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Abstract9

Dogs and most other mammals sniff to detect odors, but little is known how the periodic10

inhale and exhale that make up a sniff helps to improve odor detection. In this combined11

theoretical and experimental study, we use fluid mechanics and machine olfaction to ratio-12

nalize the benefits of sniffing at different rates. Previous work had suggested that animals13

sniff at nearly constant rates, but here we show that larger animals sniff slower, from 12 Hz14

for a mouse to 2 Hz for an elephant. To understand how sniffing moves odor to olfactory15

receptors, we design and build a custom bellows and sensors system to detect the change in16

current as a function of odor concentration. Employing fluid mechanics from cardiovascular17

flow, we show that the rate of molecular diffusion to the sensor scales with the product of odor18

concentration and the dimensionless Womersley number. A fast sniff enables the animal to19
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recognize the odor quickly, but too fast a sniff makes the amplitude of the signal comparable20

to noise. A slow sniff increases the amplitude of the signal, but delays its transmission. Over21

a set period of time, a faster sniff will bring in more odor molecules, but each individual sniff22

will contain less information. These trade-offs may help with the design of sensors that can23

actively modulate their sniffing frequency according to different odors.24

Introduction25

Dogs are well known for their excellent sense of smell, and working dogs are still the primary way26

of detecting odors in uncertain environments such as drug detection in airports and cancer detection27

in hospitals. However, using dogs as chemical detectors is expensive and at times unreliable 1.28

Consequently, much work has been done on designing and building electronic noses 2. Commonly,29

the temperature of a sensor is alternated in order to broaden the response of the system 3–5. Both an30

effective sensor and delivery system are necessary for an effective electronic nose. Several studies31

designed biologically-inspired devices to deliver the odors. Staymates et. al. used a 3-D printed32

dogs nose to inhale and exhale odors, finding improved signal due to the ability to draw in odors33

closer to the source 6. Kohnotoh et al. developed a system equipped with pumps to generate air34

currents to stimulate a different response between left and right sensors 7. Another study used a35

mechanical ventilator to simulate animal sniffing with electronic nose systems 8. In this study, we36

build a sniffing device that we use to visualize and measure the benefits of sniffing at different37

frequencies.38

Using a device to study sniffing can give insight into biology. Although most mammals sniff,39
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a clear benefit for this behavior is still missing. Potential hypotheses include creating turbulence40

to better mix the odor and providing repeated trials for identifying and confirming odors 9. Many41

studies of olfaction focus upon rodents and dogs. Studies of dogs of different sizes suggested42

that sniffing frequency ranged from 4-8 Hz and did not change systematically with body size 10–13.43

However, other animals such as mice 14–17 sniff at up to 12 Hz. On the other size extreme, elephants44

are extremely adept with their olfactory system 18 and are being used to detect substances at low45

concentration such as TNT 19, yet their sniff frequency had never been measured. In this study, we46

present a mathematical model based on the strength of the lungs to rationalize the variation in sniff47

frequency with body size.48

In this study, we also present a theoretical model of chemical collection by our sensor. Our49

model builds upon theoretical solutions for oscillatory flow in an artery, derived by Womersley at50

the advent of cardiovascular fluid mechanics studies in the 1950’s 20. Previous models of sniffing51

flows have been computational rather than offering analytical solutions, and have relied on the52

complex nasal cavity system in the animal 21. We test our theoretical model using odor measure-53

ments by metal oxide sensors.54

Results55

We measure the sniffing dynamics of mammals, from mice to elephants, with details given in the56

experimental methods section. We use a specially prepared food box and microphone setup to57

solicit sniffs from an African elephant at Zoo Atlanta, measuring 3 sniffs from 21 attempts. We58
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combine these rates with data from previous literature, including one study on dogs 11, four studies59

on rodents 11, 16, 16, 22, one study on rabbits 23, and one study on shrews 24. YouTube videos provided60

