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ABSTRACT

Nature has coevolved highly adaptive and reliable bioadhesives across a multitude of animal species. Much attention has been paid in recent
years to selectively mimic these adhesives for the improvement of a variety of technologies. However, very few of the chemical mechanisms
that drive these natural adhesives are well understood. Many insects combine hairy feet with a secreted adhesive fluid, allowing for adhesion
to considerably rough and slippery surfaces. Insect adhesive fluids have evolved highly specific compositions which are consistent across
most surfaces and optimize both foot adhesion and release in natural environments. For example, beetles are thought to have adhesive fluids
made up of a complex molecular mixture containing both hydrophobic and hydrophilic parts. We hypothesize that this causes the adhesive
interface to be dynamic, with molecules in the fluid selectively organizing and ordering at surfaces with complimentary hydrophobicity to
maximize adhesion. In this study, we examine the adhesive fluid of a seven-spotted ladybird beetle with a surface-sensitive analytical
technique, sum frequency generation spectroscopy, as the fluid interacts with three substrates of varied wettabilities. The resulting spectra
present no evidence of unique molecular environments between hydrophilic and hydrophobic surfaces but exhibit significant differences in
the ordering of hydrocarbons. This change in surface interactions across different substrates correlates well with traction forces measured
from beetles interacting with substrates of increasing hydrophobicities. We conclude that insect adhesion is dependent upon a dynamic
molecular-interfacial response to an environmental surface.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001006

I. INTRODUCTION

To effectively move, hunt, and evade predators, many animals
have evolved the ability to climb at extreme angles and across chal-
lenging surfaces. Perhaps the most popular climbing animal is the
gecko, which uses hairy, scooplike terminated microstructures on
its feet to stick and climb across most surfaces effortlessly.1–3 These
foot microstructures, known as setae, allow animals to produce
orders of magnitude higher van der Waals adhesive forces com-
pared to a smooth, flat footpad.3,4 However, these dry adhesive foot
systems do have considerable limitations, such as rough and slip-
pery surfaces. Some insects, such as beetles, are able to adhere in
the air, on surfaces covered by water, and even underwater.5 This is

thought to be due to the presence of an additional adhesive
element on their feet—a secreted fluid that mediates the contact
between setae and the substrate.6 The so-called “wet adhesion”
enhances adhesion via capillary forces.7–9

One insect’s wet adhesion system, the seven-spotted ladybird
beetle (Coccinella septempunctata), has been well studied due to its
excellent adhesive performance, availability in the field, and com-
paratively large body size (6–8 mm).10–13 Being aphid predators,
these insects must traverse a range of terrain of various plant
surfaces from smooth hydrophilic leaves to superhydrophobic 3D
wax-coated stems. Recent experiments have shown that both
surface chemistry and surface roughness have effects on the adhe-
sive force generated by these beetles.11,14 For instance, when made
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to walk on smooth substrates of various surface chemistries, they
generate significantly higher traction forces on hydrophobic sub-
strates.11 Further investigations varying both surface wettability and
roughness on silicon substrates found that both increasing hydro-
phobicity and increasing roughness increase the static friction and
adhesion of these insects.14

Therefore, an insect’s ability to properly stick to a surface
must depend not only on surface chemistry and geometry but also
on the composition of the adhesive fluid. Bulk chemical characteri-
zation methods, such as mass spectrometric analysis, indicate
that insect adhesive fluids may consist of natural lipids as well as
sugars, alcohols, and proteins.15 Insect adhesive fluid is commonly
described as a water-in-oil emulsion, implying the existence of a
continuous oily phase with watery subphases.10,13 The characteriza-
tion of the hydrophilic phase or the entirety of C. septempunctata
(or related species) adhesive fluid has not yet been performed.
However, it has been suggested based on the chemical analysis of
other beetles’ fluid that the emulsion nature of beetle’s adhesive
fluid enables them to adapt to and enhance adhesive forces on both
hydrophobic and hydrophilic surfaces.8,16

