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Abstract: A single mature adhesive disc of Parthenocissus tricuspidata has an average mass
of only about 0.0005 g, an average attached area of about 1.22 mm2, and an adhesive force
of about 13.7 N. On average, the disc can support a combined weight of stem, leaf, branch-
let, and tendril which is 260 times greater than its own weight during the growth, and can sus-
tain a maximum pulling force which is 2800000 times higher than that produced by its own
weight. Experimental studies reveal that the adhesive disc of P. tricuspidata has super-adhe-
sive properties. Microscopic experiments show some new microstructures, and we propose a
new hypothesis and model to elucidate the mechanism of adhesion.

Keywords: adhesive disc; adhesive properties; microstructure; Parthenocissus tricuspidata;
super-adhesion mechanism.

INTRODUCTION

Some animals and plants have amazing climbing abilities that have attracted the interest of philosophers
and scientists for centuries. Geckos have evolved into one of the most versatile animals that can adhere
to and freely move along vertical walls and even ceilings. Like the evolution of geckos, Parthenocissus
tricuspidata has also evolved into one of the most versatile plants, that can stick to vertical walls and
even precipitous cliffs, for example, stone mountains, roadside stone banks, house outside walls and ex-
pressway piers, from heights of a few meters to 20 meters or more. P. tricuspidata is also called Virginia
creeper, Boston ivy, Japanese creeper, Chinese Pashanhu, and so on, and grows in Japan, Korea, North
Korea, China, North America, and Europe. It has exceptionally tenacious drought-, heat-, cold-, insect
pest-, and disease-resistant vitality, and its leaves, branches, and stems are unpalatable to plant-eating
animals, such as cattle, sheep, and rabbits. All the year round, it can withstand the gale blowing and the
storm beating, and climb tenaciously on the various substrates, no matter whether the surface is smooth
or rough, vertical or tilted. It has been widely used for stabilizing sand and soil surfaces, for protecting
slopes, for greening and beautification of the environment, and for healing diseases [1–7].

Although the sticking ability of P. tricuspidata has attracted great interest for hundreds of years,
its distinctiveness continues to inspire our enthusiasm to further understand the structure of the adhe-
sive disc and the mechanism of adhesion, as well as its potential applications. In this paper, we report
the first direct experiments to measure the mass and attached area of a single adhesive disc, and the
micro structure and adhesion force of the adhesive disc. Furthermore, we propose a new hypothesis and
model to describe the mechanism of adhesion of the adhesive disc.

*Paper based on a presentation at the 13th International Biotechnology Symposium (IBS 2008): “Biotechnology for the
Sustainability of Human Society”, 12–17 October 2008, Dalian, China. Other presentations are published in this issue, pp. 1–347.
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RESULTS AND DISCUSSION

Microstructure

Each tendril of P. tricuspidata is made up of a main axis with five to nine branchlets alternately at-
tached, at the tip of the branchlets there is a small swelling, which after the stimulus of contact devel-
ops into an adhesive disc (Fig. 1a). The branchlet appears to be a warty protrusion protected by a scale
and finally bursts. The preformed swollen tip, i.e., the young adhesive disc, is uncovered. During the
subsequent development, the branchlet elongates and the epidermal cells of the adhesive disc begin to
swell and finally develop into a round shape, leading to the compact appearance of the hemispherical
cells. The positional array of the adhesive discs alternately attached along the tendril main axis is sim-
ilar to the fingers of a palm, which is helpful for the adhesive disc grasping the substrate tightly in the
view of mechanics.

Prior to contact stimulation, the mature adhesive disc is bulbous and is composed of a central area
of largely parenchymatous cells encircled by a peripheral area with three to six layers of cells which in
the early development are approximately isodiametric in shape. When stimulated by contact, most of
the epidermal surface of the adhesive disc is covered by an adhesive fluid secreted by the epidermal
cells. The fluid seems to harden when exposed to air. Simultaneously, the adhesive disc expands greatly
in size, and when it firmly attaches to the substrate, the tendril stalk contracts spirally. During the de-
velopment of the adhesive discs, the epidermal cells in contact with the substrate become extremely
elongated vertically (Fig. 1b arrow). These elongated cells thus form a brush-like pattern and force
themselves into all the depressions of the surface of the substrate; in this way they tie up the whole
branch. The remaining compactly distributed epidermal cells swell and divide anticlinally, thus form-
ing a pattern like a cluster of balloons.

