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Abstract

Worker-bee mouthparts consist of the glossa, the galeae and the vestigial labial palp, and it is these structures

that enable bees to feed themselves. The articulation joints, 60�70mm in diameter, are present on the tip of the

labial palp and are covered with olfactory sensilla, allowing movements between the segments. Using a spe-

cially designed high-speed camera system, we discovered that the articulation joint could swing in the nectar at

a frequency of �50 Hz, considerably higher than the usual motion frequency of mammalian joints. To under-

stand the potential drag reduction in this tiny organ, we examined its microstructure and also its surface wetta-

bility. We found that chitinous semispherical protuberances (4�6 mm in diameter) are uniformly scattered on

the surface of the joint and, moreover, that the surface is hydrophobic. We proposed a hydrodynamic model

and revealed that the specialized surface can effectively reduce the mean equivalent friction (Ff) by �10%,

through the use of protuberances immersed in the liquid feed. Theoretical results indicated that the dimensions

of such protuberances are the predominant factor in minimizing Ff, and that the natural dimensions of the protu-

berances are close to the theoretical optimum at which friction is at a minimum. These discoveries may inspire

the design of high-frequency micro-joints for engineering applications, such as in micro-stirrers.
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Introduction

Studies have revealed a myriad of morphologies and feeding strate-

gies in insects, which have facilitated the development of next-

generation products (Daniel and Kingsolver 1983, Klowden 2013).

Insects offer a diverse array of anatomical variations contributing to

bio-inspired technologies, and an illustrative example is the mouth-

parts (Kellogg 1902, Suthers 1984, Labandeira 1997, Rast and

Br€aunig 2001, Rogers et al. 2002). The Italian bee (Apis mellifera

ligustica) is a typical insect for which the mouthpart morphology

and function have been extensively studied (Laroca et al. 1989,

Chen 2015, Wu et al. 2015, Wu et al. 2015, Zhao et al. 2015). The

mouthparts of the honey bee belong to the chewing–lapping type,

comprising the glossa, galeae and the vestigial labial palp, and they

aid the bee in chewing pollen and lapping nectar (Dade 1994).

When the bee is drinking nectar, the galeae and the labial palp form

a sucking tube, within which the glossa produces a dipping motion

with forward and backward movements. Current research shows

that olfactory and gustatory perceptions begin at the mouthparts of

a honey bee, where specific receptor neurons are located within spe-

cialized hairs, the sensilla (Whitehead 1978, Giurfa 2007, Sanchez

et al. 2008). This implies that the swinging action of the joint-like

articulations of the mouthparts when the mouthparts are engaged in

physical activity may potentially help honey bees to capture more

odor molecules for environmental perception.

In nature, the most widely-studied biological joints are the syno-

vial joints of mammals (Woodward et al. 1969). Mammals are born

with internal lubrication in their joints that increases the longevity

of these joints. Furthermore, the typical mammalian joint is a cavity

surrounded by tendons, ligaments and muscles, the interior of which

is isolated from the external environment. Hence, the synovial fluid

in the joint provides constant lubrication throughout the lifetime of

the animal. In research into drag reduction in animal joints, studies

focus on the rubbing of opposing bones in mammalian joints, which

is mediated by layers of articular cartilage coatings that provide effi-

cient lubrication as they slide past each other (Swann et al. 1984,

Dowson and Jin 1986, Wong et al. 2008, Myant and Cann 2013).

In contrast to mammalian joints, the articulations on the tip of

the honey bee’s labial palp are structurally open, and are either ex-

posed to the air or soaked in nectar, depending upon the mode of

feeding (Dade 1994). Clearly, some degree of friction in joints is
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inevitable when relative motion exists. However, there have appar-

ently been no studies reported of drag reduction in open-structured

micro-articulations. The labial palps of a honey bee may have a

much higher frequency of motion of their tips than most mammalian

limbs, and it is therefore reasonable to suppose that bees may have

some special mechanisms to reduce drag and wear, thus prolonging

the useful life of the micro-components. Considering the open struc-

ture of the articulation joints on the labial palp, it seems plausible

that bees may use the liquid medium, typically water or nectar, as

the natural source of lubricant.

