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Abstract
Stenosis reduces the effective lumen area in the tracheal and bronchial segments of the airway
anatomy. Loss in patency due to obstruction increases resistance to airflow; thus, severe
narrowing is often associated with morbidity and mortality. Etiologies such as congenital
tracheal stenosis, tracheomalacia, laryngeal and subglottic stenosis, atresia are few among the
many pathologies causing major airway obstruction and respiratory distress. Diagnosis of such
anomalies is usually based on clinical suspicion due to the non-specificity of the associated
clinical symptoms. Visual assessment using conventional bronchoscopy or radiography images
from CT scan for precisely locating obstruction site is highly subject to clinician’s expertise.
Characterizing airflow patterns in stenosed airway calls for newer diagnostic tools that can
effectively quantify changes in airflow due to construction sites. Our work presents a steerable
intubation catheter that can quantitatively measure air velocity across various segments of the
tracheobronchial tree. The catheter consists of a three-layer flexible printed circuit board
integrated with micro-electro-mechanical system-based thermal flow sensors and a pair of
sub-millimeter helical shape memory actuators. Flow distribution is measured in excised sheep
tracheal tissues at 15, 30, 50, 65, and 80 l min−1 for normal and stenosed conditions. Even a
10% reduction in lumen area generated unique peaks corresponding to the obstruction site; thus,
the catheter can locate stenosis at the precritical stage. For 50% tracheal obliteration, the sensor
closest to stenosis showed a 2.4-fold increase in velocity when tested for reciprocating flows.
Thus, flow rate scales quadratically with reducing cross-section area, contributing to increased
airflow resistance.
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1. Introduction

Central airway obstruction (CAO) refers to constriction in the
trachea and main-stem bronchi of the respiratory tract. CAO
can be acquired (post-intubation and tracheostomy induced
stenosis) [1–3] or congenital [4, 5], benign [6, 7] or malig-
nant [8] and can be acute (collapse within minutes) or chronic
(progressive damage), with dynamic or fixed obstruction [9],
causing respiratory distress in both adult and child population.
However, the risk due to constriction remains higher in the
pediatric population due to their smaller airway geometry [10].

Management of CAO remains a diagnostic and therapeutic
challenge due to the variability in the presentation of clinical
symptoms. Severely constricted airways often warrant care-
ful monitoring to determine appropriate management strategy.
Diagnostic workup often involves collective decision making
by a diversified team of clinicians as the complexity in anom-
alies demand patient-centric management [11]. Apart from a
clear and thorough understanding of the underlying cause of
the disorder, timely diagnosis depends on the availability of a
multidisciplinary team with experience in use of sophisticated
(advanced, cutting-edge) tools such as endoscopy, imaging
along with expertise in relevant surgical tools and technology.
Diagnosis of CAO involves pulmonary function test [12], radi-
ological scans [13], followed by interventional bronchoscopy
[14] and/or surgical intervention [15]. Spirometry, a type of
pulmonary function test, generates flow-volume curves that
reflect the airway caliber only in case of severe stenosis, and
an abnormal flow-volume loop indicates a reduction in inspir-
atory flow. The test is insensitive to mild and moderate reduc-
tions in the airway caliber and inadequate to locate the site
of obstruction. Additionally, this test requires patient cooper-
ation and hence is not possible in young children. Radiolo-
gical scans using multidetector computed tomography com-
bined with 3D volume rendering and virtual bronchoscopy
provides vital information such as location, type, and length
of obstruction. However, a retrospective study on radiology
reports has recorded instances where radiologists failed to
recognize CAO in patients with no prior clinical records. The
study also observed how CT reports could be misleading due
to an overestimation of obstruction [16]. Interventional bron-
choscopy remains a gold standard technique is assessing air-
way pathologies; however, the assessment is again subject to
the availability of a skilled bronchoscopist. A study by Murgu
and Colt unveils how airway strictures assessed using still
bronchoscopic images have been misclassified even by exper-
ienced bronchoscopist [17]. Although the information on loc-
alized airflow patterns is a direct measure of airway caliber,
only imaging modalities have seen significant technological
evolution. Information on the location/site of obstruction can

be discerned quantitatively using airflow patterns generated
within the tracheobronchial tree. Alterations in the pattern can
be used to delineate healthy and stenosed airways. As of today,
there is no tool to measure and objectively describe trachea-
bronchial obstruction. A technology/method to delineate mild,
moderate, and severe airway constrictions can improve CAO
management and is an area of active research.

Several computational fluid dynamics (CFD) studies have
been performed [18] to understand the impact of tracheal
compression on airflow patterns starting from its early stage.
Table 1 briefly discusses research objectives, findings and
methods used for determining airflow patterns in normal and
constricted anatomies.

