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Synopsis A dog’s nose differs from a human’s in that air does not change direction but flows in a unidirectional path from
inlet to outlet. Previous simulations showed that unidirectional flow through a dog’s complex nasal passageways creates stagnant
zones of trapped air. We hypothesize that these zones give the dog a “physical memory,” which it may use to compare recent
odors to past ones. In this study, we conducted experiments with our previously built Gaseous Recognition Oscillatory Machine
Integrating Technology (GROMIT) and performed corresponding simulations in two dimensions. We compared three settings:
a control setting that mimics the bidirectional flow of the human nose; a short-circuit setting where odors exit before reaching
the sensors; and a unidirectional configuration using a dedicated inlet and outlet that mimics the dog’s nose. After exposure to
odors, the sensors in the unidirectional setting showed the slowest return to their baseline level, indicative of memory effects.
Simulations showed that both short-circuit and unidirectional flows created trapped recirculation zones, which slowed the
release of odors from the chamber. In the future, memory effects such as the ones found here may improve the sensitivity and

utility of electronic noses.

Introduction

Most keen-scented mammals, such as dogs, snift by
rapidly inhaling and exhaling air in a periodic fashion.
A dog’s unique nasal architecture, in particular a front-
facing orifice for the fluid inhale and a lateral orifice for
the exhale, enables unidirectional airflow in the olfac-
tory region. Such unidirectional airflow is thought to
be a contributor to their keen sense of smell. Figure 1A
shows a cross-sectional view of a dog’s nasal chambers,
called the ethmoidal turbinates, which increase the sur-
face area in contact with the air, warming and humidi-
tying it. Flow entering the nose (in red) travels along a
distinct pathway from the exiting flow (in blue). Sim-
ulations of a dog’s sniff have shown zones of recircu-
lation and slow flow in the canin€’s olfactory pathways
(Craven et al. 2007, 2010; Rygg et al. 2017). We hypoth-
esize that these stagnant zones trap odors, giving sen-

Advance Access publication April 25, 2023

sors more time to identify the odors and compare them
to the subsequent sniff. The objective of this study is to
investigate if mimicking unidirectional airflow can en-
hance the performance of an artificial nose. Using an
artificial nose allows for repeated controlled tests and
the use of sensors to measure the local concentration of
odor.

In contrast to dogs, humans have a much simpler
nasal architecture that only accommodates bidirec-
tional air flow in their olfactory region. Unlike dogs, hu-
mans have only two orifices in their nose, rather than
four. Humans sniff by drawing in odor-laden air us-
ing a comparatively long and steady inhalation. Exha-
lation generates flow along the same path but in the op-
posite direction. Because flow changes directions along
the same path, it has bidirectional rather than unidirec-
tional flow. The lack of unidirectional flow is thought to
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Fig. | Unidirectional flow in the canine and electronic nose. (A) Canid nasal passageway cross-section with fluid flow velocity indicated by
the arrows (reprinted from Craven et al. 2007). (B) The original Gaseous Recognition Oscillatory Machine Integrating Technology
(GROMIT) (reprinted from Spencer et al. 2021). (C) In the red dashed box, we place an air chamber that allows for unidirectional flow.
(C, D) Schematic of the original and re-designed airflow chamber for GROMIT. The black and white arrows show the air flow for the

inhalation and exhalation phases, respectively. All scale bars are 2 cm.

