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Abstract
This study focuses on the structural changes of vertically aligned carbon nanotube (CNT) arrays while measuring their adhesive properties and
wetting behaviour. CNT forests grown by chemical vapor deposition with a height of ~ 100 µm, an outer CNT diameter of ~ 10 nm and a density of
the order of ~ 1010 CNTs/cm2 show an average adhesion of 4 N/cm2 when pressed against a glass surface. The applied forces lead to the collapse
of the regular CNT arrays which limits their reusability as functional dry adhesives. Goniometric water contact angle (CA) measurements on CNT
forests show a systematic decrease from an initial value of ~ 126° to a final CA similar to highly orientated graphite. Environmental scanning
electron microscopy shows that this loss of hydrophobicity is due to an evaporation induced compaction of CNTs together with the loss of their
vertical alignment. We observe the formation of cellular patterns for controlled drying.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Non-specific dry adhesion, i.e. glueing on any surface
without viscoelastic liquids or mating architectures such as
hook-loop fasteners, is highly desirable for applications ranging
from vacuum technology to robotics, and medicine. The ability
to control adhesion in nature is in many cases connected to vander-Waals interactions and capillary forces on micro- and
nanostructured contact surfaces [1,2]. The feet of beetles, flies,
spiders, and geckos are decorated with dense mats of
hierarchical fibrillar structures enabling molecular contact
over large areas, thus translating weak van-der-Waals interactions into enormous attractive forces which allow them to climb
any wall. As known from the example of the Lotus leaf, such a
surface structuring also controls the wetting behaviour and
facilitates self-cleaning [3]. Model systems, engineered mainly
based on top-down approaches usually combining lithography
and mircomolding of polymer films, helped quantifying this
concept of contact splitting and established the scaling be-
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haviour of the critical adhesion energy [4–8]. The Johnson–
Kendall–Roberts (JKR) theory [9] estimates the pull-off force
between a hemisphere-tipped pillar of radius R and a planar
surface to be P = 3πRWa, whereby Wa is the interfacial energy.
Since the aerial density scales with R− 2, the achievable adhesion scales as R− 1.
Self-assembled carbon nanotube (CNT) mats are reminiscent
of the surface structures seen in nature. The keratinous gecko
hairs are 30–130 µm long and terminate in 200–500 nm-wide
spatula shaped structures [10,11]. Catalytic chemical vapor
deposition allows the scalable synthesis of patterned, vertically
aligned arrays of sub-10 nm diameter CNTs with an aspect ratio
exceeding 106. CNTs also have extraordinary mechanical,
electrical and thermal properties, hence are a promising new
system for biomimetrics and the engineering of functional dry
adhesives [12–15]. Here we study structural changes of
vertically aligned CNT forests while measuring their adhesion
and wetting behaviour. We observe a collapse of CNT alignment
during the first normal adhesion cycle, preventing reusability.
A collapse of CNT alignment also occurs upon evaporation
of water droplets, manifesting itself in the loss of superhydrophobicity. Environmental scanning electron microscopy
shows a receding evaporation front leaving behind cellular
patterns.

