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Synopsis Insect pectinate antennae are very complex objects and studying how they capture pheromone is a challeng-

ing 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, that is, the macrostructure. Then, mass

transfer is estimated at the scale of a single sensillum, that is, 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 antenna 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.

Introduction

Insects are highly dependent on olfaction to perform

many tasks, such as finding food and locating proper

habitats, and partners. From this perspective, antennae

have a major importance as they are very often the

main olfactory organs. Insects display antennae with

various shapes (Loudon 2009). One kind of antennae,

the pectinate antennae, have attracted much attention

as it is considered to be a very sensitive detector of

pheromone in air (Kaissling 2014). The fact that pec-

tinate antennae evolved several times independently in

various families of moths (Symonds et al. 2012) and

in Coleoptera are also intriguing, and a cue that pec-

tinate 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 (Schneider 1962; Boeckh et al.

1965; Kaissling and Priesner 1970; Kaissling 2009), and

to understand why they perform so well (Boeckh et al.

1960; Adam and Delbrück 1968; Murray 1977; Vogel

1983; Cheer and Koehl 1987a, 1987b; Loudon and

Koehl 2000; Humphrey and Haj-Hariri 2012).

Appendages 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 (Goldman and

Koehl 2001; Stacey et al. 2002; Reidenbach and

Koehl 2011). Thus, results in crustacean appendages

could be used to better understand pectinate antennae

and vice versa (Cheer and Koehl 1987a, 1987b).

A major difficulty in the study of pectinate anten-

nae is their complex multi-scale shape. The flagel-

lum, the main branch of the antenna, supports 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 centime-

ter long whereas the sensilla are only 150mm long,

with a diameter of a few micrometers (Kaissling

2014). Thus, the dimensions of the elements of the

antenna spread over four orders 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 anten-

nae, many simplifications have been made on their
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geometry in the studies dedicated to them. In this

work, we first present the main challenges faced by

any study of pectinate antennae. Second, 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.

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
þ ðv! � rÞc ¼ Dr2c (1)

with v
!

, the velocity of air (m s�1)c, the concentra-

tion in pheromone in air (mol m�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:

r � v! ¼ 0 (2)

@v
!

@t
þ ðv! � rÞv! ¼ �rP

q
þ �r2v

!
(3)

with P, the pressure in air (kgm�1s�2)q, the density

of air (kgm�3)�, the kinematic viscosity of air

(m2s�1).

In both cases (Equations 2 and 3), the solutions to

the equations depend strongly on the boundary con-

ditions defined by the geometry of the pectinate an-

tenna, 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 simula-

tions and Computational Fluid Dynamics. Finally,

experiments can be done. However, major difficulties

prevent an easy identification of the mechanisms of

the pheromone capture by pectinate antennae in all

these cases. Difficulties arise due to three main rea-

sons (Table 1). First, a pectinate antenna is a very

complex geometrical object composed of tens of

thousands of sensilla. Second, 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 (Murlis et al. 1992; Celani

et al. 2014; Conchou et al. 2019) and often comes in

puffs. Pheromone emission it-self is not constant,

reinforcing the non-constant nature of the signal

(Conner et al. 1985; Schal and Card�e 1985; Foster

et al. 2020).

When analytically solving the equations, the com-

plex shape of the pectinate antenna has two impli-

cations. First, the boundary conditions are complex

to define because the antenna is composed of nu-

merous elements: the flagellum, the rami, and the

sensilla. Second, 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 ðv! � rÞv!
(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 viscous �r2v
!

and inertial ðv! � r
Þv! terms (Equation 3).

In the case of the pectinate antennae, for a char-

acteristic velocity of 0.1 ms�1 and a viscosity of air at

15.6�10�6 m2 s�1, the characteristic lengths cover a

few orders of magnitude: 1mm for the diameter of

the sensilla, to 1 cm for the size of the entire an-

tenna. Thus, the Re 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

Table 1 Three main challenges in dealing with pheromone transport and capture by pectinate antennae and the approaches to

overcome them.

