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Abstract

Insect pectinate antennae are very complex objects and studying how
they capture pheromone is a challenging mass transfer problem. A few
works have already been dedicated to this issue and we review their
strengths and weaknesses. In all cases, a common approach is used: the
antenna is split between its macro- and microstructure. Fluid dynamics
aspects are solved at the highest level of the whole antenna first, ie, the
macrostructure. Then, mass transfer is estimated at the scale of a sin-
gle sensillum, ie, the microstructure. Another common characteristic is
the modeling of sensilla by cylinders positioned transversal to the flow.
Increasing efforts in faithfully modeling the geometry of the pectinate an-
tenna and their orientation to the air flow are required to understand the
major advantageous capture properties of these complex organs. Such
a model would compare pectinate antennae to cylindrical ones and may
help to understand why such forms of antennae evolved so many times
among Lepidoptera and other insect orders.

Keywords: olfaction, ecomorphology, fluid dynamics, mass transfer,
additive printing
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1 Introduction

Insects are highly dependent on olfaction to perform many tasks, such as
finding food and locating proper habitats and partners. From this per-
spective, antennae have a major importance as they are very often the
main olfactory organs. Insects display antennae with various shapes [1].
One kind of antennae, the pectinate antennae, has attracted much atten-
tion as it is considered to be a very sensitive detector of pheromone in
air [2]. The fact that pectinate antennae evolved several times indepen-
dently in various families of moths [3] and in Coleoptera is also intriguing
and a cue that pectinate antennae might have an adaptative advantage
over cylindrical ones in certain circumstances. As a consequence, much
work has been done to measure how sensitive they are [4, 5, 6, 7], and
to understand why they perform so well [8, 9, 10, 11, 12, 13, 14]. Ap-
pendages of crustaceans, composed of numerous cylinder-like elements,
have also been the objects of many studies and face similar challenges as
pectinate antennae in terms of odor capture [15, 16, 17]. Thus, results
in crustacean appendages could be used to better understand pectinate
antennae and vice versa [10].

A major difficulty in the study of pectinate antennae is their complex
multi-scale shape. The flagellum, the main branch of the antenna, sup-
ports a few dozen rami which are secondary branches. Each ramus bears
many hairs, the sensilla, which host the chemical detectors. It should be
noted that the whole antenna is usually around a centimeter long whereas
the sensilla are only 150 µm long, with a diameter of a few micrometers [2].
Thus, the dimensions of the elements of the antenna spread over four or-
ders of magnitude. On top of that, the shape of the antenna and the
relative position of its numerous elements might change with the airflow,
adding another layer of complexity.

Because of the complex shape of pectinate antennae, many simplifica-
tions have been made on their geometry in the studies dedicated to them.
In this work, we firstly present the main challenges faced by any study of
pectinate antennae. Secondly, we review the existing works. Finally, we
compare them and give some guidelines to develop a model with a faithful
geometry which could then be compared with a cylindrical antenna.

2 The problem and its challenges

The capture of pheromone by pectinate antennae is a problem of mass
transfer, from the air to the surface of the antennae. The pheromone
concentration is usually very low, so the mass transfer equation is the
following classical one:

∂c

∂t
+ (~v · ∇)c = D∇

2
c (1)
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with ~v, the velocity of air (m s−1)
c, the concentration in pheromone in air (molm−3)
D, the diffusive coefficient of the pheromone in air (m2 s−1).

In the mass transfer equation (Equation 1), the air velocity field has
a strong influence in the equation and, thus, must be also determined,
according to the Naviers-Stokes equations:

∇ · ~v = 0 (2)

∂~v

∂t
+ (~v · ∇)~v = −

∇P

ρ
+ ν∇

2
~v (3)

with P , the pressure in air (kgm−1 s−2)
ρ, the density of air (kgm−3)
ν, the kinematic viscosity of air (m2 s−1)

In both cases (Equations 2 and 3), the solutions to the equations de-
pend strongly on the boundary conditions defined by the geometry of the
pectinate antenna, by the pheromone concentration at their surface and
by the far-field air velocity as the Naviers-Stokes equations are not linear
and, thus, must be determined for each air velocity of interest.

The most straightforward method to determine the pheromone capture
of an antenna would be to determine the mass flux at the surface of the
antenna by solving the Naviers-Stokes and the mass transfer equations.
Another solution is to resort to simulations and Computational Fluid Dy-
namics. Finally, experiments can be done. However, major difficulties
prevent an easy identification of the mechanisms of the pheromone cap-
ture by pectinate antennae in all these cases. Difficulties arise due to three
main reasons (Table 1). Firstly, a pectinate antenna is a very complex
geometrical object composed of tens of thousands of sensilla. Secondly,
the air flux faced by the moth and, thus, the antennae is not constant.
Lastly, the chemical signal is not constant either, due to turbulence in
air [18, 19, 20] and often comes in puffs. Pheromone emission it-self is not
constant, reinforcing the non-constant nature of the signal [21, 22, 23].

