using an 
impedance tube (Type-4206, Brüel & Kjær, Denmark), 
covering a frequency range from 500 to 6300  Hz. The 
contact angle was measured by contact angle analysis 
(DSA25, KRUSS, Germany). The antimicrobial effects of 
the materials were tested using the spread plate method, 
with Staphylococcus aureus as the test organism, incubated 
in contact with the materials.

2.7. Applications of the 3D-printed earplugs in 
swimming

2.7.1. Participants and sampling

Participants in this study were recruited from a junior 
swimming class and a swimming club at Tongji University, 
China. Baseline data were collected from 60 participants, 
including height, weight, swimming level, swimming 
frequency, ear health status, and physical fitness. A total of 
60 young adults (34 males and 26 females) aged 18–24 years 
participated in this study. The mean age of males was 
20.15 ± 1.28 years, while that of the females was 20.12 ± 
1.24  years. From this pool, 32 participants were selected 
for a 7-week experimental study based on the following 
criteria: no prior swimming experience, good physical 
health, and a normal body mass index. This subgroup 
included 16 males (age: 20.3 ± 1.40 years; height: 1.76 ± 
0.43 m; mass: 65.6 ± 6.4 kg) and 16  females (age: 20.3 ± 
1.4 years; height: 1.65 ± 0.38 m; mass: 53.5 ± 4.9 kg), with 
all values presented as mean ± standard deviation.

Ethical approval for this study was obtained from the 
Ethics Committee of Tongji University (approval number: 
tjdxsr2025061). All procedures were conducted in 

accordance with the Declaration of Helsinki and relevant 
institutional guidelines.

2.7.2. Personalized earplug wearing experiment

A total of 60 participants were selected for the earplugs-
wearing experiment. Following ear impression molding, 
3D scanning, and 3D printing, each participant received 
a custom-fitted pair of earplugs tailored to the unique 
shape of their ear canal (Figure S1). All participants were 
instructed to wear the earplugs during a 1-h swimming 
session. Afterward, user satisfaction was assessed using 
a structured questionnaire based on a Likert scale. The 
questionnaire consisted of 8 questions, each rated on a 
5-point scale: strongly agree (5), agree (4), neither agree 
nor disagree (3), disagree (2), and strongly disagree (1).

2.7.3. Seven-week swimming exercise with earplugs

A total of 32 screened participants were randomly divided 
into two gender-balanced groups: an earplug-wearing 
group and a non-wearing control group. Both groups 
completed a 1-h swimming session once a week over 
7 weeks. During this period, the Likert scale questionnaire 
was administered to both groups in weeks 1, 4, and 7. The 
questionnaire was designed to assess the participants’ 
physical and psychological safety experience.

2.7.4. Statistical analysis

Data collected from the questionnaires were analyzed 
using the Statistical Package for Social Sciences® Version 
29 (IBM Corp., USA). Continuous variables were 
reported as mean ± standard deviation or as median with 
interquartile range (IQR; 25th–75th percentiles), depending 
on data distribution. The Mann-Whitney U test was used 
to analyze the differences between groups for continuous 
variables. The Friedman test was used to analyze the data 
differences at different time points. A  two-tailed p<0.05 
was considered statistically significant.

3. Results
3.1. Ink matrix and carbomer formulation

Inks containing 1% and 3% Ag exhibited good fluidity 
and uniform Ag distribution. However, at concentrations 
of 5% and above, the inks experienced rapid nanoparticle 
agglomeration, leading to heterogeneous Ag distribution 
and compromised print fidelity. PDMS could not be 
extruded smoothly in the pure carbomer solution, and 
excessive NaOH addition reduced the transparency of the 
carbomer solution and introduced numerous bubbles. To 
address this, the NaOH concentration was fixed at 0.01 M 
to ensure adequate neutralization of the carbomer and 
sufficient yield stress, while preventing viscosity loss and 
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bubble defects caused by excessive alkali. The viscous 
colloidal gel support medium was prepared by mixing 0.04 g 
NaOH and 1.2 g carbomer in 100 mL DW. The mixture was 
stirred for 2 h using a mechanical mixer and subsequently 
stored at 2°C for 48 h to reduce bubble formation. Through 
systematic optimization of the carbomer formulation, 
we mitigated critical challenges, including compromised 
interfacial adhesion and delamination propensity, arising 
from hydrophilic-hydrophobic repulsion between the ink 
matrix and the support structure.

