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Abstract— As robotic technologies advance and robots move
out of factories and labs into the real world, grip on a variety
of surfaces (e.g. smooth or rough) in a variety of conditions
(e.g. dry or wet) becomes increasingly important. Bioinspired
“microspines” have been previously explored, but primarily
for vertical climbing applications or for small-scale robots
applying low forces (less than 1 N). Further, these works
primarily focused on rough surfaces. To advance this area of
research, we present a composite material comprising high-
friction rubber and compliant nitinol microspines which can
passively retract below the surface of the rubber. We show
that the composite can support large loads (greater than 75 N)
with a high coefficient of friction on both smooth and rough
surfaces (1 > 1.1), outperforming microspines alone on smooth
surfaces and rubber alone on rough surfaces, especially when
wet and oily. Further, due to the retraction of the microspines,
the composite does not damage relatively soft, smooth surfaces,
like wood flooring. We also test durability, and show that it
is improved by microspine compliance, and test the effects of
varying microspine diameter, angle, and tip shape. Finally, we
demonstrate that a small RC car can climb steeper slopes and
stop more quickly in wet conditions with microspines.

I. INTRODUCTION

Most terrestrial animals and robots use friction to propel
themselves forward across various surfaces, such that a
higher coefficient of friction (CoF) allows more aggressive
maneuvers with less risk of slip [1]-[3]. While the roughness
and condition of the surface impacts the CoF, this is often
unable to be controlled, leaving the design of the contact
points (e.g., the feet or wheels) as critical to increasing the
CoF [4]-[6]. This is particularly the case in wet environ-
mental conditions because the presence of liquids reduces
the CoF by coating the asperities (small bumps and pits
in the ground surface) [5]-[7]. This makes it harder to
successfully navigate inclines and turns, or to stop quickly
without skidding [3].

Nature offers design solutions that help improve grip on
slippery, rough surfaces. Two prominent mechanisms are tiny
hooks or claws for climbing and collapsible microspines
for flat surface friction. Various beetles and cockroaches
use sharp claws to latch onto asperities, creating large
shear forces and even negative normal forces (functionally
adhesion), which allow the insects to climb vertical or
overhanging rough surfaces [1], [8]. On horizontal surfaces,
cockroaches and spiders engage their straight microspines
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Fig. 1. The microspine-rubber composite outperforms a microspines-only
material on a smooth surface (top) and a rubber-only material on a rough,
wet, and oily surface (bottom). The mass is 2.2kg.

for improved traction when navigating complex terrain [9],
[10]. Experiments with these insects have shown that when
moving on rougher surfaces, they impart more lateral force
to improve stability while progressing forward. The mi-
crospines on cockroach legs are stiff axially to transmit
forces when engaged, but easily rotate about their base,
enabling them to engage only when necessary [1].

Inspired by the hooks and claws of insects, several
mechanisms for climbing robots have been developed [11]—
[15]. SpinyBotII uses arrays of sharp, non-deformable hooks
(referred to in the literature as microspines) to successfully
climb rough surfaces such as concrete [11]. Another larger-
scale example is a hand to enable the large robot RoboSimian
to climb steep rocky surfaces [16]. These works demonstrate
the benefit of multiple steel microspines for load sharing and
scaling steep surfaces with high shear forces and little, or
even negative, normal force. However, these devices are not
designed to support large positive normal forces, which is
a requirement for materials used on the feet of large robots
designed for locomotion on the ground.

Other work has been bio-inspired by cockroach and cricket
leg spines to improve the performance of millirobots during
jumping and pulling on mostly flat or inclined surfaces [9],
[17]. Using triangular, collapsible microspines attached to
the legs, the jumping robot could increase its kinetic energy
and jump higher on certain surfaces such as styrofoam, and
the microspines enabled the running robot to pull higher
loads, run faster, and climb a steeper cork surface incline.



Their work predominantly focused on small-scale robots and
relatively low forces (for instance VelociRoACH pulled loads
lower than 1 N) [9]. At the intersection of these two groups
of work is a family of small robots with wheels covered in
the hook-type microspine that could roll over flat ground and
also climb vertical surfaces [18]. The largest of these robots
is 540 g, with most 300 g or less.

