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Abstract — The cells of the combs of Apis mellifera are tilted upwards by approximately 13°. The literature says
that this tilt serves to prevent the outflow of honey. We checked this by hanging empty honeycombs upside down
into beehives. Honey was stored in these inverted honeycombs in the same way as in the normally oriented combs,
and inverted combs were also well accepted for rearing the brood. We thus show that the benefit for the bees of the
upward tilt of the cells is not to prevent leakage of honey. Honey is obviously in a Wenzel state on the hydrophobic,
micro-structured cell walls. The associated wetting of the cell wall causes adhesion that prevents leakage. We
propose that the benefit of the inclination of the cells is to direct about 10% of the weight of cell contents onto the
midwall, thus increasing the carrying capacity of the comb.

honeycomb architecture / upward inclined cells / weight carrying capacity of the comb / leakage of honey /

wetting of cell walls by honey

1. INTRODUCTION

The honeycomb is admired for long times for
the appealing exactness of its hexagonal pattern of
cells, for its light weight, for carrying a heavy
weight of honey, and for the multipurpose use in
storing honey and raising the brood in the same
cell type. The hexagonal pattern is so attractive
that even mathematicians and philosophers have
spent contemplations on it. In the nineteenth cen-
tury, the concept arose of not considering bees and
honeycombs separately but of equating a bee col-
ony with a single animal. In modern biology, the
term superorganism is established as an expres-
sion that a bee colony is equivalent to a mammal
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with its organs and characteristics (Tautz 2008).
The complement of wax combs produced by the
bees themselves is regarded as an integral consti-
tutive component and a particularly important
organ of this superorganism (Pratt 2004). The
combs not only are living space, food store, and
nursery but also serve the superorganism as the
skeleton, sensory organ, nervous system, memory
store, and immune system. Since a bee colony is
only viable as an indivisible whole, it is essential
to investigate the properties and function of its
organs in order to comprehensively understand
the biology of the superorganism. This applies in
particular to the honeycombs with their manifold
functions and their interdependencies with other
colony organs. One of the properties of the hon-
eycomb, which has received little attention so far,
is the tilt of its cells by approximately 13° upwards
(Figure 1). This feature is only mentioned in very
few scientific publications and without profound


http://dx.doi.org/10.1007/s13592-020-00807-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s13592-020-00807-9&domain=pdf

The upward tilt of honeycomb cells increases the carrying capacity ... 175

13

i(ﬁ--- -— -

&

Figure 1. Photograph of a vertical cut through a comb
perpendicular to the midwall displaying the upward tilt
of'the cells by 13°. The lines were drawn and the angles
determined by using MS PowerPoint as described in
Section 2.3.

considerations. Earlier in history, scientists have
already assumed that the general structure of
combs is one of the reasons for the strength of
the construction. For Maraldi (1712), the benefit
of the pyramidal shape of the bottom and the
interlacing of the cells is that the three prismatic
walls meeting in one edge serve as support for the
bottom of an opposing cell. Also Vogt (1911) sees
an explanation for the shape of the comb cell in
the achieved strength of the building. Hiising and
Nitschmann (1987) describe in their encyclopedia
en passant and without explanation the inclination
of the cells as the basis for the stability and
carrying capacity of the comb. For Oeder and
Schwabe (2017a, b) the tilt of the cells was an
argument against the hypothesis that bees first
build cylinders which are then transformed into
hexagonal cells (Pirk et al. 2004). There is also a
widespread but unproven opinion in the literature
which could be regarded as a “historical truth”
that the inclination of the cells is to prevent the
honey from leaking (Frisch 1959; Hiising and
Nitschmann 1987; Dietemann et al. 2011; Tautz
2012; Gallo and Chittka 2018; Wahyudi 2018).
This explanation seems to be so convincing and
obvious that until today, scientists have not found
it worthwhile to test its validity experimentally.