be one of the reasons why humans do not sniff to iden-
tify odors (Craven et al. 2010; Lawson et al. 2012). The
idea that vertebrate nasal cavity is able to separate and
sense different odors is also being investigated for other
mammals like mouse (Coppola et al. 2017, 2019).
Rather than studying dogs or humans, we will study
artificial noses, machines designed to identify chemicals
quickly and reliably by odor. They are used in the detec-
tion of bombs, drugs, food ripeness, and food spoilage.
Until such devices can be improved in sensitivity and
specificity, however, many of these tasks will continue
to be performed by trained humans or dogs. The first
device to perform machine olfaction was built in 1964
using microelectrodes. In 1987, the term “electronic
nose” was introduced to describe any device that detects
odors using a sensor array (Persaud and Dodd 1982;
Gardner and Bartlett 1994). Modern olfactometers in-
volve a fan that directs steady flow to a sensory array.
Staymates et al. (2016) designed a dog-nostril-inspired
module that attaches to the fan and generates external
airflow like that of a dog. The device improved odor
acquisition and enhanced the performance of a com-
mercial trace vapor detector compared to one that con-
tinuously drew in air. In 2021, we presented GROMIT,
which used bellows to emulate the internal aerodynam-
ics of a dog’s nose, specifically the inhale and exhale
of a dog’s sniff (Fig. 1B, Spencer et al. 2021). While
GROMIT mimicked some aspects of the pulsatile inter-
nal airflow patterns of a dog, it used bidirectional rather
than unidirectional flow. The GROMIT system demon-

strated tradeoffs in speed and sensitivity for ethanol
detection.

In this study, we will also use ethanol vapor as the
odor to be detected. Ethanol is easy to obtain, cheap,
safe for human health, and causes no harm to the envi-
ronment. It is commonly used for testing MOx sensors,
such as in a personal robot assistant to detect gas leak-
ages (Palacin et al. 2019) and in closed-loop control of
of gas sensors (Sola-Penafiel et al. 2022).

Materials and methods
Design considerations

The 2021 GROMIT design involved a bellows system
that pumped air into an airflow chamber (Fig. 1B,
Spencer etal. 2021). Inside the chamber was the sensory
array, and outside the device were electronics to control
the air flow and read the sensors. As shown in Fig. 1C,
the airflow chamber initially had two orifices: on one
side was the bellows, and on the other was a single hole
for incoming airflow to enter and exit the chamber. We
redesigned the airflow chamber so that GROMIT has
three orifices: one for the bellows and a distinct entrance
and exit orifice, as seen in Fig. 1D. A dog’s nose uses
a clever valve-less design to drive flow unidirectionally
from the inlet to the outlet, but designing such a geome-
try was beyond the scope of this work. Instead, we man-
ually opened and closed the orifices.

One constraint for our design was that the volume of
the airflow chamber should be equal to the volume of
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the bellows itself, which was 112 mL, to enable the sys-
tem to be flushed out with each sniff. Another constraint
was that the chamber should be airtight. Any crevices
that remained were covered in epoxy to better seal in
the air. The resulting chamber consisted of two pieces,
one 3D-printed and the other a rectangular prism laser
cut from acrylic, with the sidewalls holding the sensors.
The overall design was easy to iterate upon and repair.

Sniffing experiments

GROMIT detects odor using three commercial mini-
oxide (MOx) sensors (TGS series, Figaro Engineering
Inc., Illinois, USA) (Fig. 1C and D). A higher concen-
tration of ethanol in the chamber generated a higher
voltage reading from the sensors, measured in millivolts
(mV). The MOx gas sensors are sensitive to a wide range
of volatiles, such as volatile organic compounds, carbon
monoxide, methane, nitrogen dioxide, and others. We
installed two TGS2602 sensors and one TGS2610 in the
sensor chamber. The different sensitivity of the sensors
to the targeted chemicals, coupled with machine olfac-
tion, enabled a device that can detect a large variety of
chemical compounds.

We performed nine trials with GROMIT in three set-
tings (the control, short-circuit, and unidirectional set-
tings) shown in Fig. 2. In all settings, the bellows, shown
on the left, inhaled and exhaled air in a periodic fash-
ion. The air chamber had two orifices: a large orifice
opposite the bellows and a small orifice adjacent to the
bellows. The settings differed in the order in which the
small and large orifices were valved open and shut. The
“control” setting was how GROMIT was run in 2021
(Spencer et al. 2021). Here, the small orifice was closed,
and the air traveled through the large orifice, which was
kept open. The “short-circuit” setting only has the small
orifice open. As a result, airflow traveled exclusively
through the small orifice, effectively short-circuiting the
system before it could reach the sensors. The “unidi-
rectional” setting involved manualipulation of the ori-
fices. We synchronized the valving with the bellows so
that inhales occurred through the large orifice and ex-
hales through the small orifice. The consequence was
that fluid flow traveled unidirectionally from inlet to
outlet. The unidirectional configuration was the focus
of this study, and the other two settings were used as a
comparison.