Airway narrowing in the pediatric population can be
extremely debilitating due to the relatively smaller anatomical
geometry. Even a small reduction in cross-section area (CSA)
can increase the resistance to flow exponentially (fromHagen–
Poiseuille’s equation, the resistance to airflow is inversely pro-
portional to forth power of tracheal radius). Average tracheal
diameter for infants, children and adults ranges from 8, 15 and
20 mm with tracheal length 50, 120 and 150 mm [26]. Mean
axial flow velocities are 2.2, 1.8 and 1.4 m s−1 for a healthy
tracheobronchial anatomy. From literature male counterparts
have higher anatomical geometry compared to females and the
airflow velocities decreases with age [27].

The clinical progress of a child suffering from chronic
airway disease operated with underwent tracheal transplant
has reported [28]. Following tracheal transplant/replacement,
multiple stents were introduced periodically to overcome the
tracheobronchial stenosis due to the graft’s malacic nature.
CFD simulations were performed using the CT scan data
of the child collected for over 4 years. Although the first
year demonstrated a smooth and normal airflow profile in the
transplant, a rising peak in the trachea’s distal end with an
increase in velocity was observed in the third year and a fur-
ther two-fold increase in the fourth year. The high-velocity
region was identified to be the stenosed segment corrected by
multiple stent insertion. The study was limited by the need
for an intraoperative tool that can measure airflow profile
across various segments of the tracheobronchial tree for effi-
cient tracheal replacements. CFD’s limitation can be overcome
using a test bench set-up, which represents close to anatomic
reality.

In this work, we develop an intubation catheter integrated
with flow sensors and antagonistic shape memory actuators
to manage CAO (figure 1). The flow sensor array yields air-
flow patterns across various segments of the tracheobronchial
tree. Our study shows that the airflow rate close to the stenosis
section is higher than the healthy section due to the constric-
tion of airflow. This increased airflow rate can be measured by
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Table 1. Techniques adopted for CAO and respiratory flow pattern generation.

Reference Objective Method used Research findings

Brouns et al [19] Airflow dynamics in stenosed
airways were studied at 15
and 30 l min−1 flow rates for
50%, 75%, 80%, 85%, and
90% stenotic constriction

Realistic CFD models were
developed using CT scan data
for 2 and 30 mm tracheal
stenotic length

For constrictions upto 75%,
relatively moderate change
in pressure drop (7 Pa) was
observed for both the flow rates
Severe constrictions (84% and 91%)
have a steep rise in pressure drop
(46 Pa and 235 Pa)

Bates et al [20] Investigate power losses in
goiter-induced tracheal
pathologies

CFD studies were performed to
understand the contribution of
tracheal curvature and
constriction on work of
breathing and breathing
efficiency to determine resistive
losses

Increased wall shear stress (WSS) in
constricted geometries contributed
to a rise in frictional losses.
Curvature in tracheal geometry
increases unsteadiness in flow,
contributing to interior flow losses.

Zhu et al [21] Identifying the right surgical
corrective order in complex
congenital tracheal stenosis is
vital to minimize the risk of
tracheal collapse in new-borns

CFD and computer-generated
model of an infant having
multisegmental stenosis was
used to evaluate the success rate
of surgical correction

Quantifying internal pressure
and velocity fluctuations can
aid corrective order resection.
Exhaustive iteration of the 3D model
at several instants of staged correction
makes the whole process challenging

Chen et al [22] Alterations in flow velocity
and pressure in 12 patients
suffering from vascular
ring-induced tracheal stenosis

Parameters such as velocity,
pressure drop were analyzed
using CFD-based reconstructed
trachea images.

At 0.01, 0.1 and 1 m s−1 inlet velocity
the compressed regions showed higher
velocity peaks for all flow rates.
The expiratory phase showed higher
turbulence intensity than the inspirat-
ory cycle.

Hollister et al [23] Model pediatric
tracheomalacia, a clinical
condition that causes sudden
airway collapse

CFD was used to understand
correlation between percentage
reduction in tissue mechanical
property, exhalation pressures,
tracheal diameter, malacic
segment length, and several
other factors responsible for
instability and tracheal collapse.

A 1 cm malacic tissue leads
to sudden airway collapse.
The limitation with the computational
model is that postulated tissue
properties mimic the real vis-
coelastic properties only to an extent.
Clinical translation demands
experiments using animal models.

Noma et al [24] Measure airflow to determine
breathing and heartbeat in
laboratory animals

MEMS-based thermal flow
sensor

Fourier Transform on the data
obtained from the implanted stent
flow sensor could generate breathing
and heartbeat signals

Kawamoto et al
[25]

Flow and pressure
measurement to analyze local
airway resistance in the lungs

MEMS-based micro-machined
pressure and thermal-flow
sensors

For a 0.5 Hz reciprocating flow, pres-
sure changes in the lung due to resist-
ance could be detected using the probe
system.

the sensors and the flow patterns directly corresponds to the
degree of constriction.