There is only one exception by Miillenhoff
(1883), who states that the inclination of the cells
is very important for the bees: “Combs which are
glued inverted in a frame by the beekeeper will
not be used by the workers for storage of honey
and the queen will not use them for laying eggs.
Such combs remain disregarded in the hive or are
broken off.” This is the only work indicating an
experimental check of the “honey outflow hy-
pothesis”. However, there is no description by
Miillenhoff of the applied experimental setup.
We tested Miillenhoff’s statements by providing
the bees with inverted combs in supers for honey
and in the brood chamber of a beehive.

With our investigations, we wanted to find out
whether the above convictions and statements can
be confirmed experimentally. A thorough under-
standing of the interaction of hydrophilic liquids
with hydrophobic solid surfaces is essential for
this. This topic is dealt comprehensively in the
more recent literature in the general context of
wetting surfaces. New physico-chemical studies
describe a previously unknown wetting behavior
of water and honey on beeswax (Guo et al. 2015),
which is of great interest for the present work.
Taking this into account in the discussion of our
results, we came to new insights about the leakage
of honey, which in turn led us to a new interpre-
tation of the inclination of the comb cells and its
benefit for the bees.

2. MATERIAL AND METHODS

2.1. Location and environment of the
beehives

We started the tests in mid-April 2018 with a
total of six bee colonies (Apis mellifera carnica )
in order to find out how the inclination of the cells
affects the honey input. Two colonies had their
locations in southeastern of Bavaria (463 m and
370 m above sea level) and four about 400 km
away in Upper Hesse (198 m above sea level).
One of the colonies in Bavaria was located in a
residential area and one in an agricultural area.
The location in Hesse was in a settlement with an
agricultural area about 300 m away from it. There
are fruit trees at all sites, and we assume that the
nectar collected during this time is mainly from
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these trees (peach, cherry, apple, and plum). There
was plenty of nectar for the bees to collect during
the test period from mid-April to early May 2018.

2.2. Preparation of inverted honeycombs

For our experiments, we used extracted and dry
honeycombs with foundation from the previous year
with 5.2-mm cell size. Immediately after extraction,
these combs have been given back into bechives for
about 48 h to be thoroughly cleaned and prepared by
the bees. Frames were used with the measure 2/3
Langstroth and 1/2 German Normal.

The ears at the top bars of the test frames were
cut off to allow inverted frames to fit into the
supers. At the bottom bars, nails were hammered
in so deep that the protruding iron pins could serve
as a support for the honeycombs in the super for
honey. The frames with honeycombs prepared in
this way were hung with the top bars down into
the middle of the supers for honey of the test
colonies. The cells of these honeycombs were
now tilted downwards. The cells of the honey-
combs to the right and to the left of it were tilted
upwards. The super for honey and super for the
brood were separated by a queen excluder in all
cases.

The beehives were commercially available
closed boxes, which were dark inside. The hon-
eycombs were removed for some minutes from
the beehives in daylight, weighed, and then im-
mediately put back into the dark hive. The test
honeycombs were weighed every few days with
digital kitchen scales (+ 1 g), and the weights
were compared with those of the neighboring
honeycombs with normal cell orientation.

2.3. Measurement of the inclination angle

All cells of the normally oriented honeycombs,
with the exception of those directly attached to the
top bar, were inclined upward by 13° with respect
to the horizontal. Since it was irrelevant for our
experiments to know the exact angle, we only
roughly measured this angle in two ways. We
placed a frame with a naturally built comb verti-
cally on a table and looked horizontally into the
cells against a bright background. In this position,
the tip of the rhombic cell bottom appears close to
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the lower tip of the hexagonal cross section of the
cell. Then, we tilted the frame towards the viewer
until the tip of the cell bottom was shifted to the
middle of the cell. On a protractor, we could read
that the frame was tilted by about 13°.