Each trial involved ~1-2 min of measurements. For
all trials, the bellows were run at a frequency of f =1/3
Hz, equivalent to a period of 3 s. This was the high-
est frequency that could be run without stalling out
the motor that drives the bellows. The volume of the
ethanol sample was re-measured before each trial to en-
sure evaporation effects were negligible.

S.Kim et al.

Each trial began with a purge cycle, where the bel-
lows were run for 1 min without any ethanol sample.
The trial commences when 40 mL of 95% ethanol in a
50 mL beaker was placed at the inlet for 10 s. Then the
ethanol sample was removed, and the bellows ran with-
out any sample for another 30 s. The trial was complete
once the sensors indicated the voltage had returned to
baseline.

Mathematical modeling

The air chamber dimension was 152 x 57 x 20 mm.
Considering the cross sections along its longest dimen-
sion, its hydraulic diameter D, = % was 29.6 mm,
where A is the cross-sectional area, and P is the perime-
ter of the cross-section. A stepper motor (Anaheim Au-
tomation Inc. 15Y202S-LW4) actuated the bellow to
mimic the inhalation and exhalation of respiratory sys-
tems. The bellow consisted of an elastic annulus that
started as a convex truncated cone and pushed into a
concave cone. The cone had a large radius R of 38 mm,
small radius r of 7.5 mm, and height /# of 30 mm, with an
associated volume Vijo = (1/3)mh(R?> + Rr + 1?) =
56 mL. During an exhale, the conical bellows goes from
concave to convex and thus pushes two cone volumes
2Vieiiow during a half period (0.57), so the average flow
rate during an exhale is Qguyerqee = 74.7 mL/s. Divid-
ing the flow rate by the cross-sectional area of the cir-
cular bellow orifice (diameter of 15.2 mm) yields the
average velocity Upeiy = 0.41 m/s. We did not verify
this speed with a flow sensor because only the order
of magnitude is necessary for calculating dimension-
less groups. For the kinematic viscosity of the air v =
1.48 x 107> m?/s and the hydraulic diameter, we obtain
the Reynolds number Re and Womersley number:

U peionD
Rep, = —"2, (1)

Wo = Dh,/ ];—':, (2)

which produce Rep, = 819 and Wo = 5.6. The
Reynolds number indicates the flow is near the tur-
bulence regime where inertia dominates over viscos-
ity. The Womersley number, which was originally de-
rived to describe the cardiovascular flows (Womersley
1955), represents the ratio between the transient inertial
force and viscous force. An excessive Womersley num-
ber lowers the chance for the ethanol particles to strike
the sensor surface, resulting in a low signal. Previous
investigators observed that the biological Womersley
number across animals, including pygmy, rabbit, dog,
and deer, ranges from 0.2 to 2.5 (Spencer et al. 2021).
We matched the Womersley number in GROMIT by
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Fig. 2 Schematics for each configuration tested, with the left column showing inhalation and the right column showing exhalation. The
black squares indicate the positions of the oxide sensors. A white orifice is open,and a red orifice is closed. Scale bars are 2 cm.

having a larger hydraulic diameter and a smaller fre-
quency than in dogs. Our total bellows volume of 112
mL was chosen to be at least the same order of magni-
tude as the inspiratory capacity of dogs (500-2500 mL,
Donati et al. 2018) while keeping our device small and
easy to use.

To evaluate the effectiveness of GROMIT, we con-
sider three metrics: the voltage drop, delay time, and
residence time, illustrated in Fig. 3. The voltage drop
is defined as the absolute magnitude of the largest ob-
served change in voltage from its baseline value. The
baseline voltage is the average of the voltage readings
when ethanol is introduced to GROMIT's inlet. For all
data, we report t = 0 as the time that ethanol was intro-
duced. Furthermore, the initial voltage for all trials has
been shifted to zero.

