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a b s t r a c t

This paper reports the design, fabrication, and field testing of a small (30.5 cm wingspan)
robot capable of aerial and terrestrial locomotion. The micro air-land vehicle (MALV) flies
using a chord-wise, undercambered, bat-like compliant wing and walks over rough terrain
using passively compliant wheel-leg running gear. MALV successfully performs transitions
from flight to walking and in some situations, from walking to flight. The lightweight
(�100 g) carbon fiber vehicle can fly, land, and crawl with a sensor payload exceeding
20% its own mass.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Advances in fabrication, sensors, electronics, and power storage have made possible the development of a wide range of
small robotic vehicles capable of either aerial or terrestrial locomotion. Furthermore, insights into animal locomotion prin-
ciples and mechanisms have significantly improved the mobility and stability of these vehicles. For example, the utility and
importance of passively compliant wings for fixed wing micro air vehicles (MAVs) has been demonstrated for aircraft with
wingspans as small as 10 cm [1]. Likewise, highly mobile ground vehicles using compliant legs have been constructed as
short as 9 cm that can run rapidly over obstacles in excess of their own height [2].

This paper describes the design, fabrication, and testing of a novel small vehicle (dubbed the micro air-land vehicle (MALV))
that is capable of both aerial and terrestrial locomotion. Robot morphology is inspired by neuromechanics in animal locomo-
tion, integrating passive compliance in both its wings, joints, and legs, such that it may fly, land, walk on the ground, climb over
obstacles, and (in some circumstances) take to the air again all while transmitting sensor (video) feedback. Experimental
testing of the vehicle has been conducted in actual field conditions for the operations of surveillance, explosive detection,
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search/rescue, and remote inspection. In the longer term, the design architecture and locomotion mechanisms are expected to
lead to a family of vehicles of varying size, sensor payload, and range that may be configured for a wide range of applications.

1.1. Overview and design approach

In a biological organism, execution of a desired motion (e.g. locomotion) arises from the interaction of active (higher-le-
vel) control centers with passive (lower-level) properties of the sensorimotor system, including the intrinsic mechanical re-
sponse of the body. Animal ‘‘neuromechanical” systems successfully reject a range of disturbances that could otherwise
induce instability or deformation of planned trajectories [3]. The first response to minimize such effects, in particular for
higher frequency disturbances such as maintaining posture over varying terrestrial substrates and unexpected gusts in flight,
is provided by the mechanical properties of the organism. In legged locomotion, for example, compliance (i.e. springs and
dampers) plays a fundamental role in joints and structures that stabilize the body in an intrinsic fashion and thus greatly
simplify higher-level control [4,5]. Reproduction of the dynamic properties of muscle and the intrinsic response of the entire
mechanical system [6] has been a serious impediment to the successful realization of animal-like robot mobility over a vari-
ety of substrates and through different mediums. It is these intrinsic properties of the musculoskeletal system which aug-
ment neural stabilization of the body of an organism.

Although biological inspiration offers a wealth of promise for robot mobility, many constituent technologies are not at a
state of maturity where they may be effectively implemented for small autonomous robots. Existing power, actuation, mate-
rials, and other robotic technologies have not developed to the point where animal-like neuromechanics may be directly
integrated into robotic systems. Given this challenge, the majority of biologically inspired legged and flying robots have been
confined to laboratory or limited field demonstrations. A method to surmount this, known as abstracted biological inspira-
tion [7], focuses principally on the delivery of critical performance characteristics to the engineering system. Abstracted bio-
logical inspiration attempts to abstract salient biological principles and implement them using available technologies. This
approach founded the basis of the design methodology aimed at delivering capabilities of flight locomotion, crawling loco-
motion, and transitions between the two to MALV.

1.1.1. Organization of paper
The remainder of this section describes past work in flying and crawling micro robots, respectively, in addition to some of

the small body of research in robots with multimodal mobility. Section 2 delineates the biologically inspired structures for
flight and walking used on MALV. Section 3 details design process and vehicle fabrication, while Section 4 presents perfor-
mance characteristics of the robot. Section 5 enumerates the conclusions of the research and envisioned future work.

1.2. Micro ground vehicles

Among the breadth of factors presently inhibiting the real-world deployment of terrestrial micro robots, we have repeat-
edly encountered two in our own research. First, the relative size of real-world obstacles (e.g. stairs, gravel, terrain fluctua-
tions, etc.) makes movement difficult for small robots. For example, the RHex platform (�50 cm length), is the shortest robot
to our knowledge that can climb standard stairs [8]. Second, power source miniaturization has not kept pace with other crit-
ical equipment such as actuation, sensing, and computation.

A wide array of vehicles has been constructed that attest to the difficulty of designing field-deployable terrestrial mobile
micro robots, in particular with respect to the issues of obstacle clearance and power source miniaturization. For example,
Khepera robots have a 5 cm wheelbase, onboard power, and an array of sensors [9]. Although they are widely used by group
behavior researchers, their 1.4 cm diameter wheels restrict them to operation on very smooth, flat surfaces. Millibots [10]
use tracks, but it is not clear that they offer significant advantages since it is difficult to implement a modern track suspen-
sion at this small scale. A small hexapod has been developed by Fukui et al. [11] which runs in a tripod gait using piezoelec-
tric actuators. However, small joint excursions also limit the vehicle to relatively flat surfaces. Birch et al. [12] developed a
7.5 cm long hexapod inspired by the cricket and actuated by McKibben artificial muscles. Though capable of waking using
2 bars of air pressure it has not yet carried its own power supply. Sprawlita [13] is a 16 cm long hexapod which uses a com-
bination of servomotors and air cylinders. Sprawlita attains a top speed of 4.5 body lengths per second, which is fast com-
pared to existing robots of similar size. However, an operating air pressure of 6 bars makes it unlikely that the robot will
become autonomous in its current form.

Abstracted biological inspiration has spawned a group of highly mobile robots, called WhegsTM [14] and Mini-WhegsTM [15].
Using a single drive motor, the 9 cm long Mini-WhegsTM robot has run at 10 body lengths per second, and can easily run over
3.5 cm tall obstacles – higher than its body. The more recently developed iSprawl [16] also uses single motor propulsion and
benefits from abstracted biological principles. It has run even faster, 15 body lengths per second, although its obstacle climb-
ing ability is more restricted because of the relatively small range of motion of its feet.

1.3. Micro air vehicles (MAVs)

The majority of research to develop practical non-rotatary-winged MAVs can be broadly categorized into three funda-
mental approaches. The first and most widely used is to configure the airframe as a lifting body or flying wing using propel-
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