A second way to measure the tilt angle was to
take a photo of a vertical cut through a natural comb
and to insert the photo into MS PowerPoint. We
marked the midwall with a straight line. We rotated
two other lines, which were initially parallel to the
midwall line, with the rotate option of MS
PowerPoint until they coincided with the edges of
opposite cells (Figure 1). The rotation angles were
77° and 103° corresponding to a tilt angle of the
cells of 13° on both sides of the comb. We therefore
have used this tilt angle of 13°, which is consistent
with the literature (Martin and Lindauer 1966), for
our further considerations.

2.4. Test with a water droplet to observe the
wetting in the cell

We also carried out experiments to simulate the
filling of cells with honey at an early stage. Single
drops of water do not fill the whole cross section
of a cell. If a drop is held in the cell when the
opening is turned down, this would show that the
drop sticks to the hydrophobic cell wall only by
adhesion forces.

We prepared a column of cells from a honey-
comb with vertical cuts. We held the cells with the
opening vertically upwards and pipetted single
drops of water into them. The drops fell into the
cells approximately to the connecting line be-
tween the cell wall and cell bottom. Then, we
turned the opening of the cells down and repeated
the experiment about 10 times always with anoth-
er cell. The drops had a volume of approx. 60 pl,
which corresponds approximately to the honey
stomach capacity of the bee. We were able to
observe the behavior of the drops in the cell de-
spite the low contrast in the back light.

2.5. Preparing frames to get bees build
combs bottom up

In order to answer the question whether the
inclination of the cells depends on the direction
in which the bees build the comb, we wanted the
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bees to build a honeycomb from the bottom up.
We have prepared a frame without a top bar, as
shown in Figure 4, and hung it in the middle of the
super for honey. We covered the frames with a
thin plastic foil, as it is widely used by beekeepers.
As hoped, the bees did not start building a honey-
comb from top to bottom on this foil, but built a
honeycomb from bottom up on the bottom bar of
the open-top frame. Since we had positive results
from preliminary experiments, we confined our-
selves to a single experiment under controlled
conditions.

2.6. Offering the bees an inverted comb for
breeding

In order to find out whether the bees accept
inverted combs for rearing the brood, we extracted
the honey from an inverted honeycomb. We hung
the extracted comb into a brood chamber of a hive
consisting of 2/3 Langstroth bodies so that it was
positioned in the middle between the normal
combs. The bees immediately occupied the
inverted comb after it was inserted into the hive.
The integration of the inverted comb into the
brood nest already after 1 day was supported by
the fact that there was a brood on the neighboring
combs. For the experiment, we used two inverted
combs in different colonies.

3. RESULTS
3.1. Storing of honey in inverted honeycombs

The aim of our experiments was to observe
whether the bees store honey in the inverted hon-
eycombs and, if so, what happens to the honey. If
the tilt of the cells is to prevent the leakage of
honey, then the honey should leak out of cells
tilted downward or not even be brought in by the
bees.

To our surprise, the bees stored honey in the
inverted honeycombs in very much the same way
as in the neighboring normally oriented honey-
combs. After 17 to 23 days, the inverted honey-
combs were full and capped (Figure 2). No leak-
age of honey could be detected at the inverted
honeycombs at any time.

177

The initial weight on day zero on the x -axis is
not the same for the three honeycombs, since at
the start of the experiments, honey was already
stored in the combs next to the inverted comb. The
differences in initial weight did not affect our
results because we did not care about the absolute
weight of the combs, but about the weight in-
crease. Differences between the honeycombs in
a hive are expected when the bees take different
and changing paths through the brood chambers
to come to the honeycombs. The differences in
weight increase from hive to hive should mainly
be due to different colony strength and different
weather conditions that influence foraging. The
important point is that the weight increase was
roughly parallel in time for the inverted compared
with the neighboring normally oriented combs.
There is no indication that normally oriented cells
are preferred for honey storage by the bees above
inverted ones.

Concerning the capping (e.g., doming of the
covers), we could not detect any difference be-
tween the inverted and the adjacent honeycombs
by visual inspection (Figure 3).