Since we provide the same ethanol concentration
for each setting, a higher voltage drop indicates more
ethanol exposure to the sensor. The diagonal arrows
show the location of the voltage drop for each case
in Fig. 3. The delay time is the time elapsed for the volt-
age drop to occur. A longer time delay results in longer-
observed memory effects as ethanol remains trapped
near the sensors. Residence time is the time that elapses
before the sensor returns to within 20% of the base-
line voltage. Desirable properties in a configuration are
a large voltage drop, a short delay time, and a long

residence time. A larger memory effect is associated
with a longer residence time. Memory effects are due
to the lingering particles of ethanol that remain in the
chamber of the device even after the sample has been
removed.

Data collection and system operation were controlled
by the Arduino Uno microcontroller, as described in
Spencer et al. (2021). We wrote MATLAB code to cal-
culate the voltage drop, delay time, and residence time.
We applied a median filter to the data to smooth it out
using the sliding window method with a length of 10
data points.

Simulations

To better understand the flow inside the camber, we
conducted two-dimensional computational fluid dy-
namics (CFD) simulations to characterize the time
course of the velocity field and ethanol concentration
field. COMSOL Multiphysics was used to find the tran-
sient solutions of the incompressible turbulence flow
using the k-epsilon RANS (Reynolds-averaged Navier-
Stokes) model. A typical time-dependent nonlinear
solver was used to solve the Navier-Stokes equations,
and a GMRES (Generalized Minimal Residual) solver,
accelerated by a multigrid method, was used for the
time marching method. A piecewise linear interpola-
tion was used for the discretization. For incompressible
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Fig. 3 Time course of sensor voltage, which indicates the level of ethanol detected. Shaded regions show the standard deviation based on
three trials for each setting. Voltages have been offset to start at zero. Ethanol is introduced at t = 0 and removed at 10 s, as shown by the
first vertical dashed line. The later vertical dashed line shows when the sensor voltage returns to baseline. (A) The control setting exhibits
a quick initial voltage drop that begins while ethanol is still exposed to GROMIT. (B) The short-circuit configuration shows comparable
voltage drop but longer residence time. (C) The unidirectional configuration exhibits a comparable voltage drop and the longest residence
time of all the settings. Diagonal arrows point to the minimum voltages observed. The dotted arrow in (C) points to the initial voltage

drop in the unidirectional setting.

Newtonian fluid flow, the Navier-Stokes equation and
the continuity equation are expressed as follows:

ou; ou; —8p Bzu,-
Ty ) =R Sy pp 6
p(at M ax,-) ox, T Faxax, TP O

My, @
8.Xi

where p is the density of the fluid, u; is the velocity com-
ponent in corresponding direction, p is the pressure,
w is the dynamic viscosity, and f; is the external force
component acting on the fluid. The term on the left-
hand side represents the acceleration of the fluid, and
the term on the right-hand side represents the forces
acting on the fluid, including pressure, viscous forces,
and external forces.

The K-epsilon (k-¢) turbulence model simulates
mean flow characteristics for turbulent flow conditions

in CFD. This model solves for two transport equations,
which are equivalent to the Navier-Stokes equation. The
two transported variables are the turbulent kinetic en-
ergy k and the rate of dissipation of turbulent kinetic en-
ergy €. The standard k-& model has two transport equa-
tions as follows (Launder and Spalding 1983):

For turbulent kinetic energy k,

ok 9 (kuy) 0 [ Ok
P\t —— =77 |—7
at 0Xx; 3Xj Ok 8x]-

+ 2 EjjE;j — pe. (5)

For dissipation rate ¢,

88+8(8u,-) 0 [ 0e iC 82 E.E
P\ Tox )~ ox; Lowoxg | TR

82

- CZEIO ? ) (6)
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where E;; is the component of deformation rate, i, is the
eddy viscosity (oC, k*/¢). The k-¢ model also contains
adjustable constants oy, o;, C,, Ci, and C,,. Empirical
data fitting for a variety of turbulent flows has led to the
calculations of these constants. Below are the values we
used from the experimental data (Wilcox 1998).