2. Materials and methods

2.1. Sensor fabrication and characterization

The process flow for fabrication of micro-electro-mechanical
system (MEMS)-based thermal flow sensors is shown in
figure 2(A). Wafer pre-processing: The mask layout was
designed using CleW in 5.0 and then transferred on a 5 inch
soda-lime glass using Heidelberg µPG 501 mask writer. The
mask was developed using AZ® 351B developer and DI water
taken in 1:4 ratio with development time close to 60 s. As a

wafer pre-processing step, 500 µm, 4 inch, single side pol-
ished, (100), n-type silicon wafer was rinsed in acetone then
IPA solution for 2 min each, followed by dehydration bake at
110 ◦C for 5 min.

(a) The silicon wafer was then thermally oxidized at
1150 ◦C in a pyrogenic furnace to grow 1 µm silicon diox-
ide (SiO2), (b) the oxidized wafer was spin-coated using
hexamethyldisilazane at 6000 rpm, 40 s; baked at 110 ◦C
for 1 min followed by 5 min relaxation. The wafer was then
spin-coated with S1813, positive resist at 4000 rpm, 40 s;
soft-baked 110 ◦C for 1 min, (c) Suss MJB4 Mask Aligner
was used for photomask alignment and UV exposure with
8 s exposure time, (d) the exposed wafer is then developed
using MF26 A developer for 30 s and hard baked at 110 ◦C
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Figure 1. (A) Schematic representation of intubation catheter advanced through tracheal stenosis, (B) optical image of the fabricated
catheter showing integrated sensors and SMA actuator.

Figure 2. (A) Process flow for fabrication of microthermal flow sensor array, (B) TCR curve for the fabricated platinum sensors,
and (C) SEM images of the microheater and temperature compensation sensor.

for 3 min, (e) a 35 nm titanium (Ti) followed by 195 nm plat-
inum (Pt) was sputter-coated on the wafer patterned with
photoresist, (f) the lift-off process was performed to pat-
tern the platinum microheaters. The wafer was then diced
using automatic dicer (DAD321), with each die measuring
7.5 mm × 1 mm. The scanning electron microscopy (SEM)
images of the fabricated heater and temperature compensation
sensor are shown in figure 2(B). At room temperature, the
resistance of the microheater is 152Ω, and that of temperature
sensor is 1257.3 Ω. The change in resistance for every 10 ◦C
rise in temperature was recorded to determine the temperature
coefficient of resistance (TCR) (figure 2(C)). The TCR was
found to be linear with values 0.0026 ◦C−1 for microheater

and 0.0027 ◦C−1 for the temperature compensation
sensor.

2.2. FPCB design and senor integration

The catheter diameter (4 mm) was calculated considering the
worst-case scenario of stenosed tracheal diameters. Thus, the
flexible printed circuit board (FPCB) width was fixed to 3 mm.
For this prototype, a simple arrangement accommodating four
microheaters, temperature sensors, and a pair of SMA actuat-
ors are required. The layout of the FPCB is such that sensors
and actuators are on the distal end and the interconnect probe
pads for accessing these components are on the proximal end.
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Figure 3. (A) Flexible PCB and corresponding PCB stack up, (B) integration of the fabricated sensor with the PCB, and (C) custom-built
mold for silicone injection molding of the catheter.

The long length of the catheter with sensors and SMA actuat-
ors positioned on the distal end facilitate control over navig-
ation as it is advanced through the complex airway anatomy.
The horseshoe-shaped cartilage rings each 2 mmwide is inter-
connected with 1 mm wide connective tissue. The sensor die
size can be suitably adjusted such that the localized flow pat-
terns relate with the health condition of the closest cartilage-
connective tissue pairs. The catheter is gradually advanced
from the proximal trachea to the median followed by the distal
end towards the carina. At each stage, the sensor data can be
monitored and further advanced downward to ensure minimal
intervention. Positioning the sensor array at the distal end gives
scope for immediate exposure of the sensing region to the tar-
geted site with minimal artifact as the presence of catheter in
the channel can further increase resistance to flow.

The FPCB stack up can be further increased from three lay-
ers to four or even six, leveraging this feature the catheter can
be accommodated with additional sensors without increasing
the overall diameter. The actuator at the proximal end allows
steering the tip through angulations and constrictions in the
channel.

Although the FPCB is pliant, mounting the silicon die
reduces the bending capability. Alternately, the FPCB can be
integrated with sensors that are conformal or developed on
flexible substrates. The long interconnect lines connecting the
sensors to the distal end of the catheter adds to the wiring
resistance, however, this can be minimized using a four-wire
measurement with current drive-in which nullifies the effect of
interconnect resistance.