two more data points, including a horse 25 and giraffe 26 whose masses were assumed to be those61

of adult animals. Figure 1a shows examples of the audio waveforms of sniffing for a rat, dog,62

elephant, and giraffe respectively. The animals decrease in sniffing rate with increasing body size,63

from 8 Hz for a rat, 5 Hz for a dog, and 2 Hz for the giraffe and elephant.64

Figure 1b shows the relation between sniffing frequency and body mass. The black line65

indicates the power law best fit for the experimental data,66

f ∼ 8M−0.18, (1)

where frequency f is in Hz and body mass M is in kg (N=16, R2 = 0.85). Using Newton’s law,67

we calculate a sniff frequency based on the maximum force of the lungs and the geometry of the68

nasal passages, as shown in the methods section. This prediction is shown by the blue line in the69

figure, and corresponds to ft ∼ 17M−0.25. Our model shows that the maximum force of the lungs70

corresponds to a sniffing frequency at least double that of the experimental frequency. Therefore,71

we conclude that the force applied by the lungs is likely half the maximum during sniffing.72

For comparison, we also include a red line indicating the frequency of relaxed breathing73

fr = 0.89M−0.26 (N = 692) reported by Stahl in 1967 27. Comparing the black line to the red74

line indicates that sniffing occurs 10 times faster than breathing. The exponents for the sniffing,75

breathing, and the theory have comparable values (-0.18 to -0.26), suggesting that the dominant76

physics we have proposed is correct, and has predictive power. To understand why animals sniff77
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faster than they breathe, we turn to flow visualization of sniffing.78

We design and build a bellows system that we call GROMIT, or Gaseous Recognition Os-79

cillatory Machine Integrating Technology, which uses a bellow system to sample the ethanol at80

set frequencies. More detail on GROMIT is given in the Supplemental Information experimental81

methods. In Figure 2a, we show a schematic where GROMIT is combined with humid air and a82

laser light sheet to visualize the air-flows resulting from sniffing. In Figure 3a we show a schematic83

representing the different aspects of the system with integrated sensors.84

The airflow motion of a sniff is characterized by the the hydraulic radius of the chamber R,85

the frequency of oscillation f , and the kinematic viscosity of the air ν. Together, the dimensionless86

group that characterizes the system is called the Womersley number, Wo, which was first used to87

describe cardiovascular flows 28, 29 and may be written88

Wo = R

√
2πf

ν
. (2)

Higher Womersley numbers are associated with higher relative magnitudes of inertia relative to89

viscous forces. We have identified four animals for which the Womersley number has been mea-90

sured throughout the nasal cavity: these include a pygmy marmoset 30, rabbit 23, dog 10, and deer 31,91

which have Womersley numbers of 0.2 - 2.5. The pygmy marmoset has a mass of 0.1 kg whereas92

the deer weighs nearly three orders of magnitude more at 60 kg, indicating that Womersley num-93

ber changes slowly with body mass. We will perform our device testing within the range of Wo94

= 0.5 to 7.5 to try to encompass the observed biological range. Note, the original sources for all95

animals listed give Womersley numbers based on the hydraulic diameter rather than radius. We96
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have made the conversion to stay consistent with the theory derived by Womersley 20. Utilizing97

reported hydraulic diameters allows us to reduce the complex geometry of the nasal cavity to a98

simplified shape.99

In GROMIT, flows are generally unidirectional with respect to the tube axis, with a velocity100

that varies with time and distance from the tube wall. We illustrate these properties with the flow101

field at the transition from inhalation to exhalation, where the applied pressure transitions from102

positive to negative. Figure 2 f and g show the velocity field for Womersley numbers of 1.6 and103

7.5. As indicated by the arrows, the flow at the walls changes direction before the midstream flow104

does. A model for molecular deposition on a sensor should thus take the time and space varying105

flows into account. These flows are comparable to those generated with COMSOL Multiphysics106

to solve for the flow due to an oscillatory pressure, as shown in Figure 2d and e.107