When analytically solving the equations, the complex shape of the
pectinate antenna has two implications. Firstly, the boundary conditions
are complex to define because the antenna is composed of numerous el-
ements: the flagellum, the rami and the sensilla. Secondly, an antenna
covers a wide range of orders of magnitude in terms of dimensions. As a
consequence, it is not possible to simplify the Naviers-Stokes equations.
For example, in the case of the Stokes regime, the inertial term (~v · ∇)~v
(Equation 3) usually drops for slow-moving fluids and small objects. The
way of simplifying the Naviers-Stokes equation mainly depends on the
Reynolds number Re, which assesses the relative importance of the vis-
cous ν∇2~v and inertial (~v · ∇)~v terms (Equation 3).
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In the case of the pectinate antennae, for a characteristic velocity of
0.1m s−1 and a viscosity of air at 15.6 × 10−6 m2 s−1, the characteristic
lengths cover a few orders of magnitude: 1 µm for the diameter of the
sensilla, to 1 cm for the size of the entire antenna. Thus, the Reynolds
numbers are between 0.01 and 100 and it is not possible to make any
simplification of the equations by dropping terms for very high and very
low Reynolds numbers. The non-constant air flow and concentration con-
ditions imply that the time-depending terms ∂c

∂t
and ∂~v

∂t
cannot be ne-

glected, neither in the mass transfer equation (Equation 1) nor in the
Naviers-Stokes equation (Equation 3), respectively.

The antennal geometry is also a major difficulty for Computational
Fluid Dynamics as the tens of thousands of sensilla require the genera-
tion of a huge number of elements in the simulation domain. Working
on a virtual pectinate antenna would then require much memory storage
and computing power. Here again, because of the intermediate Reynolds
numbers, it is not possible to simplify the equations. Also, adding a
time-dependent component, either through the air flow or through the
pheromone concentration, would further increase the complexity of the
simulation as well as the computational time.

Experimentation is a good solution to bypass the difficulty of solving,
analytically or numerically, the equations. However, the complexity of
the shape of the antenna remains a bottleneck. Even though progress
has been made, reproducing a pectinate antenna is a difficult task [24]
either because of the numerous sensilla to build or because of their tiny
dimensions. Sensilla and rami, the main components of the antenna, are
elements of high aspect ratios (between 30 and 50) which increases the
difficulty to fabricate them even in scaled-up models [25].

Techniques to measure mass transfer are complex. Given the size of a
pectinate antenna, any sampling device is expected to have an influence
on the air flow, so non-invasive techniques should be preferred. Several
techniques exist [26, 27] but, because of the very low concentration in
pheromone, Planar Laser-Induced Fluorescence (PLIF) appears to be the
most adapted one. This technique consists of using a laser sheet to illumi-
nate the fluid and the molecules of interest. Depending on the intensity
of the fluorescent emission, the concentration of the chemical species can
be determined. This technique requires that the molecules of the species
of interest do fluoresce [28]. If it is not the case, external tracers with
good fluorescent properties may be added to the fluid [29, 30]. PLIF has
already been used to track odor concentration in air [31]. However, if
the diffusive process is not negligible, these tracers should also have the
same behavior in air, i.e. the same diffusivity. One major advantage of
the PLIF technique is that it gives the concentration at any point of the
plane illuminated by the laser sheet. However, creating a non-constant
flow as well as a non-constant chemical signal can be challenging [31, 29].
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Table 1: Three main challenges in dealing with pheromone transport
and capture by pectinate antennae and the approaches to overcome
them. ~v is the air velocity field and c the pheromone concentration
in air.

3 Current models

Due to the challenges faced when studying pectinate antennae, no previ-
ously developed model has been able to tackle the entire complexity of the
pheromone transfer from the air to the surface of the antenna. Instead,
models are usually designed to tackle one aspect of the problems and may
mix several approaches in order to compensate the weaknesses of one by
the strengths of the other. In the following, we describe the published
studies in turn, ordered according to the problems they faced.

