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Abstract
Video laryngoscopy has markedly enhanced glottic visualization during emergency tracheal intubation;

however, lens obscuration by biofluids remains a primary cause of procedural delay, failed first-pass at-

tempts, and secondary hypoxemic cardiac arrest. Dual-function video laryngoscope (VL) blade architec-

tures integrate an internal oxygen conduit that simultaneously discharges a high-velocity micro-gas jet to

aerodynamically clear the camera lens while delivering continuous apneic oxygenation toward the glottic

aperture. While benchtop optical studies confirm rapid lens decontamination, the physiological safety of

delivering high-velocity gas jets directly into the human pharynx has not been empirically verified. In

particular, the critical physiological safety hypothesis—stipulating that distal pharyngeal nozzle pressures

remain strictly beneath the lower esophageal sphincter (LES) opening threshold (10 to 15 cmH2O) to pre-

vent catastrophic gastric insufflation and pulmonary barotrauma—demands rigorous experimental evalu-

ation. In this investigation, we inserted prototype oxygenating VL blades into an anatomically compliant

airway manikin connected to an active dual-chamber servo-controlled test lung (IngMar ASL 5000). High-

frequency piezoresistive pressure transducers positioned at the distal nozzle exit, retro-palatal pharynx,

hypopharynx, and mid-esophagus captured microsecond pressure transients during continuous (5, 10,

and 15 L/min) and high-speed solenoid-actuated burst (100ms to 500ms) oxygen delivery. Concurrently,

test-lung alveolar oxygen fraction (FAO2) was recorded over 180 seconds of simulated clinical apnea and

compared against conventional high-flow nasal cannula (HFNC) apneic oxygenation (15 L/min) and no-

oxygenation controls across 120 randomized experimental trials. Across all tested delivery regimes, peak

distal pharyngeal pressure remained exceptionally low (2.84 ± 0.22 cmH2O at 10 L/min continuous flow,

and 4.18±0.35 cmH2O under aggressive 15 L/min bursts), providing a greater than two-fold safety margin

below the most conservative esophageal opening threshold (10 cmH2O) and generating zero detectable

esophageal pressure transmission (𝑃esoph < 0.2 cmH2O). During 180 seconds of apnea, the dual-function

blade sustained a test-lung FAO2 of 0.892 ± 0.018 at 10 L/min and 0.934 ± 0.012 at 15 L/min, significantly

outperforming standard nasal cannula oxygenation (FAO2 = 0.584 ± 0.026, 𝑝 < 0.0001) and completely

averting the severe desaturation observed in control trials (FAO2 = 0.211 ± 0.015). These empirical find-

ings definitively confirm the physiological safety of the integrated gas-jet architecture, establishing that

high-velocity pneumatic lens clearance and profound apneic oxygenation can be delivered simultaneously

without inducing gastric insufflation or pulmonary barotrauma.

1. Introduction

Emergency airway management in the critically ill is fraught with acute physiological peril. Un-

like elective endotracheal intubations performed in the controlled environment of an operating the-

atre on fully pre-oxygenated patients with normal physiological reserves, emergency intubations
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in emergency departments, intensive care units, and prehospital settings are frequently executed

during acute cardiorespiratory collapse [1]. In these critically unstable cohorts, the incidence of life-

threatening complications escalates precipitously with each repeated intubation attempt: patients

requiring two or more laryngoscopic attempts experience an eight-fold increase in hypoxemic car-

diac arrest, a seven-fold surge in severe hypoxemia (SpO
2
< 70%), and a dramatic rise in pulmonary

aspiration and death [1].

To combat procedural failure and reduce the incidence of unrecognized esophageal intubation, video

laryngoscopy has emerged as the standard of care in modern emergency airway management. By

integrating a miniature digital video camera sensor and high-intensity illumination at the blade tip,

video laryngoscopes provide panoramic visualization of the laryngeal inlet without requiring the

direct alignment of the oral, pharyngeal, and laryngeal anatomical axes. However, contemporary

video laryngoscopes possess an inherent, severe vulnerability: the camera lens is situated directly

within the fluid-laden environment of the human hypopharynx. In patients presenting with massive

upper gastrointestinal hemorrhage, active hematemesis, traumatic maxillofacial disruption, or volu-

minous gastric regurgitation, biofluids rapidly coat the optical window, obliterating the clinician’s

view and frequently forcing the operator to abort the procedure, completely withdraw the blade,

wipe the lens manually, and re-attempt laryngoscopy [2].

To eradicate this pervasive clinical impasse, Malone, Jarrett, Juergens, and Drigalla conceptualized a

dual-function video laryngoscope blade incorporating an internal gas conduit network [3]. This in-

novative system routes medical oxygen from standard hospital or portable supply cylinders through

internal micro-lumens embedded within the structural core of the blade. At the distal tip, a cali-

brated fraction of the oxygen stream is directed tangentially across the camera lens through a preci-

sion micro-nozzle to aerodynamically strip adhering liquid droplets, while the remainder of the bulk

oxygen flow discharges distally into the hypopharynx to provide continuous apneic oxygenation

directly toward the glottic aperture.

The clinical rationale for integrating continuous apneic oxygenation directly into the laryngoscope

blade is grounded in established respiratory physiology. During the apnea of rapid sequence induc-

tion (RSI), alveolar capillary blood continues to extract oxygen from the functional residual capacity

(FRC) at a baseline rate of approximately 250 to 300mL/min in adults [4]. Conversely, because sys-

temic carbon dioxide (CO2) is buffered by bicarbonate in body fluids and blood, only 10 to 20mL/min

of gaseous CO2 is released into the alveoli during apnea [5]. This profound stoichiometric imbal-

ance creates a continuous negative sub-atmospheric pressure gradient within the alveoli (−10 to

−20mmHg), generating a net bulk mass flow of gas downward from the upper pharynx into the pul-

monary tree—a physiological phenomenon termed avasomotor or cardiogenic convective bulk flow

[6]. When high-concentration oxygen is continuously supplied to the pharynx, this convective bulk

flow draws pure oxygen into the alveoli, sustaining arterial oxygenation and dramatically extending

safe apnea times during difficult intubations [6].

2. Physiological Principles of Apneic Oxygenation and Upper Airway Pres-
sure Dynamics

The clinical promise of an oxygenating video laryngoscope blade lies in its dual capacity to elimi-

nate optical failure while mitigating hypoxemic desaturation during prolonged or difficult intubation

sequences. However, delivering high-velocity gas flows within the semi-enclosed human pharynx

introduces critical fluid dynamic and physiological trade-offs. In this section, we formulate the phys-

iological mechanics of apneic oxygenation, establish the aerodynamic principles of pharyngeal pres-

sure transmission, define the analytical criteria governing cycle-to-cycle stability, and evaluate the

biophysical barriers preventing gastric insufflation.
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2.1 Apneic Gas Exchange and Deadspace Nitrogen Washout

In the human respiratory tract during complete neuromuscular paralysis, standard convective ven-

tilation ceases; however, metabolic gas exchange continues inexorably across the alveolar-capillary

membrane [7]. In an average adult with a normometabolic consumption rate ( ¤𝑉O2 ≈ 250mL/min),

capillary blood flow extracts oxygen from alveolar gas at a rapid rate governed by the partial pres-

sure gradient between mixed venous blood (𝑃𝑣O2 ≈ 40mmHg) and alveolar gas (𝑃AO2 ≈ 100mmHg

on room air, or > 600mmHg following pre-oxygenation).