With the FPCB width fixed, the total number of intercon-
nect lines required were 17. From manufacturing capabilities,

the minimum trace gap and track width is 3 mil, hence, the
distribution of the lines on a single side is not feasible. Also,
it would not be practical to have thin traces suit the SMA’s
high current requirements. Thus, the lines are split into three
layers, as shown in figure 3(A). The top layer consists of
11 mil width lines for microheater, the middle layer contain-
ing 20 mil width for SMA, and the bottom layer containing
7.8 mil width for the temperature sensor. EAGLE CAD soft-
ware was used to design the FPCB. At the proximal end, the
FPCB is held to a rigid PCB with aligning holes and electrical
connections by solder (figure 3(B)). Both PCBs were sand-
wiched between a 3D printed casing with the use of M3 bolts.
The connections from the rigid PCB were brought to a separ-
ate PCB for easy access for designing the signal condition-
ing circuit. Each sensor die was wire bonded to electroless
nickel immersion gold finished pads on the FPCB and then
capsulated using epoxy fill. In general, catheters are produced
by injection molding, which uses medical-grade liquid silic-
one injected into a sealed mold inside a cleanroom environ-
ment. However, the apparatus and standard molding process
are expensive due to the material cost, mold type, and soph-
isticated machining tools. We designed an alternative tech-
nique to fabricate the catheter using aluminum mold that was
CNC machined, and Polydimethylsiloxane (PDMS) polymer
was infused into the mold holding the FPCB and sensors.
The assembly containing the mold, FPCB, sensors, and PDMS
plus curing agent mixture was then cured overnight at 70 ◦C.
As a prototype and proof of concept, the fabricated catheter
did suffice for our laboratory experiments, although it does
not comply with all the medical manufacturing guidelines
(figure 3(C)).
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Figure 4. (A) Training steps to fabricate helical spring SMA, (B) the parameters of the final spring coil bonded on the FPCB, (C) DSC
characterization of Nitinol sample, and (D) antagonistic SMA assembly on the FPCB with flow sensors.

2.3. SMA training and characterization

As the intubation catheter is designed for measurement in the
trachea and main stem bronchi, the catheter is integrated with
SMA actuators at the distal end to generate bending forces.
The helical spring actuator’s low mass and high stroke make it
an optimum choice for catheter integration. To make the hel-
ical spring actuator, 0.012′′ nitinol wire was procured from
Dynalloy, Inc. The wire was coiled around bolt of desired
pitch and restrained using a nut at both ends (figure 4(A)).
The assembly was then subjected to thermal annealing using
a flame torch at 400 ◦C for ∼3 min and then dropped into
cold water. The trained SMA spring index, coil diameter, and
pitch used for the catheter are shown in figure 4(B). The trans-
formation temperatures such as austenite start and finish (As,
Af) and martensite start and finish (Ms, Mf) for 18 mg Nitinol
sample was obtained using differential scanning calorimetry
test (DSC), that was run for two cycles in steps of 10 ◦C
(figure 4(C)). The wide range of transformation temperatures
gives scope for better control of the actuator bending. The
distal end (free length) of the catheter without sensors was
chosen to steer the catheter into the right or left main stem
bronchi. The extent of steerability of the catheter is desired to
be 20◦, as the right bronchus is known to make an angle of
20◦–30◦ with the vertical plane [29]. The trained SMA actu-
ator was bonded to the free length of the catheter on either
side. To calculate the bending force generated by the SMA
actuator, we increased the current flowing through the SMA
until we obtained an actuation of 20◦ at 0.8 A.

Assuming Young’s modulus (E) of the catheter to be that
of the FPCB composing of predominantly polyimide, and the
force generated by the SMA to be a uniform load, we calcu-
lated the force per unit length (w) using the equation (1),

θ =
wL3

6EI
(1)

where L is the free length, I is the area moment of inertia
of the catheter, E = 2700 MPa. The force per unit length on
the catheter was found to be 0.0113 N mm−1 or approxim-
ately 0.0678 N turn−1 based on the calculations. The displace-
ment (δ) of the distal tip of the free length is calculated to be
6.54 mm using the equation (2),

δ =
wL4

8EI
. (2)

The calculated displacement is close to the experimentally
obtained displacement of 7 mm. Figure 4(D) depicts the ant-
agonistic assembly of the two helical spring actuators.

2.4. Signal conditioning module

The MEMS-based thermal flow sensors fabricated using plat-
inum are biocompatible with high physical and chemical sta-
bility and repeatable characteristics. The fabricatedmicroheat-
ers and temperature compensation sensors were operated at
a constant 70 ◦C temperature using the closed-loop feedback
circuit (figure 5(A)).
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Figure 5. (A) Signal conditioning circuit with four CTA driver circuits and two SMA current drive circuits, (B) the flexible PCB with a
breakout board having 20 pin FPCFFC connector.