3.1 Case 1: an analytical approximation of the
mass transfer on a sensillum

In a pioneer work, Adam and Delbrück [8] introduced an interesting
idea about what they called the reduction of dimensionality. This new
idea addressed how the pheromone molecules reach the pores which are
small apertures linking the haemolymph inside the sensilla to the exterior
environment. They assumed that the pheromone molecules first reach the
surface of the sensillum and then diffuse on the 2D surface to the pores.
The authors showed that this reduction of dimensionality, from a 3D to
a 2D environment, could help to enhance the capture of pheromone by
pectinate antennae. However, Futrelle [32] later showed that pheromone
rebounding at the surface of the sensillum could also lead to efficient
capture of pheromone molecules in the pores. Adam and Delbrück then
developed a model of mass transfer of pheromone from the air to the sur-
face of a sensillum modeled as a cylinder. Their approach was reproduced
by Murray [13] who further extended the analytical calculations. In
both cases, the approach is equivalent to split the antenna in several ele-
ments and focus on the smallest one. This focus on the smallest element
is justified by the fact that the chemical detectors are located within the
sensilla. Thus, understanding the mass transfer at the level of the sensilla
is an important point. To simplify the problem and make it analytically
solvable, the authors of both papers assumed the sensillum to be a cylin-
der transversal to a steady flow of air. They also assumed a constant
pheromone concentration. As a consequence, the terms ∂c

∂t
and ∂~v

∂t
in

equations 1 and 3 drop, respectively. This approach provides two main
benefits. The first one is that there is only one cylinder to deal with at
a time. The second one is that the transverse cylinder, assumed to be
infinite, can be modeled by a 2D circle (Figure 1), thus reducing the com-
plexity of the problem. In such a configuration, the authors were able to
analytically solve both the fluid dynamics and mass transfer problems at
the finest level of detail. However, one main limitation of this approach is
that it does not include the alteration of the flow due to the neighboring
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Figure 1: Cylinder modeling a sensillum transversal to the flow and viewed from
the top. v0 is the far-field velocity and c0 is the far-field concentration. Adapted
from [13]

sensilla. In the work of Murray [13], the first coarser level of the antenna
takes into account this interaction between the sensilla and is roughly
modeled as a multiplying factor of the capture rate of the sensilla. This
factor is extrapolated from a study of aerosol capture by closely-packed
parallel circular cylinders [33]. The mass transfer is calculated on the sec-
ond level, which has a very simple shape.

3.2 Case 2: an analytical model of pairs of cylin-
ders

Cheer and Koehl [10], based on [34], also modeled the sensilla as cylin-
ders transversal to the flow. Furthermore, they were also interested in
the influence of the rami that support the sensilla and, like the sensilla,
modeled them as cylinders transversal to the flow too. The authors looked
at a new parameter that could have a major influence on the efficiency
of an antenna: the leakiness. Antennae are composed of many elements
that generate a resistance to the air flow. Thus, air partly flows through
the antenna or around the entire structure. The effect of leakiness may
be negligible in the case of highly permeable objects but it has two ma-
jor consequences on structures with low to medium leakiness. Firstly,
the pheromone molecules in the portion of air flowing around the entire
structure are not available for capture by the sensilla. Secondly, a low
leakiness means a slower air velocity than the far-field one. Indeed, as
part of the flow is deflected around the object, the conservation of mass
implies that the air going through the object has to flow slower, giving
more time to the pheromone molecules to diffuse to the surface of the
sensilla. Determining the leakiness of a structure such as a moth antenna
is not an easy task: Cheer and Koehl achieved it by solving the velocity
profile in two steps. The first step was to determine how air flows between
two transversal cylinders (mimicking two rami) at intermediate Reynolds
number. The mean velocity between the rami was then used as far-field
velocity to find the velocity field around two transversal cylinders at low

Reynolds number (Figure 2 a). Interestingly, the authors had to use two
different models of fluid flowing between two cylinders. At the level of the
rami, the Reynolds number is high and inertia cannot be neglected. Cheer
and Koehl could simplify this inertia term according to the Oseen approx-
imation [35]: the non-linear term (~v · ∇)~v is changed into (~v∞ · ∇)~v. At
the level of the sensilla, the Reynolds number drops and the authors used
a model that they previously developed for low Reynolds numbers [34]. A
major drawback of this analysis is that it deals with the fluid dynamics
only and does not determine the pheromone capture by the antenna. This
work was extended further by Schuech et al [36] who ran simulations
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Figure 2: Analytical leakiness and simulation mass transfer. a: Varying leak-
iness between two cylinders. Adapted from [34]. b: Pheromone concentration
around a sensillum in an infinite row. Adapted from [36]

to determine the mass capture by an infinite row of cylinders mimicking
the sensilla (Figure 2 b). The drawback of considering an infinite array
is that it cannot determine the leakiness because the infinity of the array
forces the fluid to flow entirely between the cylinders. By contrast, the
benefit of such a model is that it is convenient to run simulations on: in an
infinite array of evenly-spaced cylinders, only one cylinder with periodic
boundary conditions is sufficient to determine the behavior of the entire
array.