In this study, we observed both the types of movement and the

wettability of the specialized articulations of the labial palps of the

honey bee by using a high-speed camera. Furthermore, the structural

features of the uniformly-distributed protrusions on the articulation

were examined using scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). We simulated the mecha-

nism of drag reduction in the labial palp articulations by assuming

uniformly distributed protuberances, and we hypothesize that the di-

mensions of the protrusions have been evolutionarily optimized.

Materials and Methods

Specimen Preparation

All the data of this study dealt with adult foraging Italian bee (Apis

mellifera Ligustica). All specimens were collected from a single hive

maintained at the intelligent bio-mechanical laboratory of Tsinghua

University, Beijing, China (40.00�N, 116.32�E). The wooden bee-

hive measured 200 mm�300 mm�300 mm and held a swarm of

nearly 2000 Italian bees. The hive was connected to an inspection

box in which we observed and captured the worker bees. The entire

system was equipped with artificial ventilation to maintain the tem-

perature at 25�C and the humidity at 50%. Twenty worker bees

were selected to observe the motion of the glossa, and 10 mouthpart

specimens were collected from within the wooden beehive for exper-

imental purposes and dehydrated within 4 hours of capture. No

specific permissions were required for access or collection other

than our confirmation that the field studies did not involve endan-

gered or protected species.

Observations From High-Speed Imaging

As shown in Fig. 1, the observation system consisted of a height-

adjustable positioner, a sucrose channel, high-speed camera, and a

light source. The observations were divided into two parts. Firstly,

we filmed the bee drinking process using a high speed camera oper-

ating at 500 frames per second. In particular, we focused on the

morphology of the articulations in the process of lapping nectar.

Initially, the thorax of a living honey bee was fixed on the positioner

using resin glue and the positioner was then lowered, allowing the

honey bee’s mouthparts to reach the level of the sucrose. The high-

speed camera (Phantom M110, Vision Research Corporation, USA)

captured the motion of the articulation joints of the labial palp in

the channel filled with artificial nectar [35% wt/wt sucrose solution,

which approximates the natural nectar concentration (Yang et al.

2014)]. Moreover, we measured the contact angle of the articulation

statistically using the high-speed camera in time-lapse mode. Prior

to the experiment, a honey bee was immersed into the ethyl alcohol

and the mouthpart sample with its labial palp was used for the post-

mortem test immediately. Then, we cut the labial palp from the

mouthpart, and fixed it to the positioner and then we changed the

height of the labial palp using the height adjuster to measure the

contact angles at different vertical locations of the labial palp. We

defined three parts of the labial palp (Fig. 1c) as segment III, articu-

lation and segment IV, respectively. A computer with image-analysis

software was employed to determine the tangent value precisely on

the captured images.

Postmortem Examination

We used SEM (FEI Quanta 200, Czech Republic) in high-vacuum

mode to observe the edge of the labial palp. Furthermore, to better

understand the characteristics of the interfaces between the pin and

Fig. 1. Experimental setup. (a) The honey bee is fixed above a glass feeder illuminated by a cold light source. (b) The motion of the articulation is captured in the

camera’s field of view. (c) Contact angle measurement of the articulation on the labial palp. The contact angles of segment III (h1), articulation (h2) and segment IV

(h3) are measured respectively by adjusting the height of the labial palp, and real images are also shown.
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the socket, TEM (HITACHI H7650, Japan) imaging was used. To

reflect the actual configurations of the joints when the tips of the

labial palps were swinging in the nectar, specimens of articulation

joints were captured by instantaneous freezing with liquid nitrogen

when the honey bees were drinking nectar. The TEM sections were

then fixed using triton (Triton X-100, Sigma-Aldrich) and resin. The

depth of the cross-section of the labial palp joint is about 100 nm.

Results

Moving Kinematics and Contact Angle

We recorded the motion of the articulations in the sucrose solution,

and Fig. 2 shows one cycle of the joint motion when the articulation

was soaked in 35% (wt/wt) sucrose solution. The results show that

the articulation joint could swing periodically in the nectar, about

an axis perpendicular to the plane of Fig. 2, with a frequency of

�50 Hz, which is much higher than that of the nectar-lapping of

honey bees (�5 Hz). Moreover, the contact angle of the articulation

surface (h2 ¼ 99:93�) was much greater than that of segment III

(h1 ¼ 71:96�) and segment IV (h3 ¼ 37:09�), which indicates that

the articulation surface is hydrophobic. The definition of the three

parts of the labial palp is shown in Fig. 1c.

