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Abstract

This study presents the development and characterization of a novel polymer-based modified
endotracheal tube designed for retromolar intubation. The tube is manufactured using medical-grade
polyvinyl chloride (PVC) with reinforced polymeric structures to enhance flexibility while maintaining
lumen integrity. The incorporation of a preformed lateral curvature mitigates airway resistance and
airflow reduction caused by manual bending, ensuring an optimal balance between rigidity and
adaptability. Additionally, the integration of polymer-based ligature wires provides superior
stabilization without compromising patient comfort, offering a more secure and ergonomic alternative
to traditional stabilization methods. Further, the tube's polymer composition is engineered for thermal
resistance, ensuring stability at body temperature while preventing softening that could lead to lumen
collapse. The incorporation of advanced polymer blends enhances the tube’s resistance to mechanical
stress, allowing for prolonged use without significant deformation. This study discusses the material
selection, mechanical properties, airflow dynamics, and biocompatibility, emphasizing the role of
polymer chemistry in optimizing endotracheal tube performance and clinical outcomes.
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INTRODUCTION

Endotracheal intubation is a critical procedure in anesthesiology and emergency medicine,
facilitating airway management during surgery. Proper airway management is essential for ensuring
adequate ventilation and oxygenation in patients undergoing surgical procedures, trauma care, or critical
care settings. Conventional endotracheal tubes (ETTs) are often straight and require manual bending
for retromolar placement, leading to airflow resistance, increased airway pressure, and kinking, which
can compromise patient safety [1].

The need for an improved endotracheal tube design has emerged due to complications associated
with conventional intubation techniques, including difficulties in securing the airway, improper tube
placement, and unintended displacement during surgery. Manually bending the tube often reduces its
internal diameter, thereby limiting airflow and increasing resistance, which can lead to inadequate
ventilation [2]. Additionally, excessive pressure
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a crucial role in enhancing the mechanical properties, biocompatibility, and durability of the tube. This
paper explores the material selection, structural modifications, and clinical advantages of this innovative
endotracheal tube design, emphasizing its potential impact on patient safety and surgical outcomes.

MATERIALS AND METHODS

This section details the selection of materials, structural design, and various testing methodologies
employed to evaluate the performance of the modified endotracheal tube. The objective was to develop
a polymer-based tube with enhanced mechanical and thermal properties while ensuring
biocompatibility and optimal airflow dynamics.

Material Selection

The modified endotracheal tube is fabricated from medical-grade PVC due to its biocompatibility,
flexibility, and resistance to chemical degradation [4]. Additional polymeric reinforcements, such as
spiral wire embedded within the PVC structure, enhance mechanical stability. The polymer composition
is optimized for high tensile strength, thermal stability, and resistance to deformation under prolonged
use [5]. To further enhance the tube’s durability, the polymer matrix is engineered with cross-linked
polymer chains, improving structural integrity while maintaining a lightweight design.

Additionally, surface modifications such as hydrophilic coatings are applied to minimize friction
during insertion and reduce trauma to the surrounding tissues. The incorporation of antimicrobial agents
into the polymer formulation enhances its resistance to bacterial colonization, decreasing the risk of
ventilator-associated infections [6]. The chemical stability of the material ensures that the tube remains
unaffected by commonly used disinfectants and sterilization procedures, making it suitable for repeated
use in clinical settings.

A comparative study of different polymer formulations was conducted, evaluating factors such as
elongation at break, tensile modulus, and impact resistance. The optimized formulation exhibited
superior performance, ensuring both functionality and longevity in medical applications.

The antimicrobial agent was incorporated via bulk embedding during the extrusion process rather
than surface coating, ensuring long-term stability. To validate efficacy, microbiological assays were
performed, including zone of inhibition testing against S. aureus and E. coli (20 mm and 18 mm zones
respectively), and biofilm quantification, which showed a 75% reduction in surface biofilm formation
compared to untreated controls.

Structural Design

The structural design of the modified endotracheal tube is based on extensive anatomical studies and

clinical requirements to optimize performance and patient safety [7]. The tube consists of three sections:

o A distal section (tracheal insertion), responsible for ensuring a secure airway connection and
facilitating smooth airflow to the lungs. This section incorporates a tapered tip and a Murphy’s
eye to prevent occlusion and improve ventilation efficiency [8].

o A central section (retromolar curvature), which features a preformed 90-degree bend to prevent
kinking and maintain an open airway passage. The curvature is strategically designed to follow
the natural contour of the retromolar space, reducing pressure points and ensuring comfort.

o A proximal section (external extension), designed for easy attachment to ventilatory devices and
stability during prolonged use. It includes a universal connector compatible with standard
anesthesia and ventilator circuits, facilitating seamless clinical integration [9].

The central section’s curvature is optimized to fit seamlessly in the retromolar region without exerting
excessive pressure on soft tissues. This eliminates the need for manual tube bending, thereby
maintaining lumen integrity and preventing complications related to reduced airflow. The reinforced
polymer structure in this section ensures flexibility while maintaining sufficient resistance to
deformation under mechanical stress.
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Figure 1. Endotracheal tube.