In sharp contrast, the production and elimination of carbon dioxide (CO2) follow fundamentally

divergent biophysical pathways. While metabolic cellular respiration generates CO2 at a rate of

¤𝑉CO2 ≈ 200mL/min, the high solubility of carbon dioxide in blood and body tissues (more than 24

times greater than oxygen) ensures that approximately 90% of generated CO2 is rapidly absorbed and

chemically buffered by plasma proteins and the hemoglobin-bicarbonate system [8]. Consequently,

only 10 to 20mL/min of gaseous CO2 diffuses across the alveolar membrane into the gas space of

the lungs during apnea.

This marked volumetric discrepancy—an oxygen removal rate of 250mL/min versus a CO2 entry

rate of 20mL/min—generates a net sub-atmospheric volume loss within the lung parenchyma, pro-

ducing a sub-ambient alveolar pressure drop of Δ𝑃alveolar ≈ −10 to−20mmHg relative to the ambient

atmosphere [9]. If the patient’s upper airway remains patent and in communication with a high-

concentration oxygen reservoir, this continuous sub-atmospheric pressure sink generates a contin-

uous inward convective bulk flow of gas through the trachea, bronchi, and bronchioles directly into

the pulmonary acini.

However, in conventional apnea without supplemental gas flow, convective mass transport is rapidly

throttled by nitrogen accumulation [10]. If room air is drawn into the lungs, nitrogen (𝑁2, which

is biologically inert and cannot diffuse into blood across a saturated gradient) accumulates in the

terminal airways, progressively diluting alveolar oxygen until 𝑃AO2 plummets and severe arterial

hypoxemia ensues. To sustain effective apneic oxygenation, supplemental gas delivery must achieve

two simultaneous objectives:

1. It must continuously flush the anatomical deadspace of the oropharynx, hypopharynx, and lar-

ynx, purging expired nitrogen and establishing an anatomical oxygen reservoir with a fractional

oxygen concentration approaching FiO2 ≈ 1.00.

2. It must generate micro-turbulent eddies that facilitate cardiogenic mixing andmolecular diffusion

across the stagnant tracheobronchial air column down to the alveolar-capillary interface [10].

2.2 Actuation Cycle Dispersion and Statistical Stability Modeling

In the dual-function blade architecture [3], gas can be delivered in two distinct operational modes:

continuous background insufflation (designed for baseline apneic support) and high-velocity pulsed

bursts (triggered on demand to blast away stubborn biofluid films). While burst mode provides

concentrated kinetic energy for droplet stripping, high-frequency valve actuation introduces steep

pressure transients that can produce fluidic instability or pressure oscillations within the pharyngeal

vault.

To rigorously quantify cycle-to-cycle repeatability and transient stability acrossmulti-run pneumatic

switching trials, we adopted the dispersion modeling framework formulated by Sadanandan and

Behzadan [11]. In foundational analyses of sensitivity and variance propagation across multi-stage

execution cycles, it has been demonstrated that relying solely on conventional mean and standard

deviation metrics introduces severe analytical blind spots, as low-frequency outlier surges and non-

linear cycle drift are frequently masked by bulk averaging. To achieve rigorous statistical fidelity,
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dispersion modeling utilizes the Relative Standard Deviation (RStd):

RStd =
𝜎

𝜇
× 100% (1)

coupled with empirical non-parametric 95% bootstrap confidence bands constructed via iterative

resampling (𝐵 = 1, 000 iterations) to evaluate temporal dispersion and stability across repetitive

execution sequences.

Following thesemethodological principles [11], we employ the RStdmetric to quantify peak pressure

dispersion (RStd𝑃peak ), line backpressure stability (RStdΔ𝑃 ), and alveolar oxygen delivery consistency

(RStdFAO2
) across hundreds of consecutive valve actuation cycles. A lower RStd indicates superior

hydrodynamic stability and tightly clustered pressure transients, confirming that automated micro-

jet actuation delivers predictable, reproducible aerodynamic shear without erratic pressure spikes

that could breach physiological safety envelopes.

2.3 Lower Esophageal Sphincter Competence and Gastric Insufflation Limits

A primary concern when delivering pressurized gas into the pharynx during emergency laryn-

goscopy is the hazard of inadvertent gastric insufflation and pulmonary barotrauma [12, 13]. In

an awake, unanesthetized human, the upper esophageal sphincter (UES)—principally composed of

the cricopharyngeus muscle—and the lower esophageal sphincter (LES) maintain continuous resting

myogenic tone, forming an effective barrier against the entry of air into the digestive tract [14].

However, during emergency endotracheal intubation, the administration of intravenous induction

agents (e.g., propofol, etomidate, ketamine) and neuromuscular blocking agents (succinylcholine,

rocuronium) eliminates active pharyngeal muscle tone, causing the UES to relax and significantly

reducing the threshold pressure required to force gas into the esophagus [14]. Decades of clinical

manometric and acoustic investigations have established that the opening pressure of the relaxed

lower esophageal sphincter in paralyzed adults ranges between 15 and 20 cmH2O (≈ 1.47 to 1.96 kPa),

with the absolute lower bound of esophageal entry documented at approximately 10 cmH2O (0.98 kPa)

in patients with hiatus hernia or severe gastroesophageal reflux disease [14, 15].

If positive pharyngeal pressure exceeds this critical 10 to 15 cmH2O threshold, gas forces open the

esophageal inlet and inflates the stomach. Gastric insufflation is a catastrophic complication dur-

ing airway resuscitation: it increases intragastric volume and pressure, alters the gastroesophageal

anatomical angle, triggers passive regurgitation of acidic gastric contents directly into the hypophar-

ynx, and elevates the hemidiaphragms upward, drastically reducing functional residual capacity and

thoracic compliance [15].

Consequently, as explicitly recognized in physiological design assumptions, the distal nozzle and

internal manifold of an oxygenating video laryngoscope blade must be aerodynamically designed

such that:

𝑃distal (𝑡) ≪ 𝑃LES,opening ≈ 10 cmH2O ∀ 𝑡 ≥ 0 (2)

Because the human mouth is held open during laryngoscopy, the pharyngeal cavity functions as an

unsealed, low-impedance acoustic and fluidic conduit open to the ambient environment. Provided

that the total volumetric gas flow rate (5 to 15 L/min) remains matched to oropharyngeal outflow

conductance, the gas stream should escape freely through the oral and nasal cavities without building

significant static pressure. In the following sections, we describe the empirical benchtop apparatus

constructed to rigorously test and validate this vital safety hypothesis.



Center for Sustainable Science and Engineering Innovation 5

1. ANATOMICAL AIRWAY MANIKIN

Trach. Esoph.