3.2. Behavior of single drops of water in a
cell

We wanted to get an idea of the behavior of the
first honey drops deposited by the bees in a cell.
For that purpose, we applied single drops of water,
each with a volume of about 60 pl, with a pipette
into a cell. This drop size corresponds approxi-
mately to the honey stomach capacity of the hon-
eybee. No capillary forces could become effective
in this experiment because the drops did not
completely fill the cross section of the cell. But,
the drops remained at their original place in the
honeycomb cell, even though the opening of the
cell was turned down.

3.3. Combs built from bottom up

If you give the bees a frame that has only a
bottom bar and is otherwise open at the top or
covered at the top by a thin plastic foil to which
the bees do not attach a comb, then the bees could
start to build a comb from the bottom up under
very good foraging conditions. The bees actually
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Figure 2. Weight increase of three honeycombs examined in each of the six beehives. Zero on the x -axis indicates
the start of weighing, followed by further weighings after the respective number of days. The lines for the
honeycomb weights in the graphics are marked with the following symbols: ¢ comb 4 on the left side of the
inverted comb as looked from the back side of the bechive, m inverted comb, A comb 6 on the right side. The
inverted comb was positioned between comb 4 and comb 6. Colonies 1-4 (a—d ) were located in Hesse, colonies 5

and 6 (e, f) in Bavaria.

built a comb from the bottom up, and our expec-
tation was that the cells then are inclined down-
ward from the midwall to the opening of the cells.
But even in this case, we observe the same incli-
nation of the cells upwards (Figures 4 and 5).

3.4. Rearing the brood in inverted combs

After extracting the honey from the comb and
after cleaning by the bees, an inverted honeycomb
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was hung into the brood chamber of a colony kept
in a hive consisting of 2/3 Langstroth hive bodies
for both the brood and honey. The queen has
immediately created breeding areas with only
few gaps (Figure 6) on both sides of the inverted
honeycomb. The inverted honeycomb was incu-
bated several times.

This refutes the claim of Miillenhoff (1883)
that honey bees do not accept inverted combs for
the rearing of the brood. Due to the lack of a
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Figure 3. We observe no differences in the overall capping and in the shape of the individual caps of the normally
oriented comb (a ) and the inverted comb (b). A few larger cells (presumably drone cells) near the lower rim of the
photographs appear dark and are not capped because they are not yet completely filled with honey.

description of these older experiments, we unfor-
tunately cannot retrace the possible reasons that
led to his contrary results.

4. DISCUSSION

4.1. Adhesion of honey on the cell walls
prohibits outflow

The question is which mechanisms prevent
honey from leaking out of the downward inclined
cells, although beeswax is hydrophobic.

The wetting behavior, i.e., the way in which
liquids behave on the surface of solids, depends
on the surface tension of the liquid, the solid—
liquid interfacial tension, and the free surface en-
ergy of the solid. The contact angle of a drop of
liquid on a solid surface (Figure 7a) depends on
these thermodynamic variables. It is therefore a
direct measure of the wettability of an ideal spe-
cific surface by a certain liquid. Wetting liquids
form a contact angle © of less than 90°, non-
wetting ones of more than 90°. But, also the

surface chemistry and the surface topography on
a micro- and nano-scale have a major influence on
the wetting of real surfaces. They are decisive for
whether a drop of liquid on a surface is in the
Wenzel state or in the Cassie—Baxter state. Ac-
cording to the Wenzel model, the roughness in-
creases the total area of a solid surface, which also
geometrically modifies the wetting properties of
this surface (Wenzel 1949). In the idealized Wen-
zel regime (Figure 7a), the liquid penetrates into
all grooves in the surface structure and completely
covers the rough surface without air pockets. In
the Wenzel state, drops adhere strongly to the
surface, so that the ability of the surface to repel
a liquid is greatly reduced or completely lost. In
the Wenzel state, the motion of a drop on such a
surface can be hindered although the contact angle
is larger than 90°. Inspired by biological attach-
ment systems, Cheng et al. (2010) reported on
polystyrene surfaces that show both contact an-
gles larger than 150° and high adhesion of water.
With increasing roughness, the system changes
from the Wenzel regime to the Cassie—Baxter

Figure 4. Honeycomb built from bottom to top in a frame without a top bar. a Initial state. b Honeycomb with final

size.
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regime, i.e., the proportion of air in the interface
increases significantly. A heterogeneously wet-
ting drop (Figure 7b) lies only upon the asperities
of the surface structure. Thus, the hydrophobicity
of'the surface is strengthened because the drop sits
partially on air pockets that are bounded between
the surface and liquid (Stenzel and Rehfeld 2013).