Problems

Solutions 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

v
!

is the air velocity field and c the pheromone concentration in air.
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low Re. The nonconstant air flow and concentration

conditions imply that the time-depending terms @c=
@t and ð@v

!
=@tÞ cannot be neglected, 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 generation 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 Re,

it is not possible to simplify the equations. Also,

adding a time-dependent component, either through

the air flow or through the pheromone concentra-

tion, 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 prog-

ress has been made, reproducing a pectinate antenna

is a difficult task (Spencer et al. 2017) either because

of the numerous sensilla to build or because of their

tiny dimensions. Sensilla and rami, the main com-

ponents of the antenna, are elements of high aspect

ratios (between 30 and 50) which increases the dif-

ficulty to fabricate them even in scaled-up models

(Jaffar-Bandjee et al. 2018).

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 noninvasive techniques should be preferred.

Several techniques exist (Timm et al. 2009; Hofmann

et al. 2013) but, because of the very low concentra-

tion in pheromone, Planar Laser-Induced

Fluorescence (PLIF) appears to be the most adapted

one. This technique consists of using a laser sheet to

illuminate the fluid and the molecules of interest.

Depending on the intensity of the fluorescent emis-

sion, the concentration of the chemical species can

be determined. This technique requires that the mol-

ecules of the species of interest do fluoresce (Bazile

and Stepowski 1995). If it is not the case, then ex-

ternal tracers with good fluorescent properties may

be added to the fluid (van Cruyningen et al. 1990;

Crimaldi 2008). PLIF has already been used to track

odor concentration in air (Connor et al. 2018).

However, if the diffusive process is not negligible,

these tracers should also have the same behavior in

air, that is, the same diffusivity. One major advan-

tage of the PLIF technique is that it gives the con-

centration at any point of the plane illuminated by

the laser sheet. However, creating a nonconstant flow

as well as a nonconstant chemical signal can be chal-

lenging (Crimaldi 2008; Connor et al. 2018).

Current models

Due to the challenges faced when studying pectinate

antennae, no previously developed model has been

able to tackle the entire complexity of the phero-

mone transfer from the air to the surface of the an-

tenna. 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.

Case 1: An analytical approximation of the mass

transfer on a sensillum

In a pioneer work, Adam and Delbrück (1968) in-

troduced 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 hemo-

lymph inside the sensilla to the exterior environ-

ment. They assumed that the pheromone molecules

first reach the surface of the sensillum and then dif-

fuse 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 (1984) later showed that phero-

mone 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 surface of a sensillum modeled as

a cylinder. Their approach was reproduced by

Murray (1977) who further extended the analytical

calculations. In both cases, the approach is equiva-

lent to split the antenna in several elements and fo-

cus 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, un-

derstanding the mass transfer at the level of the sen-

silla is an important point. To simplify the problem

and make it analytically solvable, the authors of both

papers assumed the sensillum to be a cylinder trans-

versal to a steady flow of air. They also assumed a

constant pheromone concentration. As a conse-

quence, the terms ð@c=@tÞ and ð@v
!
=@tÞ in

Equations (1) and (3) drop, respectively. This ap-

proach 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,
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assumed to be infinite, can be modeled by a 2D

circle (Fig. 1), thus reducing the complexity 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 sensilla. In the work of

Murray (1977), the first coarser level of the antenna

takes into account this interaction between the sen-

silla and is roughly modeled as a multiplying factor

of the capture rate of the sensilla. This factor is ex-

trapolated from a study of aerosol capture by closely-

packed parallel circular cylinders (Fuchs and

Stechkina 1963). The mass transfer is calculated on

the second level, which has a very simple shape.

