


ning) in tro duces the need for v ery high join t torques

imp osed up on rapidly mo ving lim bs. Eviden tly , once

again, the only recourse is to mec hanical energy stor-

age: the e�ectiv e in tegration of leg springs in to our

mec hanical design represen ts the c hief con tribution of

this pap er. In the conclusion w e sk etc h the manner

in whic h our future con trols w ork with this protot yp e

should transform a design necessit y in to a p erformance

adv an tage. As a secondary con tribution, an appropri-

ate lev el of atten tion to ph ysical mo deling details has

yielded a su�cien tly informativ e sim ulation en viron-

men t, that the construction stage of this protot yp e

pro ceeded quite rapidly (six w eeks) and with v ery few

surprises. Accordingly , w e fo cus a fair bit of atten tion

on these mo deling details and the manner in whic h

they ha v e informed our design.

The closest cousins to RHex are arguably the

hexap o ds at Case W estern [1 , 7, 14 ] resulting from

an outstanding collab oration b et w een neuroscien-

tists, computer scien tists and mec hanical engineers [2 ]

whose prior w ork in this area has b ene�tted us greatly .

Their commitmen t to detailed zo omorphic mimicry re-

sults in m uc h greater kinematic complexit y (36 degrees

of actuated freedom) and the attendan t limitations of

con temp orary commercial actuators incur signi�can t

p erformance limitations. In con trast, our w ork is in-

formed b y sp eci�c principles go v erning animal lo co-

motion (see the conclusion) but our app eal to what

migh t b e termed \functional biomimesis" is alw a ys

subservien t to engineering practice. The imp erativ es

of nim ble, robust, autonomous op eration driv e a de-

sign whic h is morphologically alien to an y animal and

our minimalist orien tation a�ords high p erformance

op eration in the dynamical regime with existing com-

mercial tec hnology . A large and gro wing literature on

hexap o ds initiated b y Bro oks' Genghis [4] has culmi-

nated in a v ery impressiv e commercial rob ot capable

of sustained op eration in the surf zone [12 ]. While w e

aspire to the ruggedness and p o w er autonom y of these

designs, they all rely on static or quasi-static balance,

while RHex is designed to b e a runner. In this regard,

our c hief inspiration remains the pioneering w ork of

Raib ert [15 ] whose hopping and running mac hines, al-

though morphologically quite foreign to the presen t

design, inform the future of all dynamically dextrous

rob otics and represen t the real p oin t of departure for

our researc h. The path from Raib ert's runners to our

RHex leads through the second author's Scout class

quadrap eds [5 , 6] that reduce mec hanical complexit y

(b y the restriction of one actuator p er leg) without

abandoning dynamical dexterit y . In short, the sin-

gle criterion b y whic h w e ma y b est distinguish our

mac hine from the h uge surrounding literature is that

RHex is designed with the abilit y to manage its kinetic

as w ell as its p oten tial energy .

2 Design and Mo deling

2.1 Design Concept and Morphology

In all rob otics applications, mec hanical complexit y is

one of the ma jor sources of failure and considerably

increases the cost. Our design emphasizes mec hanical

simplicit y and thereb y promotes robustness. Auton-

om y , a critical comp onen t of our aspiration to w ard

real-w orld tasks in unstructured en vironmen ts outside

the lab oratory , imp oses v ery strict design constrain ts

on the hardw are and soft w are comp onen ts. It is of-

ten imp ossible to ac hiev e with simple mo di�cations to

a system otherwise designed for non-autonomous op-

eration. These constrain ts also justify our preference

for mec hanical simplicit y , in particular the minim um

amoun t of actuation and sensing.

Our design depicted in Figure 2 consists of a rigid b o dy

with six complian t legs, eac h p ossessing only one inde-

p enden tly actuated rev olute degree of freedom. The

attac hmen t p oin ts of the legs as w ell as the join t ori-

en tations are all �xed relativ e to the b o dy and the

leg compliance is mainly in the unactuated spherical

degrees of freedom.

xy

z

ai

fi

ri

B

W

�i

�i

�i

Figure 2: The Compliant Hexapod Design.