We present a mathematical model in the Supplementary Information that predicts the flow108

velocity in a circular channel, which we use to approximate our experiments in a square channel.109

A key feature of our model is tracking the diffusion time of molecules given by the ratio of the110

sensor width ds = 5 mm and the particle’s speed, which is parallel to the face of the sensor. The111

slower the air speed, the more time the molecules spend in the vicinity of the sensor, the closer112

to the sensor they may travel by diffusion. In our model, Womersley theory gives a closed form113

solution for the velocity field as a function of distance from the sensor. We discretize the sniffing114

cycle into discrete time points, and at each time point, we calculate a diffusion time and the farthest115

distance that particles can diffuse onto the sensor. We then integrate across all points in the cycle116
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to determine the net diffusion of molecules to the sensor.117

To characterize the sensor response to different Womersley numbers, we conduct tests with118

ethanol. Figure 3b shows the time course of sensor current for an ethanol concentration of 89 parts119

per thousand. Ethanol reacts with the sensing layer by causing oxide ions to release electrons,120

thereby reducing the sensors resistance and increasing the flow of current. For clarity, we report121

the sensor response in terms of milliamps of current rather than resistance. The trial begins with122

GROMIT sniffing using motion of its bellows. The sniffing will continue throughout the trial.123

GROMIT is run for 30 seconds without exposure to ethanol. The introduction of ethanol causes the124

current to increase from 10 to 20 milliamps. Current oscillations of amplitude A are synchronized125

with the motion of the bellows. At a time of 90 seconds, ethanol is removed and the current126

gradually decreases to a baseline value. The increase in current due to odor exposure is a standard127

feature used by many 32–35 to identify an odor. Without sniffing, this feature requires a time-scale128

on the order of a minute to obtain useful information, which is too long to be useful for animals on129

the move. In comparison, sniffing brings information to the animal on a 2π/f time scale, which130

for our sensor is 7 seconds.131

We perform 48 experiments, consisting of 16 tests for each of 3 different ethanol concentra-132

tions (8.9, 44 and 89 parts per thousand). Figure 3c shows the relationship between the amplitude133

of the sensor current and the concentration of ethanol. The closed symbols (black diamonds, red134

triangles, green circles, and blue squares) represent the current amplitude for different sniffing135

frequencies (0.14, 0.2, 0.25, and 0.3 Hz, respectively). The amplitude increases with increasing136
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concentration of ethanol and decreasing frequency, in accordance with the theory presented in the137

Supplementary Information mathematical modeling section.138

We can apply our theory to predict the current amplitude for all 48 experiments. We do so by139

considering the new variable, WoC, the product of Womersley number and ethanol concentration.140

Figure 3d shows the relationship between sensor current and WoC across three different ethanol141

concentrations. Our theoretical prediction is shown by the solid lines, which matches the trends in142

the data well. The basic trend that can be seen is that signal amplitude decreases with increasing143

Womersley number. We can use this trend to understand how animals and devices might optimize144

sniffing to maximize the amount of information or the rate of the information transfer.145

Optimal sniffing146

Increasing the frequency of sniffing decreases the duration of the first sniff, enabling data to be147

obtained more quickly. However, the higher the frequency, the higher the Womersley number,148

and as we saw from Figure 3d, the lower the amplitude of the response. If the amplitude of the149

response is too low, the sensor cannot distinguish it from noise. For the metal oxide sensor in our150

study, this noise limit is approximately 0.03 mA as indicated by the gray region of Figure 3d.151

Too slow a sniff has other downsides as well. A slow sniff can be considered as a contin-152

uous flow trial, whose effectiveness has been studied in the past 36. Because the signal returns153

to a baseline value each sniff cycle, no new information is obtained beyond a simple inhale. For154

example, if the sniff in Figure 3b was too slow, the signal would go from 10 mA to 20 mA each155

