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Biomimetic Sniffing Improves 
the Detection Performance of a 
3D Printed Nose of a Dog and a 
Commercial Trace Vapor Detector
Matthew E. Staymates1, William A. MacCrehan1, Jessica L. Staymates1, Roderick R. Kunz2, 
Thomas Mendum2, Ta-Hsuan Ong2, Geoffrey Geurtsen2, Greg J. Gillen1 & Brent A. Craven3

Unlike current chemical trace detection technology, dogs actively sniff to acquire an odor sample. 
Flow visualization experiments with an anatomically-similar 3D printed dog’s nose revealed the 
external aerodynamics during canine sniffing, where ventral-laterally expired air jets entrain odorant-
laden air toward the nose, thereby extending the “aerodynamic reach” for inspiration of otherwise 
inaccessible odors. Chemical sampling and detection experiments quantified two modes of operation 
with the artificial nose-active sniffing and continuous inspiration-and demonstrated an increase in 
odorant detection by a factor of up to 18 for active sniffing. A 16-fold improvement in detection was 
demonstrated with a commercially-available explosives detector by applying this bio-inspired design 
principle and making the device “sniff” like a dog. These lessons learned from the dog may benefit the 
next-generation of vapor samplers for explosives, narcotics, pathogens, or even cancer, and could 
inform future bio-inspired designs for optimized sampling of odor plumes.

The detection of trace contraband materials is rapidly evolving, with new sensor technologies such as those that 
utilize nanomaterials1–4, microfluidics5–7, advanced mass spectrometry8–9, Colormetric sensor arrays10–13, fluores-
cence quenching14–16, and microcantilevers17–19. While the development of next-generation sensors is of critical 
importance, the sampling component of these devices is considerably less developed and is an often-overlooked 
link in the chain of events that must occur for successful detection20. Traditional vapor-based sampling for explo-
sives, for example, uses either a passive approach with stationary detectors that wait for the analyte to arrive (e.g. 
sensor arrays21), or a suction-based approach that continuously inspires air. The passive approach to vapor sam-
pling relies on flow from the surrounding environment (e.g., buoyancy- or momentum-driven flow), a limitation 
where the sample must be presented to the detector. Suction-based techniques sample fluid by continuously 
drawing it toward the detectors from all accessible directions. While more versatile than the passive approach, 
suction-based techniques suffer from having a limited aerodynamic “reach,” characterized by an inability to sam-
ple fluid outside of the immediate vicinity of the detector inlet22.

The dog, one of nature’s best chemical detectors, does not suffer from the many of the limitations that plague 
current vapor detection technology. The remarkable olfactory ability of our canine companions is widely docu-
mented in the literature and continues to amaze (e.g., see refs 23–27). The use of dogs as trace chemical detectors 
is now widespread and routine in search and rescue28–29, explosives detection30, cadaver detection31, illicit drug 
detection32, and, more recently, in detecting diseases such as cancer23,33–35.

Unlike current vapor sampling technology, dogs actively sniff (e.g. inspire and expire) to acquire an odor sam-
ple. A canine sniff generally consists of an inspiration followed by an expiration that is cyclically repeated at a fre-
quency of approximately 5 Hz36. The external aerodynamics of canine sniffing has been studied experimentally22,37 
and with computational fluid dynamics36,38. In short, during inspiration air near the nose, within a spatial extent 
of approximately 1–2 cm, is drawn into each nostril with a laminar, hemispherical profile. During expiration, the 
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vestibule and nostril act as a flow diverter, ejecting an expired air jet that is directed ventral-laterally (downward 
and to the side). When sniffing a surface, the warm expired air jets mechanically disturb and volatilize latent 
odorant, thereby liberating vapor that may then be inspired22,36. Additionally, the direction of the expired air jet 
from each nostril serves two primary functions when sniffing a surface: 1) it prevents the blow-off of odorant 
sample directly in front of the nostril (enabling it to be subsequently inspired), and 2) it entrains, or draws, air in 
front of the nose toward the nostril, effectively extending the aerodynamic reach of the nose over simple inspira-
tion alone. This fluid dynamic mechanism for extending the aerodynamic reach of the dog’s nose was the source 
of bioinspiration that motivated this study.

Applying bio-inspired principles to chemical sensing is not new, but our use of bioinspired design based on 
the dog to enhance odor sampling efficiency is novel. Previous work using insects39–41 and arthropods42,43 focused 
primarily on plume sampling behavior during chemotaxis after the plume has already been located, and also on 
the role that an organism’s bilateral sensors play in chemotaxis44. Lessons learned in these studies have been used 
to aid in the development of automated plume tracking algorithms45–47. Previous work in mammals has focused 
on the behavior of dogs36,48–50, rodents51–54, and humans55 during scent tracking, odorant detection, or olfactory 
discrimination tasks. The external aerodynamics of scent acquisition have also been investigated in the same 
species – dogs36,37, rodents56, and humans55. Based on flow visualization studies of canine sniffing37, Settles22 
first suggested the use of jet-assisted odorant sampling for artificial chemical sensing (e.g., using a method for 
augmenting aerodynamic reach that was first patented by Aaberg57). However, to our knowledge, no study to date 
has successfully incorporated bio-inspired active sniffing in a man-made device and quantified the influence on 
chemical detection performance.

The objectives of this study are four-fold: 1) to better understand the external aerodynamics of canine olfaction 
using an anatomically-similar 3D printed model of the dog’s nose; 2) quantify chemical detection performance 
for active sniffing versus continuous inspiration (akin to suction-based sampling used by current technology); 
3) using the dog as a source of bioinspiration, design a custom bio-inspired inlet for a commercially-available 
handheld explosives vapor detector that facilitates jet-assisted active sniffing; and 4) compare the performance of 
the device for active sniffing versus standard suction-based sampling.