Any fluid flow across the heater reduces its surface tem-
perature due to convective heat transfer to the fluid, thereby
decreasing resistance. The feedback circuit is designed to
maintain resistance (Rh) constant; hence the amplifier drives
the differential voltage back into the loop, increasing the cur-
rent through the resistor. The power driven into the sensor
is equal to the power loss due to convective heat transfer
(equation (3)),

V2
h

Rh
= hAh (Th −Tf) (3)

where Vh is the voltage across the microheater with resistance
Rh and surface area Ah, h is the thermal coefficient, Th and Tf

are the temperature of the microheater and fluid, respectively.
From King’s law, the equation governing thermal coeffi-

cient (h) and fluid velocity (Vf) is

h= a+ bV c
f (4)

where a = 3.03, b = 1.7 and c = 0.5, constants obtained from
calibration experiments.

For a balanced Wheatstone’s bridge with driving voltage
Vdand resistance R1 connected in series to Rh (equation (5)),

Vh = VdRh/(R1 +Rh) . (5)

From the above equations, fluid velocity (Vf) can be determ-
ined using driving voltage Vd as shown below,

From equation (3),

h=
V2
h

RhAh (Th −Tf)
. (6)

Substituting for Vh from equation (5) in equation (6),

h=
V2
dRh

Ah (Th −Tf)(R1 +Rh)
. (7)

From equation (4),

Vf =

{
1
b
[h− a]

} 1
c

(8)

Substituting for h in equation (8),

Vf =

{
1
b

[
V2
dRh

Ah (Th −Tf)(R1 +Rh)
2 − a

]} 1
c

. (9)

The higher the fluid velocity, higher is the differential
voltage driven into the bridge due to the positive TCR (Rh).
The connections from surface mount sensors from the FPCB
to the bridge were made using 20 pin, 0.5 mm pitch FPCFFC
connector, and cable (figure 5(B)). Table 2 describes the fab-
rication costs and materials used to fabricate the intubation
catheter.

2.5. Test-bench with excised tissue

To study the fabricated catheter, excised tracheal tissues
from sheep were obtained from a government-approved
slaughterhouse. Biosafety clearance (IBSC/IISc/HP/09/2019)
and Ethical Committee clearance (CAF/Ethics/676/2019)
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Table 2. Intubation catheter features.

Features Description

Purpose Localized airflow patterns in the tracheobronchial tree
Subject type Patients with mild, moderate and segmental stenosis, CAO and other tracheal disorders

Biocompatibility Thermal flow sensor Platinum
FPCB coverlay Kapton polyimide film
Contact pads Gold
SMA actuator Nitinol
Catheter molding PDMS

Cost FPCB Design,
Sensor Fabrication
and Catheter
Packaging

Approximately $200

Device classification Class II (Invasive, low risk) based on FDA medical device design controls
Device dependencies Can be inserted as a standalone guidewire or with visual guidance using bronchoscopy working port
Sterilization and usage Single use product, sterile packed
Device dimension 338 mm in length and 4 mm diameter allows for insertion in severely constricted airway
Scalability Allows for bulk production with multiple size variations
MRI compatibility Platinum is nonferromagnetic, MR-compatible with low lever artifacts
Computation resources Fast turnaround time, minimal computation resource requirement, accelerates clinical decision making

Figure 6. (A) Schematic of the test-bench designed to investigate tracheal disorders, (B) experimental workstation, (C) dynamic response
characterization of the fabricated sensors, and (D) calibrating the sensors using known fluid velocity.

is obtained from the Institutional Animal Ethics Com-
mittee (Reg.No:48/GO/Re-SL/Bi-S/99/CPCSEA). The test-
bench includes a computer workstation connected to a data
acquisition system (Keithley 7700 Differential multiplexer
module) and a signal conditioning board (figure 6(A)). Data-
acquisition and system control was established using LabView
programming (shown in supplementary information figure S1
(available online at stacks.iop.org/JMM/31/055007/mmedia)).
The excised tissue was held in a custom-built trachea holder

with an inlet connected to an air compressor unit with a filter-
regulator-lubricator connector, and the tissue holder’s outlet
is connected with a reservoir bag (figure 6(B)) to mimic the
lung. As discussed before, an adult trachea is 1.8–2 cm in dia-
meter, 15 cm in length with 1 mm wall thickness. Although,
the trachea spits into a right and left bronchus that further
progresses into the lung, our pseudo-physiological test-bench
comprises of a tracheal holder with a reservoir bag hav-
ing dimensions close to real anatomical geometry. The 2 l
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reservoir bag closely mimics the lung as it is commonly used
in the mechanical ventilation system to deliver desired tidal
volume and pressure [30]. A solenoid valve was used to switch
between the inspiration and expiration cycles. The rise and fall
time for varying flow rates at 70 ◦C sensor operating temper-
ature is 1.5 s and 0.5 s, respectively. The dynamic response
curve is shown in figure 6(C). A pitot tube calibration set-up
was used to determine the sensor working voltage range cor-
responding to known velocities. The sensor voltage response
for fluid velocity ranging from 0 to 4.2 m s−1 was recorded,
and corresponding calibration constants a, b, and c are determ-
ined (figure 6(D)).