Nature provides another solution for improved grip: a
hybrid where the hooks that grip rough surfaces are in
close proximity with material adapted for grasping smooth
surfaces. This is found in both insects [1] and geckos [19],
[20]. Few studies have attempted to replicate this ability, and
those that have focused on small forces on the order of 1 N.
One design required the spines to slip, rotating the foot and
enabling a rubber pad to make contact [17], [21]. Another
used active Shape Memory Alloy to retract the spines [16].

In this work, we present a microspine-rubber composite.
The contributions of our work with respect to previous work
are three-fold. First, while most microspine work has focused
on low normal force (climbing applications) or low total
force (small robots), our composite shows a high coefficient
of friction while supporting large normal loads (u > 1.1,
load > 75 N). Second, we explore the effect of surface
condition (dry versus wet and oily) on frictional properties
of rubber versus microspines on rough surfaces, a study not
currently in the literature. Finally, our composite design with
compliant microspines can passively retract below the level
of the rubber to enable high friction on smooth surfaces,
and does not scratch soft, smooth surfaces, a property not
currently addressed in the literature.

What follows is an explanation of the microspine-rubber
composite design, simple analytical models of its behavior,
a description of its testing methods, and experimental results
of the composites’s performance.

II. DESIGN CONCEPT

The composite comprises two key elements: a flat surface
of high-friction rubber and thin, cylindrical microspines that
protrude at an angle through cutouts in the rubber, but are
supported only at their bases (Fig. 2A). This allows each
cantilevered microspine to easily flex about its base when a
load is primarily perpendicular to its axis, yet remain stiff
when loaded axially (see Section III). When brought into
contact with a rough surface (Fig. 2B, top), the protruding
tips of the angled microspines engage with the asperities
in the surface to prevent slip. When contacting a smooth
surface (Fig. 2B, bottom), the tips of the microspines have
no asperities to engage, and the microspines bend until they
are flush with the rubber, allowing the rubber to make full
contact with the surface (note that rubber is approximately
incompressible). At the same time, the flexibility of the
microspine allows it bend about its base during a slip event,
when the loading angle is beyond what the composite can
support (Fig. 2C). This flexing allows graceful failure with
minimal damage to the microspine tips.

Parameters of the design, such as microspine diameter and
angle, can be chosen to tune performance for specific rough
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Fig. 2. The design concept of the microspine-rubber composite. A)
Microspines are anchored at an angle, pass through cutouts in the rubber,
and slightly protruding beyond the surface of the rubber. B) When contacting
a rough surface, the microspines flex slightly and find naturally occurring
asperities. When contacting a smooth surface, the microspines flex below
the rubber, which makes full contact with the surface. C) If the load angle
made lower and lower, the composite will eventually slip. In this case, the
microspines flex back, preventing damage to the tips and instead dragging
the underside of the microspine on the surface.

surfaces. In this work, we focus on concrete and asphalt, and
select the appropriate parameters (see Section V). In addition,
the basic design presented here can be modified depending
on the application. For a rigid robot foot, the design will be
very similar to that shown; however, for a pneumatic tire,
the anchor is subdivided into sections to give compliance.

III. MODELING

The basic model of how a microspine works is covered in
previous literature (e.g., [11], [16]). To summarize, the local
surface normal does not match the global surface normal
when roughness and asperities exist (see Fig. 2B). Locally,
there are sections where the surface is nearly perpendicular
to the microspine tip, meaning that a relatively low local
CoF results in a much higher functional global CoF. A high
global CoF means the material can support shallow loading
angles, as measured from the surface, approaching a pure
shear load. This means any load from pure normal to shallow,
near-shear will be supported without slip. In the remainder
of this section, we present simple models for predicting the
trends of the behavior of our microspine-rubber composite.

A. Ideal Microspine Angle and Diameter Models

We predict that for a given surface texture, there should be
an ideal angle at which the microspine should be mounted
with respect to the anchor, with higher and lower mounting
angles resulting in lower performance (i.e., lower CoF and
less shallow loading angle, measured from the surface). This
is because there are two competing effects, one decreasing



Fig. 3. Geometry and variables for modeling.