The mass spectrometric analysis of a variety of beetle’s
hydrocarbon fluid portion, obtained via solid-phase microextrac-
tion, showed that it is made up of a mixture of straight chain and
methyl-branched hydrocarbons and concluded that the relative
abundance of unbranched versus branched hydrocarbons influ-
enced a beetle’s adhesive strength.17–19 A more thorough
inspection of C. septempunctata results revealed that a majority of
hydrocarbon species in their adhesive fluid were branched
(Fig. 1).19 This is significant when considering a follow-up experi-
ment, which manipulated the composition of a similar beetle
species’ fluid by contamination with different types of alkanes
and alkenes and found that this had a significant impact on the
adhesive force generated.18 Clearly, the chemical composition at
the adhesive interface is an important factor in the overall beetle
adhesive mechanism.

Until now, the study of seven-spotted ladybird beetle adhesion
has been limited to the determination of the causal relationship
between substrate manipulation and the magnitude of the adhesive
force in response. However, these experiments inadvertently reveal
that intrafluid and interfacial adhesive fluid-substrate molecular
interactions play an important role in the success of the mecha-
nism. Due to the high expense and expertise often needed to
examine interfacial or surface-specific chemistry, this area has yet
to be explored. Thus, in this study, we utilized a surface-sensitive
technique, sum frequency generation (SFG) spectroscopy, to deter-
mine the relationship between varied surface wettabilities and order
of adhesive molecules in the foot fluid of a seven-spotted ladybird
beetle. We hypothesize that this fluid, which has a complex compo-
sition consisting of both oil and water phases, will reorganize at the
molecular level when the wettability of the contacting surface is
substantially changed to maximize chemical, dispersive, and capil-
lary adhesive forces (Fig. 2).

To do this, we introduced the adhesive fluid of C. septempunctata
to three smooth surfaces—hydrophilic, deuterated polyethylene oxide
(PEO); slightly hydrophobic CaF2 optical windows; and hydrophobic,
deuterated polystyrene (PS). We then collected vibrational spectra in
the C—H, C—D, and CvO stretching regions that were sensitive to
the order of molecules at the targeted interface. Fitting these spectra
allowed for the comparison or order between substrates. Finally, we
considered whether trends found within our surface spectroscopy
experiments can be correlated to measured attachment forces of
beetles on the different substrates.

II. METHODS

A. Polymer film preparation

All substrates were prepared on calcium fluoride optical
windows (15 mm diameter; International Crystal Laboratories,
Garfield, NJ, USA) cleaned via consecutive sonication in dichloro-
methane, acetone, and ethanol. Two polymers, deuterated PEO

FIG. 1. Relative abundance of unbranched, mono-
branched, and multibranched hydrocarbons (as a propor-
tion of all unsaturated hydrocarbons) in the tarsal fluid of
Coccinella septempunctata as reported by Geiselhardt
et al. (Ref. 19).
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(MW= 8960 Da) and deuterated PS (MW= 7420 Da; Polymer
Source Inc., Montreal, CA), were each dissolved into a 3 wt. %
polymer/toluene solution. Thin polymer films were formed via spin
coating at 2000 rpm for 60 s. Excess solvent was removed by
annealing the films in a vacuum oven at 80 °C and 10−3 Torr for
20 h. This resulted in optically transparent thin films of PEO and
polystyrene of approximately 100 nm in height, as measured with a
profilometer. Prepared windows were stored in sealed Petri dishes
under N2 atmosphere until footprint samples were collected.

B. Contact angle goniometry

An FTA 135 instrument was used to measure the contact
angle of water on replicates of each substrate, prepared as previ-
ously described. 10 μl droplets were pipetted onto each surface and
a high-resolution image was collected. The droplet shape, relative
to the horizon line, was traced and a contact angle was generated
by instrument software. This procedure was repeated ten times for
each of the three substrates in this experiment.