Results
Flow visualization of canine sniffing using a 3D printed dog’s nose.  Using a combination of 
schlieren imaging and high-speed videography, we first visualized the external flow patterns associated with 
active sniffing of the 3D printed dog’s nose model (Fig. 1). The experiments revealed that, when the nose expires, 
a turbulent air jet exits each nostril and is vectored downwards (ventrally) and outwards (laterally) (Fig. 1b–d), as 
observed in previous experiments with live dogs37. The turbulent air jets act to entrain vapor-laden air from ahead 
of the dog’s nose and pull it toward the nostrils (Fig. 1g). This jet-assisted fluid entrainment increases the aerody-
namic reach of the dog’s nose, drawing vapor-laden air toward the nostrils that would otherwise be inaccessible.

Figure 1.  Jet-assisted fluid entrainment extends the aerodynamic reach of the canine nose during active 
sniffing. (a) Reconstructed model of the canine nose based on the model of Craven et al.36,38,59 (2007, 2009, 
2010) that includes the nasal vestibule, external nose, lower jaw, and about 10 cm of the snout. (b,c) Images 
extracted from high-speed schlieren videography flow visualization with helium illustrate the directionality 
of the expelled air jets from anterior (b) and dorsal (c) views. (D) Visualization of theatrical fog shows the 
ventral-laterally directed turbulent air jets exiting the naris during expiration. (e) During the expiratory phase 
of sniffing, turbulent air jets vectored ventrally and laterally entrain odorant vapor from tens of centimeters 
ahead of the nose that would otherwise be inaccessible to the dog. (f) Schlieren image of the 3D printed dog’s 
nose during the inspiratory phase of sniffing showing acetone vapor be drawn into the nose from a source that 
is located approximately 10 cm away. (g) During the inspiratory phase of sniffing each nostril draws in air from 
all directions, including odorant-laden air that was drawn toward the nose during expiration. See Supplemental 
Information for video footage of these visualizations.
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During the inspiratory phase of sniffing, air is uniformly drawn toward each nostril (Fig. 1e,f) with a limited 
aerodynamic reach that is characteristic of potential flow inlets58. This process of entraining vapor-laden air from 
extended distances during expiration and then quickly inspiring it is repeated at a rate of 5 times per second. 
These external flow patterns during active sniffing agree with previous experiments performed with live dogs37, 
which confirms our use of the present 3D printed dog’s nose model and a custom piston-cylinder assembly to 
mimic the external fluid dynamics of canine sniffing.

Aerodynamic sampling performance of the 3D printed dog’s nose for active sniffing versus 
steady inspiration.  Two different experimental approaches were used to directly compare the aerodynamic 
sampling performance of the 3D printed dog’s nose for active sniffing versus steady inspiration. The first approach 
utilized chemical extraction from a polyurethane foam (PUF) absorbent material placed in the vestibule of the 
dog’s nose model and subsequent analysis using liquid chromatography with ultraviolet detection to quantify the 
mass of 2,4-dinitrotoluene (DNT) collected from a uniform-release DNT vapor source60 (see Methods). The 3D 
printed dog’s nose model was placed 3 cm from the vapor source and 13 mm from the ground (Fig. 2a) and mechan-
ically ventilated to mimic either active sniffing or steady inspiration with a peak flow rate of almost 60 L/min  
(see Methods). The aerodynamic sampling efficiency of DNT vapor, the primary signature odorant in trinitro-
toluene (TNT) detected by canines30, was calculated as the total mass of DNT collected per unit volume of air 
inspired.

The results of the DNT sampling experiments reveal that the aerodynamic sampling efficiency of the 3D 
printed dog’s nose is approximately 8 times greater for active sniffing than for steady inspiration at a standoff 
distance of 3 cm from the DNT vapor source (Fig. 2c). That is, compared with steady inspiration, actively sniffing 
draws in roughly 8 times more DNT vapor per liter of air inspired. As shown in the flow visualization experi-
ments (Fig. 1), this is due to the external aerodynamics of sniffing, where ventral-laterally directed air jets during 
expiration entrain and direct vapor-laden air toward the nose, which effectively extends the aerodynamic reach 
of the dog’s nose.

The second set of experiments to characterize the influence of active sniffing were performed by coupling 
the 3D printed dog’s nose directly to an ambient ionization mass spectrometer, enabling real-time monitoring 
of odorant signatures. The sniffing control system and inlet to the mass spectrometer shared the same flow path, 
which prevented exactly matching a physiological sniffing flow rate waveform (sinusoidal with a peak flow rate of 
approximately 48 L/min for the present 3D printed dog’s nose model that was reconstructed from high-resolution 
magnetic resonance imaging scans of a 29.5 kg mixed-breed Labrador retriever;36,59). Nonetheless, a representative 
sniffing flow rate consisting of a roughly sinusoidal waveform having a peak inspiratory flow rate of 25 L/min and 
peak expiratory flow rate of 53 L/min was used, while the mass spectrometer continuously subsampled 5 L/min  
from the time-varying airflow stream during both inspiration and expiration (see Methods).

A dimethylformamide (DMF) diffusion cell was used as the vapor source, with a calculated mass release rate 
of DMF vapor of 376 ng/min through a pinhole capillary. The vapor source was placed on axis with the dog’s nose 
model at two standoff distances (Fig. 3) and the model was mechanically ventilated to mimic active sniffing or 
constant inspiration, all while monitoring the DMF signal in the mass spectrometer (see Methods for details). 
The aerodynamic sampling efficiency of DMF vapor at both standoff distances from the nose was calculated as the 
integral under the DMF chromatograph curve per unit volume of inspired air (Fig. 3b).

The results of the DMF sampling experiments show that, under this specific set of experimental conditions, 
the DMF vapor sampling efficiency of the 3D printed dog’s nose is approximately 4 times greater for active sniff-
ing than for steady inspiration at a standoff distance of 10 cm from the vapor source and roughly 18 times greater 
at a standoff distance of 20 cm (Fig. 3b). Again, this is due to entrainment from ventral-laterally vectored air jets 
during the expiratory phase of sniffing that act to draw odorant-laden air toward the nose that is subsequently 
inspired during the inspiratory phase of the sniff (Fig. 1, Figs S7 and S8).