8



sniff, and the amplitude A would equal the traditionally measured total magnitude change, here,156

10 mA. The slow-sniff limit occurs at a WoC value of 0.01 as indicated by the left-hand shaded157

region of Figure 3d.158

A similar optimization problem arises when considering the information per sniff and the in-159

formation per unit time. We address this problem using our theoretical model. We apply our model160

to calculate the number of available molecules per sniff (time scale T = 1/f ) and per unit time161

(T=1 second). The relationship between the available molecules Nd and the Womersley number162

is shown in Figure 3e. The red curve is the number of molecules per sniff which exponentially163

decreases and the green curve is the number of molecules per second which appears to be a linear164

trend. If an animal wants to maximize information per unit time, it should sniff at higher Wo.165

Exposed to new odors, behavioral studies of mice and rats show mammals increase their sniff-166

ing frequency and associated Womersley number by as much as 50%, possibly to maximize the167

information gleaned per unit time 37.168

For the specific sensors chosen in this study, and an 8.9 parts per thousand ethanol environ-169

ment, the highest frequency that can be sniffed is 0.3 Hz, which corresponds to the open purple170

circle data point in Figure 3d at Wo = 1.8. At this rate, the device is sniffing as fast as possible to171

maximize the total number of molecules per second but still generates a signal above noise based172

on parameters for our experiments. The expected number of available molecules for collection is173

1.6 x 1014 molecules per sniff as shown by the red circle in Figure 3e and 0.34 x 1014 molecules174

per second as shown by the green circle in Figure 3e. These circles indicated the desired regime175
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for sniffing with the chosen sensor. Future designers of electronic nose systems could use sniff-176

ing in the appropriate regime to improve their devices for applications such fruit ripeness 38 and177

other odor based research tasks 39. Such designs should adhere to the same trade-off for sniffing:178

sniff fast enough to get the most information per unit time, but not so fast that the signal per cycle179

disappears into noise.180

Sniffing scaling model181

Here, we derive the relationship between sniffing frequency and body size. Quigley 40 reports182

sniff volumes, also known as a sniffing tidal volume, from literature 11, 37, 41 which follow the trend183

Vsn = 2.15M0.99 mL (N = 7) where M is in body mass in kg. Using this scaling, a 20 kg dog184

inhales 42 mL of air during each sniff cycle, the same volume as a shotglass. For comparison, a185

mouse inhales 0.045 mL air each sniff, the same volume as an eye-drop, and an elephant inhales186

4.6 L, the same volume as 1.2 gallon jugs. The control volume Vsn in Figure 1c denotes the187

sniffing tidal volume before it is inhaled into the lungs. For reference, the lung volume is generally188

40 to 90 times larger than the sniff volume, as shown by Stahl’s measurements of lung volume,189

Vlung = 53.5M1.06 mL (N = 333) 27. When an animal inhales, it uses its diaphragm to apply a190

pressure P to an airway with a cross sectional area πr2t where rt is trachea hydraulic radius. The191

force applied to the air may be written192

FL = Pπr2t , (3)

where we neglect any losses due to viscosity. The maximum pressure Pmax of the lungs, generated193

by muscular contraction, is independent of body size, and has constant peak magnitude of 10 kPa194
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42. Throughout the duration of the sniff, the pressure is assumed to vary from positive to negative195

10 kPa in a sinusoidal fashion. Therefore, the positive and negative mean values of the pressure196

waveform are P = ±2Pmax

π
43. This pressure is sufficiently low that we can consider air to be197

incompressible.198

With air being incompressible, we consider a volume Vtot of air that must shift in order to199

accommodate a new sniffing volume Vsn to enter the respiratory system, denoted by the dashed200

blue and green lines in Figure 1c respectively. The mass m of the volume may be written as the201

product of the air density ρ and the total volume, Vtot. The total volume of air in the respiratory202

system Vtot may be written as the sum of the the vital capacity Vc = 56.7M1.03 mL (N=315) 27 and203

the functional residual capacity Vr = 24.1M1.13 mL (N=261) 27: Vtot = Vc + Vr. We approximate204

this sum using a power law best fit of these two trends, which yields, Vtot = 83M1.06 mL. By205