C. Insect care

Ladybird beetles were collected in their natural environment
near Stohl, Schleswig-Holstein, Germany, stored in a wine fridge at
10 °C, fed with honey, and sprayed with water once a week. Beetles

were stored for 24 h prior to footprint collection on clean paper
towels to prevent foot contamination.

D. Force measurements

To measure the attachment forces of beetles on different
surface samples, traction experiments with tethered walking
insects were carried out with a load cell force transducer (10 g
capacity, Biopac Systems Ltd, Santa Barbara, CA, USA). Beetles
were narcotized with CO2 for approximately 1 min in order to
glue together their elytra and to attach a human hair to the insect
with a small droplet of molten beeswax. After recovery for
approximately 30 min, the insects were then used for force tests
(for a detailed description of the method, see Gorb et al.20). For
each insect, experiments on both tested substrates were per-
formed. The force produced by the insect moving on the horizon-
tal test substrate was recorded. Since the beetles were constrained
to pull parallel (not at an angle) to the measurement axis of the
transducer, the registered force corresponded to the total pulling
force. Force–time curves of the beetles stretching the hair for
approximately 5–25 s were used to estimate the maximal traction
force generated by the beetles. Tests were carried out at a temper-
ature of 24–25 °C and a relative humidity of 50%–56%. Ten
females were tested on each surface. Females were only consid-
ered in this study because the adhesive feet of males use very dif-
ferent contact geometry that may potentially involve suction

FIG. 2. Hypothesized view of the surface ordering of ladybird beetle adhesive fluid when contacted with hydrophilic and hydrophobic substrates. Hydrophilic sugars and
carbohydrates and polar domains of alcohols and lipids are predicted to interact and order on the PEO substrate, while hydrocarbons and polar domains of lipids and alco-
hols are predicted to interact and order on the polystyrene (PS) substrate.
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effects. In all, over 100 force measurements were conducted. The
behavior of the insects during traction force experiments was
observed and registered.

E. Ladybird beetle footprint collection

Two pairs of forceps were rinsed thoroughly with acetone and
ethanol immediately before the collection of adhesion fluid samples.
Legs were removed with fine forceps and contacted directly in the
center of the substrates while applying a small shear stress to simu-
late the natural tarsal movement. This process was repeated several
times with additional beetle legs to ensure adequate coverage of the
sampling areas. See Fig. S1 in the supplementary material27 for
SEMs of the footprints on an experimental substrate.

F. SFG vibrational spectroscopy

An EKSPLA Nd:YAG laser, operating at 50 Hz, was used to
generate both a fixed visible (532 nm) and a tunable IR beam
(1000–4000 cm−1) via sequential pumping through an EKSPLA
optical parametric generation/amplification and difference frequency
unit, which utilized barium borate and AgGaS2 crystals, respectively.
The visible and IR beams (∼150 μJ/pulse) were overlapped spatially
and temporally at the desired interface to generate SF photons,
which were spectrally filtered, dispersed by a monochromator, and
detected with a gated photomultiplier tube. Both beams were focused
to an ∼1mm diameter at the interface. Spectra were collected in
4 cm−1 steps with 400 acquisitions per step. Four consecutive spectra
with 1 cm−1 offsets were collected at two distinct spots on both the
footprint substrate and the footprint-free surface. A schematic of the
SFG sample setup can be found in Fig. S2 in the supplementary
material.27