C.T. Wirth et al. / Diamond & Related Materials 17 (2008) 1518–1524

2. Experimental
Vertically aligned multiwalled carbon nanotube (MWNT)
arrays were grown by thermal chemical vapour deposition at
750 °C in 200:500:10 sccm Ar:H2:C2H2 for 7 min, from Al2O3
(10 nm)/Fe (0.7 nm) films on Si substrates coated with a 200 nm
thermally grown SiO2 layer. The alumina support layer was
magnetron sputtered. The Fe catalyst was thermally evaporated
with a rate of ~ 0.01 nm/s. The samples were transferred in
air between the layer depositions and before being loaded into
the 2″ quartz tubing of the atmospheric pressure CVD furnace
(Carbolite). The carbon nanostructures were analysed by scanning electron microscopy (SEM, Jeol 6340 and LEO 1530VP
FEGSEM).
For adhesion measurements, MWNT arrays of approx.
1 × 1 cm2 lateral area as-grown on the Si substrates were pressed
manually with a preload in the order of 100 N for 30 s against
various target surfaces (glass, plastic). The pull-off force was
measured in the normal direction with a conventional spring
balance.
Static contact angles were measured goniometrically (First
Ten Angstroms FTA200). A water drop with a volume of
~ 40 µL was ejected from a dispensing needle and placed on top
of the forest. Subsequently, a side-view image of the drop was
taken with a CCD camera. Software-based drop shape analysis
was finally used to obtain the CA. The shape of the drop was
fitted with the Young–Laplace equation.
For environmental scanning electron microscopy (Philips
FEI XL30 FEG ESEM) CNT forests were sprayed with water
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before loading. The samples were then monitored at 2 °C while
the chamber pressure was decreased until water evaporated
from the sample surface.
3. Results and discussion
3.1. CNT-based dry adhesives
The vertical CNT alignment in thermal catalytic CVD is due to
a proximity effect based on sufficiently densely created active
catalyst particles. Under optimised feeding conditions CNTs
mainly extrude vertically due to van-der-Waals interactions with
neighbouring CNTs. Assuming an average spacing D = 50 nm
between adjacent CNTs the typical density of CNTs on the
substrate can be estimated as ~4·1010 CNTs/cm2 which is
comparable to the value reported by Hart et al. [16]. Transmission
electron microscopy (not shown here) shows that the CNTs for
described CVD conditions are multiwalled with 3 to 5 concentric
parallel walls and an outer diameter distribution centred around
d = 10 nm. The array height is ~100 µm. By interrupting the
hydrocarbon flow for different intervals, clearly marked interfaces
in SEM indicate a base growth mechanism whereby the catalyst
particle remains anchored on the Si substrate. The porosity P can
be obtained by P = 1 − (π/4)(d/D)2 = 97%.
The adhesive strength Ftot for 1 × 1 cm2 sized CNT forests
attached to hydrophilic glass target surfaces was measured to be
4 N/cm2 in average which agrees with earlier reported values
[12]. We obtained similar values when hydrophobic plastic
target surfaces were used instead indicating that non-specific

Fig. 1. (a–b) Schematic representation of the adhesion measurement. The forests were manually pressed (100 N) against a glass target, and subsequently pulled off.
The force was measured with a spring balance. SEM images of forest surface before attachment (c), and pressure-induced collapse after detachment (d).
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van-der-Waals forces dominate the adhesive behaviour. Assuming that spherical CNT tips provide the contact area with a glass
surface, the vdW force of a ~ 10 nm diameter CNT can be
estimated by Ref. [17]
FvdW ¼

HRCNT
g2nN
6d02

ð1Þ

where H = Hglass = 68.5 × 10− 21 J [18] is the Hamaker constant
and d0 = 0.165 nm is the approximate interfacial cutoff distance
[17]. Hence, the amount of CNTs involved in vdW interactions
with the glass substrate can be estimated to
NCNT ¼

Ftot
c2  109 CNTs=cm2
FvdW

ð2Þ

Consequently, only 5–10% of the CNTs contribute to the
adhesion. The interfacial energy Wa between a spherical CNT
tip of radius RCNT = 5 nm and a planar surface can be estimated
with the JKR model [9]. Setting the pull-off force P = 2 nN, we
obtain:
Wa ¼

2P
c85mJm2
3pRCNT

ð3Þ

which agrees well with experimentally determined interfacial
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
energies [12]. However, the approximation Wa c2 gC gSiO2
[17], where γC and γSiO2 are the surface energies for graphite
and SiO2 respectively, predicts for a graphitic sheet adhering via vdW interactions to silicon dioxide a value of about
350 mJ m− 2.
After detachment the CNTs adhered almost completely to the
target surface indicating that CNT anchoring on the original
growth substrate is the point of failure. We observe a collapse of
the CNT forest as a result of the applied compressive forces,
thus breaking up the vertical alignment. The compressed CNT
films which form an entangled mat [Fig. 1(b,d)] did not increase
in area. Vertically aligned CNTs can act as elastic struts and their
high mechanical flexibility allows them to bend upon
compressive stress. The high porosity of the CNT film enables
their buckling and folding without increasing the area of the
compressed film. In contrast to earlier reports [19] we could not
observe a recovery of the compressed CNT films to their original morphology upon load release and pull-off. In comparison
to the initial forest surface [Fig. 1(a,c)] the entangled CNT mat
provides significantly fewer individual contact points which
explains why no measurable adhesion was observed with reattached samples.
ATokay gecko produces an adhesion force of about 10 N/cm2
[20] with nearly unlimited contact cycles and an actively
controlled attachment–detachment mechanism with a minimum
preload. Compared to that the as-grown CNT forest requires a
large preloading and can achieve an adhesion strength in the
order of 4 N/cm2 only once. We use rigid substrates here, but