Case 2: An analytical model of pairs of cylinders

Cheer and Koehl (1987a, 1987b), based on (Cheer

and Koehl 1987a, 1987b), also modeled the sensilla

as cylinders 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 major consequences on struc-

tures with low to medium leakiness. First, the phero-

mone molecules in the portion of air flowing around

the entire structure are not available for capture by

the sensilla. Second, 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 conserva-

tion 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 Re. The mean velocity be-

tween the rami was then used as far-field velocity to

find the velocity field around two transversal cylinders

at low Re (Fig. 2a). Interestingly, the authors had to

use two different models of fluid flowing between two

cylinders. At the level of the rami, the Re is high and

inertia cannot be neglected. Cheer and Koehl could

simplify this inertia term according to the Oseen ap-

proximation (Oseen 1910): the nonlinear term ðv! � r
Þv! is changed into ðv! 1 � rÞv! . At the level of the

sensilla, the Re drops and the authors used a model

that they previously developed for low Re (Cheer and

Koehl 1987a, 1987b). A major drawback of this anal-

ysis 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. (2012) who ran simulations to deter-

mine the mass capture by an infinite row of cylinders

mimicking the sensilla (Fig. 2b). The drawback of

Fig. 2 Analytical leakiness and simulation mass transfer. (a) Varying leakiness between two cylinders. Adapted from Cheer and Koehl

(1987). (b) Pheromone concentration around a sensillum in an infinite row. Adapted from Schuech et al. (2012).

Fig. 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 Murray (1977).
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considering an infinite array is that it cannot deter-

mine the leakiness because the infinity of the array

forces the fluid to flow entirely between the cylinders.

In 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 pe-

riodic boundary conditions is sufficient to determine

the behavior of the entire array.

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 (2012) split the antenna in three levels and

modeled the first one as a permeable cylinder

(Fig. 3) with a given leakiness (equal to 5% and

10%). Using approximations, they determined the

flow profile around the permeable cylinder as well

as the mass transport of pheromone at the entrance

of the cylinder. Inside the permeable cylinder, there

are sensilla but there is no space dependence any-

more. The concentrations are uniform and a mass

balance determines the concentration 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 con-

sidered to be equal to the concentration at the sur-

face of the sensilla. The depletion of pheromones,

due to the pheromone molecules entering into the

tubule, is considered to be negligible. 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 numer-

ical 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 (Humphrey and

Haj-Hariri 2012), we could not solve their system of

equations. Their calculations (see Supplementary

materials). However, the leakiness is a fixed param-

eter that is independent of the air velocity.

Experiments conducted by Vogel (1983), and very

recently confirmed by us (Jaffar-Bandjee et al.

2020), showed that the leakiness does actually de-

pend on air velocity, as expected because of the de-

pendence of the boundary layer thickness on

velocity. It has also been shown in crustacean and

copepod appendages that leakiness varies with water

velocity (Koehl 2004) and that the change of regime

from highly leaky to almost impermeable can be

used to improve the performance of the appendages

(Goldman and Koehl 2001; Reidenbach et al. 2008).

Case 4: Mixing experiments, analytical modeling, 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

Fig. 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 Humphrey and Haj-Hariri (2012).
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knowledge, Loudon and Koehl (2000) are the first

ones to measure such flows and to use them in a

model of pectinate antennae. This work is an origi-

nal combination of experiments, analytical modeling

and simulation. They took an experimental approach

to measure the periodic air flow with a hot wire

anemometer (Fig. 4a). However, they used the

mean flow as input of the model of Cheer and

Koehl (1987a, 1987b) 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 (Fig. 4b).

Case 5: The complementary case of a terrestrial

crustacean

Crustaceans, related to the Insects among the

Arthropods (Giribet and Edgecombe 2019), have

appendages to smell odors. Even though the geom-

etries of such appendages are different from the one

of the pectinate antenna, the techniques used to de-

termine the mass transfer are similar and should also

be considered. We report here a study of the ap-

pendage of a terrestrial crustacean, Coenobita rugosus

(Waldrop and Koehl 2016). This crustacean captures

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. First, the authors

measured experimentally the leakiness of the ap-

pendage. Second, they ran simulations to determine

the mass capture by the appendage. Waldrop and

Koehl (2016) resorted to Particle Image

Velocimetry (PIV) to measure the leakiness. This

technique consists of seeding a fluid with particles

and illuminates 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 scal-

ing relies on keeping the Re constant. The authors

then ran Monte Carlo simulations to determine the

odor transport to the appendages. A similar ap-

proach, mixing PIV measurements and simulations,

has been done on aquatic crustaceans (Stacey et al.