Bioinspired Sniffing Using a Commercial Trace Vapor Detector.  The previous experiments using 
the 3D printed dog’s nose demonstrate that active sniffing significantly extends the aerodynamic reach of the 

Figure 2.  Aerodynamic sampling efficiency of the 3D printed dog’s nose during active sniffing versus 
steady inspiration measured via polyurethane foam (PUF) vapor collection with subsequent chemical 
extraction. (a) Schematic diagram illustrating the vapor source distance from the 3D printed dog’s nose 
model. (b) Photograph of the 3D printed nose that includes a removable PUF insert within the flow path in the 
vestibule of the nose that collects inspired DNT vapor. (c) Results from three paired trials that demonstrate an 
almost ten-fold increase in collected DNT vapor for active sniffing compared to steady inspiration. The average 
was 9.5 ±​ 0.37 ng/liter for active sniffing and 1.16 ±​ 0.23 ng/liter for pure inspiration.



www.nature.com/scientificreports/

4Scientific Reports | 6:36876 | DOI: 10.1038/srep36876

nose, permitting odorant acquisition over relatively large distances (up to 20 cm from the nose was demonstrated 
here). This suggests that a simple bioinspired modification of the inlet to current trace vapor detectors could 
be made to improve the sampling performance of the device. To test this bioinspired design concept, we retro-
fitted a commercially-available trace vapor detector (VaporTracer, Morpho Detection) based on Ion Mobility 
Spectrometric (IMS) detection61. This commercial device was fitted with a custom 3D printed inlet that was 
designed to mimic the external aerodynamics of the dog’s nose during active sniffing (Fig. 4a,b). Under normal 
operating conditions during sampling, the handheld IMS VaporTracer continuously draws in air for 10 seconds at 
a flow rate of approximately 1 L/min62, which, as previously discussed, limits the aerodynamic reach of the device. 
Using the custom bioinspired inlet, however, the VaporTracer is able to “sniff ” like a dog, with a peak inspiratory 
flow rate of 10 L/min and a peak expiratory flow rate of 10 L/min at 5 Hz without modifying the normal operation 
of the IMS detection system. Importantly, expired air jets are vectored tangential to the inlet (Fig. 4b) to facilitate 
entrainment of vapor-laden air towards the inlet, as occurs during the expiratory phase of canine sniffing (see 
Fig. 1). The bioinspired inlet uses a separate mechanical sniffing system, so the total volume of analyzed air is the 
same for both active sniffing and inspiration-only experiments (see Methods for details).

To quantify the performance of the device using the bioinspired inlet and active sniffing compared with con-
tinuous air inspiration, experiments were performed with a continuous-release TNT vapor source63 positioned 
at 1 cm intervals from the inlet to the detector (Fig. 4c; see Methods). As shown in Fig. 4d, except when posi-
tioned directly beneath the inlet where the expired air jets disturb the vapor source, the IMS response for TNT 
is significantly greater (by a factor of up to 16) for active sniffing at all source locations. Active sniffing using the 
bioinspired inlet clearly extends the aerodynamic reach of the detector inlet, enabling odorant acquisition over 
a much larger distance compared with continuously drawing in air. As demonstrated here, with the exception of 
when the vapor source is located directly beneath the inlet, this simple modification significantly enhances the 
performance of the device.

Discussion
Compared to continuous inspiration, active sniffing enhances the sampling performance of the dog’s nose by 
extending the aerodynamic reach of each nostril. Flow visualization experiments using a 3D printed dog’s nose 
revealed that during the expiratory phase of sniffing a ventral-laterally directed air jet exits each nostril that 
entrains vapor-laden air from in front of the nose and draws it towards the nostril (in some cases over distances 
exceeding 10’s of centimeters; see supplementary videos), where it is subsequently inspired. As demonstrated in 
the vapor sampling experiments, active sniffing enhances the sampling performance of the 3D printed dog’s nose 
by a factor of approximately 8 for 2,4-Dinitrotoluene (DNT) placed 3 cm from the nose, and by up to 18 times 
for dimethylformamide (DMF) located as far away as 20 cm from the nose. The discrepancies in performance 
improvement for these two materials may be partially attributed to their different densities (DMF being almost 
2.5 times heavier than air and DNT being more than 6 times heavier than air), as the aerodynamic and fluid 
entrainment behavior of each will be slightly different.

Leveraging the external aerodynamics of canine sniffing as a source of bioinspiration, we fabricated a custom 
bioinspired inlet for a commercially-available vapor detection system (VaporTracer, Morpho Detection) that was 

Figure 3.  Sampling efficiency of DMF vapor by the 3D printed dog’s nose during active sniffing versus 
steady inspiration measured via ambient ionization mass spectrometry. (a) Illustration of the experiment. 
(c) Representative signal responses from the mass spectrometer comparing DMF signal intensity at 10 cm 
for active sniffing versus steady inspiration. (b) Total mass spectrometer response intensity, calculated as the 
integrated area under each curve, normalized by the total volume of inspired air for each experiment shows that 
active sniffing results in a significantly higher normalized response intensity compared with steady inspiration. 
The error bars are the standard deviation three sampling experiments for each case and are representative of the 
natural variance of the plume dynamics generated at the DMF vapor source. The improvements in DMF vapor 
detection performance (sniffing vs. steady inspiration) were approximately a factor of 4 at a standoff distance of 
10 cm, and a factor of 18 at a 20 cm standoff distance.
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designed to mimic the aerodynamic principles utilized by the dog to extend the aerodynamic reach of its nostril. 
That is, the custom 3D printed inlet permitted the instrument to effectively “sniff ” like a dog without interfering 
with the normal operation of the device. Experiments demonstrated that, compared with continuously drawing 
in air (the normal operating mode of the device), active sniffing using the bioinspired inlet significantly extends 
the aerodynamic reach of the detector inlet, enabling acquisition and detection of TNT vapor at distances where 
the odorant is otherwise inaccessible.