Guo et al. (2015) investigated the wettability
and the adhesion behavior of the natural cell wall
of a honeycomb for water and for honey droplets.
On high-magnification ESEM images, they de-
tected nano-scale protuberances on the surface of

Figure 5. Honeycomb, which was built from the bot-
tom up, cut apart and both parts put against each other.
The inclination of the cells is also upwards as in a
honeycomb built from top to bottom.
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cell walls and micro-scale wrinkles of 200-500
nm and 0.5-2 um, respectively. Similar structures
are shown in the photographs of Espolov et al.
(2014). Guo et al. (2015) experimented with water
and honey droplets with a volume of 10 ul. For
the contact angle of water, they measured o =
108.4 + 5.81°, for honey a = 130.6 + 1.51°. The
natural honeycomb cell wall is therefore hydro-
phobic for both water and honey (o > 90°). How-
ever, they found that both water and honey drops
stick to the surface, even if the cell wall is turned
180° with the drops hanging downward.

The adhesive property of the hydrophobic cell
walls is due to their surface topography on the
micro- and nano-scale. The roughness is just such
that water and honey penetrate into the grooves of
the surface structure and completely wet the sur-
face of the cell wall without air entrapment
(Schifle 2002). The contact state of a drop of
water or honey on the textured cell wall is there-
fore always a Wenzel state with a high adhesion
between the drops and the cell wall.

The maximum adhesion forces for the water and
honey droplets are 201.6 uN and 157.8 uN, respec-
tively (Guo et al. 2015). This more than compen-
sates the weight of 100 1N of a drop of water or 140
uN of a honey droplet of 10-ul volume.

Whether a Wenzel state exists also depends on
the surface chemistry (Stenzel and Rehfeld 2013).
Beeswax consists of 12% free acids and 1% free
alcohols (Tulloch 1980), which influence the me-
chanical properties and structural characteristics
of beeswax (Buchwald et al. 2009). Free fatty
acids and alcohols (Callow 1963) could form
hydrogen bonds to water and honey by their car-
boxyl or hydroxyl groups, thus contributing to
their adhesion to the cell surface. It can be as-
sumed that these polar groups are oriented to-
wards the surface in the non-polar matrix.

In our case, three main factors are effective in
holding the honey in the cell: the adhesive forces
between the honey and the cell wall, the small
diameter of the cell, and the surface tension of the
honey. The capillary forces resulting from the com-
bination of these factors prevent the honey from
flowing out because this would create a negative
pressure on the cell bottom. This indicates that cap-
illary pressure helps to hold the honey in the cell
against gravitational forces.
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Figure 6. Brood area on a comb with cells tilted downwards.

In our experiment with water drops which we
pipetted into cells, we observed that the drops
remained at their original place in the honeycomb
cell, even though the opening of the cell was turned
down. This behavior of the drops is facilitated by the
fact that the drop placed in the 120° comer of the
honeycomb cell has a contact surface about twice as
large as the one placed on a flat cell wall as inves-
tigated by Guo et al. (2015). The contact surface is
even larger, and thus also the adhesion force, when
bees deposit honey droplets in the tip of the bottom,
which consists of three rhombuses.

At this point, we want to mention two interest-
ing aspects related to harvesting of honey. Before
extracting the honey, beekeepers can check the
ripeness of the honey in uncapped cells by using
the “shake test”. When the honey is ripe, its sur-
face tension is so high that, despite the vigorous
downward shaking of the horizontally held hon-
eycomb, no honey drips out.