CoF and the other increasing CoF, with mounting angle. The
first effect is that straight microspines will deform due to high
stress at the base, and bend and slip if the loading angle, ¢,
is much shallower than their mounting angle, 6 (Fig. 3). The
maximum stress, O,, at the base of a microspine due to this
non-axial loading can be written as

o Mc  32FLsin(0 — o)

" rd3 ’
where M is the moment about the base, ¢ is the distance
from the neutral axis to the edge of the microspine, I is the
moment of inertia for the circular cross-section, F' is the load,
L is the unsupported length, and d is the diameter. The stress
grows roughly linearly with the difference in loading versus
mounting angle for small angular differences. In Section V-
A, we calculate the expected limit to loading angle for our
microspine geometry.

At the same time, it is not possible to simply decrease the
mounting angle to zero to allow very shallow loading angles
because of a second competing effect: microspines with a
low mounting angle cannot reach deep into a rough surface
to engage with asperities; they will only skim the surface.
Thus, we predict to find an optimal angle that is large enough
to allow the microspine to reach into asperities, but shallow
enough to remain within the stress limit of the microspine.

Similarly, we expect two competing effects for spine
diameter: too large of a diameter and the microspine will not
be able to reach into asperities, while too small of a diameter
will not support the loads without buckling or bending. We
test these predictions in Section V-A.

)

B. Wet Rough Surface Slip Model

We predict that regardless of surface condition (wet and
oily or dry), the slip angle should vary little for our composite
on rough surfaces. This is because, as described above, the
global CoF is a result of the local interactions of all of
the microspines. If many of the microspines have nearly
perpendicular contact with the local surface, then they will
not slip whether dry (high local CoF) or wet and oily (low
local CoF). Instead, failure will likely be dictated by stress
overload at the microspine base, as described in the previous
section. We test this prediction in Section V-B.

C. Smooth Surface Slip Model

We predict that the performance of the composite will
be nearly equivalent to that of rubber on smooth surfaces,
beyond a critical load. This is because beyond the critical
load, the microspines will bend enough to allow the rubber

to fully contact the surface, and the total effective CoF, Uy,
will approach the rubber CoF, u,:
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where Fy, and Fy, are the portions of the normal load on

the rubber and microspines, respectively, and L is the local

CoF of the microspine on the surface. Further, we can write
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where & is the deflection of the microspine toward the rubber
and E is the elastic modulus of the microspine. Therefore, for
low normal loads (Fjy < Fj), there will be no normal load
on the rubber, and the effective CoF will equal the CoF of the
microspine (relatively low—metal on a hard smooth surface).
However, at very high normal loads, the effective CoF will
approach that of the rubber, since Fy, will saturate (8 will
not increase) once the rubber contacts the surface (assuming
the rubber deforms little compared to the motion of the tip
of the microspine). We test this prediction in Section V-C.

IV. METHODS
A. Material Choices

For the rubber of the composite, we chose a high-friction,
long-wearing graphene-doped synthetic tire rubber (Vittoria).
For the microspines, we chose nickel-titanium alloy (nitinol),
because of its ability to yield but recover elastically [22].
As mentioned in Section III-B, the primary failure mode
for the composite slipping on a rough surface is backward
bending of the microspines about their base after the yield
stress is reached. While steel would plastically deform after
yielding, nitinol will recover elastically. It is also relatively
wear-resistant [23], [24].

B. Microspine-rubber Composite Test Samples

In order to assess the benefit of adding microspines to the
base of various robot feet, we designed various test samples
to emulate different foot geometry. The three designs are
a hard, flat sample, a hard spherical sample, and soft tire.
The flat sample is a rectangle with sides of (3.175cm x
3.000cm) and is made of 3D-printed PLA plastic with three
microspines arranged in a triangle pattern (1 spine per 3.175
square centimeters). (Fig. 4). The spherical sample is also
made from 3D-printed PLA plastic, with a diameter of
4.4cm, and 6 spines per square centimeter.