As in the dog, the increased aerodynamic reach afforded by active sniffing using the custom bio-inspired inlet 
is not omnidirectional. That is, the aerodynamic reach is extended only in the direction opposite to the direction 
of the expired air jets. As demonstrated in the present study (see Fig. 4(d)), diminished detector performance 
was observed when the sample was located directly beneath the detector inlet due to disturbance of the vapor 
source by the expired air jets. Further reduction in performance is to be expected as the odor source is moved 
in the direction of the vectored airstream, until a complete loss of signal occurs when the air jets blow all vapor 
emanating from the source away from the detector inlet. In the dog, these flow patterns have several potential 
benefits. First, an increase in the aerodynamic reach in the anterior direction is beneficial for odor detection as the 
dog walks in the forward direction. This is an operational benefit that allows the detector (in this case the dog) to 
sense the presence of an odor from greater distances and further augmented with anterior directionality, thereby 
increasing the effective areal coverage rate of the detection system. Second, the warm expired air jets disturb an 
odor source and volatilize latent odorant that may then be inspired22,36. Taken together, the external flow patterns 
that develop during sniffing are likely one of the reasons that dogs have been observed to “scan” a ground plane in 
the anterior-posterior direction when sniffing a scent source37.

The principle of bioinspired sniffing based on the canine that was leveraged in this study could also be used 
in other chemical trace detection devices by retrofitting a similar bio-inspired inlet. Next-generation vapor trace 
detectors might also incorporate a bellows-style fluid pumping mechanism (e.g., see refs 22 and 64) to induce 
sniffing and possibly improve the sampling performance of the device. Future biomimetic devices that incorpo-
rate sniffing might also consider additional bio-inspired design principles based on the dog that include: 1) heat-
ing the expired air jets to volatilize latent odorant, and 2) operating the device using a “scanning” motion in the 
forward-aft direction that is aligned with the direction of the expired air jets (e.g., see ref. 37). Such modifications 
might further enhance the performance of the device. Importantly, as demonstrated in this study, leveraging such 
bio-inspired design principles for improved vapor sampling and detection performance of man-made devices 
does not require replicating the anatomy of the dog’s nose, but only the relevant geometrical features and the 
underlying physical mechanism of enhancement-in our case, the direction and pulsatile nature of expired turbu-
lent air jets during sniffing.

Several limitations in the current study must be mentioned. First, the 3D printed dog’s nose included static 
nostrils, whereas in reality, a dog’s nares are mobile during sniffing22,37. Even so, our flow visualization experi-
ments revealed the same external flow patterns as observed in live dogs37. This is further supported by the com-
putational fluid dynamics (CFD) study of Craven et al.36, which included static nostrils and observed the same 
external aerodynamics during sniffing. Additionally, due to limitations of the experimental setup, in our exper-
iments that directly coupled the 3D printed dog’s nose model to an ambient ionization mass spectrometer, we 
were unable to exactly match the physiological sniffing flow rate waveform. Nonetheless, a representative sniffing 
flow rate was used that further confirmed that the external aerodynamics of canine sniffing enhances vapor sam-
pling efficiency compared with continuous inspiration. Moreover, the results demonstrated that the increase in 

Figure 4.  Performance of a commercial ion mobility spectrometer trace vapor detector (VaporTracer) 
outfitted with a custom bioinspired 3D printed inlet that enable the device to “sniff ” in a manner similar to 
a dog. (a) Photograph showing the standard inlet of the VaporTracer. (b) Photograph of the custom 3D printed 
inlet and air supply line that replaces the conventional sampling inlet, enabling the VaporTracer to actively sniff. 
The red arrows illustrate the direction of the expired air jets that originate from holes on the sides of the inlet. 
(c) Schematic illustration of the experimental setup showing the detector inlet and the TNT vapor source63 
(Staymates 2010), which was moved from directly beneath the inlet to 4 cm away from it, in 1 cm increments. 
The red arrow illustrates the direction of the expired air jets relative to the vapor source. (d) IMS response of the 
VaporTracer for TNT as a function of distance from the sampling inlet. Except when the vapor source is located 
directly beneath the detector inlet (where there is a marginal decrease in IMS response), active sniffing using 
the bioinspired inlet significantly enhances the IMS response for TNT at all sample locations compared with 
continuously drawing in air (the standard operating mode). Note that the volume of air that is analyzed by the 
IMS is the same for both sniffing and constant inspiration experiments. (e) Improvement factor calculated by 
dividing the IMS response for active sniffing by the associated response for continuous inspiration.



www.nature.com/scientificreports/

6Scientific Reports | 6:36876 | DOI: 10.1038/srep36876

aerodynamic sampling efficiency afforded by sniffing is likewise obtained using a peak inspiratory airflow rate 
that is lower than the nominal physiological value (see Results and ref. 36). Finally, the vapor sources used in the 
chemical detection measurements were very different, making it difficult to directly compare the PUF and mass 
spectrometry results because 1) the standoff distances were different, 2) the density of each chemical was different 
(DMF is about 2.5 times heavier than air and DNT is almost 6.3 times heavier than air), 3) the chemical analy-
sis techniques were very different, 4) and the release rate of vapor from each source was different. It is possible 
that the DNT vapor source exhibited an increased release of vapor due to convection over the PDMS surface. 
However, we suspect that this did not significantly influence the results, as the low concentration of DNT within 
the PDMS matrix created a diffusion-limited case for mass transport of DNT to the air rather than one dominated 
by convective forces (see refs 60,65–67).

Future work may include incorporating additional bio-inspired design principles based on the dog into the 
retrofitted commercial trace vapor detector, namely including the use of heated air jets during expiration to vol-
atilize latent odorant, and operating the device using a biomimetic scanning motion (see above). Additionally, 
future research may investigate stereolfaction36,38,55,68–71 of the canine by connecting a separate mass spectrometer 
to each nasal airway in the 3D printed dog’s nose model and using experiments and CFD to investigate the spati-
otemporal nature of odorant acquisition in realistic odor environments to better understand how dogs track odor 
trails and localize an odorant source. Finally, future work may explore the role of air-jet assisted fluid entrainment 
on micro-particle removal and collection in the dog’s nose. While the current study focused on vapor sampling 
and detection, there continues to be unanswered questions regarding particle sampling versus vapor sampling 
with canines22,37.

In summary, the main points of this study are:

1.	 Several flow visualization techniques were used to investigate the external aerodynamics of canine olfaction 
during biomimetic sniffing with a 3D printed dog’s nose.

