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Abstract— The kinematic design of a multi-segment ambula-
tory microrobot inspired by centipedes is presented. The kine-
matics of five repeated segments joined by a flexible backbone
of rigid links and flexures are described and simulated. The
kinematic model was used to guide the design of an individual
two degree of freedom segment, which was fabricated using
the Smart Composite Microstructures process. Testing and
analysis of a suspended segment displayed motion similar to
that predicted by the model. Multiple segments can be joined
to a flexible backbone to create a multi-segment structure
capable of a variety of gaits. Due to its modular, multi-
legged, and compact design, this robot has the potential to
serve as a platform for swarm robotics applications, advance
control techniques for ambulatory systems, and inspire batch
fabrication of microrobots.

I. INTRODUCTION

The development of ambulatory microrobots over the past

decade has been motivated by search and rescue opera-

tions, hazardous environment exploration, and surveillance.

Inspired by the biology of cockroaches, researchers at U.C.

Berkeley created RoACH, a 2.4 g, autonomous hexapod

robot capable of speeds up to one body length per sec-

ond [1], using the Smart Composite Microstructures (SCM)

process [2]. Similarly, the Harvard Ambulatory Microrobot

(HAMR), weighing 90 mg with outer dimensions of 17 mm

by 23 mm, has demonstrated forward locomotion using the

alternating tripod gait essential to statically stable hexapod

locomotion [3]. Additional terrestrial microrobots have been

demonstrated, such as a jumping microrobot [4], a two-

legged 10.2 mg robot [5], and a shape memory alloy (SMA)

actuated microrobot modeled after a worm [6].

While cockroaches can achieve speeds up to 40 body

lengths per second [7], centipedes, part of the subphylum

myriapoda, are predatory arthropods that also display re-

markable speed and agility. In particular, the house centipede,

Scutigera Coleoptera, is considered the most agile, clocking

in at around 10 body lengths per second, and preys on insects

[8]. The segmented body of the centipede, which generally

has two legs per segment and up to 191 segments in some

species [9], allows this arthropod to morph to surfaces, curl

around ledges and continue motion on the opposite side, and

move from horizontal to vertical surfaces without drastic gait

alterations. Flexibility also improves speed by allowing an

increase in step size. Significant work was done in the 1950’s

by Manton on the locomotion of many types of centipedes.

In general, it was found that to increase speed, centipedes

increase the frequency and angle of swing of the leg as

The authors are with the School of Engineering and
Applied Sciences, Harvard University, Cambridge, MA 02138
khoffman@fas.harvard.edu

well as extending the legs for a larger stride length [8]. The

legs of Scutigera, at an average of 1.9 cm on an adult, are

longer towards the posterior end to allow overlapping of the

legs at high speeds while avoiding interference with adjacent

legs [8]. The body undulations also increase in magnitude

as speed increases, which Manton originally thought to

be passive and a result of adjacent legs grouping together

around one pivot point [8]; however, it was recently found,

through the use of electromyograms attached to the lateral

flexor muscles of centipedes running on a treadmill, that the

waves moving through the centipede body propagate at the

same speed as the muscle activity and are therefore actively

controlled by the centipede [10]. Studies were also performed

on various types of centipedes in which legs were removed

and the resulting locomotion of the centipede was analyzed

[8]. Due to the large number of legs, there was no noticeable

effect on speed or gait, suggesting that a centipede robot

could be adaptable to fabrication defects or damages in the

field.

Centipedes have been used as a design guide for robots

on larger scales. A six segment walking robot 120 cm in

length and weighing 25 kg with passive intersegmental joints

formed by gears was constructed using four motors per

segment to control two legs [11]. Straight and curved walking

was demonstrated. Additionally, the work of Matthey et al.

[12] used a central pattern generator to study the locomotion

of a centipede robot with eight segments, each having two

degrees of freedom (DOF), with an extra DOF introduced

through the intersegmental connections. Centipedes have also

served as inspiration for self-configuring modular robots,

which consist of segments that can be attached in a multitude

of orientations, giving each robot versatility and robustness

[13], [14].