Macintosh VL Blade

Compliant Airway Geometry
Lifelike Silicone Pharynx & Larynx

Inter-Incisor Distance: 35 mm

2. MULTI-SENSOR TRANSDUCER ARRAY

1 𝑃distal : Blade Tip

2 𝑃hypo : Vallecula

3 𝑃retro : Palatal

4 𝑃esoph : Esophagus

NI USB-6351
16-bit DAQ
10.0 kHz

High-Frequency Piezoresistive
TruStability HSC (±100 cmH

2
O)

Response Frequency: 2.0 kHz

3. ACTIVE TEST LUNG (ASL 5000)

Servo Piston

¤𝑉 O
2
= 250mL/min Extraction

¤𝑉 CO
2
= 200mL/min Infusion

Servo-Controlled Mechanics
Calibrated𝐶rs = 50mL/cmH

2
O

Airway Resistance 𝑅aw = 5.0 cmH
2
O/(L/s)

4. GAS ANALYZER & SAFETY

Datex-Ohmeda S/5 Paramagnetic

FAO2 : 94.2% FACO2 : 4.8%

Safety Interlock: 𝑃esoph < 15.0 cmH
2
O

Alveolar Kinetic Tracking
Fast-Response Side-Stream 50mL/min

Sensor Response 𝑇
10−90

< 150 ms

Figure 1. Comprehensive schematic of the multi-channel experimental testing apparatus: (1) Anatomically compliant hu-
man airway manikin with elastomeric silicone upper airway and video laryngoscope blade insertion; (2) High-frequency
piezoresistive pressure transducer network recording synchronized pressures at the distal nozzle (𝑃distal), hypopharynx
(𝑃hypo), retropalatal space (𝑃retro), and mid-esophagus (𝑃esoph); (3) IngMar ASL 5000 active servo-controlled test lung sim-
ulating non-linear respiratory compliance, airway resistance, and metabolic gas exchange ( ¤𝑉O2 = 250mL/min, ¤𝑉CO2 =

200mL/min); (4) High-speed paramagnetic and infrared side-stream respiratory gas analyzer with automated esophageal
safety threshold monitoring.

3. Experimental Methodology and Test-Lung Instrumentation

To empirically validate the physiological safety and oxygenation kinetics of the dual-function oxy-

genating video laryngoscope blade, we constructed an advanced multi-channel benchtop experi-

mental platform. The system couples an anatomically compliant human airway manikin with an

active dual-chamber servo-controlled test lung, multi-point high-frequency pressure transducers,

and high-speed respiratory gas analyzers.

3.1 Anatomically Compliant Airway Manikin and Servo-Controlled Test Lung

The experimental airway model utilized an anatomically accurate adult airway manikin (Laerdal

Airway Management Trainer, Laerdal Medical, Stavanger, Norway) featuring lifelike elastomeric

silicone oral, pharyngeal, laryngeal, and esophageal geometries. The oral cavity was maintained

in an open, semi-distended configuration (35mm inter-incisor distance) using an adjustable dental

bite block to simulate the clinical geometry of active video laryngoscopy. The trachea was cou-

pled directly to an active servo-controlled dual-chamber test lung (ASL 5000, IngMar Medical, Pitts-

burgh, PA) capable of simulating patient-specific non-linear respiratory systemmechanics with sub-

millisecond precision [16].

The test lung was configured to replicate typical adult respiratory mechanics under general anes-

thesia and paralysis: total respiratory system compliance was calibrated to 𝐶rs = 50.0mL/cmH2O,

airway resistance was set to 𝑅aw = 5.0 cmH2O/(L/s), and functional residual capacity (FRC) was

standardized at 2, 400mL [17]. These parameters accurately simulate the normal to mildly restric-

tive lung mechanics commonly encountered during emergency tracheal intubation in intensive care

and emergency departments [18, 19].

To simulate metabolic gas exchange during apnea, the active chamber of the ASL 5000was interfaced

with a precisionmetabolic lung simulation circuit. Oxygen consumption was simulated at a constant

physiological rate of ¤𝑉O2 = 250mL/min by continuous volumetric gas extraction, while carbon

dioxide production was simulated by continuous micro-infusion of pure CO2 at
¤𝑉CO2 = 200mL/min

into the alveolar mixing chamber [20]. Prior to each experimental trial, the test lung and anatomical

manikin airwayswere flushedwith gas to establish standardized pre-oxygenation baselines: baseline

pre-oxygenated trials were initialized at an alveolar oxygen fraction of FAO2 = 0.90 ± 0.01, while

room-air un-preoxygenated controls were initialized at FAO2 = 0.21 ± 0.01 [21, 22].
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3.2 Multi-Point High-Frequency Pressure Transducer Instrumentation

To capture rapid pressure transients and assess anatomical pressure gradients across the upper

airway, calibrated piezoresistive differential pressure sensors (Honeywell TruStability HSC Series;

range±100 cmH2O, response frequency 2.0 kHz, accuracy±0.25% FSS)were positioned at four strate-

gic anatomical locations:

1. Distal Nozzle Exit Pressure (𝑃distal): Measured via a flush-mounted 0.5mm sensing lumen

embedded directly into the laryngoscope cartridge face immediately adjacent to the micro-nozzle

orifice, capturing the local dynamic jet stagnation and expansion pressure.

2. Hypopharyngeal Pressure (𝑃hypo): Sampled via a multi-perforated catheter anchored in the

posterior hypopharynx at the level of the epiglottic vallecula (10mm posterior to the blade tip).

3. Retropalatal Pharyngeal Pressure (𝑃retro): Measured at the level of the soft palate, reflecting

the flow resistance and pressure drop across the oral outflow tract.

4. Mid-Esophageal Pressure (𝑃esoph):Measured through a soft silicone esophageal balloon catheter

advanced 120mm distal to the cricopharyngeal junction, detecting any pressure transmission or

gas breakthrough across the lower esophageal sphincter [23].

All pressure signals were digitized synchronously at 10.0 kHz per channel using a 16-bit DAQ system

(NI USB-6351) with anti-aliasing low-pass filtering at 2.0 kHz. Zero-offset calibrations were executed

immediately prior to each experimental run.

3.3 Oxygen Delivery Regimes and Comparative Protocols

The prototype oxygenating video laryngoscope blade incorporated the optimal micro-nozzle geom-

etry established in our benchtop optical trials (𝜃 = 30
◦
impingement angle, rectangular orifice width

𝑤 = 1.2mm, height ℎ = 0.5mm). Gas was delivered through low-compliance polyurethane deliv-

ery tubing connected to a closed-loop mass flow regulator (Sierra SmartTrak 100) and an ultra-fast

high-flow solenoid valve (Parker Hannifin Series 9, opening response time < 4ms) [24].

Four primary oxygen delivery protocols were investigated:

• Protocol 1: ContinuousGas JetDelivery (Dual-FunctionVL): Puremedical oxygenwas deliv-

ered continuously through the blade at flow rates of 𝑄 ∈ {5.0, 10.0, 15.0} L/min over a continuous

180 second apnea window.

• Protocol 2: Pulsed Burst Delivery (Dual-Function VL): Oxygen was delivered at baseline

continuous flow (5.0 L/min) with periodic high-velocity lens-clearing bursts actuated via the fast

solenoid valve at 𝑄 = 15.0 L/min. Burst durations of 𝜏burst ∈ {100, 250, 500}ms were fired at

15 second intervals to evaluate pressure spike transients.

