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CURB MOUNTING, VERTICAL MOBILITY, AND               
INVERTED MOBILITY ON ROUGH SURFACES USING 

MICROSPINE-ENABLED ROBOTS  

Aaron Parness*  

Three robots that extend microspine technology to enable advanced mobility are 
presented. First, the Durable Reconnaissance and Observation Platform (DROP) 
and the ReconRobotics Scout platform use a new rotary configuration of micro-
spines to provide improved soldier-portable reconnaissance by moving rapidly 
over curbs and obstacles, transitioning from horizontal to vertical surfaces, 
climbing rough walls and surviving impacts. Next, the four-legged LEMUR ro-
bot uses new configurations of opposed microspines to anchor to both manmade 
and natural rough surfaces. Using these anchors as feet enables mobility in un-
structured environments, from urban disaster areas to deserts and caves. 

INTRODUCTION 

Microspines were first developed for climbing rough vertical surfaces like brick, stucco, and 
concrete walls.1 The technology was inspired by examples from nature; many insects climb using 
directional spines on the distal surfaces of their legs.2 Microspines use sharp steel hooks to oppor-
tunistically grip small asperities on surfaces like bumps, pits, and ledges. Many microspines are 
fabricated with off the shelf hooks, like fly fishing hooks, surgical needles, or small brad nails. 
These hooks are embedded in a rigid frame with compliant flexures. When used in large arrays, 
as in the foot of a robot, the flexures allow neighboring hooks to displace relative to other micro-
spines in the array. By dragging the array across a rough surface, hooks will catch on asperities 
and the flexures will stretch to allow other hooks to catch on other asperities further down the 
wall.  In such a manner, a very distributed grip can be achieved without precise planning or con-
trol. Microspines are effective on rough surfaces and are robust to dust, fouling, and moisture. 
Recent efforts have applied microspines to natural surfaces as well, like rocks.3 Several variations 
of microspines are shown in Figure 1. 

Analytical models of microspines that explore the relationship between asperity size, hook 
size, and gripping forces can be found in prior work. 4,5 Generally speaking, the spine size is dic-
tated by the asperity size and ease of manufacturing. Therefore the maximum loads that can be 
supported correlate to the number of microspines and the roughness of the surface. Intuitively, 
microspines support more load on rough concrete than on painted concrete where the paint may 
have filled in some of the smaller asperities. In rare cases, the surface strength becomes the fail 
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Similar to linear microspines, rotary microspines use a suspension feature that enables each 
microspine hook to engage the surface independent of adjacent hooks, and allows it to remain 
engaged through a large range of motion as the rotary microspine spins. Figure 2 shows multiple 
iterations of the rotary microspine design.  

 

The primary consideration when designing rotary microspines was the engagement angle of 
the microspine hook with respect to the climbing surface, denoted as theta in Figure 3. An en-
gagement angle of between 30° and 45° is preferable to maximize the ratio of climbing force (Fc) 
to adhesion force (Fa).14 Because the motion of the rotary microspine results in a continually 
changing hook angle, the overall design of the climbing mechanism was greatly influenced by the 
need to constrain the hook engagement angle. Setting θ =30° and lt and h such that the maximum 
rotation of the hook housing is limited to 15° created the desired range of hook angle of between 
30° and 45° throughout the rotation of the rotary microspine. The rotation of the rotary micro-
spine disengages the hook from the surface by applying a force through the main flexure that ro-
tates the hook housing, causing a decrease in hook angle theta and eventual release. Disengage-
ment occurs at significantly higher forces in rotary microspines than linear microspines because 
the hook is being forced off the wall in its preferred direction rather than being released by mov-
ing the foot back up the wall, as in linear instantiations. For this reason, the flexures for rotary 
microspines must be made slightly thicker to withstand the detachment forces. 

Rotary microspines use a pattern of mounting holes that allows the hooks to be arrayed evenly 
around the wheel so that hooks are continuously being presented to the surface. This near-

continuous arrangement was empirically deter-
mined to be more effective than rows of hooks 
spaced at intervals of 15 or 30 degrees around the 
wheel.  

