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In this letter, we propose a technique by which we can actively adjust frictional properties of

elastic fibrillar structures in different directions. Using a mesh attached to a two degree-of-freedom

linear stage, we controlled the active length and the tilt angle of fibers, independently. Thus, we

were able to achieve desired levels of friction forces in different directions and significantly

improve passive friction anisotropies observed in the same fiber arrays. The proposed technique

would allow us to readily control the friction anisotropy and the friction magnitude of fibrillar

structures in any planar direction. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907255]

Adhesive and frictional properties of fibrillar surfaces

inspired by gecko and insect foot-hairs have been studied for

decades.1–4 In particular, the coupling of adhesion and fric-

tion in fibrillar surfaces5 as well as the role of fiber angle and

fiber tip ending shape6 on their frictional properties have

been studied by several scientists. Murphy et al. showed the

friction of spherical and spatula tip fibers were 1.6 and 4.7

times the maximum friction of unmodified fiber samples.6

For frictional properties of film-terminated fibers,7–9 it was

reported that static friction of such structures increased with

increasing fiber spacing as well as loading rate; however, the

sliding friction was not affected by changing these factors.8

Adhesion, friction, and wear of single-walled carbon

nanotube (SWCNT) and multi-walled carbon nanotube

(MWCNT) arrays were also widely studied.10,11 Bhushan

et al. showed that both friction and adhesion of SWCNT

arrays are less than those of MWCNTs and surmised that

higher stiffness of MWCNTs may contribute to their higher

friction force. In another study on the frictional properties of

MWCNTs, it was shown that the friction coefficient of nano-

tubes could significantly change depending on their orienta-

tion relative to the contact surface.11 There are several

studies suggesting different angled6,12–15 and vertical14–17

fibrillar structures for directional adhesion and friction prop-

erties. Murphy et al. measured a friction anisotropy of 5.6:1

for angled tip fibers fabricated with polyurethane,12 a level

of anisotropy similar to that observed in geckos.5 However,

the suggested designs are all passive and their frictional and

adhesive properties cannot change actively. Several scien-

tists have proposed chemical or topographical approaches

for adhesion switching.18–22 They have suggested topograph-

ical approaches such as change of backing layer stiffness22

or using magnetic field to manipulate magnetic micropil-

lars.19,20 Sariola and Sitti proposed to mechanically switch

adhesion for transfer printing applications using a non-

adhesive mesh.21 They retracted the fibers vertically through

the mesh holes to deactivate fibrillar adhesion.21 Most of

these mechanisms take advantage of a single mechanism

(e.g., tilting or retracting fibers) for switching adhesive prop-

erties of fibrillar structures. Marvi et al. investigated friction

control mechanisms in snakes and developed a bio-inspired

mechanism for active control of friction.23–26 They con-

trolled scale angle of attack to adjust frictional properties of

Scalybot, a snake-inspired crawling robot.26 However, there

is lack of studies on active control of fibrillar friction anisot-

ropy and magnitude, which is crucial for manipulation sys-

tems and robotic crawling and climbing systems using

fibrillar structures.27–32

In this letter, we present a methodology through which

we can actively adjust the frictional properties of fiber arrays

in any planar direction by controlling the active length, L
and tilt angle, h of the fibers. As shown in Fig. 1(a), we used

a mesh attached to a two degrees of freedom (2-DOF) stage

to tilt the fibers (moving in y-direction in Fig. 1(b)) and

change their stiffness by adjusting their active length (mov-

ing in z-direction in Fig. 1(b)). We characterized frictional

properties of fibers with different tip ending shapes (Figs.

1(c)–1(f)) at different mesh configurations (Fig. 4(a)) using

the setup shown in Fig. 1(b).

For the fabrication of the fibrillar surfaces used in this

study (see Fig. 2), we first fabricated an acrylic mesh using

an Office Mill (Haas II, OM-2A). We made an array of holes

with diameters of 1 mm and center-to-center spacings of

2 mm in an acrylic plate of thickness 6.3 mm. We then silan-

ized the mesh to reduce the surface energy of acrylic and

made a backing layer for it. Next, we poured ST-1087 poly-

urethane (BJB Enterprises, Inc., mixed 100:50 by weight) on

this mesh to fabricate master fibers. We used a piece of cured

Dow Corning HS-II silicon rubber (mixed 10:1 by weight) to

remove the excess polymer from the top of mesh. We left the

silicon rubber on top of the mesh until the polyurethane

cured in order to get uniform fiber tips illustrated in Fig.