Newton’s second law, the inertial force on the air may be written Fa = ma.206

Consider the front of the sniffed air to have a position p(t) = L sin(2πft), where the length207

scale L is the amplitude of motion of the air in the trachea. Since the pressure from the lungs208

directly acts upon the air in the trachea, this is a good approximation for the amplitude of motion209

of the whole system. The amplitude L may be written as L = Vsn/(πr
2
t ) where Vsn is the sniffing210

tidal volume of air moved each sniff and rt is the trachea radius. We have assumed a cylindrical211

volume for the sniffed air shown in green in Figure 1c. The trachea hydraulic radius scales as212

rt = 0.23M0.39 cm (N=44) 44 where M is body mass in kg. The maximum acceleration a during213

a sinusoidal sniff may be written as a ∼ 4π2f 2L. Together, the inertial force of the air, Fa = ma,214
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may be written215

Fa =
4πf 2ρVsnVtot

r2t
. (4)

By Newton’s second law, and ignoring viscous effects due to the low Womersley regime, the216

inertial force on the air Fa equals the applied force of the lungs FL, given in 3. Solving for the217

frequency f yields our theoretical prediction for sniffing frequency which we call ft:218

ft =

√√√√ Pr4t
4ρVsnVtot

. (5)

We proceed by substituting previously mentioned scalings for rt, Vsn, and Vtot = Vc + Vr into219

the above equation, which yields a theoretical maximum scaling as a function of body mass of220

ft ∼ 17M−0.25. Our prediction is almost twice as high as the experimental data which shows221

mammals sniff at a frequency slower than their physical limits, possibly because it it too taxing on222

muscles to consistently operate at their maximum rate 45.223

Discussion224

In our study, we have used sensor measurements to show that sniffing can improve the aquisition225

of olfactory data. We envision our results to improve sensor design, and give insight into biological226

sniffing. There are a few main differences between biological sniffing and sniffing with our device.227

Animals’ noses consist of a complex system of turbinates, whereas in comparison, our system228

simply consists of a single tube. Our tests only use ethanol, a single source of chemicals, whereas229

in nature, odors will be combinations of different chemicals. In this section, we discuss other230

hypotheses for the advantages of sniffing.231
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Behavioral studies of mice and rats indicate that such mammals increase their sniffing fre-232

quency when exposed to new odors 37, 46. As shown in our study, increasing sniffing frequency233

brings more molecules to the sensors’ vicinity per unit time. This may indicate that the neuro-234

logical decoding mechanisms rely on bringing more total molecules per unit time rather than per235

single sniff. For insects, odor stimuli can be resolved on the order of 100 Hz 47. If the neurological236

response of the mammalian system is as fast, then the sniffing frequency would be instead bounded237

by physical constraints on the lungs rather than by noise such as in our experiments.238

We utilized low-cost chemical sensors for this study. While beneficial for wide adoption of239

our techniques, the resolution of the sensors required us to use relatively high ethanol concentra-240

tions. Additionally, our measurement of current amplitude could be influenced by a number of241

factors, such as humidity 48, 49, pressure 50, temperature 4, 5, and mean flow rate 51, 52. Therefore, the242

order of measurements were reversed on alternating days to ensure the trends were independent of243

humidity, pressure, and temperature. Lastly, in our mathematical derivation, we assume a circular244

cross section for the channel. In our experiments, however, the channel is a square cross section245

because the sensors are flat.246

Conclusion247

We have shown sniffing airflows can improve the speed and amplitude of the signals measured.248