2.	 The vapor sampling performance of the 3D printed nose was evaluated with two chemical detection tech-
niques to quantify the differences between active sniffing and constant inspiration.

3.	 Active sniffing (repetitive inspiration then expiration) increases the amount of analyte drawn towards the 
dog by almost a factor of 18 in some cases, compared to constant inspiration.

4.	 The development of a bio-inspired inlet on a commercially-available vapor detector created a system that 
“sniffed” like a dog.

5.	 Measurements with the bio-inspired inlet showed an improvement in analyte detection by a factor of up to 
16 while the commercially-available vapor detection system was sniffing, compared to constant inspiration.

6.	 Bio-inspired design principles learned from the dog may be used to improve the performance of next-gen-
eration vapor detection technology.

Methods
Schlieren imaging.  In the single-mirror schlieren imaging system, a diverging light beam passes through 
the test area where refractive index gradients bend the light away from their coincident path. The light then fills a 
spherical mirror and returns to a beam splitter that steers the beam as it approaches its focal point. A razor blade 
is positioned exactly at the focal point of the beam where a fraction of the bent light is cut-off, creating an image 
with light and dark contrasts representative of the density gradients in the test section. Here we use a single-mir-
ror coincident beam schlieren system with a spherical mirror of 40.6 cm diameter with a focal length of 243.8 cm. 
A high-definition video camera captures video footage during the experiments. The vapor source (a foam plug) 
in Fig. 1 is about 10 cm away from the tip of the nose.

3D printing.  The 3D printed dog’s nose was based on the model of Craven et al.36,38,59 that was reconstructed 
from high-resolution magnetic resonance imaging scans of a female mixed-breed Labrador retriever. The 3D 
printed model was fabricated on a Connex 500 digital materials 3D printer (Stratasys.com). No attempt was made 
to recreate the complex interior structures within the nose (e.g., see ref. 59), as this study is primarily interested in 
the external fluid dynamics during inspiration and expiration. Only the main external features of the nose need to 
be replicated to understand the most basic first-order attributes of its sampling behavior.

The additive manufacturing system uses an inkjet printing approach to create physical models from a poly-
meric resin material. The resin, initially in a liquid state, is deposited one cross-section at a time in 20 μ​m thick 
layers by a series of inkjet nozzles. The resin is a photopolymer that hardens upon photo initiation via ultraviolet 
light. Once a layer of liquid resin is deposited, a high-intensity ultraviolet light bombards the surface and cures 
the layer. Another layer is then deposited and the process is repeated. A gel-like support material is deposited in 
locations where future voids will exist. This support material is manually removed with a high-velocity water jet 
once the build is complete. A major benefit of this particular instrument is its ability to use two different resin 
materials, with different material properties (i.e. flexible vs. rigid), within the same printed part. This enables 
the creation of 3D parts with varying material properties, i.e. different colors or shore hardness values. Models 
printed with this technology possess very high resolution features that approach 40 μ​m in scale.

Custom sniffing system.  A custom piston/cylinder device72 was used to enable realistic sniffing for flow 
visualization experiments. This system was designed based on hot-wire anemometry measurements of Craven  
et al.36 of airflow during sniffing in several dog breeds. Specifically, their work provided the sniff frequency (5 Hz), 
airflow rate waveforms, and amplitudes that were utilized in this study.

A hot-wire anemometer was used to measure the flow rate of the piston/cylinder device, and ultimately the 
dog nose, as a function of time. The probe was positioned within the tubing that led to the dog nose, providing 
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real-time measurement data in-situ. Since the hot-wire device has almost zero pressure drop, this measurement 
technique had little effect on the flow in the system resulting in accurate and time-resolved flow rate data. The 
hot-wire was calibrated with a mass flow controller (model FMA5542A, Omega.com) The response time of the 
probe was on the order of 1 ms, enabling transient changes in flow rate to be resolved as the dog nose model 
inhales and exhales.

For PUF measurements, the flow control system consisted of a vacuum pump, solenoid valve, and air pressure 
supply. The vacuum pump was continuously operating at approximately 60 L/min as the solenoid valve pulsed 
pressurized air at 5 Hz through the nose. The air pressure was regulated such that the flow rate exiting the nostrils 
of the nose was also approximately 60 L/min, creating a sniffing waveform that approaches that of a Labrador 
retriever. Shielding was used to minimize room currents during sampling experiments.

Polyurethane foam measurements.  The vapor source consisted of a shallow cylindrical metal tin can 
78 mm ×​ 28 mm with six 2 mm holes in the top and six 2 mm holes in the side with a 2 mm thick layer (10 g) of 
polydimethylsiloxane (PDMS, 93–500, Dow Corning, Midland, MI) thoroughly mixed with 1% mass fraction of 
2,4-dinitrotoluene (DNT). This vapor-release device has been shown to provide a uniform vapor concentration 
of DNT for short-duration use60.

The 3D printed dog’s nose was modified to incorporate a polyurethane foam (PUF) adsorbant in the nasal 
vestibule (see Fig. 2b). A cylindrical cavity was created in the 3D dog nose that exactly accommodated a 
22 mm ×​ 36 mm PUF pad (precleaned ORBO 1000, cut in half, Sigma-Aldrich, St. Louis, MO, USA) that was 
further cleaned with acetonitrile. The dog’s nose model was placed 3 cm from the vapor can and 13 mm from the 
ground. A clean PUF insert was placed into the dog nose and then the mechanical sniffing system was activated, 
quantitatively collecting the DNT vapor on the adsorbant PUF surface. The PUF measurement duration for each 
trial was 20 minutes.

An internal standard (IS), 3,4-DNT was used to quantitate the 2.4-DNT by inserting the PUF into a glass 
air sampling tube (Sigma) with an added stopcock. The IS was introduced onto the incident surface of the PUF 
dissolved in 25 μ​L of a highly volatile solvent, 2-methylbutane (2-MB). The 2-MB was removed by flow of N2 
though the PUF prior to elution. The accumulated DNT and IS were then eluted from the pad with two volumes 
(25 and 10 mL) of hot acetonitrile (50 °C) which were combined and concentrated under N2 prior to analysis. 
For determination of the 2,4-DNT, liquid chromatography with ultraviolet detection (LCUV) was used with a 
2-pump gradient elution system with fixed wavelength detection at 230 nm. The chromatography column was 
a C-18 column (MAC MOD Analytical, PA ACE 3 C18, 150 ×​ 3.0 mm, 3 μ​m particle with an acetonitrile:water 
linear gradient starting at 20% acetonitrile to 26% over 22 min and then held for an additional 8 min with a flow 
rate of 0.75 ml/min.