3.2. Printing parameters

The printing parameters were carefully optimized to 
accommodate the specific requirements of the PDMS-Ag 
composite ink and the carbomer support gel system. 
Printing was conducted at a controlled temperature of 
25°C. The syringe needles used had an inner diameter 
(d) and length (l) of 410 and 13  mm, respectively. The 
extrusion pressure was maintained within the range 
of 40–60 psi, and the print speed was set at 25 mm/s to 
ensure smooth and consistent ink flow without causing 
excessive shear stress on the ink. Based on preliminary 
experiments and ink rheological behavior, a layer height 
of 0.15 mm and an infill density of 85% were adopted to 

provide structural support while minimizing material 
usage and print time.

3.3. Rheological behavior

The viscosity of the PDMS ink displayed three distinct 
regimens across the shear rate range (Figure  4A): an 
initial shear-thickening region characterized by increasing 
viscosity with shear rate, followed by a Newtonian plateau 
where viscosity remained relatively constant, and a 
shear-thinning region in which viscosity decreased with 
increasing shear rate. In contrast, the PDMS-Ag inks 
exhibited shear-thinning properties at the initial stage, 
transitioning to Newtonian fluid and later displaying 
shear-thinning properties similar to the pure PDMS ink. 
Notably, all inks used in this study demonstrated low static 
viscosities (<60 Pa·s).

All inks exhibited a loss modulus (G′′) greater than the 
storage modulus (G′) (Figure 4B). Overall, the incorporation 
of Ag particles increased the viscosity of the system 
compared to pure PDMS inks. However, when the 
amount of Ag particles was low (i.e., PDMS/Ag-1%), the 
interparticle interactions were weak, resulting in minimal 
reinforcement of the matrix. In addition, the incorporation 

Figure 4. Rheological behaviors of the inks. (A) Apparent viscosity as a function of shear rate. (B) Storage (G′) and loss (G′′) moduli as a function of shear 
stress. (C) Rheological behavior of the carbomer solution
Abbreviation: PDMS: Polydimethylsiloxane

A B
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of Ag particles may have disrupted the original molecular 
chain mobility of the matrix, leading to a slight decrease 
in both modulus and viscosity. The differences in viscosity, 
G′, and G′′ of several other inks were relatively minor. 
Nevertheless, during the printing process, PDMS/Ag-5% 
and PDMS/Ag-10% exhibited poor stability due to the high 
concentration of Ag particles, which led to agglomeration, 
nozzle clogging, and the formation of intermittent 
filaments. Considering the overall rheological behavior 
and print performance, PDMS/Ag-3% was selected as the 
optimal ink formulation for 3D printing earplugs.

Carbomer solutions (Figure  4C) exhibited shear-
thinning properties and rapid self-healing capabilities. 
Localized fluidization occurred when a needle applied 
stress while tracing across the supporting microgel, which 
rapidly returned to its original state when the needle 
was withdrawn. The viscosity of the carbomer support 
gel was modulated by adjusting its pH. We conducted 
several experiments to determine the optimal NaOH 
concentration, ensuring that the ink can spread effectively 
within the gel matrix for deposition, adhesion, and curing.

3.4. 3D-printed construct

3.4.1. Microstructural analysis

The SEM images of the samples (Figure  5A) indicated 
that the Ag nanoparticles have relatively smooth surfaces 
and are dispersed within the PDMS matrix as small-

sized nanoparticles. The XRD spectra of Ag, PDMS-Ag, 
and PDMS are presented in Figure  5B. Ag exhibited 
characteristic diffraction peaks, suggesting that Ag has a 
face-centered cubic structure. Meanwhile, PDMS exhibited 
no distinct peaks, confirming it as a non-crystalline 
material.

3.4.2. Mechanical properties

Three independent samples (n = 3) were tested for 
tensile fracture and cyclic loading. To enhance clarity, 
representative curves from one sample are presented 
in Figure  6. The construct was stretched to fracture at a 
fixed rate of 10  mm/min, and the composites displayed 
approximately linear elastic behavior, with a maximum 
tensile strength of 0.52 ± 0.06 MPa and an elongation at 
break of 62.93 ± 3.8% (Figure 6A). The material exhibited 
good mechanical stability even after multiple stretch and 
compression cycles. The Mullins effect is most pronounced 
in the first loading cycle, with progressive stabilization 
after 3–5  cycles.43 Accordingly, five consecutive loading-
unloading cycles were applied to each PDMS-Ag sample 
to ensure that the material had reached a repeatable steady 
state. While the material exhibited plastic deformation in 
the first cycle, subsequent cycles demonstrated good elastic 
recovery (Figure  6B and C), indicating that the material 
possessed both elasticity and plasticity, enabling partial 
recovery of its original state, though some permanent 
deformation remains.