This con�guration admits an alternating trip o d gait

for forw ard and bac kw ard lo comotion, as w ell as other

more elab orate (y et to b e ac hiev ed) b eha viors suc h as

leaping, stair clim bing etc. Moreo v er, the symmetry of

the design allo ws iden tical upside-do wn op eration and

imp oses no restrictions on forw ard directionalit y . W e

explore some of this b eha vioral rep ertoire b oth in sim-

ulation and exp erimen tally in Section 4 and Section 5,

resp ectiv ely .



States

rb , Rb b o dy p osition and orien tation

_rb translational v elo cit y of b o dy

wb angular v elo cit y of b o dy

Leg states and parameters

ai leg attac hmen t p oin t in B

fi to e p osition in W

vi := [ �i; �i; �i ]

T

leg state in spherical co ordinates

vi leg state in cartesian co ordinates

legi stance 
ag for leg i

F orces and T orques

Fri radial leg spring force

��i b end torque in �i direction

��i
hip torque in �i direction

System P arameters

M
0

inertia matrix in B

M inertia matrix in W

m b o dy mass

Con troller P arameters

u := [ tc; ts; �s; �o ] con trol v ector

tc p erio d of rotation for a single leg

ts duration of slo w leg swing

�s leg sw eep angle for slo w leg swing

�o leg angle o�set

T able 1: Notation used throughout the pap er

2.2 The Compliant Hexapod Model

Tw o reference frames, B and W are de�ned in Figure

2, the former attac hed to the hexap o d b o dy and the

latter an inertial frame where the dynamics are form u-

lated. The p osition and orien tation of the rigid b o dy

are describ ed b y rb 2 R3
and Rb 2 SO (3), resp ec-

tiv ely , expressed in W . T able 1 details the notation

used throughout the pap er.

Eac h leg is assumed to b e massless and has complete

spherical freedom. The leg state is describ ed in the

spherical co ordinate frame [ �i; �i; �i ]

T
whose origin is

lo cated at ai in the b o dy frame. Note that ( rb;Rb ), vi

and fi are related through a simple co ordinate trans-

formation.

2.2.1 Analysis of a Single Leg

Our form ulation of the equations of motion for the

hexap o d mo del is based on individually incorp orating

the ground reaction forces at eac h leg. T o this end, it

will su�ce to analyze a generic leg parametrized b y its

attac hmen t and touc hdo wn p oin ts, ai and fi , resp ec-

tiv ely , (see Figure 3). The force and torque balance

on the massless leg result in the follo wing equalities.

F1 = Fri

F2 =

��i
�i

F3 =

��i

�i cos �i
:

�i �i

F1

F2

F3

x

Figure 3: Analysis of a single leg in the plane de�ned

by the leg and the y-axis of B .

The b o dy exp eriences the negativ e of the ground re-

action force on the leg, resulting in an e�ectiv e force

and torque v ectors acting on the cen ter of mass. After

pro jections to B , for eac h leg i = 1 ; :::; 6 w e ha v e,

Fi =

2
4 � cos �i sin �i sin �i sin �i � cos �i

sin �i cos �i 0

cos �i cos �i � sin �i cos �i � sin �i

3
5 :

2
4 Fri

��i=�i
��i

=( �i cos �i )

3
5

�i = ( vi + ai ) � Fi

whic h are the force and torque con tributions of a single

leg to the o v erall system dynamics.

2.2.2 Equations of Motion

The cum ulativ e e�ect of all the legs on the b o dy is sim-

ply the sum of the individual con tributions, together

with the gra vitational force. Note that the legs whic h

are not in con tact with the ground ha v e no e�ect on

the b o dy . The force and torque v ectors, expressed in

W , are hence giv en b y

FT =

2
4 0

0

�mg

3
5

+ Rb

6X
i=1

legiFi (1)

�T = Rb

6X
i=1

legi�i (2)

legi :=

�
0 leg i is in 
ight

1 leg i is in stance



The dynamics of a rigid b o dy under this external

force and torque actuation is go v erned b y the follo wing

equations [10 ].

