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ABSTRACT

Evaluating nasal cavity airflow is crucial in both fundamental science and clinical settings. While rhinomanometry (RM)
effectively assesses global nasal resistance, developing alternative methods for detailed local structural evaluation remains
challenging. Here, we report an approach to measure local pressure at multiple positions in the nasal cavity using 3D-printed
models created based on computed tomography data of five healthy individuals. This approach records multiple pressure
differential values at arbitrary positions in the nasal cavity during a breathing-like inhalation/exhalation cycle. The measured
data are unique to the corresponding individuals and correlate well with the RM results from human-assisted breathing using the
3D-printed models. Our experimental approach will open up possibilities for a deeper understanding of the relationship between
fluid dynamics in the nasal cavity and practical air flow in the nasal cavity.

1 | Introduction

Breathing is essential for humans, enabling both pulmonary gas
exchange and olfactory perception. During breathing, sniffing,
or other inhalation/exhalation-processes, air flows through the
nasal cavity—a complex structure that significantly influences
airflow dynamics—and poses challenges for experimental inves-
tigation. Currently, rhinomanometry (RM) is widely used to
provide an objective pressure-flow assessment of nasal patency
and to quantify global nasal airway resistance [1-10]. However,
because the measurement is inherently lumped over the entire
nasal passage, it does not directly resolve where pressure losses
occur or how local anatomical features shape the intranasal
flow distribution. The inherent limitation of RM, which lumps
measurements over the entire nasal passage, often leads to
clinical inconsistencies, such as the paradoxical sensation of

nasal obstruction, even with a seemingly patent airway [11, 12].
While computational fluid dynamics (CFD) simulations offer a
powerful alternative by providing spatially resolved predictions
of intranasal flow and transport [13-18], its quantitative outcomes
can be sensitive to modeling choices and uncertainties in patient-
specific geometry reconstruction from computed tomography
(CT) images [19, 20]. Moreover, the development of CFD as
a reliable, patient-specific decision-support tool is constrained
by the scarcity of spatially resolved validation data within the
nasal cavity [21, 22]. In this context, there is a clear need for
an experimental approach that enables direct, localized mea-
surements of nasal airflow dynamics while preserving subject-
specific anatomy. Unlike RM and CFD, position-specific pressure
measurements within the nasal cavity have remained largely
unexplored. As only a few previous studies have demonstrated
local pressure measurements in the nasal cavity [23, 24], devel-
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oping such an approach would provide crucial validation data for
CFD and deepen our understanding of the relationship between
airflow, nasal structure, and physiological sensations such as
olfaction.

In this study, we described an approach for measuring local
pressure in the nasal cavity using 3D-printed nasal cavity mod-
els. We employed commercial pressure differential sensors to
measure pressure differential values during breathing-mimicked
inhalation/exhalation cycles at various flow rates. We inserted
these sensors into the 3D-printed models through holes created
at multiple positions to gather detailed site-specific information.
We also performed RM measurements using the same 3D-printed
models and compared the results with the sensor-based values to
demonstrate the validity and discussed the potential application
of our experimental approach.

2 | Methods and Materials

2.1 | Reconstruction and 3D Printing of Nasal
Cavity Models

The first step in our approach involves the precise fabrication of
person-specific nasal cavity models. In this cross-sectional study,
we recruited five healthy individuals (denoted as Ind. 1-5) and
used CT (3D Accuitomo, J. MORITA MFG. CORP.) to acquire
the nasal cavity data for 3D printing. The CT data’s voxel size
(dissection to dissection distance) was 0.25 mm. The 3D printer
(Agilista, KEYENCE Corp.) offered high resolution (635 dpi x 400
dpi lateral, 0.015 mm vertical), ensuring accurate reproduction
of the nasal cavity’s complex structure. Each CT dataset in
Digital Imaging and Communications in Medicine (DICOM)
format was edited using commercial software (TomoShop Viewer,
Systemcreate Co., Ltd.) to open 12 through-holes (both the right
and left noses had six through-holes) for sensor insertion, as
shown in Figure 1a. The holes of the right and the left nose were
in the same position. The 12 through-holes for pressure sensors
were standardized across all subjects by targeting key anatomical
regions: the inferior meatus, the middle meatus, the nasal floor,
and the olfactory cleft. We chose these locations to represent the
primary airflow pathways and clinically significant areas. The
holes were created with consistency for all five individuals. First,
the holes for the middle meatus were created where the natural
ostium of the maxillary sinus is located. Second, the holes for the
inferior meatus, the nasal floor, and the middle part of olfactory
cleft were created on the same coronal plane of the holes for
the middle meatus. Last, two more holes for the olfactory cleft
were added on the anterior and posterior end of the cribriform
plate. After creating the holes, the edited DICOM data were
converted to STL format for 3D printing. The actual printed model
consisted of three objects: a main body and two small parts, as
shown in Figure 1b. These two parts were carved out to facilitate
sensor insertion and realize reproducible measurements. The two
small parts were detachable; they were removed during sensor
insertion into the main body, then reattached and sealed with
commercial plumbing putty to ensure an airtight measurement
environment. The step to wash out unnecessary 3D printing
remaining in the model took several days with extra care and
was completed with endoscopic observation to ensure thorough
removal.