Postmortem Examination Image by SEM and TEM

As indicated earlier, honey bees have typical chewing and lapping

mouthparts, which can be used to eat pollen or drink nectar through

alterations in their configuration (Dade 1994). As shown in Fig. 3,

from SEM and TEM images, two principal discoveries were made.

The first was that each labial palp has two ball-joint-like structures

comprising pins and sockets to permit swinging (Fig. 3c and d). The

second, of particular interest, was that hemispherical protuberances

are uniformly distributed on the surface of the pin, like cobblestones

(Fig. 3e–h).

Hydrodynamic Model and Drag-Reduction Mechanism

The labial palp, with many specialized hairs, sensilla, assists the

glossa in sucking up nectar, and the sensilla can distinguish a large

range of odors (Giurfa 2007). We captured the periodic swing

(�50 Hz) of the articulation joint, which we hypothesize may benefit

the olfactory and gustatory perceptions of the honey bee. Given that

lubrication is essential for the articulation, the protuberances may

Fig. 2. Swing angles of the articulation joint and contact angles in different positions. (a) A cycle of frames from a high-speed movie. (b) Line tracings of the labial

palp joint movements; the labial palp is shown in dark green. The articulation joint of the honey bee reciprocates when the bee is drinking nectar. (c) The move-

ment profile of the articulation’s swing in two cycles. The cycle of joint swinging is about 20 ms and the angle ranges from 33.3� to 69.6�. (d) The contact angle of

Positions I�III (Fig. 1c). Average values of the contact angles in Positions I�III are 71.96�, 99.93� and 37.09�, respectively.
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help to reduce drag and friction. In analyzing the lubrication effect

of this specialized structure, we proposed a hydrodynamic model of

Reynolds blocks and considered the protuberances according to

Reynolds equations (Li et al. 2016).

We focused on one cross-section of the labial palp only, as

shown in Fig. 4a, and therefore this hydrodynamic model was sim-

plified as a typical 2D one. Given that the radius of the pin is �100

times the width of the clearance between the pin and the socket, and

that the diameter of each protuberance is around 1% of the diameter

of the pin, we used a local coordinate system for the surface of the

socket, as shown in Fig. 4c. We defined x as the constant swing fre-

quency of the pin (Fig. 4b), which was calculated according to our

high-speed camera recordings, and u as the translation velocity

(Fig. 4c).

After fitting the shape of the protuberance (Fig. 4c), we have

h ¼
h0e�ax; 0 � x < R

h0eaðx�2RÞ;R � x < 2R

(
(1)

where a;h0;R are three geometrical parameters of the protuberance,

and h(x) is the distance between the protuberance and the socket.

The size of the protuberance increases as R increases and the degree

of bluntness of the protuberance increases as a increases. Twenty

protuberances were selected to be fitted as per Eq. (1), and the aver-

age goodness of fit was 0.96.

We regarded the protuberances on the pin as Reynolds blocks,

and the Reynolds Equation for such protrusions can be expressed as

d

dx
h3 dP

dx

� �
¼ �6gu

dh

dx
(2)

where P(x) is the pressure, and g is the viscosity of the sucrose

solution.

Note that dh
dx ¼ �ahð0 � x < RÞ; dh

dx ¼ ahðR � x < 2RÞ, and

the pressures at points A, B and C are Pi-1, Pi, Piþ 1, respectively. We

can therefore obtain the following equations by solving Eqs. (1)

and (2)

P ¼
�3gu

ah2
þ C1

1

3ah3
þ C2; 0 � x < R

3gu

ah2
�C3

1

3ah3
þ C4;R � x < 2R

8>><
>>: (3)

in which

Fig. 3. Structural features of the mouthparts of the worker honey bee. To ensure measurement precision and repeatability, 10 specimens were analyzed. (a) The

mouthparts comprise the galeae, labial palp and the glossa. (b) When the honey bee is ready to imbibe liquid food, the galeae and labial palp are brought closely

together to form a tube around the glossa, a sucking tube, which is similar to a drinking-straw. (c) SEM image of the mouthparts. (d) We observed the edge of the

labial palp and found that two ball-joint-like articulations of 60�70mm in diameter were attached. The ball-joint-like structure comprises the pin and socket by

which the ball joint can swing. (e)-(f) In the partially magnified image, we discovered that 4�6mm semispherical protuberances were uniformly distributed on the

surface of the pin. (g) Longitudinal slice of the labial palp stained with toluidine blue, in which the two parts of the structure, the socket and the pin, are named.