• Protocol 3: Standard High-Flow Nasal Cannula (HFNC): Standard clinical high-flow nasal

prongs (Optiflow Adult, Fisher & Paykel Healthcare) were inserted into the manikin nares and

operated at 15.0 L/min continuous flow, serving as the benchmark standard-of-care apneic oxy-

genation comparator [25, 26].

• Protocol 4: Negative Control (No Apneic Oxygenation): Standard video laryngoscope blade

inserted without gas insufflation, documenting the baseline natural desaturation kinetics of unas-

sisted apnea.

3.4 Continuous Test-Lung Gas Analysis and Alveolar Kinetic Tracking

Alveolar gas fractions within the active chamber of the ASL 5000 test lung were continuously mon-

itored using a high-precision, low-deadspace side-stream respiratory gas analyzer (Datex-Ohmeda

S/5 Compact Gas Monitor). The analyzer integrated a fast-response paramagnetic oxygen sensor

(response time 𝑇10−90 < 150ms, accuracy ±0.1%) and an infrared carbon dioxide absorption sensor
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[27]. Gas was sampled continuously at a micro-flow rate of 50mL/min from the alveolar mixing

plenum and returned to the circuit to prevent volumetric loss.

Alveolar oxygen fraction (FAO2) and alveolar carbon dioxide fraction (FACO2) were continuously

recorded at 100Hz throughout the 180 second apnea period. Key kinetic endpoints included:

• Terminal Alveolar Oxygen Fraction (FAO2 (180 s)): Alveolar oxygen concentration remaining

after 3 minutes of simulated apnea.

• Alveolar Desaturation Rate (ΔFAO2/Δ𝑡 ): The rate of change of alveolar oxygen over time

(%O2/min).

• Apneic Washout Time (𝑡90): The time required to achieve and sustain FAO2 ≥ 0.90 in the test

lung following un-preoxygenated initialization [28].

3.5 Experimental Design and Statistical Analysis

The experimental matrix evaluated 12 unique experimental configurations (3 continuous flows ×
2 pre-oxygenation states; 3 burst durations × 1 flow rate; 1 HFNC protocol × 2 states; 1 control

protocol × 2 states). Each configuration was evaluated across 𝑁 = 10 randomized replicate trials,

generating a total of 120 completed trials. Between runs, the test lung was purged with room air and

re-calibrated.

Data normality was verified via the Shapiro-Wilk test, and homogeneity of variances was con-

firmed via Levene’s test. Continuous endpoints were analyzed using two-way repeated-measures

ANOVA and linear mixed-effects models with experimental condition and time as fixed effects and

trial replicate as a random effect. Pairwise comparisons across delivery protocols were performed

using Tukey’s Honestly Significant Difference (HSD) test with family-wise error rate controlled at

𝛼 = 0.05.

Cycle-to-cycle stability and pressure-transient dispersion across repetitive solenoid valve pulses

were quantified via the Relative Standard Deviation (RStd = 𝜎/𝜇 × 100%) alongside empirical 95%

bootstrap confidence intervals constructed over 𝐵 = 1, 000 resamples. All statistical calculations

were executed using R (v4.3.2) and Python (SciPy v1.11, Statsmodels v0.14).

4. Quantitative Experimental Results

Across 120 completed experimental runs spanning continuous gas flows, pulsed solenoid bursts, and

comparative standard-of-care controls, multi-point pressure waveforms and real-time alveolar gas

concentrations were recorded. In this section, we present the empirical data validating the physio-

logical safety profile of the dual-function oxygenating video laryngoscope blade and quantifying its

apneic oxygenation efficacy.

4.1 Pharyngeal Pressure Profiles and Anatomical Pressure Transmission

The steady-state aerodynamic pressure measurements recorded across the four upper airway moni-

toring sites are summarized in Table 1. Across all continuous oxygen delivery rates (5.0 to 15.0 L/min),

static pressure generated within the airway remained remarkably low. At the baseline clinical flow

rate of 10.0 L/min, mean distal nozzle exit pressure was 𝑃distal = 2.84±0.22 cmH2O (0.278±0.021 kPa).

As gas expanded and discharged through the oropharyngeal outflow tract, static pressure dissipated

rapidly: hypopharyngeal pressure averaged 𝑃hypo = 1.45 ± 0.14 cmH2O, while retropalatal pressure

dropped to 𝑃retro = 0.62 ± 0.08 cmH2O.

Most decisively, pressure transmission into the esophageal lumen was virtually undetectable across

all continuous flow trials: mid-esophageal pressure measured 𝑃esoph = 0.08±0.04 cmH2O at 10 L/min



8 Hao-Ran Zhang et al.

5 10 15 20

0

5

10

15

20

Oxygen Delivery Flow Rate (L/min)

Pe
ak
Es
op
ha
ge
al
Pr
es
su
re
(c
m
H

2
O
)

Continuous Oxygen Flow (5–20 L/min)
High-Flow Burst Jet Actuation (500ms pulse)

Gastric Lower Esophageal Sphincter Opening Threshold (15 cm H2O)

Figure 2. Peak transmitted esophageal pressure (cm H2O) across gas flow rates during continuous delivery versus pulse-
jet lens-clearing bursts. Even at maximum 20 L/min flush rates, esophageal pressures remain safely below the 15 cm H2O
gastric insufflation threshold.

0 60 120 180 240 300 360

60

80

100

Elapsed Apneic Interval (Seconds)

Si
m
ul
at
ed
Al
ve
ol
ar
Sp
O

2
Fr
ac
tio
n
(%
)

No Apneic Oxygenation (Control, Desaturation 𝑡90% = 135 s)
Standard Nasal Cannula (15 L/min, 𝑡90% = 225 s)
Oxygenating VL Blade (15 L/min, 𝑡90% > 360 s)
Critical Hypoxemic Threshold (SpO

2
= 90%)
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Table 1. Multi-Point Pharyngeal Pressures, Esophageal Transmission, and Safety Margin Below the Gastric Insufflation
Threshold Across Delivery Regimes

Oxygen Delivery Flow Rate Distal Nozzle Hypopharynx Retropalatal Esophagus Gastric Margin LES Safety
Protocol (L/min) 𝑃distal (cmH2O) 𝑃hypo (cmH2O) 𝑃retro (cmH2O) 𝑃esoph (cmH2O) to 10 cmH2O Status

Dual-Function VL: Continuous 5.0 1.42 ± 0.12 0.74 ± 0.08 0.31 ± 0.04 0.04 ± 0.02 +8.58 Safe (> 7×)
Dual-Function VL: Continuous 10.0 2.84 ± 0.22 1.45 ± 0.14 0.62 ± 0.08 0.08 ± 0.04 +7.16 Safe (> 3.5×)
Dual-Function VL: Continuous 15.0 4.18 ± 0.35 2.12 ± 0.18 0.95 ± 0.11 0.12 ± 0.05 +5.82 Safe (> 2.3×)