2.2 | Measurement System and Procedure

The experimental setup was constructed to simulate physiological
airflow under strictly controlled and reproducible conditions.
The system consisted of several specialized units, including a
pump, solenoid valves, flow meters, and a high-precision pressure
differential sensor.

We employed a double-head type oil-less piston pump (100RND-
ED, G&M Tech Inc.) because its flow rate range sufficiently
covered typical human breathing levels. As shown in Figure 2a,
the pump featured both suction and discharge ports, which were
integrated with four direct-acting 2-port solenoid valves (FFB
series, CKD Corporation). This configuration allowed us to mimic
breathing cycles by alternating the flow direction; specifically, we
programmed the system for a standard cycle of 5.0 s for inhalation
and 5.0 s for exhalation. Furthermore, the system demonstrated
the flexibility to replicate faster breathing patterns, such as 1.0 s
inhalation and 1.5 s exhalation, or even rapid cycles as short as 0.2
S.

To capture the subtle aerodynamic changes within the model, we
used a low-differential-pressure sensor (PSE550, SMC Corpora-
tion). This sensor was selected for its high precision (0.001 kPa
accuracy), which was essential for the objectives of this study.
Airflow rates were monitored using a 2-color display digital flow
switch (PF2M7 series, SMC Corporation), which provided reliable
measurements across the required flow range. All data were
recorded via a data logger (USB-6002, Emerson Electric Co.) and
controlled using LabVIEW software.

The pressure differential sensor was connected to a pipe via
tubing, and the tip of this pipe was inserted into the model
through the standardized holes (Figure 2b). A custom-built setup
held the pipe securely to maintain a constant measurement depth.
To ensure the integrity of the measurements, we conducted a
pre-test by flowing air at each target rate (25, 30, 35, 40, and 45
L min~') and verifying that the flow meter readings remained
stable and accurate, confirming the absence of any leakage. All
unoccupied through-holes and nostrils were carefully plugged
and sealed during the process.

23 | RM

To obtain a clinical baseline for each subject, active anterior
RM was performed using a standard clinical rhinomanometer
(MPR3100, NIHON KOHDEN). The measurements were con-
ducted in accordance with established clinical guidelines and
standard operating procedures [25]. The total nasal resistance was
calculated at a reference pressure of 75 and 150 Pa. These global
resistance values served as the reference standard for validating
our 3D model-based local pressure measurements.

2.4 | Outcome Parameters

The primary outcome of this study was the local pressure differ-
ential (AP, Pa) measured at 12 anatomical locations (L1-L6 and
R1-R6) to characterize regional airflow dynamics. The secondary
outcome was the local nasal resistance (R, Pa/cm?/s), calculated
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FIGURE 1 | Detailed structure of the 3D-printed nasal cavity model. (a) CT images of five individuals recruited for the present study. For each
individual, sagittal and coronal CT images are shown side by side. The blue lines indicate the plane of the coronal section, while the green lines indicate
the plane of the sagittal section. The exact positions where through-holes were created for the pressure measurements are indicated by orange dots and
arrows in each image. (b) Photographs of the 3D-printed nasal cavity model taken from different directions. The model was fabricated as a three-part
assembly: one main body (shown in the “Bottom” and “Top” views) and two detachable small parts (shown in the two smaller photographs between the
“Bottom” and “Top” views). The small images of the two parts were included to show the internal contact surfaces that interface with the main body.
The labels “Bottom” and “Top” denote the inferior and superior views of the main body, respectively. The positions for inserting a sensor for the pressure
differential measurements are marked with red circles and labeled as L1-L6 for the left nasal cavity and R1-R6 for the right nasal cavity. Specifically,
points 1 correspond to the nasal floor, 2-4 to the olfactory cleft, 5 to the inferior meatus, and 6 to the middle meatus.

using the standard formula: R = AP/V, where V is the flow 2.5 | Statistical Analysis
rate (cm® s71). Although nasal airflow is considered non-laminar

even under quiet breathing conditions, this formula was used as
the conventional physiological expression of nasal patency [26].
These parameters were used to evaluate the diagnostic resolution
of our local measurement approach compared to conventional
global rhinomanometry.