While these robots utilize the segmented body inherent

to myriapod locomotion, they are unable to navigate small

spaces and typically rely on more traditional forms of ac-

tuation. On the smaller scale, current microrobots lack the

variety of gaits, robustness, and added stability capable of a

multi-legged robot. A low cost, versatile, and robust multi-

segment microrobot could serve as a platform for swarm

robotics as well as motivate batch fabrication techniques.

Additionally, a multi-segment robot with a flexible back-

bone will have advantages in climbing. A linear increase

in the number of segments, and therefore legs, leads to a

linear increase in the number of attachment points while

growing the body mass in a linear manner (as opposed to

a cubic mass increase for volumetric body growth with a

quadratic increase in attachment points). Transitioning from

horizontal to vertical surfaces will also be made easier with a
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The middle flexure position is dependent on the angles of

the surrounding segments:

xc,i = xb,i +L f cosηi (7)

yc,i = yb,i +L f sinηi (8)

where L f is the length between flexures and ηi is given by

ηi = cos−1 xb,i − xd,i

Lh

− cos−1 Lh

2L f

(9)

and the Lh term is given by the following:

Lh =
√

(yd,i − yb,i)2 +(xb,i − xd,i)2 (10)

Using these points, it is possible to calculate the amount each

flexure is bending according to

γb,i = cos−1 yc,i − yb,i

L f

−θi (11)

γc,i = cos−1 yd,i − yc,i

L f

+ cos−1 yc,i − yb,i

L f

(12)

γd,i = cos−1 yd,i − yc,i

L f

−θi+1 (13)

where γb,i, γc,i, and γd,i are the angles of rotation for the three

flexures between segments i and i+1.

For straight line motion, the robot begins in the lowest

energy configuration, with each flexure straight and each

segment perpendicular to the direction of motion. Motion

is initiated with the most posterior segment and adjacent

segments begin moving a phase difference later, rotating each

segment out of its singular configuration. Subsequent frames

of motion from a simulation created using the parameters

for the five segment robot discussed in Sec. III for a phase

difference of π/2 for each segment and a driving frequency

of 1 Hz are shown in Fig. 2. Flexures between segments are

plotted as points, and the stance foot for each segment is

shown as a hollow circle. Frames (a) through (f) illustrate

the start-up motion of the robot, whereas the last two frames

demonstrate the steady state motion.

There are multiple observations that can be made based

on the kinematic model. By calculating the flexure bending

angles at each point in time, it is possible to find the energy

stored in the intersegmental flexures at a given time. As a first

approximation, this is the minimum amount of work to be

done by the actuators to move the body. Neglecting segment

inertias and resonance effects and using the kinematic model

described above, the total energy is the flexure bending

energy which can be calculated as

Wi =
1

2
kγ2

i (14)

where k is the flexure stiffness given by

k =
Et3w

12L
(15)

E is the modulus of elasticity of the flexure material, t is

the thickness, w is the width, and L is the length in the

bending direction. Again for a phase difference of π/2,
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Fig. 2. Simulated straight line motion for a five segment robot with a phase
difference of π/2 between each segment. Points represent flexures between
segments, and hollow circles represent the stance foot for each segment.
Start up motion is illustrated in (a) through (f), while steady state motion
is shown in (g) and (h). Adjacent anterior segments are activated a phase
difference of π/2 after previous segments. Before a segment is activated,
both feet on that segment are grounded.

the flexure potential energy was plotted beginning from the

initial motion of the most posterior segment through steady

state motion. The result is shown in Fig. 3. The energy

increases until steady state is reached after one cycle. The

drops in energy during startup occur when the second and

fourth segments begin moving, stretching out the flexures

and releasing stored energy.
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Fig. 3. Flexure bending energy as a function of time normalized to a
single cycle for a five segment robot with a phase difference of π/2 between
segments, starting from the lowest energy rest configuration.

In addition to being a function of time, the flexure en-

ergy also varies with phase difference. Holding all other

parameters constant, it was observed that the flexure bending

energy increases as the phase difference between segments

increases. This is a result of initiating motion with the last

segment and allowing the body to compress as it moves
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