SFG spectra were generated at two different polarization com-
binations—ssp (s-polarized SFG, s-polarized visible, p-polarized IR)

and ppp (p-polarized SFG, p-polarized visible, p-polarized IR)—in
three different vibrational regions (C—H: 2800–3100 cm−1; CvO:
1600–1800 cm−1; C—D: 2000–2300 cm−1) through the backside of
a CaF2 window that rests on a Teflon O-ring (ID—7.9mm) attached
to a flat, cylindrical Teflon chuck (Fig. S1 in the supplementary
material).27 The SFG signal is optimized in each wavenumber region
using an Au-coated CaF2 window in the same setup. The fitting
routine for SFG spectra is previously detailed elsewhere. Briefly,
spectra were iteratively fit to the equation below [Eq. (1)] to deter-
mine the nonresonant phase, nonresonant background (χnr), location
(ωq), individual peak full width half maximum (FWHM; Γq), and
individual peak amplitude (Aq). Four C—H spectra, offset by one
wavenumber, at each of two fluid substrate and bare substrate spots
were collected for each surface in this experiment,

χ(2)eff ¼ χnr þ
X

q

Aq

ω2 � ωq þ iΓq
: (1)

III. RESULTS

A. Substrate characterization

Before vibrational spectra were collected, each substrate was
characterized to determine polymer film thickness, wettability, and
surface roughness. Static contact angle goniometry, with 10 μl ultra-
pure water as the test fluid, was used to measure the angle between
the droplet and the substrate, with low angles correlating to hydro-
philicity and vice versa. Contact angles of 49.0° ± 3.3°, 63.6 ± 2.3°,
and 90.0 ± 1.5° were measured for PEO, CaF2, and polystyrene sur-
faces, respectively (insets in Fig. 3). A separate but simultaneously
prepared set of surfaces was scanned using tapping mode atomic
force microscopy with 1 × 1 μm scan size (see Fig. S3 in the

FIG. 3. CH region spectra in SSP and PPP polarization combinations of polystyrene (dPS) substrates with beetle footprints (large circles), spectral fit (red line), and
without footprints (small circles) (a). Same spectra on the CaF2 substrate (b) and the dPEO substrate (c). The primary modes observed in each of the SSP spectra are
the CH2 symmetric stretch (near 2858 cm

−1), the CH3 symmetric stretch (near 2880 cm
−1), and the CH3 fermi resonance (near 2932 cm

−1). PPP spectra include two addi-
tional modes: the CH2 fermi stretch (near 2900 cm

−1) and the CH2 antisymmetric stretch (near 2955 cm
−1).
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supplementary material27). Root mean-squared roughnesses of 1.33
and 0.24 nm were observed for PEO and PS thin films, respectively.
According to a recent study comparing adhesion on both smooth
and rough surfaces, these RMS roughnesses fall within the
“smooth” classification (<2 nm).14

B. SFG spectroscopy

Surface-sensitive vibrational spectra were collected in three
separate stretching regions: C—D (1900–2300 cm−1), CvO (1600–
1800 cm−1), and C—H (2800–3000 cm−1). Selectively deuterating
the polymer surfaces (PEO and PS) allowed for the confinement of
the SFG signal from the substrate side of the interface to the C—D
stretching region. Thus, all signals measured in the C—H and
CvO stretching regions must only come from molecular order
within the interfacial layer of adhesive fluid.

First, we collected the C—D stretching region spectra for
two reasons: to verify that polymer thin films matched standards
and to interrogate any possible effect of the adhesive fluid on the
organization of polymer side chains. PEO spectra contained a
single feature near 2080 cm−1 corresponding to the CD2 stretching
mode (see Fig. S4 in the supplementary material27).21 PS spectra
also contained a single feature with a shoulder, this time near
2270 cm−1 (shoulder) and 2290 cm−1(peak) corresponding to the
CD stretching modes of the pendant phenyl rings. The intensity of
each mode was not significantly changed after the addition of adhe-
sive fluid to the substrate, which indicated that the fluid had no
impact on polymer film ordering.