3.3 Case 3: Puffs of odors and temporal patterns
of the pheromone signal

To avoid the complexity of analytically calculating the leakiness of the
antenna, Humphrey and Haj-Hariri [11] split the antenna in three
levels and modeled the first one as a permeable cylinder (Figure 3) with a
given leakiness (equal to 5 and 10%). Using approximations, they deter-
mined the flow profile around the permeable cylinder as well as the mass
transport of pheromone at the entrance of the cylinder. Inside the perme-
able cylinder, there are sensilla but there is no space dependence anymore.
The concentrations are uniform and a mass balance determines the con-
centration of pheromone in the air inside the antenna and on the surface
of the sensilla. The concentration at the surface of the pores (located on
the surface of the sensilla) is considered to be equal to the concentration
at the surface of the sensilla. The depletion of pheromones, due to the
pheromone molecules entering into the tubule, is considered to be neg-
ligible. Eventually, the pheromone molecules enter the tubules through
the pores and migrate to the end of the tubules where they are detected.
This model is interesting because it gives a system of analytical equations
and a numerical solution to temporal chemical variations and tackles the
mass transfer problem at the two levels of the antenna. However, since we
were not able to find sufficient boundary values in [11] we could not solve
their system of equations. their calculations (See Supplementary materi-
als). However, the leakiness is a fixed parameter that is independent of
the air velocity. Experiments conducted by Vogel [14], and very recently
confirmed by us [37], showed that the leakiness does actually depend on
air velocity, as expected because of the dependence of the boundary layer
thickness on velocity. It has also been shown in crustacean and copepod
appendages that leakiness varies with water velocity [38] and that the
change of regime from highly leaky to almost impermeable can be used to
improve the performance of the appendages [15, 39].
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Figure 3: Permeable cylinder and mass transfer inside the antenna. ~v0 and c0
are respectively the velocity and far-field concentration at the entrance of the
antenna. c1 is the concentration inside the antenna and cS is the concentration
at the surface of the sensilla. qin is the mass flux entering the permeable cylinder
modeling the antenna. qads and qdes are the mass flux that are respectively
adsorped and desorped at the surface of the sensilla. qdif is the mass flux
entering the tubule and qout is the mass flux going out of the antenna. Adapted
from [11].

Figure 4: Experimental leakiness and simulated mass capture. a: Experimental
set-up to measure the periodic air flow. b: Simulation to determine the random
walk of a pheromone molecule. Reproduced from [12].

3.4 Case 4: mixing experiments, analytical mod-
eling and simulations

Moths perform active sensing, called sniffing, by beating their wings to
generate a flow of air through their antennae. Wing beating is periodic and
is thus expected to create periodic air flows. To our knowledge, Loudon
and Koehl [12] are the first ones to measure such flows and to use
them in a model of pectinate antennae. This work is an original combi-
nation of experiment, analytical modeling and simulation. They took an
experimental approach to measure the periodic air flow with a hot wire
anemometer (Figure 4a). However, they used the mean flow as input of
the model of Cheer and Koehl [10] to determine the leakiness. Thus, even
though they measured periodic air flow, their work is based on a constant
air flow model. They then conducted random-walk simulations using the
air velocity profile they measured to determine how many molecules would
reach the surface of the sensilla (Figure 4b).

3.5 Case 5: the complementary case of a terres-
trial crustacean

Crustaceans, related to the Insects among the Arthropods [40], have ap-
pendages to smell odors. Even though the geometries of such appendages
are different from the one of the pectinate antenna, the techniques used to
determine the mass transfer are similar and should also be considered. We
report here a study of the appendage of a terrestrial crustacean, Coenobita
rugosus [41]. This crustacean capture odors in air and the physics of such
a phenomenon are the same as the one of the pectinate antenna. This
study is divided in two parts. Firstly, the authors measured experimen-
tally the leakiness of the appendage. Secondly, they ran simulations to de-
termine the mass capture by the appendage. Waldrop and Koehl [41]
resorted to Particle Image Velocimetry (PIV) to measure the leakiness.
This technique consists of seeding a fluid with particles and illuminate
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them with a laser sheet. By following the displacement of the particles, it
is possible to calculate the velocity field of the fluid. However, crustacean
appendages are very small and move very fast, so, in their experiments,
the authors used dynamic scaling to enhance the size of their artificial
appendage and decrease the velocity. Dynamic scaling relies on keeping
the Reynolds number constant. The authors then ran Monte Carlo sim-
ulations to determine the odor transport to the appendages. A similar
approach, mixing PIV measurements and simulations, has been done on
aquatic crustaceans [16].