Rotary microspines were designed to maxim-
ize the likelihood of hook engagement, transfer 
the load to the robot appropriately, and prevent 
tangling or fouling of the hook elements during 
repeated use. Flexure shape and stiffness were 
improved through empirical testing using groups 
of 5 or 10 rotary microspines on a vertical test 
apparatus with linear slides for repeatability. The 
side-by-side arrangement and angular variation of 
the rotary microspines were determined in a simi-
lar fashion. For initial prototyping, two materials 
were considered for the flexure segments, one of 

Figure 2: Iterations of rotary microspines. 

 

Figure 3: Hook design parameters 
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hardness shore 20A and the second of hardness shore 60A. Testing of several designs resulted in 
the selection of flexures of shore 60A hardness. Using this rotary microspine design, several side-
by-side arrangements were tested to reduce issues such as entanglement and twist. Entanglement 
was the tendency of hooks to extend and engage adjacent hooks, greatly hindering the probability 
of engagement with the climbing surface. Twist was the tendency of the hook housing to rotate 
out of the plane of the rotary microspine. This effectively eliminated any possibility of engage-
ment as the hook would often end up parallel to the surface instead of in the desired perpendicular 
orientation. These issues were resolved through the combination of an exaggerated support flex-
ure, the C-shaped segment at the top of the hook housing, and by the inclusion of dividers be-
tween each microspine to constrain the motion of the hook housing to the plane. 

D.R.O.P. THE DURABLE RECONNAISSANCE AND OBSERVATION PLATFORM 

 The first robot to utilize rotary 
microspines was DROP, Figure 4, 
which used a two-wheel plus tail 
architecture previously demonstrat-
ed in robots such as JPL’s AXEL16 
and ReconRobotics’ Scout plat-
form,17 although it is seldom seen 
in climbing robots. The use of a 
two-wheeled design creates a 
unique set of criteria, which needed 
to be accounted for in the body de-
sign. See Figure 5 for parameters. 
Two criteria needed to be met for 
climbing to occur: 

 
         Fa;max  ≥  Fr       (1) 
            Fc  >  Fmg        (2) 
  

The torque exerted by the motors causes the tail of the 
robot to rotate into the surface being traversed. Without 
this reaction, Fr, the body of DROP would spin freely in 
place. During climbing, however, this reaction force has 
the potential to pitch the robot off the climbing surface. 
The length of the body, lt, and the radius of the rotary mi-
crospine, r, were adjusted to account for this and provide a 
balance of horizontal and vertical mobility. Expanding Fr 
in Equation 1, Equation 3 displays the inverse relationship 
that exists between the maximum adhesion force generated 
by the microspine hook, Fa,max , and the body length, lt.  

 
Fa,max   ≥  ( [Fmg * r + T] / lt )        (3) 

 
Increasing the body length, lt, improved climbing by 

virtue of reducing the necessary adhesion force, but in-
versely impacted turning ability and ground travel. While 
the radius of the rotary microspine has an effect on the 
reactions seen on the tail, Fr, it was more important in de-

Figure 4: DROP robot 

Figure 5 DROP parameters 
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termining the climbing force produced by the microspine hook, Fc. Eq. 2 can be rewritten to show 
this relationship: 
 

[T / r]  >  Fmg         (4) 
 

Future iterations will largely address these design considerations of the body to improve per-
formance by reducing the pitch-back moment reflected to the spines during climbing. 

The current DROP prototype has the ability to transition from horizontal to 90° vertical sur-
faces, travel at a ground speed of 45 cm/s, and climb vertical cinder block walls at 25 cm/s. To 
date, vertical climbing is sporadic, usually resulting in a fall after 3 or 4 body lengths of climbing. 
DROP can survive impacts from 3 meters, i.e. driving off of rooftops. The platform can turn in 
place on flat ground and can travel at headings up to 20° off of vertical on walls. A related video 
publication shows these achievements.15 

Horizontal to vertical surface transitions were achieved with a high degree of repeatability, see 
Figure 6. These transitions were possible at a variety of speeds, including full throttle. Transitions 
from vertical to horizontal, however, were only partially successful with the current body design. 
The mass of the controls at the end of the tail in conjunction with the stiffness of the tail prevent-
ed DROP from moving its center of mass over the lip of the wall to transition onto the roof. A 
softer tail, lighter controls, or higher torque motors will address this issue. 