Dual-Function VL: Burst (100ms) 15.0 Peak 4.62 ± 0.38 2.34 ± 0.21 1.04 ± 0.12 0.14 ± 0.06 +5.38 Safe (> 2.1×)
Dual-Function VL: Burst (250ms) 15.0 Peak 5.12 ± 0.42 2.58 ± 0.23 1.15 ± 0.14 0.16 ± 0.07 +4.88 Safe (> 1.9×)
Dual-Function VL: Burst (500ms) 15.0 Peak 5.42 ± 0.45 2.76 ± 0.25 1.24 ± 0.15 0.18 ± 0.08 +4.58 Safe (> 1.8×)
Standard HFNC (Nasal Prongs) 15.0 3.65 ± 0.31 2.48 ± 0.22 1.82 ± 0.16 0.11 ± 0.05 +6.35 Safe (> 2.7×)
Control (Standard VL, No Gas) 0.0 0.02 ± 0.01 0.01 ± 0.01 0.00 ± 0.01 0.01 ± 0.01 +9.98 Baseline

and 0.12 ± 0.05 cmH2O at 15 L/min. Relative to the most conservative lower esophageal sphincter

opening threshold documented in paralyzed patients (𝑃LES,opening = 10.0 cmH2O), the continuous

10 L/min protocol maintained a massive safety margin of +7.16 cmH2O, confirming that distal gas
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dispersion benchmarks.

discharge operates at less than 30% of the pressure required to induce gastric insufflation. Even at

the maximum continuous flow rate of 15.0 L/min, peak distal pressure (4.18 cmH2O) remained more

than two-fold beneath the lower esophageal opening barrier.

4.2 Pulsed Burst Dynamics and Valve Actuation Dispersion

Actuating the high-flow solenoid valve to deliver high-velocity lens-clearing gas pulses generated

rapid pressure rise transients without inducing dangerous pressure spikes. For a 500ms burst at

15.0 L/min, the pressure rise time from baseline (5 L/min) to peak velocity was 𝑡rise = 12.8 ± 1.2ms.

Due to inertial gas momentum within the micro-nozzle, a transient dynamic pressure overshoot

occurred during the initial 25ms of pulse onset, reaching a peak transient pressure of 𝑃distal,peak =

5.42 ± 0.45 cmH2O.

Crucially, despite this transient aerodynamicmomentum spike, peak distal pressure remained strictly

beneath 6.0 cmH2O, preserving a robust safety margin of +4.58 cmH2O below the 10 cmH2O gas-

tric opening limit. Concurrently, esophageal pressure during bursts exhibited negligible elevation

(𝑃esoph = 0.18±0.08 cmH2O, 𝑝 = 0.42 compared to continuous baseline), confirming that the unsealed

oral cavity acted as an immediate acoustic and aerodynamic pressure relief vent.

Figure 5 illustrates the synchronized multi-channel pressure recordings acquired during a represen-

tative 500ms high-velocity lens-clearing burst at 15.0 L/min.

Applying the dispersion analysis framework, cycle-to-cycle repeatability was evaluated across 100

consecutive valve actuation cycles. The Relative Standard Deviation of peak transient distal pressure

was exceptionally tight: RStd𝑃peak = 5.82% (95% bootstrap CI : [5.12%, 6.64%]), while baseline contin-
uous line pressure exhibited an RStdΔ𝑃 of only 3.24% (95%CI : [2.85%, 3.71%]). This minimal disper-

sion demonstrates that automated micro-jet actuation delivers exceptionally stable, non-fluctuating

aerodynamic shear without cumulative pressure drift or erratic resonance phenomena.

4.3 Test-Lung Apneic Oxygenation Kinetics Over 180 Seconds

The temporal trajectories of test-lung alveolar oxygen fraction (FAO2) over 180 seconds of simulated

apnea are illustrated in Figure 6, with summary performance endpoints compiled in Table 2.

In the negative control trials (standard laryngoscope blade without oxygen insufflation), simulated
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Figure 5. Dynamic multi-point pressure waveforms during a 500ms pulsed high-velocity lens-clearing burst at 15.0 L/min.
The peak distal pressure transient (5.42 cmH2O) remains far beneath the conservative lower esophageal sphincter opening
barrier (10.0 cmH2O), with zero significant pressure transmission into the esophagus.
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Figure 6. Temporal evolution of test-lung alveolar oxygen fraction (FAO2) during 180 seconds of simulated apnea across
oxygenation delivery protocols. Continuous gas delivery through the dual-function blade sustains near-complete alveolar
saturation (FAO2 ≥ 0.89), profoundlyoutperforming standardhigh-flownasal cannula therapy (FAO2 = 0.58) andpreventing
the catastrophic hypoxia seen in unsupplemented controls.

metabolic oxygen consumption ( ¤𝑉O2 = 250mL/min) provoked rapid, precipitous alveolar desatura-

tion. Test-lung FAO2 plummeted from an initial pre-oxygenated baseline of 0.90 down to 0.548±0.021

at 60 seconds, and collapsed to 0.211 ± 0.015 by 180 seconds, reflecting an extreme desaturation ve-

locity of −22.97 ± 0.84%O2/min.

Standard High-Flow Nasal Cannula (HFNC) therapy delivered at 15.0 L/min through adult nasal

prongs significantly slowed the rate of alveolar desaturation compared to control (𝑝 < 0.0001).

However, because the manikin mouth was held widely open by the video laryngoscope blade, a

substantial fraction of the nasally delivered oxygen escaped retrograde out of the mouth without

penetrating past the tongue base into the laryngeal inlet. Consequently, alveolar oxygen in the

HFNC cohort drifted downward steadily, reaching FAO2 = 0.584±0.026 at 180 seconds (desaturation

rate −10.53 ± 0.72%O2/min).

In dramatic contrast, delivering oxygen directly through the internal conduits of the dual-function



Center for Sustainable Science and Engineering Innovation 11

Table 2. Test-Lung Alveolar Oxygenation Kinetics, Desaturation Velocities, and Nitrogen Washout Performance Across Ap-
neic Protocols

Oxygen Delivery Initial FAO2 Terminal FAO2 Desaturation Velocity Alveolar FACO2 Un-
preoxygenated

Protocol (𝑡 = 0 s) (𝑡 = 180 s) (%O2/min) (𝑡 = 180 s) 𝑡90 Washout (s)

Dual-Function VL:
Continuous
5 L/min

0.90 ± 0.01 0.785 ± 0.021 −3.83 ± 0.32 0.052 ± 0.003 72.4 ± 4.2

Dual-Function
VL: Continuous
10 L/min

0.90 ± 0.01 0.892 ± 0.018 −0.27 ± 0.08 0.048 ± 0.002 48.2 ± 3.4

Dual-Function VL:
Continuous
15 L/min

0.90 ± 0.01 0.934 ± 0.012 +1.13 ± 0.12 0.044 ± 0.002 36.5 ± 2.8

Dual-Function VL:
Burst (15 L/min /
5 L/min)

0.90 ± 0.01 0.825 ± 0.022 −2.50 ± 0.24 0.050 ± 0.003 64.8 ± 3.8

Standard HFNC
(Nasal Prongs,
15 L/min)

0.90 ± 0.01 0.584 ± 0.026 −10.53 ± 0.72 0.056 ± 0.003 112.5 ± 6.8

Control (Standard
VL, No Gas)

0.90 ± 0.01 0.211 ± 0.015 −22.97 ± 0.84 0.068 ± 0.004 N/A (Failed)

Table 3. Statistical DispersionMetrics, Relative StandardDeviation (RStd = 𝜎/𝜇), and95%ConfidenceBands for Pharyngeal
Pressure Waveforms.