Table 2: Comparison of the models of pheromone capture by pecti-
nate antennae (and terrestrial crustacean appendage, Case 5).

4 Discussion

4.1 Comparison of the models

Given the complexity of the antenna, all these previous studies had
to give up on some aspects to gain on other ones (Table 2). For ex-
ample, Murray [13] could completely define the fluid dynamics and
mass transfer around sensilla analytically. However, his model was
developed for the case of a steady state flow and he did not calcu-
late the leakiness of the antenna, which is an important parameter.
Cheer and Koehl [10] focused on determining the leakiness but, in
order to keep calculations doable, had to consider two sensilla only
and not a row of them. They also did not look into the mass transfer
problem. Humphrey and Haj-Hariri [11] could investigate the tem-
poral pattern of a chemical signal reaching the antenna. However,
their estimated leakiness was a fixed parameter independent of the
velocity. They also greatly simplified the geometry of the antenna
by modeling the array of sensilla and rami by a permeable cylinder.
Loudon and Koehl [12] measured the non-constant air flow facing
the antennae on a real moth but calculated the leakiness in a con-
stant air flow case and simulated the random walk of pheromone
molecules. They could not determine the temporal pattern of the
chemical signal in contrast to Humphrey and Haj-Hariri [11]. Wal-
drop and Koehl [41] resorted to PIV to measure the velocity field in a
steady-state regime and simulations to determine the mass capture.
Thanks to simulations, they had access to the temporal pattern of
the flux of odor on the appendage of the hermit crab. However,
the geometry of such an appendage is much simpler than the one
of a pectinate antenna. In conclusion, a single model can hardly be
expected to capture the functioning of a multiscale antenna in its
entire nature; one must choose which aspects to focus on.
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Useful information can be extracted from our review to design
a model with a more faithful geometry. In fact, there is a common
approach to all of them. The mass flux on the sensilla is the main
quantity of interest. Given the complexity of its geometry, an an-
tenna is usually divided in two levels, which we call the macrostruc-
ture and the microstructure. The microstructure encompasses the
sensilla which host the chemical detectors and, thus, both the fluid
dynamics and the mass transfer need to be determined at this level.
Thanks to the small size of sensilla, the assumption of Stokes flow
can be used at this level. The microstructure is modeled in varying
ways depending on whether the objective is to determine the fluid
dynamics, the leakiness or the mass transfer at the surface of the sen-
silla. Indeed, in the case of leakiness, the finite nature of the antenna
is important as it is leakiness which expresses what goes around and
what goes through the antenna. Regarding mass transfer, the inter-
esting point is the mass capture of an average sensillum. A model
with an infinite number of cylinders is then more interesting since,
with appropriate boundary conditions, it allows to reduce the study
to a single sensillum. Once the physics at the microstructure level is
understood, it is then possible to simplify the macrostructure. The
macrostructure determines the airflow faced by the microstructure
and, thus, only fluid dynamics are considered. Both leakiness and
mass transfer by diffusion are important phenomena in air [42]. So,
none can be neglected as in the case of marine crustaceans [15].

4.2 Understanding the geometry of pectinate an-
tennae

All models described in the previous sections attempted a better
understanding of the particular ability of pectinate antennae at de-
tecting low concentrations of pheromone in air. However, a recent
study on filiform antennae [43] has shown that small details such
as scales can have an important influence on the olfactory perfor-
mance. Even though pectinate antennae do not have scales on their
rami [9, 44, 37], it is still important to faithfully model them. One
weakness of the models we reviewed is the orientation of the rami
and sensilla which are assumed to be transversal to the air flow. It
has indeed been shown that the orientation of the rami does have an
influence on the pheromone capture [45]. We expect the orientation
of the sensilla to have an effect as it has been shown that the sensilla
may be longitudinal to the flow [9, 46]. For the purpose of designing
a new model with a more faithful geometry of the pectinate antenna,
special care should be given to the determination of mass transfer
at the sensillum level and, especially, leakiness. Indeed, leakiness
determines the portion of air going through the antenna but, also,
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the average air velocity within the antenna. A highly-leaky antenna
allows much air to flow through it but is expected to capture little
of its pheromone whereas a poorly-leaky one allows little air but
most of its pheromone should reach its surface. Thus, a model with-
out a good assessment of leakiness cannot be accurate so it may be
helpful to look at previous works which have attempted to measure
it on pectinate antennae. Vogel [14] and Loudon and Davis [47]
used dyes to visualize the flow through and around pectinate an-
tennae. Particle Image Velocimetry, the technique used by Waldrop
and Koehl [41] for crustacean appendages, could also help to accu-
rately measure the leakiness of antennae. It should also be noted
that Vogel [14] showed that the leakiness varies with the air veloc-
ity, so determining the leakiness on a wide range of air velocities
encountered by the moth will be necessary. Regarding mass trans-
fer on sensilla, a model with longitudinal cylinders might be more
appropriate than one with transversal cylinders.