All pressure-differential data were obtained from five repeated
measurement cycles at each flow rate to ensure reproducibility,
and the results were presented as mean + standard deviation.
To assess the uniqueness of the aerodynamic profiles for each
subject, principal component analysis (PCA) was performed
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FIGURE 2 | Experimental setup for measuring flow-induced pressure differential in a 3D-printed nasal cavity model. (a) Schematic and (b)

photograph of the experimental setup.

with local pressure values as input variables. This statistical
approach allowed for the objective classification of individual-
specific nasal structures. All statistical calculations and data
visualizations were conducted using OriginPro 2026 (OriginLab
Corporation).

3 | Results and Discussion

3.1 | Dynamic Response of Local Pressure During
Simulated Breathing Cycles

Under the established flow conditions, the pressure differential
sensor captured a regularly modulated response that synchro-
nized with the simulated breathing cycles, as shown in Figure 3a.
The observed alternation between positive and negative pressure
values directly corresponded to the periodic switching between
inhalation and exhalation phases. We found that the sensor
response’s increment and decrement aligned perfectly with the
applied flow rate, although pump pulsation became more pro-
nounced as the flow rate decreased due to lower pump rotational
speeds. Regarding the temporal resolution, the sensor responded
rapidly, reaching stability within several hundred milliseconds
during the initial inhalation at 45 L min™' and even faster in
subsequent cycles (Figure 3b). To further validate the system’s
performance under more rapid breathing conditions, we con-
ducted additional measurements with shorter durations of 1.0
and 1.5 s. Despite a slight delay in the flow meter’s response, the
pressure sensor consistently reached a plateau without significant
lag across all flow rates, as shown in Figure Sla. Remarkably,
even with an extremely short duration of 0.2 s, the setup yielded
nearly equivalent pressure values, with the exception of the
first inhalation cycle (Figure Slb). These results confirm that
our experimental setup is capable of capturing accurate sensor
responses under simulated breathing conditions, justifying the
use of a 5.0 s duration for subsequent high-precision evaluations
of the nasal cavity models.

With the experimental setup optimized and measurement con-
ditions established, we proceeded to collect comprehensive
pressure differential data from the five 3D-printed nasal cavity
models. Our initial findings revealed position-dependent varia-
tions, as shown in Figure 4a,b. To accurately evaluate the effect
of sensor insertion/removal, we repeated all measurements five
times, disconnecting and reconnecting the sensor before each
subsequent measurement. A specific pressure differential value
was extracted for each site by averaging the sensor responses
at each flow rate for 5 s. Consequently, each model exhibited
unique sensor responses, reflecting the structure of the nasal
cavity, as shown in Figure la. Compared to the right noses,
sensor responses from the left noses differed significantly, indi-
cating clearer structural differences among the five individuals.
Considering that a higher pressure value indicates a narrower
nasal cavity structure, it seemed reasonable that Ind. 3 provided
a relatively high pressure compared with Inds. 1, 2, and 4. This
trend was consistent with the CT data shown in Figure 1a, right.
A comparison of the CT images of the right and left noses
also indicated that the patency of the nasal cavity was inversely
correlated with the sensor responses. The most interesting finding
here was that the sensor response from Ind. 5 (except for the
L5 hole that was not used for the measurements owing to a
hole that was too shallow and a printed wall that was too
thin, which hindered stable and reproducible measurements)
exceeded the upper limit even at 20 L min™ and barely stayed
in the measurable range at 17.5 L min™", although its CT image
was not very different from the others. The anomalously high
pressure observed in Ind. 5-L, despite its CT image not appearing
drastically different from the others, highlighted the sensitivity
of our approach to subtle structural nuances. This sensitivity
underscores the potential application of our method to identify
functionally significant stenosis that might be overlooked by
visual inspection of CT scans or less localized measurements
alone. To further contextualize these individual variations and
validate our local pressure measurements, we proceeded to con-
duct comparative RM measurements using identical 3D-printed
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differential data. (b) Zoom-in of the graph shown in (a). The transition between inhalation and exhalation at the minimum and maximum flow rates (25
and 45 L min~!, respectively) was focused on to show the sensor response time.
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differential sensor used in this study. All error bars represent standard deviation.
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TABLE 1 | Summary of subject profiles and clinical rhinomanomet-
ric data.

RM resistance [Pa/cm?/s]

Left Right
Subject ID Age /gender 75p3 150 Pa 75Pa 150 Pa

Ind.1 40s /Male  0.376 0.521 0.638 0.816
Ind. 2 60s /Male 0358 0417 0.455 0.546
Ind. 3 30s/ Female 0.544 0.641 0.338 0.452
Ind. 4 40s /Male 0.278 0.407 0.487 0.588
Ind. 5 40s / Female 1.985 2.675 0.620 0.795

models. This allowed us to correlate our localized data with
established global nasal resistance metrics.