3. Results and discussion

The fabricated catheter was advanced through the lumen, and
the corresponding voltage (∆V) were recorded. The sensor
voltage (Vh), under no flow was set at 1.4 V. The data was
recorded at 15, 30, 50, 65, and 80 l min−1. Flow rates, 65 and
80 l min−1 are very high compared to ideal airflow conditions;
however, experiments were conducted to see the impact of
turbulence flow on sensor output under normal and stenosed
conditions. The tracheal tissue (#Tissue 1) measured 15 mm
in length with 1.8 mm wall thickness. Patency was calculated
after subtracting the wall thickness from the corresponding
outer diameter (OD). The OD was measured for the proximal,
medial, and distal trachea (figure 7(A)). As the microheaters
were operated at 70 ◦C, the impact of temperature on tissue
surface is vital.

The catheter with microheaters and a simplified geometry
of the trachea was created in COMSOL Multiphysics®, while
assigning the material property of the tissue and the silicon-
based platinum microheater. A laminar flow interface was
used to set the airflow inside trachea using the inlet boundary
condition on one side with 0.8 m s−1 normal inflow velocity.
The outlet boundary condition was applied to the other end
of the trachea. The tracheal wall was set to no slip boundary
condition. The electrical component of the microheater was
modelled using the electric currents, shell (single layer) inter-
face. The electric potential boundary condition was applied to
one end of the microheater, while the other end was grounded.
The simulation was performed by driving the microheater at
1.4 V. The heat transfer in solid and fluid interface was used to
model the temperature variation within the channel. The heat
flux boundary condition was applied on the outer walls of the
tracheal with heat transfer coefficient of 2 W m−2 K−1. The
heat generated by the microheater due to Joule Heating was
coupled with the heat transfer in solid and fluid interface using
the boundary electromagnetic heat source interface. The lam-
inar flow interface was coupled with the heat transfer in solid
and fluid interface using the Multiphysics non-isothermal flow
interface.

A physics-controlled mesh which automatically meshes
based on the physics being solved was used. This automatic-
ally takes care of the boundary layermesh required for the fluid
flow physics. The model with around one million DOF was
solved using a computer having 32 GB, 3.70 GHz Intel Xeon

processor with 64-bit operating system. The overall simulation
time was 1582 s (26 min, 22 s) consuming 4.46 GB Physical
memory and 6.16 GB of Virtual memory. The temperature dis-
tribution profile (figure 7(B)) shows an exponentially decreas-
ing temperature pattern from the centerline to the tissue sur-
face. Also, the mechanism of convective heat transfer from the
microheater to the fluid ensures no thermal damage to the tis-
sue walls.

Experiments were performed immediately after procuring
the tissue from the slaughterhouse. The blood and skin from
the tissue surface was cleaned and then fixed in the tissue
holder. Airflow was generated at a controlled rate using the
air compressor. The ∆V for all four sensors at 15 l min−1

was recorded. The experiment was repeated for 30, 50, 65,
and 80 l min−1 (figure 7(C)). At 15 and 30 l min−1, the
∆V had a standard deviation (SD) of 0.003 V (0.1% RMS
error) and at higher flow rates, the SD was 0.02 V (0.6%
RMS error). The average CSA of the trachea under normal
condition is 314mm2. The airflow pattern is uniform across the
complete segmental length for all the flow rates (figure 7(D)).
After obtaining data for a normal condition, a zip-tag is used
to induce stenosis in the proximal region. The stenosed seg-
ment now has a 10% reduction in CSA from the original. By
flowing controlled air, ∆V was measured for all four sensors
(figure 8(A)). For all five experimental flow rates, relatively
higher voltage peaks from the sensor 1 was observed. This can
be attributed to the fact that sensor 1 is in close proximity to the
site of obstruction. The flow pattern has a peak and then gradu-
ally decreases as it progresses towards the trachea’s distal
end (figure 8(B)). Following Bernoulli’s fluid dynamics prin-
ciple, the fluid gains momentum as channel CSA reduces, this
increases velocity in the stenosed region. Higher the fluid velo-
city, higher will be the convective heat transfer from themicro-
heater to the fluid. Since the microheater was designed to oper-
ate at constant temperatures, to compensate for the cooling
effect, the feedback circuit drives higher currents to reset the
operating temperature of the microheater. Thus, with reduced
CSA we see an increase in sensor voltage change compared
to normal conditions. The distance between the fourth sensor
and the SMA actuator is designed to have a 20 mm gap and
the inter-sensor gap is 10 mm. Any artifacts in the airflow
due to bending of the SMA actuator was found to be neg-
ligible as the disturbance dies as it flows downstream over
the 20 mm long gap (shown in supplementary information
figure S2).