We show the importance of considering a dimensionless group called the Womersley number that249

takes into account the width of the channel and the frequency of sniffing. High-frequency sniffing250
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is useful for both sensors and animals because it obtains data faster than a single inhale of air. Our251

bellows-driven system GROMIT, along with our theoretical model, demonstrates that choosing a252

frequency of sniffing should consider trade-offs. The faster the sniff, the lower the signal per sniff253

but the more data per unit time. Choosing sniff frequency should thus depend on whether the user254

is trying to maximize information or obtain data as quickly as possible.255
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Figure 1: Biological sniffing. a. Audio waveforms of four sniff cycles for a rat, dog, elephant, and
giraffe respectively. b. The relationship between sniff frequency f (Hz) and body mass M (kg).
In addition to elephant sniffing trials conducted here, black data points are from dogs, rodents,
rabbits, and shrews from previous studies as well as a rat, dog, horse, and giraffe from YouTube.
The black line is the power law best fit, the red line is the respiratory rate, the blue line is the
theoretical prediction. c. Schematic of the anatomy of natural sniffers. Here, Vtot (in blue) is
the total volume of air which must be accelerated each sniff, Vsn (in green) is the sniffing tidal
volume of new air brought into the respiratory system, rt is the trachea hydraulic radius, and L is
the change in position of the sniffing front.
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Figure 2: Flows created by sniffing. a. Visualization experiment, where humidifier (I) pushes
humid air into a rectangular channel through a tee junction (II). Flow is driven in an oscillatory
motion by a custom diaphragm pump (III), illuminated by laser light sheet (IV) and filmed by a
high speed camera (V). b-c. Schematics illustrating how a particle in low Womersley flow (b)
has a better chance to strike the sensor surface than in high Womersley flow (c). Uz is the axial
velocity, x is the diffusion distance, and ds is the sensor diameter. d-e. Simulated flow profile
at transition from inhalation to exhalation for Wo = 1.5 and Wo = 7.5, respectively. f-g. Particle
image velocimetry of flow profile at transition from inhalation to exhalation for low and high Wo
respectively. 23



Figure 3: GROMIT schematic and sensor response due to sniffing airflows. a. GROMIT device
schematic with motor controller in orange, motor in black, rotational to linear motion converter in
yellow, custom 3D printed diaphragm in blue, flow sensor in red, metal oxide sensor array with
conditioning electronics in green, and tee junction with sample bottle in white. b. Time course t
of the current across sensor I due to introduction of 89 parts per thousand concentration of ethanol
at t = 30. Non-shaded regions indicate times in which ethanol sample bottle is introduced into
sensing head-space; shaded regions show when ethanol sample bottle is absent from the space. c.
Relationship between estimated concentration C of ethanol in headspace and current amplitude A.
Black, red, green, and blue points indicate response for frequencies of 0.14, 0.2, 0.25, and 0.3 Hz
with associated Womersley numbers of 1.25, 1.5, 1.65, and 1.8 respectively. Error bars represent
one standard deviation. d. Relationship between collapsed variable of Womersley number times
concentration WoC and amplitude A. Data collected at concentrations of 8.9 parts per thousand,
44 parts per thousand, and 89 parts per thousand represented by the purple squares, cyan triangles,
and orange circles respectively. Mathematical models for concentrations of 8.9 parts per thousand,
44 parts per thousand, and 89 parts per thousand represented by the purple, cyan, and orange
solid lines respectively. Shaded region shows where no additional information can be obtained
by sniffing. At a WoC of less than 0.01, the response returns to baseline each sniff. Below 0.03
mA, no measurable response can be obtained due to the signal dropping underneath the noise
threshold of the sensor. e. The relationship between number of available molecules for collection
Nd and Womersley number. Red line indicates number of molecules available per cycle. Green
line indicates the number of molecules available per second. Open circles represent the optimal
collection rates for the 8.9 parts per thousand concentration tests with the chosen sensors.24