Ambient Ionization Mass Spectrometry measurements.  The diffusion cell consisted of a small glass 
vial (5 mm diameter, 20 mm length), a threaded nylon cap, and an o-ring. A hole was drilled through the nylon cap 
and a controlled leak was formed by gluing a 1.4 cm ×​ 700 micrometer ID capillary tube into the hole using torr-seal.

The mass spectrometer used was an AB Sciex QTrap 5500 (sciex.com) coupled with a custom inlet source 
designed for secondary electrospray ionization (SESI)73,74. Operation was conducted in positive mode, and the 
m/z 74 to 46 DMF transition was monitored via multiple reaction monitoring. The SESI solvent was 70:30 meth-
anol:water +​ 2% acetic acid.

The combination of mass spectrometer inlet flow rate (5 L/min) and a vacuum pump operating at 20 L/m 
provided an inspiratory flow rate of 25 L/min during constant inhalation experiments. During active sniffing, 
the flow followed a roughly sinusoidal waveform with a peak inspiratory flow rate of 25 L/min and peak expira-
tory flow rate of 53 L/min. In each case, the mass spectrometer was subsampling 5 L/min from the main airflow 
stream. See supplementary information Fig. S6 for a schematic diagram of the experimental setup.

The 3D printed dog’s nose model was placed 10 mm above a flat fluorocarbon polymer surface. Data were 
collected at 10 cm and 20 cm from the vapor source with 3 repeats at each location. Data acquisition time for 
each location was 30 minutes. A 3-minute background was acquired before each data collection event. After each 
experiment, the area was rinsed with isopropyl alcohol, fanned to clear residual vapors, and an additional 15 min 
was allowed to pass prior to the next experiment. Uncontrolled room currents played a surprising role in deplet-
ing the vapor signal, so all local air vents and return ducts were sealed during these experiments.

VaporTracer ion mobility spectrometer.  The inlet to the Vapor Tracer ion mobility spectrometer (IMS) 
(Morpho.com) was positioned 10 mm vertically from the flat surface. The vapor source consisted of a 10 mm diameter 
and 10 mm tall can with approximately 10 g of gelatin with 0.1% TNT concentration by weight. The TNT release rate 
was not measured, but previous work has shown that the rate is constant63. The IMS was functioning in a standard 
operating mode with a tube temperature of 180 °C, an inlet flow rate into the detector of 1 L/m, and a 10 s sampling 
duration. The mechanical ventilation system operated independently of the inlet flow to the IMS and did not change 
the overall amount of air sampled during the 10 s sampling period, for either active sniffing or constant inspiration.

Five replicate measurements were performed at each position of the vapor source and for each sampling 
mode (sniffing vs. inhale only). The vapor source was capped between each experiment to prevent undesired 
loss of TNT and to prevent vapor contamination on surrounding surfaces. The area was rinsed with ethyl alcohol 
between individual experiments.

Disclaimer.  Certain commercial equipment, instruments, and materials are identified in this work. Such iden-
tification does not imply recommendation or endorsement by the National Institute of Standards and Technology, 
Massachusetts Institute of Technology Lincoln Laboratory, the Food and Drug Administration, or the Federal 
Government, nor does it imply that the products identified are necessarily the best available for the purpose.



www.nature.com/scientificreports/

8Scientific Reports | 6:36876 | DOI: 10.1038/srep36876

References
1.	 Upadhyayula, V. K. K. Functionalized gold nanoparticle supported sensory mechanisms applied in detection of chemical and 

biological threat agents: a review. Anal. Chim. Acta 715, 1–18 (2012).
2.	 Lichtenstein, A. et al. Supersensitive fingerprinting of explosives by chemically modified nanosensors arrays. Nat. Commun. 5, 4195, 

doi: 10.1038/ncomms5195 (2014).
3.	 Potyrailo, R. A. et al. Towards outperforming conventional sensor arrays with fabricated individual photonic vapour sensors 

inspired by Morpho butterflies. Nat. Commun. 6, 7959, doi: 10.1038/ncomms8959 (2015).
4.	 Kulkarni, G. S. et al. Graphene nanoelectronic heterodyne sensor for rapid and sensitive vapour detection. Nat. Commun. 5, 4376, 

doi: 10.1038/ncomms5376 (2014).
5.	 Piorek, B. D. Free-surface microfluidics/surface-enhanced Raman spectroscopy for real-time trace vapor detection of explosives. 

Anal. Chem. 84(22), 9700–9705 (2012).
6.	 Adams, A. A. Demonstration of submersible high-throughput microfluidic immunosensors for underwater explosives detection. 

Anal. Chem. 83(22), 8411–8419 (2011).
7.	 Dungchai, W. Electrochemical detection for paper-based microfluidics. Anal. Chem. 81(14), 5821–5826 (2009).
8.	 Alberici, R. M. et al. Ambient mass spectrometry: bringing MS into the “real world”. Anal. Bioanal. Chem. 398(1), 265–294 (2010).
9.	 Forbes, T. P. & Sisco, E. In-source collision induced dissociation of inorganic explosives for mass spectrometric signature detection 

and chemical imaging. Anal. Chim. Acta 892, 1–9 (2015).
10.	 Oh, J.-W. et al. Biomimetic virus-based colourimetric sensors. Nat. Commun. 5, 3043, doi: 10.1038/ncomms4043 (2014).
11.	 Askim, J. R., Mahmoudi, M. & Suslick, K. S. Optical sensor arrays for chemical sensing: the optoelectronic nose. Chem. Soc. Rev. 

42(22), 8649–8682 (2013).
12.	 Diehl, K. L. & Anslyn, E. V. Array sensing using optical methods for detection of chemical and biological hazards. Chem. Soc. Rev. 