At 15 and 30 l min−1, ∆V had a SD of 0.005 V (0.2%
RMS error) and the higher flow rates had SD of 0.02 V
(0.5% RMS error). As the sensor position on the catheter is
known, the peaks generated in the pattern can give a reason-
able estimate of stenosis location. We perform experiments
by inducing the second stenosis that is 18 mm away from
the first stenosis. Average CSA of the second stenosed seg-
ment was 14% reduced from the original area. From 15 to
80 l min−1, ∆V of sensor 1 and sensor 2 were 1.5× and 1.7×
higher than their voltage changes under normal conditions
(figure 8(C)).

The flow patterns generated using each sensor data for
all experimental flow rates shows two significant peaks
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Figure 7. (A) Excised tissue measurements; (B) temperature profile from centerline to tissue wall; (C) represents sensor voltage plots for
multiple volumetric flow rates and (D) represents flow pattern for normal tissue.

(figure 8(D)). At 15 and 30 l min−1, ∆V has a SD of 0.01 V
(0.39% RMS error) and higher flow rates have SD 0.02 V
(0.5%RMS error). Although the peaks correspond to the mag-
nitude of reduced CSA, we speculate that the second peak with
a higher magnitude is a cumulative effect of both the sten-
osis. The velocity gained by the fluid at first stenosis encoun-
ters another constriction in a close instant of time; hence a
turbulence may be created, which contributes to the higher
magnitude of ∆V in sensor 2. To test the hypothesis, we per-
formed an experiment with a newly excised tissue by simu-
lating three stenosis (figure 9(A)). The first constriction con-
tributes for the increase in voltage peak of sensor 1. The rise
in sensor 2 voltage is not only dominated by the constriction
but also sees a contribution from the previously constricted

site. Adding another stenosis in close proximity to the second
is effectively increases the stenotic segment length and con-
tributes to the rise in peak in the third sensor (figure 9(B)).
The experiment was conducted only for 15, 30 and 50 l min−1

flows as the tracheal diameter was only 12 mm and could not
withstand higher flow rates.

From the flow patterns generated using the sensor array,
the catheter demonstrates its potential use in multi-segmental
tracheal stenosis having mild and moderate constrictions.

3.1. Blind test for pulsatile flow

We performed experiments using another tracheal tissue with
an average CSA of 15.2 mm2 (figure 10(A)). The catheter
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Figure 8. (A), (C) Represent sensor voltage plots for a stenosed and two segment stenosed tissue for multiple volumetric flow rates; and
(B), (D) represent the corresponding flow pattern obtained in single stenosed and two segment stenosed tissue.

was advanced through the stenosed segment, and the com-
pressor was operated to flow air at 30 l min−1. The solenoid
switch controls the fluid flow through a T-junction connector
with inlet and outlet ports. The solenoid switch was on for
the inspiration cycle, and the air flows from the compressor
through the inlet port into the trachea and the reservoir bag.

The voltage readings from the sensors are recorded and con-
verted to velocity using equation (6). The solenoid valve was
turned off to simulate expiration, and the air from the reser-
voir bag flows into the trachea and floods through the output
port. The cyclic pattern observed for all four sensors under nor-
mal tissue conditions is shown in figure 10(B). The inspiration
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Figure 9. (A) Excised tissue measurements; (B) represents flow pattern obtained using the tissue at multiple volumetric flow rates with
three segmental stenosis.

peaks for all four sensors were consistent with an average velo-
city of 0.8 m s−1, and expiration peaks were at an average
of 0.24 m s−1. The difference in magnitude was because the
air compressor is an active source that floods air at high pres-
sure; however, the reservoir bag behaves like a passive source
and floods air at relatively lower pressure. Another observa-
tion from the flow patterns was the broad bandwidth of the
inspiration and expiration cycle. The sensors’ response time
was reasonably good; however, the long channel length from
source to the point of interest contributes to the delay in pulsat-
ile flow. The identical peaks across four sensors correspond to
the uniform tracheal diameter.

The effective tracheal CSA was reduced by 50% at the
proximal region, and the corresponding regional velocity
plots is shown in figure 10(C). Only sensor 2 has dominant
peaks with average velocity in the inspiration cycle measuring
2m s−1 and 0.52m s−1 in the expiration phase. Themagnitude
of other sensors in the array measures an average of 0.8 m s−1

for inspiration and 0.23 m s−1 in the expiration cycle. The
catheter was slightly pushed forward, and the experiment was
repeated. The data obtained from the catheter in the new pos-
ition is shown in figure 10(D). Sensor 3 has the highest mag-
nitude in the inspiration phase,measuring 1.8m s−1 and sensor
2 with the highest magnitude in the expiration phase, measur-
ing themagnitude of 0.59m s−1. The flow pattern implies sten-
osis was in between sensors 2 and 3. Manoeuvring the catheter
at different positions can precisely locate the site of obstruc-
tion as the sensor output corresponds to the local CSA.