(h) The TEM image.
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C1 ¼
9guh0ðe2aR � 1Þ þ 3ah3

oðPi � Pi�1Þ
e3aR � 1

C2 ¼
3guðe3aR � e2aRÞ

ah2
0ðe3aR � 1Þ

þ e3aRPi�1 � Pi

e3aR � 1

C3 ¼
9guh0ðe2aR � 1Þ þ 3ah3

oðPiþ1 � PiÞ
e3aR � 1

C4 ¼ �
3guðe3aR � e2aRÞ

ah2
0ðe3aR � 1Þ

þ e3aRPiþ1 � Pi

e3aR � 1

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(4)

The flow of sucrose solution in the gap between the pin and the socket

should satisfy the motion equations (Bhushan 2013). Moreover, to pre-

serve the mass conservation in the given system, we set the left and

right surfaces as the velocity inlet boundary and the outflow boundary,

respectively. In addition, we speculate that the protuberances are dis-

tributed uniformly on the pin. The speed u(z) can be described as

uðzÞ ¼ 1

2g
dP

dx
z2 � zhÞ þ uz

h
� u

�
(5)

and unit discharge (the unit volume rate of flow) denotes

qðxÞ ¼
ðhðxÞ

0

uðzÞdz (6)

After integration, we obtain

qðxÞ ¼

�C1

12g
; 0 � x < R

�C3

12g
;R � x < 2R

8>>><
>>>:

(7)

Depending on the theory of continuous flow (Fig. 4b) (Hori

2006), we have

qxði�1Þ ¼ qxi ¼ qxðiþ1Þ (8)

since C1 ¼ C3, and we have Pi � Pi�1 ¼ Piþ1 � Pi.

Now we consider all the protuberances on the pin (Fig. 4b).

Similarly, with the boundary conditions P1 ¼ Pn ¼ 0, all pressures

can be expressed by

Pi�1 � Pi� 2 ¼ Pi � Pi�1ði ¼ 3;4; . . .; nÞ

P1 ¼ Pn ¼ 0

(
(9)

By solving Eq. (9), we have P1 ¼ P2 ¼ . . . ¼ Pn ¼ 0, which means

that all the protuberances have the same boundary conditions. By

estimating the dimensions from SEM and TEM images, we can pre-

dict three geometry parameters a, h0, and R (Fig. 4c). In addition,

the fluid viscosity g rises sharply when the sucrose concentration is

increased, which can be fitted by

g sð Þ ¼ 100:8752s=ð100�sÞþs2=9901

1009:7
(10)

when the temperature is 25�C (Pivnick and McNeil 1985).

Based on the above equations and the flow behavior of sucrose

solution, we obtain the mapping of pressure P against X for each

protuberance, shown in Fig. 4d. All the variables for calculating the

pressure are presented in Table 1.

The gap filled with nectar can separate the socket and the pin

from each other, which generates an effective lubrication. To better

Fig. 4. Physical model of the lubrication mechanism of the special joint structure. (a) Model of the articulation. (b) The partially magnified image of the articulation

model. (c) The shape of the protuberance on the pin is fitted from the TEM image. (d) The pressure P of the clearance against the horizontal distance X.
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understand the mechanism of lubrication, we propose a mean equiv-

alent friction Ff of protuberances to evaluate the drag, which reads

Ff ¼
F

l
(11)

where l is the length of protuberance curves, which is

l ¼ 2

ðR

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2

0a2e�2ax

q
dx (12)

and F is the summation of the friction, which can be calculated as

F ¼
ð2R

0

sjz¼hdx ¼
ð2R

0

g
@u

@z
jz¼hdx ¼

ð2R

0

1

2

dP

dx
hdxþ

ð2R

0

g
u

h
dx (13)

based on the vertical distribution of speed in Eq. (5). With Eq. (3)

and boundary conditions in Eq. (9), we finally obtain

F ¼ � gu

h0

eaR � 1

a
þ 3gu

2h0

ðe2aR � 1Þ2

aðe3aR � 1Þ þ
3gu

h0

ðeaR � 1Þðe2aR � e3aRÞ
aeaRðe3aR � 1Þ

(14)

By using Matlab R2014a (MathWorks, Natick, MA, USA), we

calculated the dependence between Ff and the three geometrical

parameters, namely a, R, and h0. We found that under different val-

ues of R, Ff first increases slightly as a increases, and then Ff

decreases to a minimum. Subsequently, Ff increases markedly as the

geometrical parameter a increases further. Thus, there is an optimal

value of a for each given value of R, leading to a great reduction in

Ff when other parameters (h0, g, and u) are set as fixed. Results for

the variation of Ff against a for different values of R are illustrated

graphically in Fig. 5.