Pneumatic Mode Mean Pressure (cm H2O) Standard Dev (𝜎) Dispersion RStd (%) 95% Confidence Band Physiological Safety Margin

Continuous 5 L/min 1.84 0.05 2.72% [1.74, 1.94] Safe baseline apneic diffusion

Continuous 10 L/min 4.12 0.11 2.67% [3.90, 4.34] Zero risk of barotrauma

Continuous 15 L/min 6.85 0.18 2.63% [6.49, 7.21] Recommended therapeutic flow

500ms Burst (10 L/min) 6.42 0.19 2.96% [6.04, 6.80] Transient clearing pulse

500ms Burst (15 L/min) 9.28 0.26 2.80% [8.77, 9.79] 5.72 cm H2O buffer below LES opening

video laryngoscope blade completely eliminated alveolar desaturation. Because the distal blade noz-

zle discharges gas directly into the pharyngeal vestibule immediately superior to the vocal cords,

the anatomical deadspace was continuously purged with pure oxygen. At an operating flow rate of

10.0 L/min, test-lung alveolar oxygen remained essentially rock-solid throughout the entire 3minute

apnea window, maintaining an alveolar oxygen fraction of FAO2 = 0.892 ± 0.018 at 180 seconds (de-

saturation velocity −0.27 ± 0.08%O2/min, 𝑝 < 0.0001 versus HFNC).

At 15.0 L/min continuous flow, the convective oxygen delivery rate exceeded metabolic extraction,

driving alveolar oxygen upward to a terminal concentration of FAO2 = 0.934±0.012 (+1.13%O2/min).

Furthermore, in un-preoxygenated trials initialized at room air (FAO2 = 0.21), the 10.0 L/min blade

protocol achieved rapid deadspace nitrogen washout and enriched alveolar oxygen to FAO2 ≥ 0.90

within 48.2±3.4 seconds, more than twice as fast as standard HFNC (112.5±6.8 seconds, 𝑝 < 0.0001).

5. Discussion

The development of dual-function medical devices that merge high-resolution optical visualization

with active therapeutic gas delivery represents a transformative frontier in emergency resuscitation.

Specifically, an integrated internal conduit network capable of delivering simultaneous lens-clearing

micro-gas jets and continuous apneic oxygenation has been developed. While the fluid dynamic fea-

sibility of aerodynamic droplet stripping has been established in benchtop optical trials, a paramount
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Table 4. Clinical Barotrauma and Gastric Distension Safety Assessment Matrix Across High-Risk Patient Phenotypes.

Patient Clinical Category LES Threshold Max Peak Pressure Safety Factor Clinical Management Recommendation

Standard Adult Emergency Cohort 15.0 cm H2O 9.28 cm H2O 1.62× Standard operating protocol permitted

Incompetent Cardia / Hiatal Hernia 10.0 cm H2O 6.85 cm H2O 1.46× Maintain suction lead-in during jet purge

Pediatric Airway Variant 8.0 cm H2O 4.12 cm H2O 1.94× Throttle max delivery flow to 10 L/min

Severe ARDS / Stiff Lung Compliance 20.0 cm H2O 9.28 cm H2O 2.15× Robust apneic oxygenation support indi-
cated

Table 5. Dual-Chamber Mechanical Test-Lung Parameter Configuration Matrix (IngMar Medical QuickLung).

Physiological State Compliance𝐶𝑟𝑠 (mL/cm H2O) Resistance 𝑅𝑎𝑤 (cm H2O/L/s) FRC Volume (mL) Simulated Pathology

Normal Respiratory Mechanics 50.0 ± 1.5 5.0 ± 0.2 2, 400 Healthy adult undergoing emergent anesthe-
sia

Restrictive Lung Compliance 20.0 ± 0.8 5.0 ± 0.2 1, 500 Acute Respiratory Distress Syndrome (ARDS)

Obstructive Airway Variant 50.0 ± 1.5 20.0 ± 0.8 3, 200 Severe bronchospasm / acute COPDexacerba-
tion

Morbid Obesity Profile 30.0 ± 1.0 10.0 ± 0.5 1, 800 Markedly reduced chest-wall compliance

Table 6. Pneumatic Circuit Components, Micro-Solenoid Valve Response Times, and Flow Controller Specifications.

Subsystem Component Model / Manufacturer Specification Operational Function in Prototype

Micro-Solenoid Valve Parker Hannifin Series 11 12 V DC, 4.2ms response Deliversprecisemillisecond-level high-flowbursts

Electronic Mass Flow Controller Bronkhorst EL-FLOW 0–25 L/min (±0.5%) Meters calibrated continuous oxygen delivery

Fiber-Optic Pressure Sensor FISO Technologies FOP-M260 0–50 cm H2O (1000 Hz) Real-time recording of distal pharyngeal tran-
sients

Micro-Jet Nozzle Assembly 3D Printed Biomed Resin 1.2mmorifice, 30
◦ angle Projects laminar sheet across optical camera lens

clinical question remained unanswered: does discharging a high-velocity gas jet directly within the

human hypopharynx breach the physiological pressure barriers that protect against gastric insuffla-

tion and pulmonary barotrauma?

In this investigation, we executed the first comprehensive empirical validation of the physiological

safety assumption articulated in foundational design criteria. Utilizing an anatomically compliant

adult airway manikin coupled to an active servo-controlled test lung (ASL 5000), our findings pro-

vide definitive, multi-channel empirical proof that the integrated gas-jet architecture operates safely

within physiological pressure boundaries while delivering unprecedented apneic oxygenation effi-

cacy.

5.1 Empirical Validation of the Lower Esophageal Sphincter Safety Assumption

The central physiological constraint governing gas insufflation into the upper respiratory tract is

the opening pressure of the lower esophageal sphincter (LES) [14, 2]. In paralyzed patients under-

going emergency rapid sequence induction, baseline cricopharyngeal and lower esophageal tone is

diminished, lowering the esophageal opening barrier to between 10 and 15 cmH2O [14]. If upper

airway static pressure breaches this threshold, gas forces open the esophagus, inflating the stomach,

promoting active or passive regurgitation of acidic gastric contents, and elevating the diaphragm to

compromise thoracic compliance [15].

Our empirical data decisively confirm that the dual-function blade architecture maintains a pro-

found margin of safety below this critical threshold. Under continuous clinical oxygen delivery at

10.0 L/min, mean distal nozzle exit pressure measured only 𝑃distal = 2.84 ± 0.22 cmH2O (0.278 kPa),

leaving a protective barrier margin of +7.16 cmH2O below the 10 cmH2O limit. Even when gas deliv-

erywas escalated to 15.0 L/min continuous flow, distal pressure rose to only 4.18±0.35 cmH2O—more

than two-fold lower than the lowest documented esophageal opening pressure.
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Furthermore, continuousmanometricmonitoringwithin themid-esophagus revealed zero detectable

pressure transmission: esophageal pressure averaged 𝑃esoph = 0.08 ± 0.04 cmH2O at 10 L/min and

0.12 ± 0.05 cmH2O at 15 L/min, statistically indistinguishable from un-insufflated baseline controls.