CFD based studies have shown pressure drop and velocity
measurements only when lumen obliteration is higher; how-
ever, the catheter performance could be evaluated even for a
mild obliteration in excised tissue. The challenges encountered

with CFD simulations are resolving turbulence for higher
flows and build-time for each patient-centric model, extending
from several hours to even days with dependencies such as
accuracy of meshing strategies. Large, randomized trials to
determine the best strategy for evaluating and treating the
patient population are extremely difficult using simulation
studies. Hence the catheter can be used as a supplement to
existing technology to determine pre- and post-operative sur-
gical outcomes.

The observation made from the flow pattern is that for sten-
osed segments, error increases for higher flow rates. As con-
striction increases the regional turbulence, the high Reynolds
number 2673 (considering air density 1.225 kg m−3 and vis-
cosity 18.1 µPa s), creates a high-velocity jet of air, causing
redistribution of flow at the stenosed region. At higher volu-
metric flows (50, 65 and 80 l min−1), velocity increases pro-
portionally. The spike in velocity at the stenosed region at
higher volumetric flows is not only because of the reduced
CSA but also sees a contribution from the vortex formed due
to increase in turbulence. The randomness in flow at higher
flow rate contributes to an increase in error.

The peaks, however, correlate with the site of obstruc-
tion and degree and stenosis. Hence this data can be used
for targeted clinical treatment. The latency in pulsatile flow
is due to the length of pneumatic pipes connected between
the compressor and reservoir. The lag can thus be reduced
by optimizing the test-bench set-up. To comply with clin-
ical standards and proper stricture classification, the source
and sink pressure need to comply with the actual ventilator
standards.

Clinical translation often demands for Proof-of-concept
validation in animal models, hence performing in vivo
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Figure 10. (A) Excised tissue measurements of test sample 3, velocity plots generated from each sensor data for: (B) normal tissue, (C)
sensor positioned exactly below stenosis, and (D) stenosis in between two sensors.

experiments is the way forward to validate the use of the
intubation catheter. To study the health and disease condi-
tion of the airway, research groups have performed experi-
ments on canines with induced tracheal stenosis [31], por-
cine tracheal tissues [32], rabbits [33] and sheep [34]. We
envisage performing in vivo experiments using sheep mod-
els because their comparable airway anatomical structure with
humans and their large tracheal diameters makes it most favor-
able for respiratory intervention studies [35]. Once the animal
is restrained, either with a laryngoscope and/or after endo-
tracheal tube (ETT) insertion, the catheter can be advanced
through the working channel port available in the Broncho-
scope or can be introduced like the bougie guidewire, through
the mouth, larynx, and into the tracheo bronchial tree.

Stenosis can be artificially induced by increasing the cuff
pressures higher than normal (20–30 cm H2O). Larger ETT
size and higher cuff pressures can be adopted to simulate
tracheal stenosis. The localized airflow patterns in healthy
and stenosed conditions can be generated using the intuba-
tion catheter. For integration in a clinical setting, the catheter
system design can be made more robust by using a PSoC®

microcontroller module with inbuilt BLE (Bluetooth Low
Energy) and IDACs (Current Digital to Analog Converters)
for wireless data transmission. Thus, the proposed system has
a good scope for portability with effective bench-to-bedside
translation.

4. Conclusion

This study demonstrates an intubation catheter’s design and
development with integrated flow sensors, sub-millimeter
helical shape-memory actuators, and a test bench to simu-
late airflow patterns in stenosed tracheal pathologies. The
sensors and actuators are mounted on an FPCB, which aug-
ments catheter flexibility and can be introduced through com-
plex airway anatomy. Experiments are conducted with excised
sheep tracheal tissues, and the impact of flow distribution
on stenosed trachea with 10%, 15% and 50% reduction in
patency is observed. The small catheter diameter allows for
easy advancement through the site of obstruction. The flow
patterns generated by the catheter show uniform distribution
through the normal airway and a spike in velocity correspond-
ing to the site of obstruction in the stenosed airway. The tool
can add considerable value to interventional bronchoscopists
as stenosis can be detected at a precritical stage. The study
further provides insight into flow patterns in varying grades of
tracheal stenosis and the impact of multisegmental stenosis.
The experimental set-up can be used for understanding com-
plex tracheal disorders and can be extended towards identify-
ing the dependence of flow patterns with age, various para-
meters that affect flow dynamics, the impact of stent size and
its positioning, the nature and performance of tissue grafts, etc.
A thorough understanding of the influence of these parameters
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can expedite on-site decision making and suggest alternatives
to existing guidelines.
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