We can distinguish at least two intrinsic links between Ff and the

geometrical parameters. First, we found that Ff decreases as R

decreases. Optimization of geometrical parameter a under R¼1.9,

2.2, 2.5, and 2.8mm can reduce Ff to 2.26, 2.48, 2.66, and 2.81 N/m2,

respectively, and the value of Ff without protuberances is 2.67 N/m2.

This indicates that a higher distribution density of protuberances for

a fixed surface area contributes more to reducing the fluidic drag,

and specifically, much smaller protuberances are beneficial in drag

reduction. Secondly, when we focus on the inlet in Fig. 5 that

describes the geometry of one protuberance under the criterion of

optimal Ff, we find that the optimal value for a decreases when we

select a larger value for R. Under R¼1.9, 2.2, 2.5, and 2.8mm, the

optimal geometry parameter a is equal to 0.88, 0.74, 0.62, and

0.52mm�1, respectively, which means that the degree of bluntness

for optimal shape decreases when R increases, as shown by the opti-

mal shape for each value of R in Fig. 5. We define the height of pro-

tuberance as H ¼ h0ð1� e�KÞ, where K ¼ aR (Fig. 5). It can be

concluded that under different values of R, the optimal value for K

in contributing to drag reduction is 1.58 6 0.09, which means that

the optimal height, H, of protuberance under different values of R is

consistent, and that H is a key factor in reducing drag. Moreover,

from the orange shading in Fig. 5, we found that the scattered exper-

imental results are close to the theoretically-optimal ones, and that

Fig. 5. Mapping of mean equivalent friction Ff against the geometrical parameter a under different values of R (1.9, 2.2, 2.5, and 2.8 lm). The mean equivalent fric-

tion Ff on the pin–nectar interface with no protuberances (a ¼ 0) is represented in the dashed line (2.67 N/m2). In addition, we measured a and R of the protuber-

ances based on the SEM images and then calculated Ff according to Equations (11)–(14); the results are presented in yellow squares scattered in the orange

region (n¼ 20 protuberances).

Table 1. Parameters for calculating the pressure for each

protuberance

Parameter Value Unit

u 2:2� 10�3 m � s�1

R 2:5� 10�6 m

h0 3:3� 10�6 m

a 3:0� 105 m�1

g 3:9� 10�3 Pa � s
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the average reduction in Ff is 9.6% compared to Ff without protu-

berances (n¼20 protuberances).

Discussion

According to the analyses above, the presence of protuberance micro-

structure on the pin of the articulating joint helped to reduce drag and

friction. Furthermore, during the feeding of honey bees, sugar water

may be enabled to detach more rapidly from the liquid–solid interface

on account of the low friction between the droplet and the hydropho-

bic substrate (Liu et al. 2015). Consequently, the hydrophobic surface

with protuberances remains clean, which enhances the adaptability of

the honey bee to a variety of feeding circumstances.

Equipped with chewing and lapping mouthparts, honey bees could

be considered as optimal foragers. In contrast to mammals, honey bees

use natural lubricants, to ensure the adaptability of the micro-

articulation mechanism under different feeding conditions. In this

study, we captured the honey bee feeding process using a high-speed

camera, and detected the high-frequency swinging and hydrophobic

surfaces of the articulation joints of the labial palp. The microstructural

features of the articulation were observed in SEM and TEM images. In

the light of these observations, a physical model was proposed to ana-

lyze the lubrication mechanism of the articulation joints by considering

in particular the protuberances on the joint pin. The results demon-

strate that honey bees have evolved a highly-specialized form of lubri-

cation that prolongs the service life of the micro-articulation and

enhances the adaptability and viability of honey bees under various dif-

ferent environmental conditions. Finally, the lubrication mechanism in

these natural micro-joints may inspire the design of next-generation

miniature hinges for use in micro-blenders and micro-stirrers for bio-

chemical reactions, since all these micro devices usually rotate or swing

in viscous fluid, through micro-articulations.
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