SEM (scanning electron microscope) images of the mature and dry adhesive discs (Fig. 1d) indi-
cate a large number of microtubules with an average diameter of about 5 μm and sponge-like micro-
holes with sizes of 5~15 μm (Figs. 1e,f). The microtubules pass through the tendril stalk and stretch out
to the micro-holes around the central area. The gap-wall of the micro-hole is folded, which is similar to
the wall of spring-tube (Fig. 1e). The common walls not only exist between the microtubules and micro -
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Fig. 1 SEM of P. tricuspidata adhesive disc (a. lacunose and damaged immature adhesive disc; b. brush-like
microstructure of elongated epidermal cells; c. functional sponges with micro-holes and microtubules; d. vertical
section of mature adhesive disc; e. connections between the microtubules seem like the complicated expressway
nets; f. microparticles in the inner walls of micro-holes).



tubules but also occur between the micro-holes and micro-holes. A great many inner walls of micro-
tubules are quite smooth, but some are like bamboo junctions (Fig. 1d). In addition, numerous particles
with diameters of 1~4 μm are found in the inner walls of micro-holes (Fig. 1f). A striking example is
first found that the extension paths of the microtubules seem like the expressways that extend toward
left, right, and frontage, respectively (Fig. 1e with arrows). And it is also found that connections be-
tween the microtubules seem like the complicated expressway nets built in large cities (Fig. 1e), which
implies that the beauty and miracle can be created by a natural power.

The findings reveal that cells and cell clusters constructed of functional sponges with micro-holes
and microtubules have analogy with those porous regions within the walls (Figs. 1c,e,f), micro-holes
take charge of auxin secretion and accumulation, and microtubules take charge of auxin transmission
and transportation. In addition, the sponge structures of the adhesive disc cells and cell clusters enhance
the adhesive strength between the adhesive disc and substrate in the view of structural mechanics, which
is substantiated later by our experimental investigations on the stress of adhesive disc.

Super-adhesive property

The mass of the adhesive discs, tendrils, branchlets, leaves, and stems of P. tricuspidata is directly
measured using an electronic balance. Experiments reveal that the average mass of a single mature ad-
hesive disc is only about 0.0005 g, and that a single mature adhesive disc can on average support a
weight produced together by the stem, leaf, branchlet, and tendril that is 260 times greater than its own
weight during development and growth. Furthermore, the minimum pulling force produced by the ma-
ture adhesive disc when it falls off the attached substrate measures 13.7 N, thus about 3.1 lb. The aver-
age attached area of a single mature adhesive disc measures about 1.22 mm2. Measurements show that
a single mature adhesive disc can sustain a maximum pulling force which is 2800000 times higher than
that produced by its own weight. The mature adhesive disc can support an average stress of
1124.6 N/cm2, which is 112 times greater than that which a gecko foot can sustain [8], 52 times greater
than that which the toes of a live gecko can sustain on GaAs and Si [9], 374 times greater than that
which polyimide hairs can sustain [10], 96 times greater than that which unpatterned carbon nanotube
patches can sustain on silicon [11], and 31 times greater than that which carbon nanotube-based syn-
thetic gecko tape can sustain [12] (Fig. 2). 
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Fig. 2 Shear stress of natural gecko, mimic gecko foot tapes and P. tricuspidata (a. natural gecko foot [8]; b. gecko
toes on GaAs [9]; c. gecko toes on Si [9]; d. polyimide gecko tape [10]; e. carbon nanotube gecko patch [11]; f.
carbon nanotube gecko tape [12]; g. P. tricuspidata adhesive disc [2]; h. P.tricuspidata adhesive disc [this work]).



The extensive quantities as well as general distribution of adhesive along the walls and in the
intra cellular spaces around all the peripheral cells of the fully adherent discs probably underlies the ex-
treme resistance of the mature discs to detach from substrates by shear and pulling forces. The actual
values may be greater, because it is unlikely that an equivalent area of adhesive disc completely adhere
simultaneously to the substrate due to a sponge-like micro-hole mesh disc attached to the substrate.

Based upon stress of 1124.6 N/cm2 for the adhesive disc and an attached area of about 1 cm2 of
the fingertip of a palm, we estimate that a mimic palm made of adhesive disc material and attached only
by a fingertip can firmly support a body weight of about 114 kg. Considering the adhesive properties
of natural material such as gecko foot seta [8] and optimized mimetic materials such as the polyimide
gecko hair [10], unpatterned carbon nanotube gecko patches [11], and carbon nanotube-based synthetic
gecko tape [12], in relation to the total area of about 200 cm2 for a human palm [10], we estimate that
a single mimic palm made of various material and attached fully on the substrate can firmly support a
weight equal to an animal’s body weight, respectively, including 61 kg of chimp, 204 kg of bear, 238 kg
of lion, 734 kg of urus, but the mimic palm made of P. tricuspidata adhesive disc can sustain 22 951 kg
of cachalot. What extraordinary super-adsorbability of the adhesive disc of P. tricuspidata!

As early as in 1875, Darwin [2] found that a 10-year-old branchlet with only one remaining ad-
hesive disc attached to a wall could support a weight of 2 lb without the disc detaching. Our findings
of a value (~ 3.1 lb) higher than that of Darwin may be attributed to evolutionary change during the past
130 years. Experiments clearly reveal that the adhesion of an adhesive disc is very strong, which helps
us to easily understand why the P. tricuspidata climbing on a vertical substrate can withstand the gale-
force winds and storm conditions indefinitely. We believe that these super-adhesive properties of the ad-
hesive disc give rise to the strong possibility of synthetic equivalents in the near future, and attendant
scope for designing and fabricating new kinds of adhesive for reversible physiological applications in
biomedical science and reversible conductive applications in bioelectronics and bionics.