CNT forests can be transferred to flexible soft polymer tapes
which will clearly enhance the adhesive properties [13].
Furthermore, our study is based on homogenous CNT mats, a
pre-patterning of the catalyst allows a more closer mimicking
of the multi-scale, hierarchical surface structures observed in
nature. Recent results show that such a patterning is beneficial [14]. Nonetheless, as we show here, the challenge is to
achieve reusability by preventing CNTs sticking to themselves by the very same vdW forces. Short CNTs supported
on larger diameter fibres might come much closer to nature's
benchmarks.
3.2. Wetting of aligned CNT films
A common feature of forests is their collapse and compression of CNTs upon water contact [21–23]. Yet, it was not
reported when the CNTs start collapsing. Therefore, we
investigated the wetting behaviour of VA-CNTs with similar
morphology as described in Section 3.1. Static contact angle
(CA) of VA-CNTs were obtained from goniometric measurements. A schematic process of the wetting behaviour is depicted
in Fig. 2(a). The initial water CA on VA-CNTs was measured to
be ~ 126°. The CA can be increased significantly by surface
functionalisation [24,25]. However, this level of hydrophobicity
can only be observed at the very beginning of the water contact.
During the whole evaporation process the contact line remains
pinned [Fig. 2(b)]. Consequently, water must flow outward to
compensate for evaporating losses from the edge and to prevent
the shrinkage of the droplet. As a result, the droplet height

Fig. 2. Schematic illustration of wetting on VA-CNTs with an irreversible transition
from the Wenzel (composite interface) to the Cassie state (wetted surface) (a). On
initial contact with a mm-sized water droplet, a high water CA is observed (top).
Water permeating the VA-CNTs (middle) results in self-assembly of CNTs into
micropatterns (bottom). Optical microscope images of time-resolved change of the
contact angle (b). During the evaporation process, the contact area between the
water droplet and the CNTs remains pinned, indicated by two parallel lines (contact
line 1.7 mm).
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decreases and the CA diminishes. Fig. 3(a) shows the pattern
formed after the slow evaporation of a mm-sized water droplet.
During the drying process the CNTs collapse and the ordered
vertical alignment is lost [Fig. 3(d)]. The pattern resembles
a “crop circle” with a sharp transition to the pristine forest
[Fig. 3(b–c)].
The entangled CNT mats obtained from adhesion measurements have slightly higher CA (145 ± 10°) probably due to an
increase of surface roughness. Nevertheless, even the mats
collapsed after water contact. In general, we observe that independent of the initial morphology of the CNT arrays the final
CA upon collapse corresponds to the CA of a graphitic surface.
Hence, we assume that the defect free CNT wall has almost the
same CA as that of a graphite plane, e.g. the measured CA of
highly orientated graphite is about 85°.
Our explanation for the wetting behaviour is based on the
transition between two different wetting states, namely the
Cassie state [26] and the Wenzel state [27]. In the Cassie
model, the water droplet sits on top of the forest. Air enclosed
in the voids in the forest, forming a composite surface,
enlarges the water/air interface while the CNT/water interface
is minimised. On such rough “low energy” surface the water
forms a spherical droplet. Assuming the rough surface is
composed of air pockets and the solid, the effective CA θC⁎ of
the drop on the rough surface is related to the Young's CA θ on
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a smoother surface of the same material by the Cassie–Baxter
equation [26,28]
⁎

coshC ¼ 1 þ /s ð1 þ cos hÞ:

ð4Þ

Here, ϕs is the surface fraction of the solid in contact with
the liquid. CNTs can be wet by substances having surface
tensions lower than 200 mN m− 1 [29,30]. Hence, water
(γ = 72.8 mN/m) driven by capillary forces can penetrate into
the voids of the forest. In the Wenzel state, water seeps into the
voids and fills up the air gaps, hence forming a homogenous
liquid-solid interface. The equation for the effective CA θ ⁎W for
a Wenzel drop reads [27]
⁎

cos hW ¼ r cos h

ð5Þ

where r N 1 is the surface roughness parameter, the ratio of the
actual over the apparent surface area of the substrate. However,
the roughness induced non-wetting and the absorption of water
into open-cell CNT array are competing processes. We believe
that in case of a VA-CNT film the air-trapping Cassie state
[Fig. 2(a, top)] is metastable and relaxes to the Wenzel state
[Fig. 2(a, centre)]. The transition between the Cassie and
Wenzel wetting regimes is irreversible [31]. This transition

Fig. 3. “Crop circle” pattern (a) formed by collapsing CNTs (with height ∼ 100 µm) (inlet) during CA measurement. Initial water drop profile (CA = 126°) (inlet). Sharp
transition between the liquid induced collapsed area and the pristine CNT forest (b–c). The collapsed CNTs bend toward walls (∼5 µm thick) (d) confining channellike structures.
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mechanism might be a consequence of multiscale roughness
ranging from the nanoscale (morphology of single CNT) to the
microscale (surface texture of CNT forest, cf. Fig. 1(c)). The
effect of roughness on wetting states and hence on the stability
of a composite interface is scale-dependent [32]. Furthermore,
upon evaporation structural changes of the vertical alignment
involve a continuous change of surface roughness, and thus
wettability. A hydrophobic state (θ⁎ = 126°) in case of VACNTs transforms finally into an almost hydrophilic state
(θ = 89.5°) in case of untreated CNT powder (26). Relating the
temporal change of the CA θ⁎(t) to a temporal change of
surface roughness r(t) or ϕs(t) respectively, the transition from
the non-wetting (θ⁎≃130°) to the wetting state with CA θ b 90°
cannot be explained in either the Wenzel or the Cassie–Baxter
model. In both models wettability gets improved by roughness
for a hydrophilic surface (θ⁎ b θ for θ b 90°), but gets worse for
a hydrophobic one (θ⁎ N θ for θ N 90°).
There is evidence that concepts describing hydrodynamics at
macroscopic scales, such as the Washburn equation (Eq. 6), can
be quantitatively applied for fluid flow through nanoporous
materials [33–35]. In a simple model, we approximate the voids
of the forest by cylindrical capillaries. Neglecting eventual slip
at the hydrodynamic boundaries, we can estimate the capillary
rise h(t) by the Washburn equation [36]
hð t Þ ¼



gR cos h 1=2 pﬃ
t
2g

droplet and thus wetted for a longer period. The cracks in the
forest broaden due to an increase of collapsing CNTs, forming
plateau-like “walls”. Hence, in later stages of the evaporation
process, the evaporation induced bending of the CNTs toward
the walls leads to their compaction and results finally in the
formation of micro-patterns. The drying process is also
responsible for the self assembly of a forest into cellular
structures after immersion into a liquid. The cellular pattern in
Fig. 5(c) was obtained from evaporation of water sprayed with a
nozzle on VA-CNTs. During the slow evaporation micropolygons are formed with sizes ranging from 50–100 µm
corresponding to the CNT length. Fig. 5(d) shows that CNTs

ð6Þ

where γ = 72.8 mN/m is the surface tension of water at RT,
η = 0.89 mNs/m the viscosity at RT, R = 25 nm the pore radius of
the voids between the VA-CNTs, and θ = 85° the water contact
angle with the graphitic walls. Hence, Eq. 6 predicts for a
100 µm-thick forest a time of about 0.1 s for the complete
Cassie–Wenzel transition. Consequently, about 2% of a droplet
(40 µl) with a contact line of 1.7 mm can penetrate into the
cavities driven by capillary forces.
We captured the evaporation process of water droplets in an
ESEM (cf. supplementary videos). In contrast to evaporation in
ambient conditions, the evaporation speed can be adjusted in the
ESEM, and the samples were additionally analysed with a SEM
after the evaporation process. This enables us to investigate the
formation of cracks in the forest induced by bending of CNTs.
The continuous collapse of CNTs leads eventually to formation
of pattern resembling cellular structures. We believe that CNTs
begin to collapse as a result of a pressure difference induced by
the evaporation of the liquid imbibed by the forest. During
evaporation the initial spherical shape of a drop on a CNT forest
[Fig. 4(inlet)] gets deformed [Fig. 4(a–b)] and cracks appear via
bending of CNTs [Fig. 4(c)]. Upon evaporation, the receding
waterfront of the drop leaves salients behind which are formed
by collapsing CNTs. The deformed waterfront resembles the
shape of a sea urchin. Fig. 5(a) shows the transition from the
surface which was in contact with the water droplet to the nonwetted area. The transition area has the shortest contact time
with the water which is in agreement with the observed spiky
deformation of the droplet's shape in the ESEM. Fig. 5(b)
depicts an area which was located more in the centre of the