The tire is from an RC car and has a outside diameter
of 14.1cm and 4 spines per square centimeter. The anchor
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Fig. 4. A) Side view of microspine-rubber composite in flat sample. B) A
toothpick is strong enough to deform a flexible microspine into the surface
of the rubber.



for the microspines was fabricated from carbon fiber and
embedded inside the tire. All spines protruded the same
length from the treads and angled normal from the tire.
The flat sample was used for ideal diameter testing, in
which the nitinol microspines were varied in diameter from
0.5mm to 2.0mm, in both a square-cut condition (perpen-
dicular cut at the tip) and sharpened condition (angled cut
at the tip). The flat sample was also used for ideal angle
testing, in which the mounting angle was varied from 15°
to 60° by 15° increments (with 0.64 mm diameter, square-
cut microspines). A final sample was created by embedding
microspines with carbon fiber anchors into the forefoot of
the soles (7.5cm x 5cm) of running shoes (Nike Pegasus).

C. Slip Angle Testing Procedures

Rough surface slip testing was done on a solid block of
cast concrete (39.7cm x 14.0cm x 7.3cm). The wet condition
was created by adding a small amount of vegetable oil
(Crisco Canola) spread uniformly over the surface. Smooth
surface testing was done on ceramic tile (30.0cm x 11.7cm
x 0.9 cm (Carrara)). We test only dry smooth surfaces, as the
effect of water and oil on rubber performance is well studied
(e.g. [5], [6]). Each surface was supported at an angle, and
each test sample was mounted to a rigid sample holder (3D-
printed with PLA). A vertical force of approximately 75 N
was applied to the back of the sample holder via a metal
rod of diameter 0.7 cm and length 25.4 cm. The smooth test
surface was also tested with no mass on the sample (the
sample has a mass of 10g) and with a 0.96 N force, to
explore the effect of varied load. Testing began at a steep
loading angle (between the surface and the vertical), and
incremented by approximately 2° for each test until a slip
occurred. A slip is defined as when the sample overcomes
the static friction force to slide down the surface. This
was repeated three times for each condition. The CoF was
calculated as the arctangent of the maximum loading angle.
We calculated only one direction for the CoF because our
spine angling. If we rotated the spines 180°, then the friction
would behave like rubber only because the spines would
deform since our samples are designed for forward travel.
Omnidirectional friction can be obtained by making the
spines angled in all directions.

D. Durability and Surface Damage Testing Procedures

To test the durability of the microspine-rubber composite,
we forced it to slip on the rough concrete surface. This
sample had 0.64 mm diameter microspines at a 45° mounting
angle. We also tested a sample with the same microspine
diameter and mounting angle but with a shorter length
of unsupported microspine beyond the anchor (2.2mm as
opposed to 5.8 mm in the standard sample). The microspines
in this sample are limited in their ability to flex backward
during failure, potentially wearing more quickly. The sam-
ples were made to slip in sets of 10, tested, slipped 10 more
times, and repeated for a total of 100 slips. We only tested
and measured the wear of these two samples, and future
work could explore if variables such as mounting angle and
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Fig. 5. Results for the ideal microspine angle tests on rough dry concrete.
Tests were done with the 0.64 mm nitinol at 15°, 30°, 45°, and 60° angles.

diameter affect durability. Additionally, as a demonstration of
the durability technology, we tested the running shoe sample
by measuring slip angle before and after outdoor running
sessions. Each session included running 16 km at 3.8 ms’l,
equalling roughly 6,000 steps per shoe, and applying over
1300 N, or twice the bodyweight of a 68 kg runner. A total
of four sessions were completed.

To test the damage that the microspine-rubber composite
causes to a smooth, soft surface, the composite was made to
slip on an engineered wood surface (Bruce, Engineered Red
Oak Flooring) using the same samples in the previous test.