O = 1.0,

0. =13, C,=0.09,

Cie = 1.44, Gy = 1.92. (7)
We recreated the GROMIT device in a 2D computa-
tional field based on the top view of the device, with
identical chamber dimensions and dimensionless num-
bers (Re = 819 and Wo = 5.6). The flow simulations
were conducted in two dimensions in a rectangular
chamber with dimensions of 152 mm x 20 mm and a
tapered end towards the bellows. As in the experimental
system, there are two outlets. We defined the inlet as the
boundary connected to the bellow. The outlet boundary
condition was set as an open boundary, or zero atmo-
spheric pressure, while the inlet boundary condition is
an oscillating inflow velocity of u = (5 YOrbeliow sin(ZT”t).
The walls of the chamber were set as having no slip
boundary conditions, and the logarithmic law of the
wall was configured to describe the turbulent behavior
near the wall (Bradshaw and Huang 1995). While the
bellow inhales or exhales the air, the outlets were set
to be open boundary conditions in accordance with the
timing of the setting considered. The air in the chamber
was initially at rest. The system utilized a 1 mm mesh
size and a time step of 0.01 s.

The transport of ethanol particles was also simu-
lated using the Transport of Diluted Species interface
in COMSOL, coupled with the velocity field obtained
from the k-¢ model. The massless particles follow the
convection-diffusion equation given as:

dc 9% dc
— =D —+ uj—
ot 8x18xi 8xi

. (8)

where ¢ is the concentration of the particles of interest,
D is the diffusion coeflicient of the particles, and w; is
the velocity component in corresponding direction. The
term on the left-hand side represents the time-rate of
concentration change. On the right-hand side, the first
term is transport due to the diffusion governed by Fick’s
law, and the second term is transport owing to fluid con-
vection. We prescribed a no flux boundary condition for
the wall while following the same open boundary con-
ditions as the turbulence model for the orifices, depend-
ing on the treatment.

The bellows boundary integrated the incoming par-
ticle flux over length and time after every inhale and
pushed out the same moles of particle during exhale to

emulate the transport from the bellow volume to the
chamber.

One of our assumptions is that the target odor is dif-
fusive enough in the air so that it can leave the stream-
line and land on the sensor. As a measure of the diffu-
sivity of an odor, the dimensionless Schmidt number Sc
may be written as follows:

Sc = B, (9)

where v is the kinematic viscosity of the air and D is the
diffusion coefficient. In our case, the ethanol vapor in air
typically has D = 1.0 x 107> m?/s. The corresponding
Schmidt number becomes 1.5, which belongs to the dif-
fusive regime (Sc < 4). Our scope of study is limited to
the target particles within the diffusive regime. It would
be necessary to use a different technique to capture large
particles such as dust, since they do not diffuse suffi-
ciently having higher Schmidt number (Sc > 1, Cussler
L. 2009).

Results

We performed nine total experiments with GROMIT,
with three experiments in each of the three settings
described in the methods section. Our focus was on
the unidirectional flow setting, in which inflow comes
through a dedicated inhale orifice and outflow goes
through a separate exhale orifice, analogous to a dog’s
nose. We averaged readings from each of the three sen-
sors across trials. Figure 3 shows the time course of the
sensor voltage. We offset the voltage so that the base-
line voltage of each sensor is zero. Figure 4 shows the
averaged metrics of interest: the voltage drop (a), delay
time, and residence time (b). In these figures, ethanol
was exposed to GROMIT from 0 to 10 s and then re-
moved for the rest of the trial. We first consider the con-
trol and short-circuit settings, before turning our focus
to the unidirectional setting.

In the control setting, the sensors registered a swift
voltage drop of 119 &+ 55 mV. This voltage drop oc-
curred ata time of 5 & 15, which is faster than the short-
circuit and unidirectional cases. After a 10-s exposure,
the ethanol sample was removed from the inlet. Conse-
quently, the voltage recovered to the baseline value with
a residence time of 13 &+ 15 s after the onset of ethanol,
indicating low memory effects, as expected because the
large orifice allows the chamber to be flushed clean by
the bellows.