•rb =

FT

m

M _wb = �J ( wb ) Mwb + �T

_

Rb = J ( wb ) Rb

where w e ha v e

J (

�
wx wy wz

�T
) :=

2
4 0 �wz wy

wz 0 �wx

�wy wx 0

3
5

M := RbM0

Rb

� 1

3 Preliminary Con trol Strategy

In our initial sim ulations as w ell as the exp erimen ts

on the complian t hexap o d rob ot, w e ha v e used join t

space closed lo op (\proprio ceptiv e") but task space

op en lo op con trol strategies. The algorithms that w e

describ e in this section are tailored to demonstrate the

in trinsic stabilit y prop erties of the complian t hexap o d

morphology and emphasize its abilit y to op erate with-

out a sensor-ric h en vironmen t. Sp eci�cally , w e presen t

a 4-parameter family of con trollers, that yields stable

running and turning of the hexap o d on 
at terrain,

without explicit enforcemen t of quasi-static stabilit y .

Both con trollers generate clo c k driv en desired tra jec-

tories for eac h hip join t, whic h are then trac k ed b y

PD con trollers for eac h individual hip join t. As suc h,

they represen t examples near one extreme of p ossible

con trol strategies, ranging from purely clo c k driv en

con trollers to con trol la ws whic h are solely functions

of rigid b o dy state. It is eviden t that neither one of

these extremes is the b est approac h and a com bination

of these should b e adopted. The sim ulations and ex-

p erimen ts presen ted in this pap er attempt to c harac-

terize the prop erties asso ciated with the clo c k driv en

approac h, whic h w e then hop e to complemen t with

feedbac k to explore the aforemen tioned range.

An alternating trip o d pattern go v erns b oth the run-

ning and turning con trollers, where the legs forming

the left and righ t trip o ds are sync hronized with eac h

other and are 180

o
out of phase with the opp osite tri-

p o d.

3.1 Running

The running con troller's target tra jectories for eac h

trip o d are p erio dic functions of time, parametrized b y

four v ariables: tc , ts , �s and �o . The p erio d of b oth

pro�les is tc . In conjunction with ts , it determines

the dut y factor of eac h trip o d. In a single cycle, b oth

trip o ds go through their slo w and fast swing phases,

co v ering �s and 2 � � �s of the complete rotation, re-

sp ectiv ely . The duration of double supp ort td (where

all six legs are in con tact with the ground) is deter-

mined b y the dut y factors of b oth trip o ds. Finally ,

the �o parameter o�sets the motion pro�le with re-

sp ect to the v ertical (see Figure 4). Note that b oth

pro�les are monotonically increasing in time; but they

can b e negated to obtain bac kw ard running.
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Figure 4: The motion pro�les for left and right tripods.

Con trol of running b eha vior is ac hiev ed b y mo dify-

ing these parameters for a particular desired b eha vior

during lo comotion. In Section 4, our sim ulation stud-

ies rev eal correlations of these parameters with certain

attributes of running b eha vior. W e demonstrate that

con trol of a v erage forw ard running v elo cit y under ac-

tuation and p o w er constrain ts is p ossible with these

con troller outputs.

3.2 Turning In Place

The con troller for turning in place emplo ys the same

leg pro�les as for running except that con tralateral

sets of legs rotate in opp osite directions. This results

in the hexap o d turning in place in the direction deter-

mined b y the rotational p olarit y of the left and righ t

sets of legs. Note that the trip o ds are still sync hro-

nized in ternally , main taining three supp orting legs on

the ground. Similar to the con trol of the forw ard lo-

comotion sp eed, the rate of turning dep ends on the

c hoice of the particular motion parameters, mainly tc
and �s .



4 Sim ulation Studies

4.1 Actuator Model

In sim ulating the complian t hexap o d, w e also incorp o-

rate a simple mo del of the hip actuation. This mo del

imp oses realistic limitations on the torque capabilities

of the actuators and, together with the battery mo del

of the follo wing section pro vides a means of estimating

the p o w er consumption of the o v erall system.