Pectinate antennae have gathered sustained interest because they
are thought to have better performance at detecting low concentra-
tions of pheromone in air than antennae with different shapes. The
most straightforward solution to this question is to determine the
optimal shape among all the possible shapes of antennae. However,
finding such an optimum is a very complex task. Comparison with
other existing shapes of antennae would also be informative and a
much easier problem. For example, lamellate antennae of beetles are
also considered to be effective at detecting low-concentrated odors
in air [48]. Comparison with cylindrical antennae would also be
very useful. Indeed, cylindrical antennae are the basal shapes from
which pectinate antennae evolved at least 17 times independently [3].
Thus, the specific shape of pectinate antennae should have an im-
pact on their ability to detect pheromone and should be modeled
differently from the cylindrical antenna. A closer look at the ge-
ometries used in the previous models shows that Case 1, focusing
on the sensillum level, should also be valid for cylindrical antenna
and, thus, cannot explain the particular performance of pectinate
ones. The model of porous cylinder in Case 3 is also very close to
a cylinder. Cases 2 and 4, both based on [10], model two rami. In
this way, they take into account the interaction of the rami and,
thus, are more realistic models. However, pectinate antennae have a
few dozen rami [49] so these models are still far remotely modeling
a pectinate antenna. We still lack proper templates of models of
cylindrical and pectinate antennae to do meaningful comparisons.
Pursuing the development of more realistic models is therefore a
high priority if one ought to assess the alleged improved pheromone
capture by pectinate antennae. In the meantime, it would be in-
teresting to investigate other shapes of antennae in order to better
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Figure S 1: Permeable cylinder and mass transfer inside the antenna. ~v0 and c0
are respectively the velocity and far-field concentration at the entrance of the
antenna. c1 is the concentration inside the antenne and cS is the concentration at
the surface of the sensilla. qin is the mass flux entering the permeable cylinder
modeling the antenna. qads and qdes are the mass flux that are respectively
adsorped and desorped at the surface of the sensilla. qdif is the mass flux
entering the tubule and qout is the mass flux going out of the antenna. Adapted
from [11].

understand why they are so diverse [50]. The approach used so far,
i.e, determining leakiness of entire antennae and mass transfer at the
sensillum scale, can be applied to a wider range of antennal shape,
from lamellate to plumose, thereby putting the ecomorphology of
arthropod antennae within the realm of olfaction.

5 Supplementary materials: the system

of equations of Humphrey and Haj-Hariri [11]

Humphrey and Haj-Hariri were interested in calculating the tempo-
ral pattern of the chemical signal detected by a moth. They modeled
a pectinate antenna with a permeable cylinder. Once the air is in-
side the antenna, a mass balance is made to determine what goes
out of the antenna, what is adsorped on and what is desorped from
the sensilla. Then, a portion of the pheromone stuck at the surface
of the sensilla enters into a tubule and pheromone diffuses to the
end of the tubule where the chemical detectors are located.

Using an approximation of Hiemenz flow, the authors determined
the fluid dynamics upstream of the antenna. They assumed that the
horizontal component of the flow had the following expression (see
Table S 1):

u =
2v∗

a
f ′(η)x

with f an unknown function.

They then obtained Equation S1 (Table S 2).

The expression of u, the horizontal component of the flow, was
also used in the mass transport equation which was adimensional-
ized to obtain Equation S2 (Table S 2).
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Equation S3 (Table S 2) was obtained by doing a mass balance on
the inside of the cylinder modeling the antenna. Pheromone comes
in from the air flowing inside the antenna and is modeled by a flux
qin. Pheromone is then adsorped on the surface of the sensilla at a
rate qads and desorp at a rate ddes. Eventually, air goes out of the
antenna and carries along a flux of pheromone qout. Mass balance
gives:

qin = qout + (qads − qdes)
AST

AA

To obtain Equation S3, we replace each term by their following ex-
pression:

qin =

(

v0c0(t) +D
∂c0(t)

∂y

)

qout = v0cI(t)

qads = k1 (cSmax − cS(t)) (cI(t)− k2cS(t))

qdes = k3cS(t)

The authors then made a mass balance on the surfaces of the sensilla
and obtained the following equation:

dcS(t)

dt
= (qads − qdes)− ddif

APT

AA

Because APT

AA
≈ 0.001, the term ddif

APT

AA
can be neglected and the

author obtained the Equation S4.