Next, spectra were collected at the CvO stretching region for
fluid on each substrate to determine the order of any water, lipids,
amino acids, proteins, or other carboxyl group containing mole-
cules at the interface. Although these types of molecules have not
been explicitly observed in the chemical analysis of ladybird beetle
foot fluid to date, the analysis of locusts and other similar species
has indicated the presence of lipids, sugars, and amino acids.
Interestingly, the spectra of adhesive fluid on all three substrates
produced no discernable signal, indicating that these molecules are
either absent from C. septempunctata adhesive fluid or not surface
active (Fig. S4 in the supplementary material).27

Finally, the C—H stretching region was interrogated. Saturated
and unsaturated hydrocarbons were the only types of molecules
confirmed to be present within the bulk of C. septempunctata adhe-
sive fluid by the existing chemical analysis. Methyl and methylene
groups from the backbone of these molecules have been well
studied with SFG and have several vibrations in this region. The
resulting SFG spectra in SSP polarization combination (s-polarized
SFG, s-polarized visible, p-polarized IR) contained three distinct
modes near 2858, 2880, and 2930 cm−1 corresponding to CH2 sym-
metric, CH3 symmetric, and CH3 fermi stretches, respectively
(Fig. 3).22–24 The previously assigned three vibrations and two addi-
tional features were observed after switching to PPP polarization
combination. These additional modes were located near 2900 and
2950 cm−1 corresponding to CH2 fermi and CH3 asymmetric
stretches, respectively.22,24 The three SSP modes and five PPP
modes (three overlapping modes) consistently appeared in all fluid-
substrate C—H spectra as substrate chemistry was varied. However,

the amplitude of each mode varied substantially between substrate
chemistries.

To quantitatively compare the ordering of molecules within
the adhesive fluid interfacial layer, it was first necessary to fit each
spectrum to determine the location, full width half maximum, and
amplitude of each mode as well as nonresonant background and
phase. From these values, the square root of the ratio of CH3 to
CH2 symmetric stretch square root of the intensities was deter-
mined. This ratio is a well-known metric for evaluating the order of
a layer of hydrocarbon chains, where large ratios correspond to a
high degree of hydrocarbon ordering.25 This is because hydrocar-
bon chains or molecules contain methyl groups at their ends fol-
lowed by a backbone of methylene groups that are aligned
centrosymmetric when these chains are well packed with similar tilt
angles. SFG selection rules, as well as literature, make clear that the
methylene symmetric mode should have very low amplitude in the
case of well-packed, uniform layers. Thus, low CH2 symmetric
amplitude produces a high value of CH3/CH2 symmetric ratio. Fits
of resulting spectra generated ratios of 1.03 ± 0.07, 2.66 ± 0.16, and
3.46 ± 0.40 for fluid-PEO, -CaF2, and -PS substrates, respectively.
Last, a significant difference in variation between these ratios was
tested by performing a single-factor ANOVA against the null
hypothesis that all amplitude ratios were equal. This produced a
p-value of 0.002, which led to the rejection of the null hypothesis.
A posthoc Tukey’s test was then utilized to evaluate pairwise signif-
icant differences between the three ratios. This analysis indicated
that the largest ratio, found in the spectra of the fluid-dPS interface,
differed significantly from the ratios of both the fluid-PEO and
-CaF2 interfaces. Contrarily, the PEO and CaF2 ratios were not
found to differ significantly.

Within the broader context of the mechanisms that dictate the
success or failure of beetle adhesion, the positive relationship
between substrate hydrophobicity and hydrocarbon ordering ratio
follows the trend of increasing adhesion forces with increasing
surface hydrophobicity (Figs. 4 and 5).5 The measured traction
forces for female lady beetles interacting with a hydrophilic sub-
strate are lower than those measured for increasingly hydrophobic
surfaces (see red data points in Fig. 5). At a certain level of hydro-
phobicity (greater than the water contact angle of 70°), the adhesive
forces level off.