Figure  5. Microscopic morphology of the sample. (A) SEM images and EDS of the sample. (B) XRD patterns for Ag, PDMS-Ag, and PDMS.  
Scale bar: 500 nm (A)
Abbreviations: EDS: Energy dispersive spectroscopy; PDMS: Polydimethylsiloxane; SEM: Scanning electron microscope; XRD: X-ray diffraction

A

B

https://dx.doi.org/10.36922/MSAM025260054


Materials Science in Additive Manufacturing Personalized 3D-Printed PDMS-Ag earplugs

Volume 5 Issue 1 (2026)	 8� doi: 10.36922/MSAM025260054

3.4.3. Acoustic properties

Three independent PDMS-Ag earplugs were fabricated 
and tested. Figure  7 presents a representative sound 
insulation curve. The acoustic performance of PDMS-Ag 
composite samples (8 mm thickness; 29 mm diameter) was 
evaluated at a frequency range of 500–6300 Hz (Figure 7). 
The earplugs demonstrated excellent sound isolation at 
1000–6300 Hz, achieving over 30 dB of sound insulation. 
Notably, at 4000 Hz, sound insulation ranged from 35.03 
to 37.58  dB. Although the earplugs were less effective 
at blocking out low-frequency noises—such as human 
speech, which typically ranges from 85 and 255 Hz44—they 
outperformed most commercial swimming and sleeping 
earplugs. For comparison, typical silicone putty plugs offer 
≈ 22 dB, wax plugs ≈ 25 dB, and polyurethane (PU)-foam 
plugs 29–32 dB. Compared to more airtight earplugs, the 
3D-printed earplugs increase the swimmer’s awareness of 
external warning sounds, further enhancing swimming 
safety.

The PDMS-Ag composite offers advantages in terms 
of mid- to high-frequency sound insulation and thickness 
efficiency, making it suitable for applications that require 
lightweight, flexible materials with wide-frequency noise 
reduction capabilities. These features may be attributed 

Figure  7. Sound insulation properties of polydimethylsiloxane-Ag 
composites. Front side refers to the upper surface; reverse side refers to 
the lower surface

to the high impedance of Ag, which enhances interface 
reflection and inhibits sound wave transmission, thereby 
improving the sound insulation performance of PDMS-Ag 
composites. Table  1 presents the sound insulation values 
for various materials with different thicknesses reported in 

Figure 6. Mechanical properties of composites. (A) Tensile stress-strain of composites. (B) Tensile stress-strain curves of composites. (C) Compressive 
stress-strain curves of composites

A

C

B
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Table 1. Sound insulation effects of different materials

Material Sample 
thickness 

(mm)

Sound 
frequency 

(Hz)

Sound 
insulation 

capacity (dB)

References

PDMS-Ag 8 500–6300 −26–−38 This work

PDMS 5.08 1000 −29 45

PDMS-HGMs 5.08 1000 −26 45

Composite 
sound insulation 
structure

>50 1000 −35.1 46

Mineral wool 
panel

23 500–8000 −24–−30 47

Polyurethane 
foam panel

23 500–8000 −11–−30 47

48 500–8000 −11–−32 48

Abbreviations: HGMs: Hollow glass microspheres;  
PDMS: Polydimethylsiloxane.

other studies. Although PDMS/HGM composite materials 
reduce thermal conductivity, they exhibit decreased sound 
insulation performance. In contrast, PU rubber focuses on 
low-frequency vibration reduction, while elastomer foam 
requires greater thickness to achieve broadband noise 
reduction.

3.4.4. Contact angle

The contact angle was measured at three distinct spots 
on a representative sample and averaged. As displayed 
in Figure 8, the droplet is fully absorbed by the material 
even after 100 s, and a higher receding contact angle of 
95.64° was observed. In the context of swimming—where 
earplugs are used intermittently and are not exposed to 
water for prolonged periods—these properties indicate 
that the earplugs can maintain effective water resistance 
during typical swimming activities. In addition, the water 
droplets are less likely to stick to the surface, minimizing 
the scattering and absorption of sound waves, thereby 
allowing sound to be transmitted more clearly into the ear 
canal.