3.2 | Comparison Between Model-Derived
Resistance and Clinical RM

To validate our methodology against the clinical standard, we
conducted a comparative analysis using the global resistance
values obtained from RM. The clinical characteristics and the
corresponding RM baseline for the five subjects are summarized
in Table 1. All RM measurements exhibited typical S-shaped
curves, as shown in Figure 5a. Following the international
standards for RM [27], the pressure differential values at 75 and
150 Pa were used as representative reference points to evaluate
nasal patency. These specific values correspond to flow conditions
often observed prior to the onset of significant turbulence effects
[28].

Following the outcome parameters defined in Section 2.4, we
calculated R for both the RM data and our localized sensor
measurements. Interestingly, the R values for both showed good
agreement, especially for the right noses, regardless of the
inconsistent flow rate range, as shown in Figure 5b,c. The left
noses also showed similar trends; however, as the nasal resistance
increased, a clear discrepancy emerged between the RM and
Sensor responses.

This divergence likely stemmed from differences in flow regimes
within the complex nasal geometry, requiring Reynolds number
(Re) estimation to understand the underlying fluid dynamics. Re
is defined as

Re = — (€]

where p is the density of air (kg m™), v is the velocity of airflow
(m s7), L is the characteristic length (m; the hydraulic diameter
is usually used for the nasal cavity), and u is the viscosity of
air (Pa s). Since the nasal cavity structure is very complex, the
transition from laminar to turbulent flow occurs with a lower
Re number, even less than 1,000, compared to the transition in a
pipe (approximately 2300) [29, 30]. Considering that typical nasal
cavities have a hydraulic diameter of 1 cm or less [30], Re can
easily exceed 1,000, indicating that the flow becomes more or
less turbulent. To investigate this aerodynamic behavior at each

measurement site, we applied the power-law fitting (see Figures
S2 and S3 for detailed plots) [25, 31-33]. The resulting fitting
parameters—specifically the exponents (b)—provided critical
insights into the local fluid dynamics. At most measurement sites,
the b values consistently approached 2.0 (ranging from 1.8 to 2.1).
This near-quadratic scaling aligned with the Rohrer model,

AP = kv + k0?2 )

where the quadratic term (k,1?) represents the dominance of
inertial or turbulent losses. The high b values observed in our
study confirmed that the k, term was dominant under the present
experimental conditions. Importantly, nasal resistance could
dramatically increase in a remarkably narrow nasal structure,
such as Ind. 5-L, leading to a large discrepancy in nasal resistance.
These insights into flow dynamics, particularly in challenging
cases like Ind. 5-L, reinforced the necessity for localized measure-
ments and their improvements for a better understanding of these
complicated phenomena.

3.3 | Subject Discrimination Using PCA

Another practical merit of localized measurements was that we
could collect detailed person-specific information. Considering
that RM provided a global nasal resistance that almost linearly
increased in the representative measurement range of 75 and
150 Pa, the RM results included limited information about the
measured persons regardless of flow rate (Figure 5d). In contrast,
the position-wise measurements reported here offered richer
information than the RM. Even if the averaged nasal resistance
among the six positions was similar, such as in the case of the right
nose (Figure 5¢), the independent nasal resistance values from
each position included unique information. Taking advantage
of these non-linear characteristics, similar nasal structures were
discriminated using PCA, as shown in Figure 5e). Thus, by
collecting a large amount of data, including data from persons
with a specific nasal disease, the present approach could lead to
facile classification based on nasal conditions.

4 | Conclusion

We developed a facile, pressure-based approach to evaluate
localized airflow dynamics within the nasal cavity using person-
specific 3D-printed models. This method directly addressed the
critical limitation of conventional RM, its inability to provide local
structural details, by offering position-dependent pressure values.
We demonstrated that nasal resistance estimated using our
approach closely correlated with global resistance obtained using
rhinomanometric measurements, thereby validating its utility
while significantly enhancing the diagnostic resolution. Given
that RM is used as a worldwide standard technique to evaluate
nasal flow that reflects nasal conditions, such as the presence
of obstructions or physical abnormalities, the present approach
offered equivalent information with an easy and reproducible
operation. Compared with an RM result that simply connected
with the global resistance of the nasal cavity, the present approach
provided an additional aspect of acquiring position-dependent
pressure values, which allowed us to discuss the correlation
between nasal flow and our olfactory ability in more detail. The
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(d) Relationship between nasal resistance obtained at 75 and 150 Pa. The linear fitting results were also shown as dotted lines. (e) Principal component

analysis based on the data collected from the right nostrils of the five individuals.

use of CFD and/or other relevant techniques will help further
extend the possibility of applying the present approach in clinical
situations, olfactory sensing, and understanding complex fluid
flow.
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