 

The climb speed of 25cm/s is more than 5x that of RiSE (4cm/s) and more than 10x that of 
Spinybot (2.3cm/s) on vertical surfaces. The 45cm/s ground speed of DROP is also a rate unseen 
in other microspine climbing robots. DROP displayed high maneuverability on horizontal surfac-
es with the ability to turn in place (turning radius of 0) and overcome small obstacles with ease. 

Impact testing was performed by driving DROP off of a one-story rooftop. The platform sur-
vived these falls of 3 m, and was also thrown from the ground onto the roof to demonstrate one 
potential deployment strategy. From higher rooftops, DROP failed consistently with a crack to 
the unprotected edge of the plastic coupling between the motors and the rotary microspines. Re-
designed couplers with additional protective damping material are currently in fabrication, and 
should improve impact resiliency. 

CURB MOUNTING AND STAIR CLIMBING 

Rotary microspines were also implemented on the ReconRobotics’ Scout Platform. Scout is a 
durable, throwable robot that enables video reconnaissance in both indoor and outdoor environ-
ments. It is currently deployed both with the military and in police forces across the country. The 
stock wheels were removed from a Scout platform and replaced with arrays of rotary micro-
spines. This robot was then tested in urban outdoor environments. 

Figure 6: DROP making horizontal to vertical transition 
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Inverted, steep slope, vertical, and overhanging mobility demonstrations are currently being 
conducted using these anchors on the LEMUR IIB robot, see Figure 10.20,21 The robot uses two 
actuators to control each gripper, and a rotary quadrupedal gait that ensures the stability of the 
robot. Since each gripper can support more than 160N, and the robot’s weight is only 140N, a 
high factor of safety is also realized.  

LEMUR is a 12 kg, four-limbed robot with 3 degrees of freedom per limb. As such, it is kin-
ematically constrained to planar mobility demonstrations. Future upgrades to the robot will pro-
vide 5 or 6 DOF limbs so that the robot can access virtually any rocky surface regardless of shape 
or gravitational orientation. As a concept for future operations, LEMUR has stereo video cameras 
that could be used for reconnaissance or autonomous operations. Additionally, a rotary percussive 
drill has been demonstrated inside one of the grippers, validating the potential for the robot to 
obtain rock samples that would be relevant to resource exploration or scientific studies.22 

CONCLUSION 

Several extensions of microspine technology were shown. First, a rotary microspine was pre-
sented that used the same principles of previous linear microspines, opportunistic grasping and 
distributed load sharing, in a circular form factor. Rotary microspines enable wheeled microspine 
mobility, as demonstrated on the DROP robot and the commercial ReconRobotics Scout plat-
form. With these platforms, rapid horizontal to vertical transitions, vertical mobility, curb mount-
ing, and stair climbing were demonstrated. 

Figure 10: Inverted mobility test with LEMUR IIB robot 



 8 

Inverted mobility was also demonstrated using the LEMUR IIB platform and omni-directional 
microspine anchors. By arranging the microspines in a hierarchical, circular configuration and 
loading the spines towards the center of the anchor, a single anchor is able to support the entire 
robot’s weight. This provides a high factor of safety when walking inverted with a rotary quadru-
pedal gait.  

Each of these platforms has the potential to provide new capabilities for reconnaissance and 
sample acquisition. Future work will focus on refining the designs and testing on a wider variety 
of surfaces. 

ACKNOWLEDGMENTS 

The research was carried out at the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under a contract with the National Aeronautics and Space Administration. The author addi-
tionally thanks the Jet Propulsion Laboratory Office of the Chief Scientist and Chief Technologist 
for their support of this work and the North Carolina Space Grant for supporting undergraduate 
student participation. 

Copyright 2012 California Institute of Technology. Government sponsorship acknowledged.  

REFERENCES 
1 Asbeck, A. T., Kim, S., Cutkosky, M. R., Provancher, W. R., and Lanzetta, M., 2006. “Scaling hard verti-

cal surfaces with compliant microspine arrays”. The Int. J. of Robotics Res., 25 (12), pp. 1165–
1179. 