Later, after the extraction of the honey, some
residual honey sticks to the cell surfaces despite

Wenzel

the high centrifugal forces during the extraction
process. Here, the adhesion to the cell walls has
prevented the honey from being extracted
completely out of the honeycombs.

4.2. Orientation of cells in honeycombs built
under special conditions

The inclination of all cells, which are not directly
near the ceiling, is always observed in the combs of
Apis mellifera. We therefore assume that the up-
ward inclination has a meaning. We showed that the
purpose is not to prevent the leakage of honey and
that it is also not a requirement for rearing the brood.
Then, what is the point?

When bees build honeycombs from top to bot-
tom, the cells are inclined upwards against the direc-
tion in which the comb building is progressing.
Therefore, our initial guess was that the inclination
of the cells against the direction of construction
could be a general principle of comb building. Ac-
cordingly, the cells should be inclined downward

Cassie-Baxter

Figure 7. Models for wetting. a Wenzel. b Cassie—Baxter, contact angle ©. In the Wenzel state, drops are adhering

strongly to the surface.
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when the honeycomb is built from the bottom up.
But in our experiment, in which we made the bees to
build a comb from the bottom up, we found that also
in this case, the inclination of the cells was upward
as if the comb had been built from top to bottom
(Figures 4 and 5). If we ask which parameter re-
mains the same when building from top to bottom
and vice versa, it is the direction of gravitation. This
indicates that the inclination of the cells does not
depend on the direction of construction, but
obviously on the direction of gravity. This is
consistent with Martin and Lindauer (1966) who
found that the bees use the neck organ in the
comb-building process to control the orientation of
the comb components in the gravity field.

When using foundations, it can be observed
that the bees start drawing out many cells at the
same time on larger and distant areas. We suppose
that bees drawing out cells on the foundation at
some distance from each other do not exchange
information about the cell construction. In the end,
however, all cells are tilted upwards in the same
way. All bees seem to have the same plan, namely
to build upward-tilted cells. If foundations are
used, there is no defined direction of the building
from top to bottom or vice versa as is the case with
natural combs. Again, it is reasonable to assume
that gravity is the determining factor for the com-
mon alignment of the tilt of the cells.

During a Space Shuttle mission, bees constructed
combs with cells of normal dimensions under re-
duced gravity conditions (around 10 g in various
but unknown directions, with g = normal gravity).
However, compared with combs built on the Earth,
the comb cells were not consistently inclined “up/
down” (in one direction). This is not surprising,
since in weightlessness, no obvious “downward
movement” occurs for a honeybee (Vandenberg
et al. 1985). During the STS-41C mission of
Spacelab, bees produced several pieces of honey-
comb. For two of the orbiter comb pieces, cells were
angled in the same direction on any one side. For the
larger piece, cells on one side were angled up to-
wards the Lexan top, while on the other side, the
cells were angled down towards the Bee Enclosure
Module (BEM) floor. The “up-angled” cells had a
higher average angle than the “down-angled.” The
terms “up” and “down” in microgravity are only
meaningful in relation to the BEM. Another piece,
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which apparently started from the BEM floor,
displayed a wide range of angles (Poskevich
1984). Here, too, it can be seen that the inclination
of the cells is an intrinsic phenomenon in comb
construction, but the inclination of the cells is not
well defined under microgravity. However, the in-
clination of the cells occurs under all external cir-
cumstances, and it becomes evident that gravity on
Earth is crucial for the known orientation of the
angle of inclination of comb cells.

4.3. The tilt of the cells upwards increases
the load capacity of the comb

Since the direction of inclination of the cells is
controlled by gravity, it is obvious to assume that
the inclination has something to do with the effect
of gravity. Our hypothesis is therefore that it could
increase the load capacity of the comb as lined out
in Figures 8 and 9.

In Figure 8, we show the decomposition of the
gravitational force /', into the components F,,
parallel and F',, perpendicular to the cell wall. We
see that due to the inclination by 13°, a component
F,, of the weight 'y of each cell (filled with
honey) is directed towards the midwall.