3.5. Antimicrobial performance of earplugs

The PDMS/Ag-1% formulation displayed no statistically 
significant antibacterial efficacy compared to the control 
group. In addition, further increasing the Ag content may 
increase material costs without significantly enhancing 
antibacterial efficacy. Therefore, the PDMS/Ag-3% 
formulation offered the best balance among antibacterial 
efficacy, printability, and cost effectiveness, and was selected 
as the representative composition. For each material type, 
three separate batches were produced, obtaining a total of 
nine samples. Each sample was co-cultured in LB broth, 
spread on three plates, and the average colony count was 

calculated (Figure 9A). Error bars in Figure 9B represent 
the standard deviation among the three averaged values 
per group. PDMS alone displayed no antibacterial activity 
and, in fact, slightly promoted bacterial growth compared 
to the LB blank control. Between pure PDMS and Ag, a 
highly significant difference was observed (***p<0.001), 
highlighting that pure Ag exhibits strong antibacterial 
effects. In repeated experiments, the colony-forming unit 
count for Ag was zero, with no significant variation across 
tests. However, the antibacterial effect of Ag was superior 
to that of PDMS-Ag, likely due to the encapsulation 
of Ag within PDMS reducing its antibacterial effect 
(Figure  9B). In summary, the PDMS/Ag-3% composite 
exhibited effective antimicrobial properties and meets the 
requirements for use in swimming earplugs.

3.6. User feedback on earplug wearability

Survey results (Figure 10) from 60 participants indicate that 
the 3D-printed swimming earplugs received high ratings 
across multiple dimensions, with average scores exceeding 
4.0 for all questions. The mean score for satisfaction with 
appearance was 4.2, indicating that most respondents 
were satisfied with the earplugs’ styling. High scores for 
non-allergic reaction (4.8) and comfort (4.1) emphasize 
the biocompatibility and safety of the material. Functional 
performance ratings focused on waterproofness (4.2) and 
acoustic isolation (4.0) further highlight the earplugs’ 
effectiveness. The average score for no interference with 
swimming (4.0) and ear canal fit (4.1) highlights the 
benefits of personalized design. Notably, willingness 
to continue using the earplugs in the future scored 4.0, 
demonstrating a high level of user acceptance. Overall, 
these results validate that the 3D-printed swimming 
earplugs are a promising alternative to traditional earplugs, 
offering enhanced comfort and customization.

3.7. Effect of prolonged earplug use on swimmers 
over 7 weeks

The data analysis of 32 beginner swimmers (Table S1) 
revealed that the frequency of water entering the ear canal 
decreased in the group wearing earplugs compared to the 
non-wearing group starting from the 1st week. Significant 
differences were observed in weeks 4 and 7, indicating 
that the 3D-printed earplugs effectively reduce ear water 
ingress. In terms of underwater hearing, both groups 
had similar scores in recognizing external safety warning 
sounds, suggesting that the earplugs provide moderate 
isolation of the human voice and maintain good safety 
during swimming. In terms of concern about ear health, 
the wearing group exhibited a significant decrease after 
7 weeks compared to the non-wearing group. In addition, 
the wearing group demonstrated better swimming 
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Figure 8. Water contact angle measurement of the construct
Abbreviation: R-a: Receding contact angle

Figure 9. Antibacterial experiment on swimming earplugs. (A) Schematic workflow of the antibacterial activity test. (B) Antibacterial effects of different 
materials on Staphylococcus aureus; *p<0.05, **p<0.01, ***p<0.001, ns: p>0.05
Abbreviations: PDMS: Polydimethylsiloxane; SA: Staphylococcus aureus; CFU: Colony-forming Unit; LB: Luria-Bertani
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concentration than the non-wearing group during the 
1st week of use.

4. Discussion
4.1. Superior performance of 3D-printed earplugs

The SEM, EDS, and XRD results collectively confirm that 
the PDMS-Ag composites were successfully fabricated, 
with Ag nanoparticles evenly distributed within the PDMS 
matrix. The overlapping curves (Figure  6B and C) after 
multiple cycles demonstrate good durability. For swimming 
earplugs, the resilience and durability of the material allow 
it to maintain a secure seal and comfort during repeated 
use while withstanding underwater pressure changes. 
Compared to soft silicone earplugs, these 3D-printed 
earplugs leave almost no debris in the ear canal after 
swimming. These earplugs performed well in insulating 
against medium- and high-frequency sounds but are less 
effective at blocking out low-frequency noises. In swimming 
environments, sounds such as splashing and underwater 
bubbles primarily occur above 1000  Hz, while human 
speech ranges between 85 and 255 Hz. These earplugs also 
effectively isolate underwater noise, providing swimmers 
with a comfortable swimming environment. Thus, the 
3D-printed earplugs can increase the swimmer’s awareness 
of external warning sounds, further enhancing swimming 
safety. In addition, the water droplets are less likely to stick 
to the surface of the earplugs, minimizing the scattering 
and absorption of sound waves to allow clearer sound 
transmission into the ear canal. Most literature addresses 

acoustic insulation and antimicrobial activity separately; 
however, our PDMS-Ag composite provides both effective 
sound insulation and broad-spectrum antibacterial effects, 
demonstrating a dual-function design ideal for swimming 
earplugs. Overall, users benefit from enhanced auditory 
clarity, which is especially important for underwater 
activities like swimming, where clear sound transmission 
is crucial for safety and communication.

