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Fig. 2. (A and B) Optical microscopy photography of a B. terrestris tongue.
The papillae are fully open when the tongue is immersed in water (A),
whereas they adhere to the glossa due to capillary forces after the tongue
is withdrawn from the liquid (B). (Scale bar: 500 µm.) (C) Evolution of the
rescaled distances x(t)/LI and d(t)/dm as a function of time for two values
of cs for B. terrestris. LI ' 2 mm is the immersion length of the tongue, and
dm ' 95 µm is the maximum extension of the papillae. d(t) is the average
of measurements performed at four distances from the tip of the tongue
(500, 750, 1,000, and 1,250 µm) (SI Appendix has raw data). The theoretical
curves [10] are shown with ⇢l = 1,150 kg/m3, µ= 5, and 200 mPa s (20�C)
together with E, R, L, and dm used in Fig. 1D for Bombus. (D) Schematic of
the papillae relaxation dynamics.

and Methods). The temporal variations of the position of the
tongue tip with respect to the galea, x (t), and of the distance d(t)
between the tip of the papillae and the glossa during the capture
process are shown in Fig. 2C. At low sugar concentration, cs, the
papillae open to reach a maximum extension dm ' 95 µm before
the tongue completely retracts out of the liquid and thus, fully
contribute to the nectar capture. In contrast, at a larger cs for
which a drop of the ingestion rate is observed, the papillae do not
have the time to completely open during a protraction–retraction
cycle due to the viscous dissipation impacting both their dynam-
ics and their benefits in collecting nectar. The temporal evolution
of x (t) shows that the protraction of the tongue is impacted by
the nectar viscosity. However, in both cases shown in Fig. 2C,
the total immersion length of the tongue, LI ' 2 mm, and the
retraction time, TR ' 0.1 s, are similar in agreement with the
observation that the lapping frequency is essentially insensitive
to the nectar viscosity (11–13). These observations further con-
firm that bees are able to adjust the retraction force to the nectar
viscosity (12).

To mimic the opening dynamics of a single papilla, we consider
the unbending dynamics of a deflected flexible rod in a viscous
fluid. A rod of length L, radius R, Young modulus E , and den-
sity ⇢s is clamped at one extremity and deflected at its free end
while immersed in a liquid of viscosity µ and density ⇢l (Fig. 3A
and Materials and Methods). By varying systematically these con-
trol parameters, we show the existence of two regimes: under-
and overdamped, separated by a transient stage. Each regime
is characterized by distinct scaling for their relaxation times, T ,
defined as the time at which the rod passes through its rest posi-
tion for the first time (Fig. 3B). For the underdamped regime,
where the rod oscillates around its equilibrium position, T is pro-

portional to the oscillation period, whereas in the overdamped
regime, there is no oscillation, and T is the time needed for the
rod to return to equilibrium.

The theoretical analysis of the rod relaxation dynamics
requires to couple the Navier–Stokes and elasticity equations
and is unfortunately intractable. Therefore, we propose to
decouple the fluid and the rod equations by adding an effective
viscous force to the dynamical beam equation (38), which then
reads

⇢̄sl @
2
t w(x , t)=�B @4

xw(x , t)�Fµ, [1]

where w(x , t) is the transverse displacement of the rod along
the y axis, B =⇡ER4/4 is the bending modulus of a cylindrical
rod, ⇢̄sl =(⇢s + ⇢l)S ⌘ ⇢slS is the linear mass density of the rod
supplemented by the linear mass of the displaced fluid (39), and
S =⇡R2 is the section area of the rod.

The expression of the viscous force per unit length, Fµ, is a pri-
ori complicated since it depends on the local fluid velocity, which
varies in space and time. Here, we propose to use the viscous
drag experienced by a rigid cylinder moving at a constant speed
perpendicular to its symmetry axis and obtained by solving the
Stokes equations with the Oseen’s correction (40):

Fµ =Sg
4⇡µ v

c� ln(v/vc)
, vc =

4µ
⇢l R

, [2]

where v = |@tw | is the rod velocity, Sg is the sign of @tw so
that the viscous force is always acting against the rod motion,
and c=1/2� �E where �E ' 0.577 is the Euler constant. Notice
that the data reported in Figs. 1D, 2C, and 3B are obtained with
Newtonian fluids [at least up to cs =85% for sucrose solutions
(41–43)].

Since Eqs. 1 and 2 depend on numerous parameters, it is useful
to consider its adimensionalized form. Using w̄ =w/`, x̄ = x/L,
and t̄ = t/⌧ , where ⌧ and ` are defined as

⌧ = ⇢slR
2/4µ and `= vc⌧ , [3]

we obtain the adimensionalized form of Eq. 1:

@2
t̄ w̄(x̄ , t̄)=�k @4

x̄ w̄(x̄ , t̄)� F̄µ, k =
E⇢slR

6

64 µ2L4
, [4]

where F̄µ =Sg v̄/[c� ln v̄ ] and v̄ = v/vc = |@t̄ w̄ |. Eq. 4 can be
solved numerically by imposing that the deflected rod is clamped
at x̄ =0, free at x̄ =1, and released without initial velocity as in
the experiments. The relaxation times, T/⌧ , obtained from the
numerical solutions are in good agreement with the experimental
data spanning 12 orders of magnitude for k (Fig. 3B).

The relaxation dynamics of the bee’s papillae occur at low val-
ues of the ratio v/vc, vide infra. To gain some analytical insights
into the relaxation dynamics in this regime, we notice that, when
v/vc . 10�3, the evolution of F̄µ with the velocity is described in
very good approximation by a power law (Fig. 3C):

F̄µ =Sg � v̄11/10, �=0.288. [5]

The viscous force is thus not proportional to the rod velocity in
agreement with the observed nonexponential relaxation dynam-
ics reported in Fig. 3D. Notice, however, that to describe the
evolution of the ingestion rate as a function of the sugar concen-
tration shown in Fig. 1D, a linear approximation for the viscous
force could also be used. The difference between the two descrip-
tions is smaller than the typical uncertainty on the in vivo data
(SI Appendix).

In the overdamped regime, the rod inertia is negligible, and
since there is no oscillation, the rod velocity is negative such that
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