Equation S5 is the 1D equation of diffusion of the pheromone in the
tubule.

All the equations are summarized in Table S 2. The system is
composed of five equations and five unknown variables, f , C, cI , cS
and c. However, Equation S2 has only one boundary condition in
y → ∞. Equation S3 is considered, according to the authors, as the
boundary condition of Equation S2 for y = 0. The problem is that
one has, then, only four equations for 5 unknown variables. Since
we were not able to find sufficient boundary values in [11] we could
not solve their system of equations.

Table S 1: Variables used in the model of Humphrey and Haj-Hariri

Table S 2: System of equations
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turelle, 2005.

[50] M.A. Elgar, D. Zhang, Q. Wang, B. Wittwer, H.T. Pham, T.L.
Johnson, C.B. Freelance and M. Coquilleau, Insect Antennal
Morphology : The Evolution of Diverse Solutions to Odorant
Perception. Yale Journal of Biology and Medecine, vol. 91, no. 4,
pp. 457-469, 2018.

18

Page 18 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 

181x82mm (300 x 300 DPI) 

Page 19 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 

223x93mm (300 x 300 DPI) 

Page 20 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 

225x170mm (300 x 300 DPI) 

Page 21 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 

326x95mm (300 x 300 DPI) 

Page 22 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 

225x170mm (300 x 300 DPI) 

Page 23 of 28

http://mc.manuscriptcentral.com/icbiol

Manuscripts submitted to Integrative and Comparative Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

Problems
So

lu
tio

ns
Complex geometry

Non-constant
airflow

Non-constant
concentration

Analytical solution
Complex boundary

conditions
Time and spatial
dependence of v

Time and spatial
dependence of c

Simultaions
Huge number of

elements
Time and spatial
dependence of v

Time and spatial
dependence of c

Experiment
Difficulty to build
artificial antennae

Generation of a
complex flow

Generation of odor
puffs
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Case 1 [13] Case 2 [10,36]

Objective

Reduction of
dimensionality may

explain the efficiency of
pectinate antennae

Development of a model
to predict the leakiness

of small animal
structures and temporal
pattern of the chemical

signal

Geometry of the
antenna for the fluid

dynamics

Collections of sensilla
modeled by cylinders. A

multiplying factor of
capture accounts for the

interaction between
sensilla.

The rami are modeled by
two cylinders which

determine the incoming
flow on the sensilla

modeled by two smaller
cylinders, all transversal

to the flow.

Calculation of the air
flow

Steady-state Stokes flow
around each sensillum at

air velocity of 1 m/s

Steady-state Oseen flow
around the rami and

Stokes flow around the
sensilla at air velocities

of 0.75 and 1 m/s

Geometry of the
antenna for mass

transfer
Single sensillum modeled as a cylinder

Infinite row of sensilla
modeled as cylinders

transversal to the flow

Mass transfer
Steady-state transport

equation
Transport equation and

pulse of pheromone

Variable that measures
the efficiency of the

antenna
Flux of pheromone

Leakiness and temporal
pattern of the

pheromone flux on the
sensilla

Solving method
Analytical

approximations of some
physical quantities

Analytical solutions with
numerical resolution for

the air dynamics and
numerical resolution for

the mass transfer
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Case 3 [11} Case 4 [12] Case 5 [41]

Better understanding of
the physics involved in
olfaction of pectinate

antennae

Effect of sniffing on
pheromone capture

The evolution of
crustaceans olfactory
appendages from a
marine lifestyle to a

terrestrial one

The antenna is modeled
as an infinite cylinder

transversal to the flow
and with a coefficient of

permeability.

The incoming air velocity
is measured on a real

antenna and the
leakiness is determined
with the same method

as in Model 2.

The appendage of a
hermit crab is

reproduced with a
scaling factor. It is a

cylinder transversal to
the flow with smaller

ones beside it.