4.2. Health promotion for swimmers wearing 
3D-printed earplugs

The results for the non-wearing group revealed several 
improvements over the swimming period. Water comfort 
during swimming increased notably by weeks 4 and 
7 compared to the initial week, indicating a growing 
adaptation to swimming activities. There was also a 
marked reduction in the incidence of water entering the 
ear canal by week 7, demonstrating an improvement in 
preventing water ingress over time. Underwater hearing, 
particularly in recognizing external safety warning sounds, 
significantly improved by week 7. Concerns regarding 
ear canal health decreased significantly at weeks 4 and 7, 
suggesting reduced anxiety about ear-related issues with 
continued swimming. This may be attributed to beginners’ 
increasing adaptation to water exposure, leading to less 
frequent water ingress. Likewise, swimmers’ anxiety 
levels decreased significantly by week 7, indicating greater 
overall comfort and confidence in the water. Furthermore, 
participants demonstrated improved concentration during 
swimming, with higher focus levels at weeks 4 and 7 

Figure 10. Likert scale for user feedback on earplug wearability (n = 60)
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compared to week 1, suggesting enhanced engagement and 
immersion as the swimming experience accumulated.

Over the 7-week experiment, the wearing group 
demonstrated significant improvements in water comfort 
and reduced ear canal water ingress (Table S2). Specifically, 
the frequency of water entering the ear canal decreased 
significantly during swimming. Concerns about ear canal 
health decreased significantly at weeks 4 and 7 compared 
to the initial week. Swimming anxiety also reduced over 
time, suggesting that wearing earplugs has a positive 
psychological impact on beginner swimmers. While overall 
swimming concentration remained relatively stable in the 
wearing group, participants wearing 3D-printed earplugs 
reported significantly higher concentration levels in the 
1st week compared to the non-wearing group. These results 
highlight the positive impact of 3D-printed earplugs on 
swimmer comfort, ear protection, and psychological well-
being over time.

4.3. Promotion of earplugs for swimming

Wearing personalized antibacterial earplugs can enhance 
public awareness of self-protection and increase enjoyment 
during aquatic activities. Through the 7-week experiment, 
participants in the wearing group demonstrated improved 
swimming safety awareness and developed long-term, 
effective health management habits. The promotion of 
swimming earplugs has significantly aided the public 
in learning the correct use of earplugs and other sports 
equipment. This has effectively prevented water ingress 
and ear infections, fostered awareness of safety and 
health, optimized swimming habits, and strengthened ear 
health protection. The promotion of earplugs also plays a 
valuable role in health monitoring and disease prevention. 
In future research, we envisage implanting smart sensors 
into 3D-printed structures to monitor vital signs, such as 
heart rate, ear health, and motion status.48,49 By tracking 
physiological parameters, these devices can provide early 
warnings of potential health issues, such as infections 
and other illnesses, enabling timely medical intervention. 
Traditional silicone earplugs rely on injection molding,16 
which has limitations in terms of customizing the 
geometry of the individual ear canals. In contrast, we used 
embedded-suspension 3D printing technology to produce 
personalized earplugs that fit the user’s ear canal without 
the need for molds. This innovation not only enhances 
personal health management but also contributes to safer 
and healthier swimming activities for the public in the 
future.

5. Conclusion
This study demonstrates the successful application 
of embedded 3D printing technology in developing 

personalized antimicrobial earplugs for swimming. The 
PDMS-Ag composite exhibited excellent rheological 
properties, inhibition rate (99.89%), and mechanical 
durability (elongation at break of 62.93%), enabling precise 
customization with high accuracy. The earplugs effectively 
block water ingress (water contact angle: 95.64°) while 
maintaining sound transmission in the 600–1000  Hz 
range, ensuring user safety and environmental awareness. 
Overall, this study highlights the feasibility and advantages 
of 3D printing technology for producing functional 
swimming accessories and offers innovative solutions for 
enhancing ear health protection in aquatic activities.
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