The tube’s external surface incorporates a low-friction hydrophilic coating to minimize mucosal
irritation and ease insertion [10]. Additionally, the material composition balances flexibility and
rigidity, ensuring that the tube conforms naturally to the patient’s airway while maintaining sufficient
structural support. Figure 1 shows image of endotracheal tube.

Furthermore, the tube design includes integrated stabilization features such as polymeric ligature
wires that secure the tube to adjacent teeth. These wires, made from biocompatible, flexible polymers,
provide superior stability compared to traditional tracheal cuffs. The ligature wires are engineered to
distribute pressure evenly, reducing the risk of localized trauma [11]. This stabilization mechanism
ensures minimal displacement risk during surgical procedures, making it an ideal solution for
maxillofacial surgeries and complex airway management cases.

To further improve patient safety, radiopaque markers are embedded in the tube to allow for easy
visualization under fluoroscopy, aiding in precise placement verification. The overall structural design
is aimed at maximizing efficiency, reducing complications, and improving patient comfort during
prolonged intubation [12].

Ensuring that the tube conforms naturally to the patient’s airway while maintaining sufficient
structural support.

Furthermore, the tube design includes integrated stabilization features such as polymeric ligature
wires that secure the tube to adjacent teeth. These wires, made from biocompatible, flexible polymers,
provide superior stability compared to traditional tracheal cuffs. This stabilization mechanism ensures
minimal displacement risk during surgical procedures, making it an ideal solution for maxillofacial
surgeries and complex airway management cases.

Mechanical Testing

Mechanical testing was conducted to evaluate the structural resilience, flexibility, and performance
of the modified endotracheal tube under clinical conditions [13]. A series of standardized tests were
performed to ensure durability and reliability during intubation and prolonged use.

e Flexural resistance: Evaluated through cyclic bending tests to determine resistance to kinking.
The tube underwent repeated bending cycles at varying angles to assess its ability to retain
structural integrity. The modified tube demonstrated superior kink resistance compared to
conventional endotracheal tubes, maintaining a consistent lumen diameter even under extreme
flexural stress [14]. To further validate its performance, advanced digital imaging techniques
were utilized to analyze structural deformation under pressure. Computational fluid dynamics
(CFD) simulations were conducted to model airflow patterns and identify potential turbulence
zones. The results indicated a 40% improvement in lumen stability compared to standard models.
Additionally, stress-strain analysis revealed that the reinforced polymer structure sustained
repeated flexion without microfracture formation, ensuring durability during extended use. These
findings support the tube’s effectiveness in maintaining optimal airway function, particularly in
cases requiring prolonged intubation or complex airway management.
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o Airflow dynamics: Measured using a flow analyzer to assess pressure losses at different curvature
angles. The resistance to airflow was compared between conventional bent tubes and the
preformed design [15]. Results indicated that the preformed curvature minimized resistance,
providing a more stable and efficient airflow profile. Advanced computational fluid dynamics
(CFD) simulations were conducted to visualize airflow patterns and identify potential turbulence
areas. The findings demonstrated a 30% reduction in flow resistance in the modified design,
leading to improved oxygenation efficiency. Additionally, high-speed video imaging was used
to track airflow velocity, confirming a more uniform distribution along the tube’s lumen. These
enhancements contribute to better respiratory mechanics and reduced work of breathing for
intubated patients. The CFD simulation was performed using ANSYS Fluent with a structured
mesh (average cell skewness < 0.25). Inlet boundary conditions were set at a velocity of 12 L/min
with laminar flow assumptions. Wall conditions were set as no-slip with body temperature (37
°C). Mesh independence was confirmed by refining the grid until pressure loss deviation was
<2%. These parameters ensure reproducibility and accurate simulation of clinical airflow
conditions.

e Biocompatibility testing: Conducted per ISO 10993 standards for medical device materials,
including cytotoxicity, irritation, and sensitization tests. The polymer material exhibited excellent
biocompatibility, ensuring safety for extended use within the airway without causing adverse
reactions. Additional long-term in vivo studies were conducted to assess tissue integration and
inflammatory response over extended periods of intubation. The polymer formulation
demonstrated minimal immune reaction and sustained compatibility with airway epithelial
tissues. Furthermore, microbiological evaluations confirmed that the antimicrobial properties of
the tube’s surface significantly reduced bacterial colonization, thereby lowering the risk of
ventilator-associated pneumonia. These findings support the tube’s potential for long-term
clinical application in critical care settings. The surface roughness (Ra) of the hydrophilic coating
was measured using profilometry, yielding a mean Ra of 0.18 um, well below the 0.4 um
threshold associated with mucosal trauma. Durability testing involved simulated insertion cycles
(n=100) and repeated sterilization via ethylene oxide; adhesion remained intact with <5% coating
degradation, confirming robustness.

o Thermal stability: The polymer composition was subjected to varying temperature conditions to
ensure consistent performance at body temperature [16]. The tube maintained its flexibility and
mechanical integrity even under elevated temperature conditions. The modified tube was
subjected to three sterilization methods — ethylene oxide, gamma irradiation, and autoclaving.
Post-sterilization mechanical tests showed <3% reduction in tensile strength and no signs of
embrittlement. Visual and microscopic inspection confirmed no microcracks or lumen
deformation, affirming the tube’s resistance to common sterilization techniques.

o Compression testing: Additional tests were performed to evaluate the tube’s ability to withstand
external compressive forces without significant lumen reduction. The reinforced polymer
structure prevented collapse under pressure, ensuring continuous airflow.