As we will show in the simulations, the short-circuit
configuration generates cavity flow, whose stagnant
zone might prevent the odors from reaching the sen-
sors. Accordingly, the incoming fluid does not flow as
directly to the sensors as in the control case. We see the
voltage drop of 158 & 5 mV occurs at around a time
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Fig. 4 Measurements of the voltage drop (A) and the delay and residence time (B) for each flow setting. The voltage drops were
statistically different. The unidirectional flow showed significantly longer delay times and residence times.

of 34 £ 1 s, which is nearly six times slower than in
the control setting. Moreover, a longer residence time
of 46 £ 4 s is observed, indicating that the cavity flows
are associated with memory effects.

The unidirectional setting showed a slower and more
drawn-out response than the previous settings. The
voltage drop of 169 + 76 mV occurred at 85 & 27 s. The
voltage drop was comparable to other settings. How-
ever, the delay time was the greatest across all treat-
ments; it was 1682% of the control and 253% of the
short-circuit. The first voltage drop occurred at ~15, as
shown by the dotted arrow in the figure. Then the volt-
age did not return to baseline levels, but instead a sec-
ond voltage drop occurred far after the ethanol sample
was removed from the inlet. Finally, the signal recov-
ered to the baseline after the residence time of 106 & 8 s.
This event was most likely a result of the bellows push-
ing some stagnant, odorant-laden air over the sensors
again.

We conducted one-tailed t-tests to evaluate the sta-
tistical significance of the delay and residence times.
The t-test showed that the delay time of the unidi-
rectional treatment was significantly higher than both
the control (P = 0.0032) and the short-circuit case
(P = 0.0142). Similarly, the unidirectional residence
time difference was significantly larger than both the
control (P = 0.0003) and the short-circuit (P = 0.0017).
The voltage drop did not show any significant differ-
ences between the three treatments (P >> 0.05).

Figures 5 and 6 show our computational results with a
2D chamber of similar shape as our experiments. Figure
5A shows the internal velocity field during one cycle for
each setting. Two moments were captured: inhalation
(t = 0.75 s) and exhalation (t = 2.25 s). Air was sucked
into the device at t = 0.75 s, and as can be seen by the
reversal of the arrows, it had the opposite flow direc-
tion at t = 2.25 s. We denote the locations of two sen-
sors by the R and L symbols. These two positions were

comparable to the sensor positions in the experiment.
Since the walls have a no-slip boundary condition, the
distance between the wall and the reported value was
0.5 mm. Note that the left sensor position was the mid-
point of the two experimental sensors at the bottom of
Fig. 2.

During the exhalation, the diffuser generated flow
separation and eddies near the walls. The control setting
pushed the air across the sensors throughout both the
inhale and exhale, as shown by the horizontal stream-
lines. The short-circuit setting maintained stagnation
near the sensors during the entire cycle, which likely
prevented the external odors from reaching the sensors.
The unidirectional case pushed air to the sensors only
during intake. Consequently, the introduced odor par-
ticles remained circulating in the chamber.

Figure 5B shows the time course of the air velocity
in the y-direction for the two sensors. Later we will re-
port odor concentration, but for now velocity indicates
whether there is flow across the sensors or not. Since
flow is necessary to bring odorants to the surface, we
use it as a simple metric for the sensor’s ability to read
odors. The control setting showed the highest fluctua-
tions in velocity, which is consistent with the velocity
fields in Fig. 5A. Velocity fluctuation was the lowest in
the short-circuit setting in the first cycle, but the recir-
culation in the short-circuit was strong enough to have
comparable speed to the unidirectional case in later cy-
cles. This implies the possibility for particles to be trans-
ported by advection in the short-circuit case. In the uni-
directional configuration, the velocity fluctuation was
lowest at the locations of the sensors, which may con-
tribute to the memory effect.