E. RC Car Testing Procedures

Done as a demonstration of the microspine performance,
0.64 mm diameter microspines were inserted into the front
tires of an RC car (Mainan). The car was driven down a
stretch of road until it had reached maximum cruising speed
(approximately 0.725 ms~!) and near-constant velocity, then
abruptly braked by reversing the motor. The distance it
skidded before coming to a stop was recorded. For this test,
the wet condition was done just after the rain on an asphalt
street (the pavement was wet but not puddled, and oil was
present from usual car use). Ten trials were done instead of
three due to the higher standard deviation of the data.

V. RESULTS
A. Ideal Microspine Angle and Diameter Results

The simple model from Section III-A predicts that the CoF
will be maximized for an intermediate microspine mounting
angle. The results from our tests show this trend, with a
mounting angle of 30° producing the largest values of CoF,
for tests on both dry and wet and oily rough surfaces. The
data for the dry tests are shown in Fig. 5. As predicted, for
high mounting angles (45° and 60°), the lowest achievable
loading angle was equal to or slightly lower than the spine
mounting angle. The 60° microspine slipped at a loading
angle of 52°, while the 45° microspine slipped at 45°. Also as
predicted, at low mounting angles (15° and 30°), the lowest
loading angle did not reach as low as the mounting angle
(40° for the 30° mounting and 52° for the 15° mounting).

We also tested how varying diameter and tip shape
(square-cut versus sharpened) of the microspine affected
performance on dry and wet and oily rough surfaces. As
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Fig. 7. Results of testing flat, spherical and tire samples on dry and

wet rough surfaces. For each, a rubber-only sample is compared to the
microspine-rubber composite.

shown in Fig. 6, the square-cut microspines show a maxi-
mum at 0.64 mm for wet and 0.76 mm for dry. In contrast,
the sharpened microspines did not show a clear maximum
in the range tested. However, sharpened microspines are
impractical because they dull quickly with use.

B. Rough Surface Results

The model from Section III-B suggests that the CoF of
the microspine-rubber composite should not be substantially
different on dry versus wet rough surfaces, unlike standard
rubber. This trend is indeed shown by the data in Fig. 7.
Across the three test sample types (flat, spherical, and tire),
the CoF for the rubber decreases noticeably from dry to
wet, while the CoF for the microspine-rubber composite
decreases only slightly (and remains higher than that of even
the dry rubber case). Not shown are results for microspine-
only samples on wet and dry rough surfaces; these samples
had the same CoFs as those of the composite, showing that
the addition of rubber to form the composite did not sacrifice
performance on rough surfaces.

C. Smooth Surface Results

The modeling of Section III-C predicts that the
microspine-rubber composite will perform similarly to a
rubber-only sample on smooth dry surfaces at high load, but
less well at very small loads that are too small to retract
the microspines. The data shown in Fig. 8 confirms this
prediction, showing a relatively low CoF for the microspine-
rubber composite for loads under 1N, but a CoF that is
comparable to the rubber-only case at a slightly higher
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Fig. 8. Results for samples tested on a smooth dry surface. At very low
normal loads, the composite does not perform as well as rubber, because
the microspine do not retract, but at slightly higher loads (> 1N), the
composite performs as well as the rubber-only sample (and much better
than the microspines-only sample).

Fig. 9. Image showing wood floor board after failure of the composite (“C”,
left) versus a microspines-only sample (“S-O”, right). There is no visible
damage for the composite. The microspine scratches are 0.5 mm deep.

load of 7N; additional load does not measurably affect
performance. Further, the microspine-only sample performs
much worse than the rubber-only and the composite, as it
only has metal contacting the smooth surface. We also tested
damage on a soft smooth surface, and qualitative results show
significant damage with microspines only, but no visible
damage with the composite (Fig. 9).

D. Durability Results

For flat samples made to intentionally fail repeatedly, we
see that the flexible microspines of the composite design
show little performance degradation, while short, stiff mi-
crospines lose approximately 25% of their peak CoF value
after 100 failure events (Fig. 10). For the running shoe
durability testing results (not shown), we found that the CoF
did not deteriorate for the first three running sessions (total
of 48km or approximately 18,000 steps, each with a load
of over 1300 N), while a small, but measurable decrease in
CoF (approximately 10%) was seen after the fourth session.