2002).

Discussion

Comparison of the models

Given the complexity of the antenna, all these pre-

vious studies had to give up on some aspects to gain

on other ones (Table 2). For example, Murray

(1977) 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 calculate the leak-

iness of the antenna, which is an important param-

eter. Cheer and Koehl (1987a, 1987b) focused on

determining the leakiness but, in order to keep cal-

culations 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 (2012) could investigate the temporal pattern

of a chemical signal reaching the antenna. However,

their estimated leakiness was a fixed parameter inde-

pendent 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 (2000) measured the nonconstant air flow

facing the antennae on a real moth but calculated the

leakiness in a constant 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-

Fig. 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 Loudon and Koehl (2000).
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Hariri (2012). Waldrop and Koehl (2016) resorted to

PIV to measure the velocity field in a steady-state

regime and simulations to determine the mass cap-

ture. Thanks to simulations, they had access to the

temporal pattern of the flux of odor on the append-

age 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.

Useful information can be extracted from our re-

view to design a model with a more faithful geom-

etry. 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 ge-

ometry, an antenna is usually divided in two levels,

which we call the macrostructure and the

Table 2 Comparison of the models of pheromone capture by pectinate antennae (and terrestrial crustacean appendage, Case 5)

Case 1 (Murray

1977)

Case 2 (Cheer and

Koehl 1987; Schuech

et al. 2012)

Case 3 (Humphrey

and Haj-Hariri 2012)

Case 4 (Loudon and

Koehl 2000)

Case 5 (Waldrop

and Koehl 2016)