Steady-state Stokes flow
around the antenna at

air velocities of 0.5 and 1
m/s

Steady-state Oseen flow
around the rami and

Stokes flow around the
sensilla at air velocity of

0.35m/s

PIV measurements at
two velocities at water
velocities of 0.061 and

0.11 m/s

Uniform concentration
inside the antenna and

1D diffusion in the
sensilla

Sensilla modeled as
cylinders transversal to

the flow

Cylinders transversal to
the flow

Mass balance and
transport equation on a

pulse of pheromone

Probability of molecule
interception

Uniform initial
concentration but

temporal pattern of
capture

Time detection of the
peak of concentration of

pheromone
Flux of pheromone

Flux of pheromone
depending on time

Numerical resolution of
a system of partial

differential equations

Experimental measure of
the incoming air flow,

analytical solutions with
numerical resolution for

the air dynamics and
random-walk

simulations for the mass
transfer

Experimental measure of
the air velocity field and

random-walk
simulations for the mass

transfer
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Symbol Parameter Unit𝜈𝑓 Kinematic viscosity of air m2s-1𝛼 Antenna radius m𝑣∞ Far-field fluid velocity m s-1𝑣 ∗
= 𝑣∞― 𝑣

0
m s-1𝑢 Horizontal velocity m s-1𝛿 Boundary layer thickness m𝜂= 𝑦𝛿 Adimensionalized y-coordinate Adimensional

Φ=

𝑣
0𝑣∞ Antenna permeability Adimensional

Re∞=

𝑑𝑣∞𝜈𝑓 Antenna Reynolds number Adimensional

𝐷 Diffusive coefficient of the 

pheromone in air

m2s-1𝐷
t

Diffusive coefficient of the 
pheromone in the tubule

m2s-1𝑐𝑆max Maximum concentration of 
pheromone on the sensillum 

surface

g m-2

𝐿𝑡 Length of the tubule m𝐴𝐴 Surface of the antenna m2𝐴𝑆𝑇 Surface of the sensilla m2𝐴𝑃𝑇 Surface of the pores m2𝑇𝑃 Pheromone pulse time s𝑘
1

Sensillum adsorption constant m3g-1s-1𝑘
2

Air-to-sensillum surface 
concentration equilibrium 

constant

m-1

𝑘
3

Sensillum desorption constant s-1𝑘
4

Outer-to-inner sensillum 
surface concentration 
equilibrium constant

m-1
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Equation

Equation 

S1
𝑓′2 ― (𝑓 +

Φ
2

Red)𝑓′′ = 1 + (1 + Φ)𝑓′′′ Velocity field

, , 𝑓(0) = 0 𝑓′(0) = 0 𝑓′(𝜂→∞) = 1 Boundary 

conditions

Equation 

S2

∂𝐶∂𝜏 ― [𝑓 +
Φ
2

Red]∂𝐶∂𝜂 =
1𝑆𝑐∂2𝐶∂𝜂2

Concentration 

field 

upstream of 

the antenna𝐶(𝑦→∞,𝑡) = 𝐶∞(𝑡) =
1

2
(1 ― cos

2𝜋𝑡𝑇P
)

Far-field 

boundary 

condition

Equation 

S3
𝑣0𝑐0(𝑡) + 𝐷∂𝑐0∂𝑦 (𝑡) = 𝑣0𝑐𝐼(𝑡) + [𝑘1(𝑐𝑠max ― 𝑐𝑆(𝑡))(𝑐𝐼(𝑡) ― 𝑘2𝑐𝑆(𝑡)) ― 𝑘3𝑐𝑆(𝑡)]

𝐴ST𝐴A

Mass balance 

on control 

Volume 1

Equation 

S4 𝑑𝑐𝑆(𝑡)𝑑𝑡 =

𝑘1(𝑐𝑠max ― 𝑐𝑆(𝑡))(𝑣0𝑐0(𝑡) + 𝐷∂𝑐0∂𝑦 (𝑡) + 𝑘3𝑐𝑆(𝑡))𝑣0 + 𝑘1(𝑐𝑠max ― 𝑐𝑆(𝑡))
― 𝑘3𝑐𝑆(𝑡) 

𝐴ST𝐴A

Mass balance 

on Control 

Volume 2

Equation 

S5

∂𝑐∂𝑡 = 𝐷𝑡∂2𝑐∂𝑦2

Diffusion in 

the tubule

,  𝑐(0,𝑡) = 𝑘4𝑐𝑆(𝑡) 𝑐(𝐿𝑡,𝑡) = 0 Boundary 

conditions at 

the entrance 

and at the 

end of the 

tubule∂𝑐∂𝑡(𝐿𝑡,𝑡) = 0
Alternative 

condition at 

the end of the 

tubule
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