Figure 5(a) p ortra ys the torque-sp eed curv e for the

DC motors in the exp erimen tal platform. In addition

to these torque limits, the mo del also incorp orates an

estimation lo op for motor v oltages vi and curren ts ii
using the commanded leg torques, under the assump-

tion that the electrical dynamics are negligible relativ e

to the mec hanical dynamics. In consequence, w e ha v e

ii = ��i
=( K�kg )

vi = iira + Kww�i
=kg

where K� and Kw are motor constan ts, kg is the gear

reduction ratio of 33:1 at the motor shaft and ra is the

motor armature resistance. Note that in this simple

form ulation, the only in
uence of the actuator mo del

on the mec hanical dynamics is through the limits on

the maxim um a v ailable torque.
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Figure 5: (a) Torque-speed curve for the Maxon

RE118751 20W DC motor. (b) Battery discharge

curve for the Panasonic 12 V, 2.2 Ah battery.

4.2 Battery Model

The disc harge c haracteristics of o�-the-shelf small bat-

teries are usually giv en b y plots of disc harge time vs

constan t disc harge curren t. Figure 5(b) is suc h a dis-

c harge curv e for the battery used in our exp erimen tal

platform. In our disc harge mo del, w e use this curv e,

together with an appro ximation of the PWM electron-

ics driving the DC motors to estimate the duration of

autonomous op eration.

First, w e deriv e a metho d for estimating battery dis-

c harge in terms of a con tin uous time function of v ary-

ing disc harge curren t. This can b e accomplished with

dC ( t)

dt
= �

1

f ( ia ( t))

where C ( t) is the p ercen t \energy" left in the battery ,

and f ( i) is the battery disc harge curv e in functional

form. During the hexap o d op eration, all six motors

dra w curren t and con tribute to the battery disc harge

together. Due to the H-bridge output stages of the

motor driv es, the motor curren ts add up, yielding the

battery lifetime equation

1 �

tZ

0

d�

f (

6P
i=1

j ii ( � ) j )

= 0 :

Our battery mo del detects in sim ulation the zero

crossing of this function, whic h yields the e�ectiv e life-

time of the battery . Note that this mo del do es not

tak e in to accoun t more elab orate comp onen ts suc h as

the battery v oltage drop as a function of curren t and

disc harge time or the e�ects of am bien t temp erature.

4.3 Simulation Environment

All the sim ulation results of the next section are pro-

duced b y SimSect, a custom sim ulation en vironmen t

that w e ha v e created primarily for the study of the

complian t hexap o d platform. It pro vides a generic

means of in tegrating the equations of motion for h y-

brid dynamical systems with con�gurable accurate

discrete ev en t detection and a 4

th
order Runge-Kutta

in tegrator [16 ].

The hexap o d sim ulation with SimSect uses the same

dimensions and b o dy mass as our exp erimen tal plat-

form (see Section 5). Ho w ev er, some of the dynamical

parameters used in the sim ulations, including the leg

spring and damping constan ts, the b o dy inertia matrix

and the ground friction co e�cien t are not exp erimen-

tally v eri�ed and are lik ely to b e di�eren t from their

actual v alues. Nev ertheless, b ecause our sim ulations

and rob otic platform ha v e the same morphology and

mass, w e will still b e able to do qualitativ e compar-

isons of b eha vior.



4.4 Simulation Results

In this section, w e v erify in sim ulation that the con-

trollers of Section 3 are able to pro duce stable au-

tonomous running and turning of the hexap o d plat-

form. W e �rst presen t sim ulations with the running

con troller, follo w ed b y turning studies. Finally , w e use

the battery mo del of Section 4.2 to estimate the du-

ration of op eration of the platform.
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Figure 6: (a) Average forward running velocity _x as a

function of tc and �s over 5 s of operation. Remaining

controller parameters are chosen as ts = tc=2 , �o = 0 .

(b) Average in-place turning yaw rate _� as a function

of tc and �s over 5 s of operation. Remaining con-

troller parameters are chosen as ts = tc=2 , �o = 0 .

Figure 6(a) sho ws the the forw ard running v elo cit y as

a function of con troller parameters tc and �s . Note

that for these sim ulations, the remaining t w o param-

eters, ts and �o , ha v e b een k ept constan t.

Similar to the forw ard running con troller, the turning

con troller also presen ts a con trollable range of turning

sp eeds. Figure 6(b) sho ws the a v erage angular b o dy

v elo cit y as a function of the con troller parameters.