1(c). According to scanning electron microscope (SEM)

images taken from the cross section of these fiber tips, the

maximum height difference on each fiber tip (height at the

tip edge minus height at its center) normalized by the fiber

diameter was 0.066 6 0.007. The ratio of tip to stem diame-

ter was also 1.00. Next, we made a mold from these fibers

using silicon rubber and used ST-1060 polyurethane (BJB
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Enterprises, Inc., mixed 100:55 by weight) to fabricate fibers

using this mold.

We decorated tips of these fibers in three different ways

(see Figs. 1(d)–1(f)): small and large mushroom tip fibers

and hierarchical fibers. For fabricating small mushroom tip

fibers, we spin coated 0.2 g of ST-1060 at 2000 rpm for 60 s,

dipped the undecorated fiber array in the thin layer of polyur-

ethane, and cured it while being pressed on a flat surface

made of silicon rubber (see Fig. 3). The ratio of tip to stem

diameter was 1.17 6 0.02. We used the same procedure for

fabricating large mushroom tips unless we spin coated 0.2 g

of ST-1060 at 1500 rpm for 45 s. The ratio of tip to stem di-

ameter for large mushroom tips was 1.26 6 0.02. For making

hierarchical fibers, we spin coated 0.2 g of ST-1060 at

2000 rpm for 60 s and dipped the undecorated fiber array in

the thin layer of polyurethane and let the polymer be cured

while being pushed against a flat surface made of silicon rub-

ber. We then spin coated 0.2 g of ST-1060 at 1500 rpm for

45 s and dipped the fiber array in the thin layer of polyur-

ethane and cured it while pressing it against a mold previ-

ously developed for small mushroom tip fibers (stem

diameter of 40 lm, tip diameter of 90 lm, and length of

100 lm).21 Finally, we made a silicon rubber mold for each

tip decoration to be able to make consistent fibers for our

friction measurements. The curing procedures we followed

for polymers we used in this study are as follows: we cured

ST-1060 and ST-1087 fibers for 24 h at room temperature

followed by 16 h at 71 �C. We also cured silicon rubber for

24 h at room temperature. We degassed polymers 3 min after

mixing and 10 min after pouring them on the mold.

We performed our friction tests on four different fiber

tips (undecorated tip, small mushroom tip, large mushroom

tip, and hierarchical fibers as illustrated in Figs. 1(c)–1(f)

using the setup shown in Fig. 1(b).33 We used a laser en-

graver (CO2, 35 W, Pinnacle V-series) to fabricate a mesh

made of 1.5 mm thick acrylic with holes of 1.5 mm diameter

spaced at 2 mm. We attached this mesh to a 2-DOF manual

micro-manipulator stage to adjust the active length and tilt

angle of fibers (Fig. 1(b)). We first fixed the sample on a

glass slide using double-sided tape and hot glue around the

edges. We then aligned the mesh with the fibers and moved

it down until it contacted the backing layer. We used a flat

glass indenter for all of the friction tests. We attached this in-

denter to the shear force load cell, which was attached to the

z�y motorized stage through the normal force load cell (Fig.

1(b)). Next, we used the two rotational DOF of the stage to

align the indenter with fibers. Once we did the alignment, we

approached the fibers at speed of 0.05 mm/s, preloaded them

FIG. 1. (a) Schematic of active fiber

friction anisotropy and magnitude con-

trol. We used a 2-DOF linear stage to

change fiber array active length, L
(moving the mesh in the z-direction)

and its tilt angle, h (moving the mesh

in the y-direction). (b) Friction mea-

surement setup: (1) 50 g load cell for

normal load, (2) 500 g load cell for

shear load, (3) flat glass indenter, (4)

mesh, (5) fiber array, (6) 2-DOF linear

manual stage, and (7) 3-DOF linear

motorized stage. SEM images of fibers

used in this study with different tip

decorations: (c) undecorated tip, (d)

small mushroom tip, (e) large mush-

room tip, and (f) hierarchical fibers.

These fibers are all made of ST-1060

polyurethane.