IV. DISCUSSION

The goal of this study was to use a surface-specific analytical
technique to gain insight into the chemical mechanisms of
seven-spotted ladybird beetle wet adhesion that have otherwise
been impossible to learn with various microscopy approaches and
biomechanical experiments. More specifically, the adhesive fluid of
these beetles was introduced to substrates that were designed to
exhibit a range of wettabilities, and SFG spectroscopy was utilized
to measure the order of vibrational modes from chemical groups
either known or expected to exist within the fluid. Due to the selec-
tion rules of SFG spectroscopy, only vibrational modes that were
active and ordered at the interface between the fluid and the sub-
strate were measured. We hypothesized that the complex composi-
tion of adhesive foot fluid contributed to the insect’s ability to
adhere well to chemically different smooth surfaces via a molecular
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reorganization of the fluid at the interface to create favorable inter-
action energies and enhance adhesive strength.

Therefore, it is particularly interesting that the same five vibra-
tional modes appear in the spectra of fluid in contact with all three
substrates, with no modes unique to any one spectrum. With SFG
alone, it is not possible to rule out the presence of carbonyl-
containing molecules or water in the bulk fluid of C. septempunctata,
although the results present no additional evidence that they are con-
tributing to the chemical adhesive mechanism in a substantial way.
One possible explanation is that there are too few of the lesser
groups at the interface to detect. However, this is unlikely as SFG
is sensitive enough to detect order at sub-μM concentration.21

Rather, the interface appears to be dominated by hydrocarbons or
hydrocarbon-containing molecules. This result fits in well with
established descriptions of beetle adhesive fluids as “oily.”10,11,18

Additionally, it merits a larger focus on the previous chemical

analysis of the “oily fraction” of C. septempunctata fluid, which
may in fact be a characterization of all or most of the adhesive
fluids in beetles.19

As previously described, the inspection of the mass spectro-
scopic results collected by Geiselhardt et al. shows that beetle tarsal
fluid contains a mixture of saturated and unsaturated as well as
branched and unbranched hydrocarbons.19 While seemingly innoc-
uous, the presence of a hydrocarbon mixture explains the pattern
observed in the change in amplitude of the CH2 and CH3 symmet-
ric stretches as surface hydrophobicity is increased. Specifically, we
observed an increase in the CH3/CH2 ordering ratio with increased
surface hydrophobicity while also observing a decrease in the

FIG. 4. Plot of characteristic hydrocarbon ordering ratio vs water contact angles
of the experimental substrates.

FIG. 5. Dependence of the female beetle traction force vs the water contact
angle on solid substrates. Red data points were collected from the ladybird
beetle (Coccinella septempunctata) (this study), while green data points were
collected from the leaf beetle (Gastrophysa viridula) (Ref. 5).

FIG. 6. Experimentally determined ordering at the adhesive fluid-substrate interface for each of the three substrates. Differences in measured hydrocarbon ordering ratio
explained by the change in substrate water contact angle and the presence of branched and unbranched hydrocarbons at the interface.
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absolute magnitude of both CH3 and CH2 symmetric stretch ampli-
tudes. A pure, unbranched, layer of hydrocarbon chains, when
brought into contact with a hydrophobic surface, will readily order
and closely pack such that the chains of methylene groups exhibit
local centrosymmetry. This then leads to a decrease in the fitted peak
amplitude. However, the end-chain methyl groups do not share this
centrosymmetry at the interface, which leads to a substantial increase
in peak amplitude under the same circumstances. Our results appear
to show that order, and thus amplitude, is reducing for both methyl
and methylene symmetric moieties; however, the methylene symmet-
ric mode experiences a much larger amplitude loss allowing the
ordering ratio to increase as expected as the substrate is varied from
PEO to CaF2 to polystyrene. In contrast, a hydrocarbon layer, with
branched hydrocarbons mixed into it, adds additional methyl groups
to the interface, which increases CH3 symmetric centrosymmetry,
decreases order, and thus decreases peak amplitude (Fig. 6). In sum-
mation, the results of this study provide corroborating evidence that
the layer of adhesive fluid interacting with environmental surfaces
primarily or entirely consists of a mixture of linear and branched
hydrocarbons.