We next simulated the concentration of ethanal in the
chamber. During ethanol exposure, a concentration of 1
mol/m’ boundary condition was used for the incoming
air for an initial three cycles, which had a comparable
duration of exposure (9 s) to the experiment (10 s). After
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Fig. 5 (A) Simulations showing two snapshots of the velocity field for three flow settings. Air is inhaled at t = 0.75 s, changes flow
direction, and is exhaled at t = 2.25 s. A cycle is 3 s long. (B) Velocity in the y-direction at two points marked with red circles in (A)
where sensors are located. The left wall sensor (left panel) and right wall sensor (right panel) are each located 60 mm above the bottom of
the chamber. Red curve is control, blue is the short-circuit setting, and green is the unidirectional setting.

the exposure, the system operated without an influx of
ethanol for an additional 17 cycles, which is equivalent
to 60 s of operation in total.

Figure 6A shows the simulated ethanol concentration
field at the same moments as Fig. 5A. The red color indi-
cates a high concentration of ethanol. During inhalation
(t=0.755), the ethanol entered the inlet of each setting,
and the bellow also inhaled a portion. During exhala-
tion (t = 2.255), the bellow exhaled its contents, driving
flow towards the respective outlet for each setting. Note
that the control case flushed out ethanol during the ex-
hale, with only some ethanol remaining near the walls
of the diffuser. We expected the short-circuit case to in-
troduce little ethanol into the chamber. That was mostly
the case, but diffusive transport still entrained ethanol
into the circulation region on the right. The unidirec-
tional case had an identical concentration to the con-
trol during the inhale. However, the exhale to the nearby
outlet permitted a much higher concentration of parti-
cles to reside in the chamber, demonstrating the mem-
ory effect.

We integrated the concentration across the chamber
area to find the total amount of ethanol per unit depth.
If sensors were equipped all over the chamber, this av-
erage concentration could be measured and compared
to experiments. However, in our experiments, sensors
were only placed on the right-hand side of the cham-
ber. Figure 6B shows the time course of ethanol during
20 cycles, equivalent to 60 s. The initial three cycles were
exposed to an incoming ethanol-laden flow of 1 mol/m?
of concentration.

The control case (in red) showed the largest fluctu-
ation in concentration throughout the cycles, followed
by the unidirectional case (in green). Both of these set-
tings were the most responsive; they increased to their
peak concentration within a single cycle. In compari-
son, the short circuit flow had the slowest ethanol en-
trainment into the chamber; it took nearly three cycles
to obtain the same level of ethanol as the other settings.
After the ethanol was removed, the unidirectional and
control cases showed the most rapid decay to zero con-
centration, followed by the short circuit case. Thus, the
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Fig. 6 (A) Simulations of the ethanol concentration field for the three flow settings at two points in time:t = 0.75 s and t = 2.25 s. White
arrows show streamlines. (B) Simulations of the time course of ethanol concentration (number of moles of ethanol per unit depth). Red is
the control, blue is the short-circuit setting, and green is the unidirectional setting.

simulations show that the short circuit setting had the
highest memory effect when considering the entire
chamber.

Discussion

In this study, we considered the memory effect—the
ability of systems to maintain previous odors—over
subsequent sniffs. We hypothesize that this ability is ad-
vantageous to animals because it would facilitate com-
parison of current and previous sniffs. The ability of a
system to hold its memory was affected by the timing
of the openings of the orifice and their size and posi-
tion. In both the short-circuit and unidirectional flow
settings, exhaled air is pushed towards the large ori-
fice, which is blocked. The small orifice on the side re-
quires fluid to change direction and has a small hole.
Thus, odor-laden air faces infinite resistance exiting
the large orifice and high resistance exiting the small

orifice. This resistance generates the ensuing stagna-
tion zones, which cause some of the odorant to re-
main within the chamber and continue to interact with
the sensors. The longer the sample is exposed to the
sensors, the stronger and more extended the voltage
change. Indeed, in our experiments, we saw that the uni-
directional setting had the longest delay and residence
time.

Figure 3A shows that the control configuration starts
to decrease during ethanol exposure. In this configura-
tion, we expect a voltage drop during the inhale, fol-
lowed by a voltage recovery during the subsequent ex-
hale. Indeed, simulation shows this while ethanol is
present. However, our experiments do not show these
oscillations in voltage. The sensors have a small metal-
lic housing to prevent physical damage. We surmise that
the sensor housing smooths these oscillations.