FIG. 2. Fabrication steps of master

fibers: (a) making the acrylic mesh

using an office mill. Holes have diame-

ter of 1 mm and center-to-center spac-

ing of 2 mm. The thickness of acrylic

plate is also 6.3 mm. (b) Using super-

glue to attach the mesh to an acrylic

backing layer and to attach the backing

layer to a petri dish. (c) Pouring ST-

1087 polyurethane on the mesh and

removing extra material from the top

of mesh using a piece of cured Dow

Corning HS-II silicon rubber. (d)

Curing the ST-1087 polyurethane

while the silicon rubber is on the mesh.

(e) Peeling the master fiber out of the

mesh. (f) SEM image of fiber tip cross

section.
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with 0.25 N normal load, contacted the fibers for 10 s,

dragged the indenter on the fiber array at speed of 0.1 mm/s

for 10 mm, and finally retracted the indenter. Once the in-

denter made contact with fibers and we applied the preload,

the indenter height was kept constant to measure friction

force at constant z-distance between fibers and glass

indenter. See supplementary Figs. S1(a)-S1(c) for the raw

friction data and Figs. S1(d) and S1(e) for the effect of nor-

mal load and drag speed on the highest static friction force

experienced by the undecorated fibers.34

We performed a total of 96 trials using four different

samples (one sample per tip decoration), with and against

fiber tilt angles, at four different configurations of the mesh

(z¼ 0, 3 mm according to active fiber length of 4.6 mm and

1.6 mm considering the thickness of the mesh and y¼ 0,

2 mm; Fig. 4(a), configurations 1–4), three trials each.

Figures 4(b)–4(e) present the highest static friction force as a

function of fiber active length and angle (according to differ-

ent z�y levels of the mesh) for the four different samples we

used in this study. Figures 4(f)–4(i) were similarly plotted

using the kinetic friction force of these samples. The friction

force was measured in two opposing directions: with (red

bars) and against (blue bars) the direction of fiber tilt angle

to find the level of friction anisotropy achieved in different

z�y levels. We adjusted the alignment of the setup by mini-

mizing the static friction anisotropy of vertical fibers (y¼ 0).

The frictional properties of fibers in this study were

impacted by both adjusting their effective lengths and tilting

them. We first look at the effect of tilting the fibers, then

shortening them, and finally the combined effect of these

FIG. 3. Fabrication process for mush-

room tip fibers: (a) and (b) Pouring

0.2 g of ST-1060 in a petri dish and

spin coating it at 1500 rpm for 45 s. (c)

and (d) Dipping the fiber array in the

thin layer of ST-1060 polyurethane. (e)

and (f) Pressing the fiber tips against a

flat piece of cured silicon rubber and

curing it.

FIG. 4. (a) Different mesh positions (1–4) and fiber tip ending shapes (I–IV). Highest static friction force as a function of z�y level of the mesh in “with” and

“against” directions for (b) undecorated tip, (c) small mushroom tip, (d) large mushroom tip, and (e) hierarchical fibers. Kinetic friction force as a function of

z�y level of the mesh in “with” and “against” directions for (f) undecorated tip, (g) small mushroom tip, (h) large mushroom tip, and (i) hierarchical fibers.

Comparing friction data for configurations 1 and 3 demonstrate the effect of fiber array active length on its frictional properties. The shorter the fiber was, the

higher the friction force was. The differences in friction forces between configurations 1 and 2 and between configurations 3 and 4 are due to tilting fibers. The

“with” friction was decreased and “against” friction was increased due to tilting fibers. Comparing configurations 1 and 4 shows the effect of both mechanisms:

changing fiber length and tilting it. These experiments were performed under constant z distance between fiber array and glass indenter (after applying the pre-

load the indenter height was kept constant).
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mechanisms. As shown in Fig. 1(a), tilting the fibers using

the mesh would cause both the fiber stem and fiber tip to tilt

where each of these effects would result in friction anisot-

ropy.12 As supported by most of the data plotted in Figs.

4(b)–4(i), tilting the fibers decreased both their static and ki-

netic friction in the “with” direction while increasing friction

in the “against” direction, when compared to vertical fibers.