Finally , in Figure 7, w e presen t the predicted lifetime

of the on-b oard battery as a function of con troller pa-

rameters. Our mo del predicts con tin uous autonomous

running with the lo w-end P anasonic 12 V 2.2 Ah o�-

the shelf battery for up to 20 min utes, dep ending on

the particular c hoice of con troller parameters. An im-

p ortan t detail whic h is not immediately visible from

the graphs is that di�eren t con troller parameters yield-

ing the same sp eed, result in di�eren t battery life-

times. This freedom of c hoice in the con troller param-

eters, giv en a particular sp eed, can b e used for opti-

mizing the battery lifetime, as w ell as other measures

suc h as the maxim um motor torque to a v oid o v erheat-

ing.
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Figure 7: The battery lifetime a) as a function of tc
with �s = 0 :15 rad kept constant. b) as a function of

�s with tc = 0 :6 s kept constant.

5 Exp erimen tal Platform

5.1 Hardware Description

W e ha v e built an exp erimen tal platform as an instan-

tiation of the design concepts of Section 2.1. RHex

is an autonomous hexap o d rob ot with complian t legs,

v ery close to the mo del describ ed in Section 2.2. All

the computational and motor con trol hardw are is on

b oard, together with t w o 12 V 2.2 Ah sealed lead-acid

batteries for p o w er autonomous op eration. A PC104

stac k with a 100 MHz In tel 486 micropro cessor, to-

gether with sev eral I/O b oards p erforms all the nec-

essary computation and implemen ts the con trollers of

Section 3. A remote con trol unit pro vides the user

input for giving higher lev el commands suc h as the

running sp eed, and turning direction, presen tly via a

jo ystic k.

Eac h leg is directly actuated b y a Maxon RE118751

20W brushed DC motor com bined with a Maxon

114473 t w o-stage 33:1 planetary gear [11 ], deliv ering

an in termitten t stall torque of 6 Nm. Ev en though

eac h motor is PWM v oltage con trolled, additional

bac k-EMF comp ensation in soft w are p ermits appro x-

imate motor torque con trol. The motor angle, and

th us the leg angles, are con trolled via 1 kHz PD con-

trol lo ops. The soft w are also features sev eral safet y

measures, including fault detection for the enco ders,

estimation of the rotor temp eratures to a v oid motor

damage, and a w atc hdog timer whic h disables the mo-

tors and resets the computer in case of soft w are fail-

ures.

The main b o dy measures 53x20x15 cm. The legs are

made from 1 cm diameter Delrin ro ds and are "C"

shap ed to pro vide compliance primarily in the radial

direction and p ermit easy clamping to the gear shaft.

The leg length is 17.5 cm, measured as the v ertical

distance from ground to the gear shaft when standing



up. The enco der/motor/gear stac ks protrude from the

main b o dy and the maxim um widths of the fron t and

bac k legs amoun t to 39.4 cm, measured at half the leg

length. T o pro vide clearance for the rotating fron t and

bac k legs, the motors for the middle legs are further

o�set and result in a maxim um width of 52 cm. The

total mass of the rob ot is 7 kg with eac h leg con tribut-

ing only appro ximately 10 g.

5.2 Experimental Results
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Figure 8: Comparison of average forward velocity and

energetics for di�erent experiments.

In this section, w e rep ort a set of exp erimen ts assess-

ing the p erformance of our design on di�eren t t yp es

of terrain. In all of these settings, RHex is able to

pro duce b eha vioral rep ertoire of Section 3, ac hieving

stable and fast lo comotion at sp eeds exceeding one

b o dy length p er second.

Figure 8 summarizes the a v erage forw ard running v e-

lo cit y and energetics for RHex while tra v ersing carp et,

Linoleum, grass and coarse gra v el with the t w o-strok e

op en lo op con troller of Section 3. F or these exp eri-

men ts, w e ran the rob ot o v er carp et, linoleum, grass

and gra v el. The carp et and linoleum surfaces w ere

standard o�ce 
o ors found close to the lab. F or the

outdo or surfaces, the grass w as w et and sho w ed heigh t

v ariations of ab out 2 cm. The gra v el patc h con tained

fairly large gra v el pieces b et w een three and eigh t cm

diameter (see Figure 1).