We were surprized that the simulations (Fig. 6B)
showed that the short circuit configuration had the
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longest decay time and thus the largest memory effect.
From the experiments, we expected the unidirectional
setting to have the largest memory effect. The difference
might be explained by sensor sensitivity. The short-
circuit case has the strongest memory effect if the sen-
sor’s limit of detection is above ~2 mol/m, and the uni-
directional case has the strongest memory effect if the
limit of detection is above ~7 mol/m. Therefore, char-
acterizing the sensor’s sensitivity would help to rational-
ize the experimental and computational results.

In nature, the observed memory effect allows animals
to scan for gradients in odor across different locations
or make comparisons of mixtures of odor from one lo-
cation to another. The ability to retain the sample and
expose sensors for a longer duration should also help
electronic noses detect odor concentrations near their
limit of detection.

We briefly discuss the limitations of our study. Our
tests only use ethanol, whereas in nature, odors will be
combinations of different chemicals. Additionally, our
device does not have a liquid coating analogous to the
mucus of the biological nose, which would require even
more time for odorant molecules to diffuse through. In
natural noses, different odors land on different portions
of the olfactory epithelium, an effect termed odorant
partitioning or differential sorption. Our work is thus
most applicable to sniffing relatively insoluble odors,
which are deposited rather uniformly along mucus-
lined olfactory airways. Our chamber design is very
simplified in comparison to the tortuous nasal cavity of
dogs, whose small channels could further amplify the
memory effects found here.

Conclusion

The goal of this study was to determine the benefits of
unidirectional flow on olfaction. We designed and built
a unidirectional flow chamber that was incorporated
into the pulsatile electronic nose, GROMIT. We studied
three settings for the flow circuit that affected the odor
retention in the chamber. All settings had comparable
levels of voltage drop in response to the odor; in other
words, they sensed the same concentration of the odor.
However, the unidirectional flow’s sensing was more
stretched out: it had the longest delay time until the volt-
age drop and the longest time to return to baseline. This
is a demonstration of a physical memory by which cir-
culation zones maintain odors for longer than a single
cycle of sniffing. Our simulations also show that in these
stagnant zones, the concentration of odors is higher,
consistent with the greater signal intensity recorded by
our oxide sensors. This work brings artificial noses one
step closer to being more useful and robust in complex
environments.

Acknowledgments

We thank Brent A. Craven for suggesting this direction
of study and contributing throughout.

Funding

This work was supported by the President’s Un-
dergraduate Research Awards (PURA) grant from
Georgia Institute of Technolgy and NSF Physics of
Living Systems (PoLS). This work was supported by
the Spanish Ministry of Economy and Competitive-
ness (www.mineco.gob.es) PID2021-1229520B-100,
DPI2017-89827-R, Networking Biomedical Research
Centre in the subject area of Bioengineering, Bioma-
terials and Nanomedicine (CIBER-BBN), initiatives
of Instituto de Investigacion Carlos III (ISCIII),
Share4Rare project (Grant Agreement 780262),
ISCII (grant AC22/00035), ACCIO (grant Innotec
ACE014/20/000018) and Pla de Doctorats Industrials
de la Secretaria d’Universitats i Recerca del Departa-
ment d’Empresa i Coneixement de la Generalitat de
Catalunya (2022 DI 014). JF also acknowledges the
CERCA Program/Generalitat de Catalunya and the
Serra Hanter Program. B2SLab is certified as 2017 SGR
952.

Supplementary data
Supplementary data available at ICB online.

Conflict of interest

We declare we have no competing interests.

Data availability

Raw data were generated at Georgia Tech. Derived data
supporting the findings of this study are available from
the corresponding author (DH) on request.

CFD simulation movies

Movie 1: Velocity field of the Control Setting (Case 1)

Movie 2: Velocity field of the Short Circuit Setting
(Case 2)

Movie 3: Velocity field of the Unidirectional Setting
(Case 3)

Movie 4: Concentration field of the Control Setting
(Case 1)

Movie 5: Concentration field of the Short Circuit Set-
ting (Case 2)

Movie 6: Concentration field of the Unidirectional
Setting (Case 3)
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