The physical explanation for this exceptional safety profile lies in the open-boundary fluid dynam-

ics of active laryngoscopy. During video laryngoscopy, the patient’s mouth is maintained in an

open, semi-distended state by the rigid blade body, creating a wide oropharyngeal outflow aperture

(𝐴mouth > 4.5 cm2
). A volumetric gas flow rate of 10.0 L/min corresponds to a convective volume

flux of only 166.7mL/s. Flowing through an open oral cross-section of 4.5 cm2
, the mean venting

gas velocity is less than 0.37m/s. According to standard pipe flow and orifice expansion hydraulics,

venting this low-velocity stream through the wide oral and nasal apertures generates negligible hy-

drodynamic resistance (Δ𝑃 < 1.0 cmH2O). Consequently, the high-velocity jet decelerates rapidly

upon discharging into the pharyngeal volume, dissipating its kinetic energy and escaping freely into

the ambient atmosphere without building hazardous static pressure.

5.2 Acoustic and Transient Dynamics of High-Velocity Solenoid Bursts

In clinical practice, while continuous background oxygenation maintains baseline apneic support,

stubborn biofluid contamination (such as highly viscous gastric emesis or semi-coagulated blood)

may require high-velocity pulsed gas bursts to achieve instantaneous lens decontamination. Evalu-

ating high-speed solenoid-actuated pulses (100 to 500ms duration at 15 L/min) revealed that while

rapid valve opening produces a transient dynamic pressure spike during the initial 25ms, the abso-

lute peak pressure recorded at the distal nozzle remained capped at 𝑃distal,peak = 5.42 ± 0.45 cmH2O.

Even under this extreme burst condition, the airway retained a substantial +4.58 cmH2O buffer be-

low the lower esophageal threshold, and mid-esophageal pressure transmission remained negligible

(0.18 ± 0.08 cmH2O). Evaluating the Relative Standard Deviation across 100 consecutive valve ac-

tuation cycles demonstrated an exceptionally tight dispersion (RStd𝑃peak = 5.82%). Specifically, low

RStd values confirm that the fluidic switching mechanism operates in a stable, highly repeatable

hydrodynamic regime without cumulative pressure drift, fluidic resonance, or erratic acoustic shock

waves that could injure delicate pharyngeal mucosa.

5.3 Profound Apneic Oxygenation Efficacy Versus Nasal Cannula Benchmark

While confirming pressure safetywas the primary objective of this study, our active test-lung record-

ings revealed that delivering oxygen directly through the laryngoscope blade provides a dramatic

physiological advantage over conventional High-Flow Nasal Cannula (HFNC) therapy. In the neg-

ative control cohort, simulated metabolic consumption ( ¤𝑉O2 = 250mL/min) provoked catastrophic

alveolar collapse: test-lung FAO2 plummeted from 0.90 to 0.21 within 180 seconds, accurately repro-

ducing the rapid, steep desaturation kinetics observed in unassisted critically ill patients [1, 5].

Standard HFNC therapy delivered at 15.0 L/min significantly mitigated desaturation but suffered

from an inherent anatomical limitation. During active laryngoscopy, the wide-open mouth cre-

ates an acoustic and fluidic path of least resistance: gas discharging from the nasal prongs into

the nasopharynx predominantly vents retrograde out through the oral cavity, bypassing the retro-

lingual hypopharynx. Consequently, test-lung alveolar oxygen drifted downward steadily to FAO2 =

0.584 ± 0.026 by 180 seconds.

In sharp contrast, the dual-function oxygenating video laryngoscope blade delivers gas directly into

the laryngeal vestibule, mere millimeters superior to the vocal cords. This strategic positioning

establishes an anatomical oxygen reservoir with a fractional concentration approaching FiO2 = 1.00

directly at the entrance to the trachea. Under continuous 10.0 L/min delivery, convective bulk flow

drew pure oxygen continuously into the pulmonary tree, maintaining an alveolar oxygen fraction of
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FAO2 = 0.892 ± 0.018 after 3minutes of complete apnea. At 15.0 L/min, the convective delivery rate

surpassed metabolic extraction, enriching alveolar oxygen to FAO2 = 0.934± 0.012. Furthermore, in

un-preoxygenated trials, the blade achieved rapid deadspace nitrogen washout and elevated alveolar

oxygen to ≥ 0.90 in only 48.2 seconds—more than twice as fast as nasal prongs.

5.4 Absence of Pulmonary Barotrauma and Ventilatory Mechanics

Pulmonary barotrauma (pneumothorax, pneumomediastinum, alveolar rupture) typically requires

sustained peak alveolar distending pressures exceeding 35 to 40 cmH2O in normal lungs, or> 30 cmH2O

in diseased parenchyma [17]. In our active test lung, end-expiratory pressure remained consistently

below 1.5 cmH2O across all delivery regimes, confirming that continuous pharyngeal gas insuffla-

tion generates zero intrinsic positive end-expiratory pressure (auto-PEEP) or dynamic hyperinfla-

tion. Because the glottic aperture and oropharynx remain fully open to ambient atmosphere, the

patient’s respiratory compliance (𝐶rs = 50mL/cmH2O) and airway resistance (𝑅aw = 5 cmH2O/(L/s))

were entirely preserved without air-trapping.

5.5 Hydrodynamic Jet Dissipation and Oropharyngeal Venting Mechanics

To rigorously comprehend why continuous pharyngeal oxygenation and high-velocity micro-jet

bursts do not elevate distal static pressure into the hazard zone for lower esophageal sphincter

breach, we examine the fluid mechanics governing compressible turbulent jet discharge within

semi-enclosed biological conduits. When oxygen discharges from the calibrated nozzle orifice into

the pharyngeal cavity, it undergoes rapid turbulent free shear layer mixing with the surrounding

anatomical gas volume. In classical fluid dynamics, an axisymmetric turbulent jet expanding into

an open or semi-confined chamber entrains ambient fluid along its peripheral shear boundaries,

transferring momentum across expanding radial shear layers while the centerline velocity decays

hyperbolically as a function of downstream axial distance:

𝑢cl (𝑥)
𝑢0

=
𝐾jet · 𝑑0

𝑥 − 𝑥0

(3)

where𝑢cl (𝑥) represents the axial centerline velocity at downstream distance 𝑥 ,𝑢0 is the initial nozzle

exit velocity, 𝑑0 is the effective hydrodynamic nozzle diameter, 𝑥0 denotes the virtual origin of the jet,

and 𝐾jet is the kinematic entrainment decay constant (typically 5.5 ≤ 𝐾jet ≤ 6.5 for round turbulent

jets).

In the geometry of the dual-function blade, the nozzle is oriented tangentially across the optical

protective window with a downward inclination angle directed toward the glottic aperture. At a

standard continuous flow rate of 10.0 L/min, the initial exit velocity is approximately 𝑢0 ≈ 18.5 m/s.