Fig. 4. ESEM plan view images of the evaporation of a water droplet on the
surface of a CNT forest. The initial circular shape (inlet) gets deformed (a–b)
with decreasing humidity (2.6 Torr (inlet), 2.5 Torr (a), 2.4 Torr (b–c) vapour
pressure). The bending induced compaction of the CNTs leads to the formation
of cracks in the CNT film (c). The image sequence is part of supplementary
video S2.
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Fig. 5. SEM images of capillary-driven self-assembly of CNTs into cellular patterns. Formation of cracks in the forest upon evaporation of a water droplet (a–b). After
complete immersion of a forest, the self-assembled pattern consists of irregular polygons with sizes ranging from 50–100 µm (c). The parallel alignment of the CNTs
remains preserved (d).

bend towards the wall of the polygon. The vertical alignment of
the CNTs is basically transferred to a horizontal alignment, and
the CNTs bend upward to form the walls. Moreover, it was
shown that structure and orientation of formed polygons
depends on the pattern of VA-CNT arrays [21,37,23].
The deflection of a CNT can be explained in a simple model
where the CNTs are considered as swaying beams fixed on the
substrate [38,39]. During the drying process, water remains in
the cracks in the forest (cf. Fig. 5(b)). The surface tension γ of
this water causes a pressure difference p just beneath the watervapour interface with respect to the vapour pressure. According
to the Laplace-equation this pressure difference is given by
2g cos h
ð7Þ
w
where w is the width of the crack, and θ the CA of the meniscus.
Consequently, a bending moment is exerted on the CNT walls
separated by the cracks. The pressure induced deflection δ of
the CNTs can be determined by [38]
p¼

d¼

Fh3
8EJ

ð8Þ

where F = pdh is the force, p the pressure difference, d the CNT
diameter, h the CNT lenght, E = 1.28 TPa the bending modulus
of a CNT [40], and J = πd4/64 the cross-sectional second
moment of a cylinder. Considering an average diameter of

10 nm of a 100 µm long CNT, a pressure difference of 0.2 kPa
would be sufficient to cause a deflection of 50 µm. Capillary
forces are therefore strong enough to bend the highly elastic
CNTs [21] whereas vdW interactions between collapsed CNTs
cause their bundling and keep them in their parallel alignment.
4. Conclusion
It was demonstrated that ~ 100 µm CNT forest provide vdWbased adhesion of up to about 4 N/cm2. However, the high
flexibility of CNTs causes the stress-induced collapse of the
vertical structure. Therefore, adhesives based on these forests
fail in repeated attachment which, however, would be desired to
mimic gecko's locomotion system. On the other hand, the
forests could be applied as one-way synthetic pressure-sensitive
adhesives.
As-grown vertically aligned CNT arrays form a nanoporous
foam structure, with CNTs acting as nanoscale flexible beams and
air-filled voids in between. Depending upon the surface texture
and thus multiscale roughness, CNT films can be hydrophilic with
CA similar to graphite or hydrophobic. However, high CA on
CNT forests are unstable. We believe that an transition between
the Cassie (composite interface with air pockets trapped under the
droplet) and Wenzel (wetted surface) state takes place. We
estimated the transition time by the Washburn equation. If the
voids are filled with water, the material loses its water repellent
properties, and induced structural modifications of the surface
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texture lead to a change of the wetting behaviour. During
evaporation capillary forces zip the CNTs together, thus driving
the self-assembly into micropatterns.
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