E. RC Car Results

Finally, the results of testing the RC car on an outdoor
asphalt road showed measurable improvements in distance to
stop (Fig. 11). While improvements were visible in a dry test,
the more dramatic improvement occurred on the wet road,
where the car with microspines halved the stopping distance.
The microspines also improved steep incline performance
(see attached Video).
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Fig. 11. Results demonstrating the performance of the microspines when
embedded in the tires of an RC car. Testing was done for both dry and wet
conditions with 0.64 mm flat cut microspines.

VI. DISCUSSION

Section V presents a variety of results confirming the
predicted trends for the behavior of the microspine-rubber
composite and demonstrating performance benefits compared
to either rubber-only or microspines-only materials. Our
results suggest that the composite could work on a wide
range of robotic morphologies, including flat feet, spherical
or hemispherical feet, and wheeled tires—covering much of
the literature. A limitation of the study is that it did not
directly test tank treads (found on some robots); however,
similar performance to the flat samples might be expected.
The results also demonstrate increased CoF under high
normal loads, filling a gap in the microspine literature. We
used 75N for slip tests on 9cm? samples for greater than
80kPa of pressure, and 1300 N on the forefoot of the shoe
with area 38 cm? for greater than 340kPa of pressure.

We also showed that there is an ideal diameter and
mounting angle of the microspine within the ranges tested.
However, the exact values of these likely depend on the size,
shape, and density of asperities. Since this study was limited
to two common rough surfaces (concrete and asphalt), further
studies would help improve our understanding of how surface
morphology affects ideal diameter and mounting angle.

Wear is a common concern in most foot and tire designs,
and is of even greater concern for a microspine design, since
a relatively sharp tip is required. However, our durability
testing suggests that the composite with flexible microspines

is more durable than a stiff-spine design and shows minimal
performance decay across 100 simulated failures. We note
that during normal uses, such a catastrophic sliding failure
would rarely, and hopefully never, occur. Accordingly, we
also tested thousands of loading cycles without catastrophic
slip with the composite embedded into the sole of a running
shoe. Only after 24,000 loading cycles were we able to
measure a small deterioration in performance. We believe
that part of this high durability is due to using square-cut
microspines, rather than sharpened ones. The microspines
cannot become duller than they are when manufactured; the
eventual decay in performance is likely due to complete
removal of the end of the microspine, making it eventually
too short to reach into asperities. However, the ability to
take enough steps to cover greater than the distance of a
marathon with our preliminary design is promising. Further
testing could examine the durability for wheeled designs.

The composite design also demonstrated an ability to
handle rough and smooth surfaces well, overcoming the
shortcomings of both a microspine-only or rubber-only de-
sign. The compliance of the microspines in our hybrid
composite design allows them to deform under small loads
when contacting smooth surfaces. This means that a large
load will not be applied through the microspine to a smooth
surface, preventing damage to soft, smooth surfaces. This is
a key characteristic for a foot or wheel material that might
need to work both indoors and outdoors.

Finally, our RC car results showed that the benefits of
the microspine-rubber composite are not limited to static
situations. This car recorded being able to climb steeper
inclines and a stop after a shorter braking distance with
the addition of the microspines into its tires. As mentioned
earlier, the microspines were only embedded into the front
two tires, so we would anticipate higher changes in CoF if
all four tires had microspines.

VII. CONCLUSION

We present a microspine-rubber composite for increasing
the CoF of robot feet and wheels in contact with various real-
world surfaces. We introduced the design, derived simple
models of its behavior, and presented results verifying the
trends predicted by the models as well as showing the limits
of composite’s performance. Our work helps advance the
literature on microspines with three primary contributions.
First, we present a microspine design that supports large
normal loads (on the order of 10N to 1000 N). Second, we
present data exploring the difference in microspine behavior
on dry versus wet rough surfaces. Third, our composite
design features compliant microspines that passively retract,
enabling high CoF on both rough and smooth surfaces
without damaging them and demonstrating performance for
over ten thousand cycles. Future work will explore more
surfaces as well as integrate the composite into various
robotic systems to test in real-world robot use cases.
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