2  Dai, Z., Gorb, S., and Schwarz, U., 2002. “Roughness-dependent friction force of the tarsal claw system 
in the beetle Pachnoda marginata  (coleoptera, scarabaeidae)”. J. Of Exp. Bio., 205 (16), pp. 2479–

3  A. Parness. “Anchoring Foot Mechanisms for Sampling and Mobility in Microgravity,” IEEE ICRA, 
Shanghai, China, 2011. 

4 A Asbeck, S. Kim, A. McClung, A. Parness, M. Cutkosky. “Climbing Walls with Microspines," IEEE 
International Conference on Robotics and Automation, (Orlando, Fl, May 2006). 

5 A Asbeck, M Cutkosky. “Designing Compliant Spine Mechanisms for Climbing,” ASME Journal of 
Mechanisms and Robotics, March 2012. 

6 S. Kim, A. Asbeck, W. Provancher, M. Cutkosky. “SpinybotII: Climbing Hard Walls with Compliant Mi-
crospines,” IEEE ICAR, Seattle, WA, July, 2005. 

7 A. Asbeck, S. Kim, W. Provancher, M. Cutkosky, M. Lanzetta. “Scaling Hard Surfaces With Microspine 
Arrays,” Robotics: Science and Systems, MIT, June 8-10, 2005. 

8 Spenko, M., Haynes, G., Saunders, J., Cutkosky, M., Rizzi, A., Full, R., and Koditschek, D., 2008. “Bio-
logically inspired climbing with a hexapedal robot”. J. of Field Robotics, 25 (4), pp. 223–242. 

9  Autumn K. et al. “Robotics in scansorial environments,” Proc. SPIE Int. Soc. Opt. Eng. 5804, 291, 2005. 
10 A. Parness et al. Prototype This! Episode 10. Discovery Channel, 2009. 
11 A. Lussier Desbiens, A. Asbeck, M.R. Cutkosky. “Scansorial Landing and Perching”, IEEE ISRR, Ne-

vada, USA, 2009. 
12  Lussier Desbiens, A., Asbeck, A., and Cutkosky, M., 2011. “Landing, perching and taking off from ver-

tical surfaces”. The Int. J. of Robotics Res., 30 (3), p. 355. 
13 W. Fischer, G. Caprari, R. Siegwart, and R. Moser, “Compact Magnetic Wheeled Robot for Inspecting 

Complex Shaped Structures in Generator Housings and Similar Environments”, Proc. of 
IEEE/RSJ International Conference on Intelligent Robots and Systems, St. Louis, USA, pp. 4116-
4121, 2009. 

14 W. Provancher, J. Clark, W. Geisler, and M. Cutkosky, “Towards penetration-based clawed climbing,” 
CLAWAR, 2004. 

 



 9 

 

15 C. McKenzie and A. Parness, “Video Demonstrations of D.R.O.P. The Durable Reconnaissance and Ob-
servation Platform,” IEEE ICRA, St. Paul, MN, 2012. 

16 I. Nesnas et al., “Axel and DuAxel rovers for the sustainable exploration of extreme terrains,” J. of Field 
Robotics, 29:4, 2012. 

17 www.reconrobotics.com 
18 A Parness, M Frost, N Thatte, J King. “Gravity-Independent Mobility and Drilling on Natural Rock Us-

ing Microspines,” IEEE ICRA, St. Paul, MN, USA, 2012. 
19  A Parness, M Frost, J King, N Thatte. “Demonstrations of Gravity-Independent Mobility and Drilling on 

Natural Rock Using Microspines,” video submitted to IEEE ICRA, 2012.  
20  B. Kennedy et al., “Lemur IIb: A robotic system for steep terrain access,” Industrial Robot: An Interna-

tional Journal, vol. 33, pp. 265–269, 2006. 
21  T Bretl et al., “Free-climbing with a multi-use robot,” Experimental Robotics IX, Springer, 2006. 
22 A Parness. M Frost. “Microgravity Coring: A Self-Contained Anchor and Drill for Consolidated Rock,” 

IEEE Aerospace Conference, Big Sky, MT, USA, 2012. 