Considering that the beetle’s adhesive fluid has consistently
been classified as oily, the observed traction forces are intuitive, as
an oily fluid more readily interacts with a hydrophobic surface,
amplifying interaction forces and resulting in adhesive forces.

Also included in Fig. 5 is traction force data taken from
Hosoda and Gorb.5 In this previous study, as is the case with this
current investigation, traction forces were only measured for female
beetles. There is good agreement between these two studies despite
the fact that Hosoda and Gorb5 studied Gastrophysa viridula,
which is a rather specialized beetle that mainly interacts with a
couple of plant species from the family Polygonaceae. In contrast,
the ladybird beetle (C. septempunctata) studied here is an absolute
generalist spending much of their lives on a range of different leaf
surfaces, where they hunt aphids. Yet, both species have approxi-
mately the same size/mass, which may enable direct force compari-
son. However, the adhesion mechanism might not be identical as
we cannot exclude the fact that the chemical composition of the
fluid is different across these two species.

V. CONCLUSIONS

This study emphasizes the importance of understanding the
interfacial chemistry when determining the mechanisms that control
naturally evolved wet adhesives. Ultimately, the goal of studying
insect’s wet adhesion and its ability is to thoroughly define the bio-
logical and chemical mechanics, such that they can be translated into
a design of a biomimetic product that makes adhesion more reliable,
tenacious, and adaptable. To this end, the biomechanics of insect wet
adhesion has been thoroughly studied for several species, and many
specific observations have been agreed upon. Some examples include
the advantage of hairy footpads in comparison to smooth foot pads
on rough surfaces, the importance of maintaining the natural fluid
composition to the ability to stick, and the adaptation of the fluid
composition to maximally benefit an insect species in its natural
habitat. However, the exploration of chemical mechanisms has been
hindered by the lack of accessibility to tools with the necessary

sensitivity to analyze nano- to picoliter-sized droplets of fluid at the
interface of interaction with a substrate.

In doing this for the adhesive foot fluid of the seven-spotted
ladybird beetle, we have shown that kinematic observations can be
related to the chemical environment of the adhesive fluid-substrate
interface. Specifically, we found spectral evidence that the beetle’s
fluid organizes itself differently at the fluid-substrate interface as
the substrate chemistry changes. Furthermore, fits of these spectra
indicate that the ordered molecules contributing to the observed
amplitudes for CH3 and CH2 symmetric modes are most likely a
mixture of linear and branched hydrocarbons. This agrees well
with the recent mass spectrometric analysis of C. septempunctata
fluid. Last, the hydrocarbon ordering ratios on each substrate were
compared to biomechanical experiments of these beetles’ traction
force, which led to the conclusion that the increase in force on
hydrophobic substrates is most likely due to increasing adhesion as
the hydrocarbon surface layer becomes well aligned.

To mimic beetle adhesive fluid for the design of novel bioad-
hesives, it is still necessary to determine the sensitivity of interfacial
hydrocarbon ordering to changes in the branched/unbranched
hydrocarbon composition. For instance, we must know whether
our biomimetic adhesive is exposed to surfaces that are “dirty”
(i.e., covered in hydrocarbons) and what effect this will have on
adhesive performance. For seven-spotted ladybird beetles, the interfa-
cial composition is key—fluid viscosity, foot static and dynamic fric-
tion, substrate compatibility, and many more variables are largely
influenced by this factor. However, the interfacial composition of
this beetle’s adhesive fluid appears to be less diverse than previously
thought. Ultimately, to determine whether the interfacial composi-
tion is a determining factor for all insect wet adhesion, the fluid of
other insects, such as flies,6,10,12 ants,26 stick-insects,8 and locusts15

known to have more diverse, complex fluids, must also be studied.
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