Objective Reduction of dimen-

sionality may ex-

plain the efficiency

of pectinate

antennae

Development of a

model to predict

the leakiness of

small animal struc-

tures and temporal

pattern of the

chemical signal

Better understanding

of the physics in-

volved in olfaction

of pectinate

antennae

Effect of sniffing on

pheromone capture

The evolution of

crustaceans olfac-

tory appendages

from a marine life-

style to a terrestrial

one

Geometry of the an-

tenna for the fluid

dynamics

Collections of sensilla

modeled by cylin-

ders. A multiplying

factor of capture

accounts for the

interaction be-

tween sensilla

The rami are mod-

eled by two cylin-

ders which

determine the in-

coming flow on the

sensilla modeled by

two smaller cylin-

ders, all transversal

to the flow

The antenna is mod-

eled as an infinite

cylinder transversal

to the flow and

with a coefficient of

permeability

The incoming air ve-

locity 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

Calculation of the air

flow

Steady-state Stokes

flow around each

sensillum at air ve-

locity of 1 m/s

Steady-state Oseen

flow around the

rami and Stokes

flow around the

sensilla at air ve-

locities of 0.75 and

1 m/s

Steady-state Stokes

flow around the

antenna at air ve-

locities of 0.5 and

1 m/s

Steady-state Oseen

flow around the

rami and Stokes

flow around the

sensilla at air ve-

locity of 0.35 m/s

PIV measurements at

two velocities at

water velocities of

0.061 and 0.11 m/s

Geometry of the an-

tenna for mass

transfer

Single sensillum mod-

eled as a cylinder

Infinite row of sensilla

modeled as cylin-

ders transversal to

the flow

Uniform concentra-

tion inside the an-

tenna and 1D

diffusion in the

sensilla

Sensilla modeled as

cylinders transver-

sal to the flow

Cylinders transversal

to the flow

Mass transfer Steady-state trans-

port equation

Transport equation

and pulse of

pheromone

Mass balance and

transport equation

on a pulse of

pheromone

Probability of mole-

cule interception

Uniform initial con-

centration but

temporal pattern of

capture

Variable that meas-

ures the efficiency

of the antenna

Flux of pheromone Leakiness and tem-

poral pattern of the

pheromone flux on

the sensilla

Time detection of the

peak of concentra-

tion of pheromone

Flux of pheromone Flux of pheromone

depending on time

Solving method Analytical approxima-

tions of some

physical quantities

Analytical solutions

with numerical res-

olution for the air

dynamics and nu-

merical resolution

for the mass

transfer

Numerical resolution

of a system of par-

tial differential

equations

Experimental mea-

sure of the incom-

ing air flow,

analytical solutions

with numerical res-

olution for the air

dynamics and ran-

dom-walk simula-

tions for the mass

transfer

Experimental mea-

sure of the air ve-

locity field and

random-walk simu-

lations for the mass

transfer
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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 sensilla. 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 interesting point is the

mass capture of an average sensillum. A model with

an infinite number of cylinders is then more inter-

esting since, with appropriate boundary conditions,

it allows to reduce the study to a single sensillum.

Once the physics at the microstructure level is un-

derstood, it is then possible to simplify the macro-

structure. 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 (Waldrop et al. 2018). So, none can be neglected

as in the case of marine crustaceans (Goldman and

Koehl 2001).

Understanding the geometry of pectinate antennae

All models described in the previous sections

attempted a better understanding of the particular

ability of pectinate antennae at detecting low con-

centrations of pheromone in air. However, a recent

study on filiform antennae (Wang et al. 2018) has

shown that small details such as scales can have an

important influence on the olfactory performance.

Even though pectinate antennae do not have scales

on their rami (Boeckh et al. 1960; Kaissling 1974;

Jaffar-Bandjee et al. 2020), it is still important to

faithfully model them. One weakness of the models

we reviewed is the orientation of the rami and sen-

silla 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 phero-

mone capture (Spencer et al. 2020). 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 (Schneider and Kaissling 1959; Boeckh et al.

1960). For the purpose of designing a new model

with a more faithful geometry of the pectinate an-

tenna, special care should be given to the determi-

nation of mass transfer at the sensillum level and,

especially, leakiness. Indeed, leakiness determines the

portion of air going through the antenna but, also,

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

without 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 pec-

tinate antennae. Vogel (1983) and Loudon and Davis

(2005) used dyes to visualize the flow through and

around pectinate antennae. PIV, the technique used

by Waldrop and Koehl (2016) for crustacean appen-

dages, could also help to accurately measure the

leakiness of antennae. It should also be noted that

Vogel (1983) showed that the leakiness varies with

the air velocity, so determining the leakiness on a

wide range of air velocities encountered by the

moth will be necessary. Regarding mass transfer on

sensilla, a model with longitudinal cylinders might

be more appropriate than one with transversal

cylinders.

Pectinate antennae have gathered sustained inter-

est because they are thought to have better perfor-

mance at detecting low concentrations of pheromone

in air than antennae with different shapes. The most

straightforward solution to this question is to deter-

mine the optimal shape among all the possible

shapes of antennae. However, finding such an opti-

mum is a very complex task. Comparison with other

existing shapes of antennae would also be informa-

tive and a much easier problem. For example, lamel-

late antennae of beetles are also considered to be

effective at detecting low-concentrated odors in air

(Ramsey et al. 2015). Comparison with cylindrical

antennae would also be very useful. Indeed, cylindri-

cal antennae are the basal shapes from which pecti-

nate antennae evolved at least 17 times

independently (Symonds et al. 2012). Thus, the spe-

cific 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 geometries 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 (Cheer and Koehl 1987a, 1987b),

model two rami. In this way, they take into account

the interaction of the rami and, thus, are more real-

istic models. However, pectinate antennae have a few

dozen rami (Rougerie 2005) so these models are still

far remotely modeling a pectinate antenna. We still

lack proper templates of models of cylindrical and
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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 interesting

to investigate other shapes of antennae in order to

better understand why they are so diverse (Elgar

et al. 2018). The approach used so far, that is, de-

termining 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 ar-

thropod antennae within the realm of olfaction.
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