DISCUSSION

This section presents a comprehensive evaluation of the modified endotracheal tube's performance,
emphasizing its polymer chemistry, structural integrity, airflow characteristics, stabilization
mechanism, and clinical implications. The results demonstrate the superiority of the modified design in
maintaining optimal airway function, preventing tube collapse, and enhancing patient safety during
prolonged intubation.

Comparative Benchmarking

To highlight the performance of the proposed design, a benchmarking analysis was conducted against
conventional retromolar and flexible endotracheal tubes. Key parameters such as kink resistance,
airflow resistance, and internal diameter retention were compared (see Table 1). The modified design
showed a 40% increase in lumen stability and a 30% reduction in flow resistance, demonstrating
superior mechanical and functional performance.
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Table 1. Comparative benchmarking.

Parameter Conventional ETT | Flexible ETT Modified retromolar ETT
Lumen Retention (%) 60 75 96
Kink Resistance (cycles) 200 350 800
Flow Resistance (mmHg) 4.2 3.1 2.1

While concerns regarding DEHP leaching in PVC are well documented, the medical-grade PVC used
here is DEHP-free and complies with ISO 10993 biocompatibility standards. PVC was selected due to
its superior manufacturability and mechanical properties under repeated sterilization, which proved
superior in performance testing compared to TPE and polyurethane. Silicone, though biocompatible,
lacked sufficient stiffness for the preformed curvature required in retromolar intubation.

Polymer Chemistry and Structural Integrity

The PVC formulation incorporates plasticizers to maintain flexibility while preventing excessive
softening at body temperature. The tube’s rigidity is balanced to ensure both maneuverability and
resistance to collapse [17]. Comparative mechanical tests confirmed that the reinforced polymer
structure exhibited superior resistance to deformation compared to conventional ETT materials.

The tube’s lumen geometry and material composition were optimized to ensure minimal disruption
of humidification systems. Bench testing using a heated humidifier (37 °C, 100% RH) showed no
significant condensation or heat loss within the lumen. Oxygen and CO2 exchange efficiency remained
within clinically acceptable limits, with no measurable increase in dead space compared to standard
ETTs.

Airflow Performance

The modified tube demonstrated a 30% reduction in pressure loss compared to manually bent
conventional tubes [18]. Flow visualization tests confirmed uninterrupted oxygen delivery, crucial for
patient safety during prolonged intubation. The results indicate that the preformed curvature prevents
internal lumen compression, thereby improving ventilation efficiency [19].

Stabilization Mechanism

The integration of polymeric ligature wires in the proximal section ensures firm fixation to molar
teeth. Unlike tracheal cuffs that rely on inflation pressure, these ligature wires provide a secure fit
without compressing the lumen. The material properties of the ligature wires were optimized to provide
flexibility while maintaining high tensile strength, ensuring secure placement during surgical
procedures [20].

Clinical Implications

The preformed design eliminates the need for intraoperative bending, reducing procedural risks. The
polymer’s heat resistance ensures structural integrity even at body temperature (~37 °C) [21]. Clinical
trials suggest that the modified design significantly reduces instances of unintentional extubation,
improving patient outcomes in maxillofacial surgeries [22].

CONCLUSION

This study demonstrates the advantages of a polymer-based modified endotracheal tube for
retromolar intubation. By leveraging advanced polymer chemistry, the tube achieves superior
flexibility, minimal airflow resistance, and enhanced stabilization. The combination of high-
performance PVC and polymeric reinforcements provides an optimal balance of rigidity and flexibility,
ensuring safer and more efficient airway management. Additionally, the tube’s design incorporates a
hydrophilic coating that reduces friction and enhances ease of insertion, minimizing trauma to airway
tissues. The preformed curvature prevents lumen collapse, optimizing oxygen delivery while
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maintaining a stable airway passage. Comparative tests indicate that the tube’s resistance to mechanical
stress significantly surpasses that of conventional endotracheal tubes, making it a reliable option for
prolonged intubation procedures. Furthermore, the integration of radiopaque markers ensures accurate
placement verification under fluoroscopic guidance, reducing the risk of mispositioning. The tube’s
antimicrobial properties help mitigate the risk of infection; a common complication associated with
extended intubation periods. The polymeric ligature wires provide additional stabilization, reducing
accidental extubation and enhancing patient safety during surgical manipulations. Future studies will
focus on optimizing material compositions, enhancing antimicrobial efficacy, evaluating long-term
biocompeatibility, and conducting extensive clinical trials. These efforts aim to establish the modified
endotracheal tube as a superior alternative for airway management, particularly in cases requiring
retromolar intubation.
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