F or all the exp erimen ts, the rob ot w as driv en o v er a

test stretc h of 2 m. In order to obtain precise tim-

ing and to sync hronize the data logging with the test

stretc h, a switc h w as moun ted in the fron t of the rob ot,

whic h w as triggered as the rob ot ran in to a St yrofoam

panel held at the b eginning and the end of the test

stretc h. The runs o v er eac h surface w ere rep eated un til

ten successful runs w ere obtained. The a v erage v elo c-

it y and p o w er consumption for eac h run w as then com-

puted with the a v ailable data. Moreo v er, to measure

energy e�ciency w e used the \Sp eci�c Resistance" [9],

" = P=( mgv ), based on the rob ot's w eigh t, mg , and its

a v erage p o w er consumption, P , at a particular sp eed,

v .

The rob ot mo v ed w ell o v er these indo or and outdo or

surfaces, with only minor v elo cit y v ariations b et w een

0.45 m/s and 0.55 m/s. The v elo cit y on Linoleum w as

lo w est due to in termitten t slipping, whic h also causes a

larger standard deviation of the runs compared to car-

p et. The surface irregularities of the outdo or grass and

gra v el surfaces pro vided impro v ed traction, and there-

fore a v erage v elo cities sligh tly ab o v e 0.5 m/s, but also

resulted in larger v ariations b et w een the runs. The

sp eci�c resistance (p o w er consumption) w as lo w est on

carp et with 2.21 (80 W) and highest on gra v el with

3.74 (140 W).

6 Conclusion

Nim ble, robust lo comotion o v er general terrain re-

mains the sole pro vince of animals, not withstanding

our functional protot yp e, RHex, nor the generally in-

creased recen t in terest in legged rob ots. It is surely

not eviden t from the RHex morphology , but our de-

sign and longer term con troller dev elopmen t e�ort has

b een hea vily in
uenced b y considerations from biol-

ogy . In particular, w e b eliev e that systematic appli-

cation of certain op erational principles exhibited b y

animals will ac hiev e signi�can t increases in RHex p er-

formance, and inform the ev olution of the underlying

mec hanical design of future protot yp es as w ell. T o

conclude the pap er, w e pro vide a brief sk etc h of these

principles and ho w they ma y b e applied.

Accum ulating evidence in the biomec hanics literature

suggests that agile lo comotion is organized in nature

b y recourse to a con trolled b ouncing gait wherein the

\pa yload", the mass cen ter, b eha v es mec hanically as

though it w ere riding on a p ogo stic k [3]. While Raib-

ert's running mac hines w ere literally em b o died p ogo

stic ks, more utilitarian rob otic devices suc h as RHex

m ust activ ely anc hor suc h templates within their alien

morphology if the animals' capabilities are ev er to b e

successfully engineered [8 ]. W e ha v e previously sho wn

ho w to anc hor a p ogo stic k template in the more re-

lated morphology of a four degree of freedom monop o d

[17 ]. The extension of this tec hnique to the far more



distan t hexap o d morphology surely b egins with the

adoption of an alternating trip o d gait, but its exact

details remain an op en question, and the minimalist

RHex design (only six actuators for a six degree of

freedom pa yload!) will lik ely en tail additional compro-

mises in its implemen tation. Moreo v er, the only w ell

understo o d p ogo stic k is the Spring Loaded In v erted

P endulum [19 ], a t w o degree of freedom sagittal plane

template that ignores b o dy attitude and all lateral de-

grees of freedom. Recen t evidence of a horizon tal p ogo

stic k in spra wled p osture animal running [13 ] and sub-

sequen t analysis of a prop osed lateral leg spring tem-

plate to represen t it [18 ] adv ance the prosp ects for

dev eloping a spatial p ogo stic k template in the near

future. Muc h more e�ort remains b efore a functionally

biomimetic six degree of freedom \pa yload" con troller

is a v ailable, but w e b eliev e that the presen t under-

standing of the sagittal plane can already b e used to

signi�can tly increase RHex's running sp eed, and, as

w ell, to endo w our presen t protot yp e with an aerial

phase.
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