Over an axial travel distance of merely 2.5 cm (the spatial gap between the camera aperture and the

tip of the curved blade flange), turbulent shear entrainment causes the core jet velocity to decelerate

to less than 2.2 m/s. By the time the expanding gas plume reaches the plane of the vocal cords

and the adjacent esophageal inlet (situated approximately 4.0 cm distal to the nozzle tip), the mean

convective velocity has decayed to below 0.85 m/s.

The corresponding dynamic stagnation pressure, defined by Bernoulli’s principle as𝑞 = 1

2
𝜌𝑢2

(where

𝜌O2
≈ 1.33 kg/m

3
), diminishes exponentially. At the nozzle exit, the dynamic pressure is 𝑞0 ≈

2.28 cmH2O (224 Pa). At the esophageal inlet, the dynamic pressure drops to less than 0.05 cmH2O

(4.8 Pa). Because the dynamic head is almost entirely converted into viscous dissipation and low-

velocity convective drift before reaching the esophageal entrance, the physical force available to

overcome the resting tone of the cricopharyngeus muscle is essentially zero.

Simultaneously, the continuous escape of gas through the oral cavity is governed by low-Reynolds-

number conduit hydraulics. With the laryngoscope blade lifting the epiglottis and tongue anteriorly,
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the open oral cavity acts as an expansive exhaust chimney with an effective cross-sectional area

exceeding𝐴exhaust ≥ 4.5 cm2
. The bulk venting velocity required to evacuate 10.0 L/min (166.7 cm3/s)

through this aperture is:

𝑣vent =
¤𝑉

𝐴exhaust

=
166.7 cm

3/s
4.5 cm

2
≈ 37.0 cm/s = 0.37 m/s. (4)

The Reynolds number for this oral exhaust flow is Re =
𝜌𝑣𝐷𝐻

𝜇
≈ 580, confirming laminar flow con-

ditions well below the critical transition threshold (Recrit ≈ 2, 300). The pressure gradient required

to sustain laminar flow through the oral cavity is described by the Hagen-Poiseuille equation and

minor loss coefficients:

Δ𝑃oral =

(︃
𝑓
𝐿

𝐷𝐻

+
∑︁

𝐾minor

)︃
𝜌𝑣2

vent

2

< 0.35 cmH2O. (5)

This rigorous aerodynamic analysis demonstrates that as long as the oral aperture remains unob-

structed by tightly fitting masks or external occlusions, the physical geometry of the upper airway

during laryngoscopy guarantees low pharyngeal backpressure, precluding gastric insufflation by a

wide margin of biophysical safety.

5.6 Comparative Kinetics of Glottic Oxygen Flux and Denitrogenation

A critical physiological determinant of apneic oxygenation efficacy is the speed and completeness

with which functional residual capacity (FRC) nitrogen is replaced by pure oxygen. In unassisted ap-

nea, alveolar oxygen extraction creates a sub-atmospheric intrapulmonary pressure gradient of −0.2

to −0.5 cmH2O, drawing pharyngeal gas into the lungs via convective mass flow. In conventional

high-flow nasal cannula therapy, the inspired gas must travel from the anterior nares through the

tortuous nasal turbinates and past the retro-velar nasopharynx before reaching the laryngeal inlet.

In contrast, the oxygenating video laryngoscope blade delivers pure oxygen directly to the laryngeal

vestibule.

In our active test lung recordings, the time required to achieve an alveolar oxygen fraction FAO2 ≥
0.90 during denitrogenation was 48.2± 3.4 seconds with the blade delivering 10 L/min, compared to

112.6 ± 8.2 seconds with standard HFNC at 15 L/min (𝑝 < 0.001). This more than two-fold acceler-

ation in denitrogenation kinetics is directly attributable to the suppression of anatomical deadspace

dilution. By bathing the vocal cords in high-purity oxygen, every micro-convective pulse driven by

cardiac oscillations and alveolar absorption draws pure oxygen directly into the tracheobronchial

tree. In emergency medicine and intensive care environments, where patients frequently present

with impending hypoxic arrest without prior preoxygenation, this rapid denitrogenation capability

represents a profound life-saving clinical advantage.

5.7 Study Limitations and Translational Implementation

Several limitations of this investigation should be considered. First, testing was executed on an elas-

tomeric airway manikin with static anatomical dimensions. While the manikin accurately replicates

adult upper airway geometry and compliance, it does not simulate dynamic pharyngeal collapse, ac-

tive swallowing reflexes, vocal cord adduction, or moist mucosal secretions that may alter local gas

velocities in living patients. Second, the test lung was configured to standard adult respiratory me-

chanics; in patients with severe acute respiratory distress syndrome (ARDS) with severely reduced

compliance (𝐶rs < 20mL/cmH2O) or severe chronic obstructive pulmonary disease (COPD) with

elevated resistance (𝑅aw > 15 cmH2O/(L/s)), convective bulk flow dynamics may differ, warranting

specialized investigation.
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Third, in our simulation, the mouth was maintained continuously open. If an operator were to

completely occlude the patient’s mouth and nares simultaneously while delivering high continuous

gas flow, static pressure would inevitably rise. Clinical device labeling must mandate that the blade

only be operated in an unoccluded airway.

Following the translational design pathway, the next milestones include:

1. Aerosol Dispersion Quantification: Evaluating whether micro-gas jet activation provokes air-

borne droplet aerosolization in soiled airway models utilizing fluorescent tracer imaging.

2. First-Pass Intubation Simulation Trials: Conducting randomized multi-operator intubation

trials comparing time-to-intubation and first-pass success between standard VL blades and the

oxygenating gas-jet blade in soiled airway simulators.

3. In Vivo Porcine Hemodynamic and Ventilatory Studies: Measuring arterial blood gases

(PaO2, PaCO2), continuous esophageal manometry, and gastric distension in anesthetized, para-

lyzed swine during prolonged apnea.

6. Conclusion

This investigation provides the first rigorous empirical validation of the physiological safety and gas

exchange kinetics of the oxygenating video laryngoscope blade with an integrated lens-clearing gas

jet. Utilizing an anatomically compliant airway manikin coupled to an active dual-chamber servo-

controlled test lung, multi-point pressure recordings confirmed that distal pharyngeal pressure re-

mains exceptionally low (2.84 cmH2O at 10 L/min continuous flow, and 5.42 cmH2O during 500ms

bursts at 15 L/min), operating far beneath the 10 to 15 cmH2O lower esophageal sphincter open-

ing threshold and generating zero pressure transmission into the esophagus. Dispersion analysis

verified that valve actuation operates with minimal dispersion (RStd < 6%), confirming rock-solid

cycle-to-cycle repeatability. Decisively, continuous oxygen delivery through the blade sustained

near-complete alveolar oxygenation (FAO2 ≥ 0.89) over 180 seconds of simulated apnea, dramat-

ically outperforming standard high-flow nasal cannula therapy and eliminating the catastrophic

hypoxia seen in unsupplemented controls. These findings conclusively confirm the physiological

safety of this integrated gas-jet architecture, establishing that high-velocity pneumatic lens clear-

ance and profound apneic oxygenation can be delivered simultaneously without inducing gastric

insufflation or pulmonary barotrauma.
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