The midwall is the only structural element of a
comb which is aligned in the direction of gravity
g and which can therefore carry gravitational
forces best. The midwall is also thicker than the
cell walls. The component F',, could give rise to
bending of the midwall, e.g., if the cells on both
sides of the midwall are not evenly long or not
evenly filled. However, if this symmetry is given,
the force exerted by the component F,, on one
side is compensated by the corresponding force on
the opposite side (Figure 8). With the force £, =
m * g with honey mass m , acceleration of gravity
g, and the upward inclination angle «, we find
F,=m*g*sina andwitha =13°, F,,/F, =
sin @ = 0.225. At an inclination angle of 13°, a
fraction of 22% of the total weight I, is directed
towards the midwall in this approach.

The larger component /' of I, exerts a torque
T=D/2*%m *g * cos a on the cell ensemble,
where D is the depth of the cells. The torque is
also reduced by the inclination of the cells.

With respect to the forces F',, acting on both
sides of the midwall, we can construct a second
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midwall

Figure 8. Schematic vertical cut through honeycomb cells with a tilt upwards by an angle « at both sides of the midwall,
visualizing the upward tilt of the cells and the weight components F',, and F 7 parallel and perpendicular to the cell wall.

midwall

Figure 9. Parallelogram of forces F',, taken from Figure 8
acting on the midwall (the upper lines are auxiliary lines to
complete the parallelogram). The resulting force Fynw is
directed downwards along the midwall. From this, it can
be derived that as a result of the upward inclination of the
cells, 10% of the load in the cells is transferred to the
thicker midwall.

parallelogram of forces from which we derive the
resultant force F'\w in the direction of gravity,
which is transferred to the midwall (Figure 9).
With 172 * Fyw/F,, =sin « and F,, = Fg *
sin o, we get F'yw = 0.1 * F . As a result of the
inclination of the cells, 10% of the load in the cells
is absorbed by the midwall.

The importance of a high load-carrying capac-
ity of the comb for the bees becomes evident when
one considers that the height in natural nesting
holes can exceed 3 m and the nest inside the cavity
typically possesses the same shape and size
(Seeley and Morse 1976).

In summary, we note that the purpose of the
upward tilt of the honeycomb cells is not to
prevent the leakage of honey. It is also not a
prerequisite for rearing the brood. We think
that the main benefit of the tilt of the cells is
to direct a significant part of gravitational
forces of the cell content onto the midwall
and thus to increase the total carrying capacity
of the honeycomb. Since a larger tilt angle
would reduce the height of the cell and thus
the cell volume and the space for the brood,
the inclination angle must be limited. The bees
have chosen for the tilt a value of about 13°. In
this respect, the bees take into account the size
and body shape of worker and drone pupas,
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but they do not use their own bodies as a mold
in the comb-building process (Oeder and
Schwabe 2017a, b).

Honeybees build combs with minimal wax con-
sumption and maximum strength and capacity. The
multipurpose use of the combs comprises raising the
brood, storing the stocks, and the communication of
the bees through their vibration characteristics. The
inclination angle of about 13° upwards seems to be
the best compromise for the bees between increasing
the carrying strength of the honeycomb and the
provision of a cell volume adapted to the require-
ment of the brood.
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L'inclinaison vers le haut des alvéoles est destinée a
augmenter la force portative du rayon et n’a empécher
pas une fuite de miel

architecture des rayons de miel / inclinaison des cellules
vers le haut / capacité de charge du rayon / écoulement
de miel / mouillage des parois cellulaires par le miel

Die Aufwiirtsneigung der Zellen soll die Tragfihigkeit
der Wabe erhéhen und nicht das Ausflielen von Honig
verhindern

Wabenarchitektur / Neigung der Zellen nach oben /
Tragfihigkeit der Wabe / Abfluss des Honigs /
Benetzung der Zellwiinde durch Honig
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