42(22), 8596–8611 (2013).
13.	 Berliner, A. et al. A patterned colorimetric sensor array for rapid detection of TNT at ppt level. Rsc. Adv. 4(21), 10672–10675 (2014).
14.	 Xu. S. et al. Dummy molecularly imprinted polymers-capped CdTe quantum dots for the fluorescent sensing of 2,4,6-trinitrotoluene. 

ACS Appl. Mater. Interfaces 5(16), 8146–8154 (2013).
15.	 Geng, Y. et al. Unambiguous detection of nitrated explosive vapours by fluorescence quenching of dendrimer films. Nat. Commun. 

6, 8240, doi: 10.1038/ncomms9240 (2015).
16.	 Zarei, A. R. & Ghazanchayi, B. Design and fabrication of optical chemical sensor for detection of nitroaromatic explosives based on 

fluorescence quenching of phenol red immobilized poly(vinyl alcohol) membrane. Talanta 150, 162–168 (2016).
17.	 Boisen, A., Dohn, S., Keller, S. S., Schmid, S. & Tenje, M. Cantilever-like micromechanical sensors. Rep. Prog. Phys. 74(3), 036101, 

doi: 10.1088/0034-4885/74/3/036101 (2011).
18.	 Patil, S. J., Duragkar, N. & Rao, V. R. An ultra-sensitive piezoresistive polymer nano-composite microcantilever sensor electronic 

nose platform for explosive vapor detection, Sensors Actuat. B: Chem. 192, 444–451 (2014).
19.	 Lee, D., Kim, S., Jeon, S. & Thundat, T. Direct detection and speciation of trace explosives using a nanoporous multifunctional 

microcantilever. Anal. Chem. 86(10), 5077–5082 (2014).
20.	 Miller, C. J. & Cespedes, E. R. Methodologies for removing/desorbing and transporting particles from surfaces to instrumentation. 

Sens. Imaging 13(3), 101–117 (2012).
21.	 Yinon, J. Detection of explosives by electronic noses. Anal. Chem. 75(5), 98A–105A (2003).
22.	 Settles, G. S. Sniffers: Fluid dynamic sampling for olfactory trace detection in nature and homeland security – the 2004 freeman 

scholar lecture. J. Fluids Eng. 127, 189–218 (2005).
23.	 Brooks, S. W., Moore, D. R., Marzouk, E. B., Glenn, F. R. & Hallock, R. M. Canine olfaction and electronic nose detection of volatile 

organic compounds in the detection of cancer: a review. Cancer Invest. 33(9), 411–419 (2015).
24.	 King, A. The new canine detectives. New Sci. 219(2931), 40–43 (2013).
25.	 Angle, T. C. et al. Real-time detection of a virus using detection dogs. Front. Vet. Sci. 2, 79, doi: 10.3389/fvets.2015.00079 (2015).
26.	 Cristescu, R. H. et al. Accuracy and efficiency of detection dogs: a powerful new tool for koala conservation and management, 

Scientific Reports 5, Article number. 8349, doi: 10.1038/srep08349 (2015).
27.	 Gianluigi, T. et al. Olfactory system of highly trained dogs detects prostate cancer in urine samples. J. Urology. 193(4), 1382–1387 

(2015).
28.	 Greatbatch, I., Gosling, R. J. & Allen, S. Quantifying search dog effectiveness in a terrestrial search and rescue environment. Wild. 

Environ. Med. 26(3), 327–334 (2015).
29.	 Fenton, V. The use of dogs in search, rescue and recovery, J. Wild. Med. 3(3), 292–300 (1992).
30.	 Furton, K. G. & Myers, L. J. The scientific foundation and efficacy of the use of canines as chemical detectors for explosives. Talanta 

54(3), 487–500 (2001).
31.	 Riezzo, I. et al. Cadaver dogs: Unscientific myth or reliable biological devices? Forensic Sci. Int. 244, 213–221 (2014).
32.	 Jezierskia, T. et al. Efficacy of drug detection by fully-trained police dogs varies by breed, training level, type of drug and search 

environment, Forensic Sci. Int. 237, 112–118 (2014).
33.	 Tavernaa, G. et al. Olfactory system of highly trained dogs detects prostate cancer in urine samples. J. Urol. 193(4), 1382–1387 

(2015).
34.	 Bijland, L. R., Bomers, M. K. & Smulders, Y. M. Smelling the diagnosis: a review on the use of scent in diagnosing disease. Neth. J. 

Med. 71(6), 300–307 (2013).
35.	 Ehmann, R. et al. Canine scent detection in the diagnosis of lung cancer: Revisiting a puzzling phenomenon. Eur. Respir. J. 39(3), 

669–676 (2011).
36.	 Craven, B. A., Paterson, E. G. & Settles, G. S. The fluid dynamics of canine olfaction: Unique nasal airflow patterns as an explanation 

of macrosmia. J. R. Soc. Interface. 7(47), 933–943 (2010).
37.	 Settles, G. S., Kester, D. A. & Dodson, L. D. The External Aerodynamics of Canine Olfaction, A Chapter in Sensors and Sensing in 

Biology and Engineering. Springer-Verlag. 323–335 (2003).
38.	 Craven, B. A., Paterson, E. G., Settles, G. S. & Lawson, M. J. Development and verification of a high-fidelity computational fluid 

dynamics model of canine nasal airflow. J. Biomech. Eng. 131(9), 091002, doi: 10.1115/1.3148202 (2009).
39.	 Justus, K. A. & Carde, R. T. Flight behavior of males of two moths, Cadra cautella and Pectinophora gossypiella, in homogeneous 

clouds of pheromone. Physiol. Entomol. 27, 67–75 (2002).
40.	 Willis, M. A. & Avondet, J. L. Odor-modulate orientation in walking male cockroaches, Paraplineta americana (l.), and the effects of 

odor plumes of different structure. J. Exp. Biol. 208, 721–735 (2005).
41.	 Riffell, J. A. et al. Flower discrimination by pollinators in a dynamic chemical environment. Science 344(6191), 1515–1518 (2014).
42.	 Moore, P. A. & Grills, J. L. Chemical orientation to food by the crayfish orconectes rusticus: influence of hydrodynamics. Anim. 