The role of angle of attack on adjusting backward to forward

friction anisotropy of snake-inspired scales has been studied

by Marvi et al.26 They used aluminum blades as scales and

changed their angles of attack to actively control frictional

anisotropy on Styrofoam and achieved static friction anisot-

ropy of 2.16 and kinetic friction anisotropy of 1.6.26

If we only look at the effect of fiber shortening, the

shorter the fiber length, the higher the static and kinetic fric-

tion force due to higher fiber stiffness. In a similar observa-

tion, Bhushan et al. showed that the friction of SWCNT

arrays is less than that of the stiffer MWCNTs.10 Due to the

combined effect of fiber shortening and tilting on increasing

“against” friction force, the highest static and kinetic friction

forces for each sample were measured by dragging in the

“against” direction at configuration 4 (short and tilted fibers,

see Fig. 4(a)).

The four different samples we used in this study all

revealed similar trends as discussed in the previous para-

graph. However, large mushroom tip fibers demonstrated

the highest static and kinetic friction forces of 608.77

6 28.90 and 593.66 6 20.64 mN, respectively, with 250 mN

preload. This is mainly due to the larger area of contact and

higher adhesion of mushroom tip fibers. The effect of tip

decoration on frictional properties of fibrillar structures was

studied by Murphy et al. who measured higher friction

forces for spherical and spatula tip fibers compared to

unmodified fiber samples.6 The highest kinetic friction ani-

sotropy is also observed in the mushroom tip sample (1:3.6).

However, small mushroom tip fibers showed the highest

static friction anisotropy (1:3.7).

Following the proposed methodology, we can change

the effective length of fibers and their tilt angles both of

which contribute to the frictional properties of the fibers.

Thus, we can adjust the “with” and “against” friction forces

readily. As an illustration, if we fabricate passive large

mushroom tip fiber arrays in configuration 4, we could only

achieve static friction anisotropy of 1:1.9. However, using

the proposed technique, we could improve the friction ani-

sotropy of this fiber array to 1:4.9 if we use configuration 2

for “with” direction and configuration 4 for “against” direc-

tion. We can also reverse the “with” and “against” direction

of fibers by tilting the fiber array in the opposite direction.

Moreover, we can extend this mechanism to any arbitrary

planar direction or deactivate the fiber array friction by

reducing its effective length to zero. Thus, we can have a

fibrillar surface that could adapt to the environment and

actively adjust its frictional properties in different directions.

Making effective interactions with the environment

using attachment mechanisms that could adapt to the terrain

and gait requirements could make locomotion on unstruc-

tured complex terrain feasible. Incorporating the proposed

mechanism in a terrestrial robotic system could allow the

robot to adjust its frictional properties in any planar direction

and make more effective interactions with its surrounding

environment. However, there are several limitations on the

proposed methodology. Having such a mechanism would

require adding several actuators to the robotic system.

Moreover, the frictional properties of these fibrillar struc-

tures are characterized on a flat glass indenter. In order to

come up with an optimum fiber design and control strategy

for such an application, further friction characterization on

different surfaces will be required (depending on the terrain

the robot will be traversing). It should also be emphasized

that the mesh configurations used in this study are not the

optimal positions of z and y for maximum friction anisotropy

and were arbitrarily chosen to demonstrate the effectiveness

of the proposed methodology.

In summary, we proposed a technique for active control

of frictional properties of fibrillar structures. We used a 2-

DOF linear stage to control the fiber length and the tilt angle

in order to adjust its friction forces in different directions.

We used four different samples for our experiments and

performed friction measurements in “with” and “against”

directions for four different configurations of the mesh.

According to our measurements, both length and tilt angle

contributed to the friction forces experienced by fibers.

Tilting the fibers decreased their friction force in “with”

direction and increased it in “against” direction compared to

those of vertical fibers. In addition, decreasing the effective

fiber length increased its friction force in both directions.

The large mushroom tip fibers demonstrated superior fric-

tional properties in this study. We also showed how we can

use this technique to improve the static friction anisotropy of

large mushroom tip fibers 2.6 times the maximum anisotropy

such passive structure could have. The methodology pro-

posed in this study would allow us to actively control friction

forces of fibrillar structures in any planar direction or remove

fibrillar friction if needed. Active control of friction would

enable pick-and-place type of robotic manipulation and

transfer printing systems for flexible electronics and minia-

ture electronic, optical,35–37 and mechanical device assembly

and packaging applications21,27,28 and snake, gecko, or other

biologically inspired robotic crawling and climbing sys-

tems,29–32 which could traverse various surfaces and terrain

by active friction control for search and rescue, exploration,

inspection, and field robotics applications.
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