Adhesion mechanism

Based on our experimental studies on the microstructural examinations of the sponge-like micro-holes,
microtubules, as well as the folded micro-hole walls and microtubule walls of adhesive discs (Fig. 1),
we propose new hypotheses of interface reaction leading to adhesive disc “anchor” and nitrogen–oxy-
gen suction resulting in a negative pressure. To the best of our knowledge, these two models have never
been reported in the literature.

It is well known that most of the auxins secreted by the epidermal cells of adhesive discs are all
weak acids, of which the negative groups could well provide for charge interaction and adhesion [13].
A very slow chemical reaction occurs at the interface between the adhesive disc and substrate, which is
quite hard to recognize by our naked eyes and common analyses. The chemical products of interface
reaction acting as micro-stuffings in molecular level can greatly enhance the adhesion between the ad-
hesive discs and substrates. Such an interface chemical reaction leads to an adhesive disc “anchor” on
the surface of the substrate. Furthermore, we propose another model to describe the adhesion process
of adhesive discs. After the tendril tip stimulated by a consistent contact, the adhesive disc grew and de-
veloped and the secretions produced continuously, which leads to air encapsulated in it. During the
growth and development, photosynthesis depletes the nitrogen encapsulated in the adhesive disc.
Meanwhile, oxidation reaction of some reductive secretions depletes other oxygen. Both photosynthe-
sis and oxidation reaction nearly exhaust all the air contained in the adhesive disc, resulting in a nega-
tive pressure and perfect form closure between the adhesive disc and substrate, thus enhancing the ad-
hesion strength.

In addition, the friction may play a secondary role under some conditions. The elongated epider-
mal cells are analogous to the crampon of a climber’s boot, they force themselves into the rugged sur-
face and mold the pad to the shape of the support, in this way they have a friction in the vertical direc-
tion. This mechanism is in good agreement with the previous report [14]. Moreover, we also assert that
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adhesion has an assistant effect via weak interactions such as suction force [15], intermolecular forces
[16], surface electrostatic forces [17], capillary forces [18,19], and van der Waals forces [20].
Understanding the super-adhesion mechanism of biological systems is of great scientific significance
and a prerequisite for bioinspired design of adhesive systems. We look forward to fabricating a lot of
mimic adhesives that have potential applications in biomedical science, bioelectronics, and space sci-
ence and technology.

CONCLUSIONS

The self-clinging liana P. tricuspidata climbs with tendrils to maintain upright growth. It develops ad-
hesive pads at the end of the tendrils that attach themselves quite strongly to the support. A single ma-
ture adhesive disc of P. tricuspidata has an average mass of only about 0.0005 g, an average attached
area of about 1.22 mm2 and an adhesive force of about 13.7 N but can, on average, support a combined
weight of stem, leaf, branchlet, and tendril which is 260 times greater than its own weight during the
growth, and can sustain a maximum pulling force which is 2800000 times higher than that produced
by its own weight. Although the outstanding mechanical behavior of P. tricuspidata has been recog-
nized, no systematic investigations of the microstructure, the mechanics, and the mechanism of
adhesion have yet been performed. In order to understand in which way the plant achieves the strong
adhesion, we study the morphology of the adhesive discs of P. tricuspidata. Microstructural investiga-
tions indicate a perfect form closure between the adhesive disc and substrate. Also, structural gradients
were observed, i.e., variations in cell dimension and shape. These structural changes are related to the
changes in mechanical properties of the adhesive discs. And we proposed new hypotheses of interface
reaction leading to adhesive disc “anchor” and nitrogen–oxygen suction resulting in a negative pressure
to elucidate the mechanism of adhesion.

Being inspired by nature is the trend for developing a new generation of functional materials. It
should be interesting to understand P. tricuspidata, including its amazing climbing ability, important
pharmacology function, tenacious vitality, and inimitable role in environmental protection. To fully
under stand the secretion, transmission, accumulation, and metabolism of auxin may open a brand new
study on the metabolism, transportation, and transformation of nanoscale druggery in the plant system
and find the application of nanotechnology in biological genetics and evolution. Particularly, we affirm
the existence of a signal tunneling effect that is divided into a few kinds dealing with chemistry, biol-
ogy, mechanics, electronics, and so on during the adhesive disc growth and development. Using P. tri-
cuspidata as a raw and processed material to carefully determine its microstructure and function of ad-
hesive disc organ will prompt a wide and deep study on biomimetic and bioinformational materials and
biomimetic devices. Evidently, more experimental and theoretical work is indispensable to fully re-
under stand not only the microstructure and adhesion mechanism of adhesive disc but also the correla-
tions between the adhesion strength and structure of adhesive disc.
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