Behav. 58, 953–963 (1999).
43.	 Weissburg, M. J. & Zimmer-Faust, R. K. Odor plumes and how blue crabs use them in finding prey. J. Exp. Biol. 197, 349–375 (1994).
44.	 Webster, D. R., Rahman, S. & Dasi, L. P. On the usefulness of bilateral comparison to tracking turbulent chemical plumes. Limnol. 

Oceanogr. 46, 1048–1053 (2001).
45.	 Willis, M. A. Chemical plume tracking behavior in animals and mobile robots. Navigation 55(2), 127–135 (2008).
46.	 Ishida, H. Nakamoto, T., Moriizumi, T., Kikas, T. & Janata, J. Plume-tracking robots: A new application of chemical sensors. Biol. 

Bulletin 200, 222–226 (2001).



www.nature.com/scientificreports/

9Scientific Reports | 6:36876 | DOI: 10.1038/srep36876

47.	 Harvey, D. J., Lu, T.-F. & Keller, M. A. Comparing insect-inspired chemical plume tracking algorithms using a mobile robot. IEEE 
Transactions on Robotics 24(2), 307–317 (2008).

48.	 Thesen, A., Steen, J. B. & Doving, K. B. Behaviour of dogs during olfactory tracking, J. Exp. Biol. 180, 247–251 (1993).
49.	 Hepper, P. G. & Wells, D. L. How many footsteps do dogs need to determine the direction of an odour trail?. Chem. Senses. 30, 

291–298 (2005).
50.	 Jezierski, T., Walczak, M. & Górecka, A. Information-seeking behaviour of sniffer dogs during match-to-sample training in the scent 

lineup. Polish Psychological Bulletin. 39(2), 71–80 (2008).
51.	 Youngentob, S. L., Mozell, M. M., Sheehe, P. R. & Hornung, D. E. A quantitative analysis of sniffing strategies in rats performing odor 

detection tasks. Physiol. Behav. 41, 59–69 (1987).
52.	 Kepecs, A., Uchida, N. & Mainen, Z. F. Rapid and precise control of sniffing during olfactory discrimination in rats. J. Neurophysiol. 

98, 205–213 (2007).
53.	 Wesson, D. W., Donahou, T. N., Johnson, M. O. & Wachowiak, M. Sniffing behavior of mice during performance in odor-guided 

tasks. Chem. Senses 33, 581–596 (2008).
54.	 Wesson, D. W., Verhagen, J. V. & Wachowiak, M. Why sniff fast? the relationship between sniff frequency, odor discrimination, and 

receptor neuron activation in the rat. J. Neurophysiol. 101, 1089–1102 (2009).
55.	 Porter, J. et al. Mechanisms of scent-tracking in humans, Nat. Neurosci. 10(1), 27–29 (2007).
56.	 Wilson, D. A. & Sullivan, R. M. Respiratory airflow pattern at the rat’s snout and an hypothesis regarding its role in olfaction. Physiol. 

Behav. 66(1), 41–44 (1999).
57.	 Aaberg, C. P. N. Method and Apparatus for Exhausting Air from a Limited Zone. U.S. Patent 4,043,257 (Aug. 23, 1977).
58.	 Kundu, P. K. & Cohen, I. M. Fluid Mechanics, 5th ed. Ch. 6, (Academic Press, 2011).
59.	 Craven, B. et al. Reconstruction and morphometric analysis of the nasal airway of the dog (Canis familiaris) and implications 

regarding olfactory airflow. Anat. Rec. 290, 1325–1340 (2007).
60.	 MacCrehan, W., Moore, S. & Schantz, M. Reproducible vapor-time profiles using solid-phase microextraction with and externally-

sampled internal standard (SPME-ESIS). J. Chromatog. A 1244, 28–36 (2012).
61.	 Makinen, M., Nousiainen, M. & Sillanpaa, M. Ion spectrometric detection technologies for ultra-traces of explosives: a review. Mass 

Spectrom. Rev. 30(5), 940–973 (2011).
62.	 Staymates, M. E. Smith, W. J. & Gillen, G. The internal fluid mechanics of explosive trace detectors using computational fluid 

dynamics, Paper presented at IEEE Conference on Technologies for Homeland Security doi: 10.1109/THS.2009.5168022 (2009).
63.	 Staymates, J. L. & Gillen, G. Fabrication and characterization of gelatin-based test materials for verification of trace contraband 

vapor detectors. Analyst 135, 2573–2578 (2010).
64.	 Vogel, S. Nature’s pumps. Am. Sci. 82(5), 464–471 (1994).
65.	 Kranz, W. et al. On the smell of composition C-4. Forensic Sci. Int. 236, 157–163 (2014).
66.	 Sanchez, C. L., Prada, P. A. & Furton, K. G. On the importance of training aids and the definition of an explosive odor signature: 

Commentary on Kranz et al. Forensic Sci. Int. 251, e18–e19 (2015).
67.	 Kranz, W. & Goodpaster, J. Author’s response to Sanchez et al. entitled “On the importance of training aids and the definition of an 

explosive odor signature: Commentary on Kranz et al.” Forensic Sci. Int. 251, e18–e19 (2015).
68.	 Sobel, N., Khan, R. M., Saltman, A., Sullivan, E. V. & Gabrieli, J. D. E. Olfaction-the world smells different to each nostril. Nature 

402, 35 (1999).
69.	 Stoddart, D. M. External nares and olfactory perception. Experientia 35, 1456–1457 (1979).
70.	 Rajan, R., Clement, J. P. & Bhalla, U. S. Rats smell in stereo, Science. 311, 666–670 (2006).
71.	 Frasnelli, J., Hummel, T., Berg, J., Huang, G. & Doty R. L. Intranasal localizability of odorants: influence of stimulus volume. Chem. 

Senses 36, 405–410 (2011).
72.	 Heywood, J. B. Internal Combustion Engine Fundamentals, Ch. 14. (McGraw Hill, 1989).
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