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1
Preface

1 Intr oduction

This Toolboxprovidesmany functionsthat areusefulin roboticsincludingsuchthingsas
kinematics,dynamics,andtrajectorygeneration.The Toolbox is useful for simulationas
well asanalyzingresultsfrom experimentswith real robots.TheToolboxhasbeendevel-
opedandusedover the last few yearsto the point whereI now rarely write ‘C’ codefor
thesekindsof tasks.

TheToolboxis basedon a very generalmethodof representingthekinematicsanddynam-
icsof serial-linkmanipulators.Theseparametersareencapsulatedin Matlabobjects.Robot
objectscanbecreatedby theuserfor any serial-linkmanipulatorandanumberof examples
areprovidedfor well know robotssuchasthePuma560andtheStanfordarm.Thetoolbox
alsoprovidesfunctionsfor manipulatingdatatypessuchasvectors,homogeneoustransfor-
mationsandunit-quaternionswhich arenecessaryto represent3-dimensionalpositionand
orientation.

The routinesaregenerallywritten in a straightforwardmannerwhich allows for easyun-
derstanding,perhapsat theexpenseof computationalefficiency. If you feel stronglyabout
computationalefficiency thenyoucan

rewrite thefunctionto bemoreefficient

compiletheM-file usingtheMatlabcompiler, or

createa MEX version.

1.1 What’s new

This releaseis morebug fixesandslight enhancements,fixing someof theproblemsintro-
ducedin release5 which wasthefirst oneto useMatlabobjects.

1. Addeda tool transformto a robotobject.

2. Addedajoint coordinateoffsetfeature,whichmeansthatthezeroangleconfiguration
of the robot can now be arbitrarily set. This offset is addedto the userprovided
joint coordinatesprior to any kinematicor dynamicoperation,subtractedafterinverse
kinematics.

3. Greatly improved the plot function, adding3D cylindersandmarkers to indicate
joints, a shadow, ability to handlemultiple views and multiple robotsper figure.
Graphicaldisplayoptionsarenow storedin therobotobject.

4. Fixedmany bugsin thequaternionfunctions.
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5. Thectraj() isnow basedonquaternioninterpolation(implementedin trinterp() ).

6. Themanualis now availablein PDFform insteadof PostScript.

1.2 Contact

TheToolboxhomepageis at

http://www.cat.csiro.au/cmst/staff/pic/robot

Thispagewill alwayslist thecurrentreleasedversionnumberaswell asbug fixesandnew
codein betweenmajorreleases.

A Mailing List is alsoavailable,subscriptionsdetailsareavailableoff thatwebpage.

1.3 How to obtain the toolbox

The Robotics Toolbox is freely available from the MathWorks FTP server
ftp.mathworks.com in the directorypub/contrib/misc/r obo t . It is bestto download
all files in that directory sincethe Toolbox functionsare quite interdependent.The file
robot.pdf is acomprehensivemanualwith a tutorial introductionanddetailsof eachTool-
box function.A menu-drivendemonstrationcanbeinvokedby thefunctionrtdemo .

1.4 MATLAB version issues

TheToolboxworkswith MATLAB version6 andgreaterandhasbeentestedon a Sunwith
version6. Thefunction fdyn() makesuseof thenew ‘@’ operatorto accesstheintegrand
function,andwill fail for olderMATLAB versions.

The Toolbox doesnot function underMATLAB v3.x or v4.x sincethoseversionsdo not
supportobjects. An older versionof the toolbox, available from the Matlab4 ftp site is
workablebut lackssomefeaturesof this currenttoolboxrelease.

1.5 Acknowledgements

I havecorrespondedwith agreatmany peopleviaemailsincethefirst releaseof thistoolbox.
Somehave identifiedbugsandshortcomingsin the documentation,andevenbetter, some
have provided bug fixesandeven new modules. I would particularly like to thankChris
Cloverof IowaStateUniversity, AndersRobertssonandJonasSonnerfeldtof LundInstitute
of Technology, RobertBiro andGary McMurray of Georgia Instituteof Technlogy, Jean-
Luc Nougaretof IRISA, LeonZlajpahof JozefStefanInstitute,Universityof Ljubljana,for
theirhelp.

1.6 Support, usein teaching,bug fixes,etc.

I’m alwayshappy to correspondwith peoplewho have foundgenuinebugsor deficiencies
in theToolbox,or who have suggestionsaboutwaysto improve its functionality. However
I do draw theline atproviding helpfor peoplewith theirassignmentsandhomework!
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Many peopleareusingtheToolboxfor teachingandthis is somethingthatI would encour-
age.If you planto duplicatethedocumentationfor classusethenevery copy mustinclude
thefront page.

If youwantto cite theToolboxpleaseuse

@ARTICLE{Corke96b,

AUTHOR = {P.I. Corke},

JOURNAL = {IEEE Robotics and Automation Magazine},

MONTH = mar,

NUMBER = {1},

PAGES = {24-32},

TITLE = {A Robotics Toolbox for {MATLAB}},

VOLUME = {3},

YEAR = {1996}

}

which is alsogivenin electronicform in theREADME file.

1.7 A noteon kinematic conventions

Many peoplearenot awarethat therearetwo quitedifferentformsof Denavit-Hartenberg
representationfor serial-linkmanipulatorkinematics:

1. Classicalaspertheoriginal 1955paperof Denavit andHartenberg, andusedin text-
bookssuchasby Paul,Fuetal,or SpongandVidyasagar.

2. Modified form asintroducedby Craigin his text book.

Both notationsrepresenta joint as2 translations(A andD) and2 angles(α andθ). How-
ever theexpressionsfor the link transformmatricesarequitedifferent. In short,you must
know which kinematicconventionyour Denavit-Hartenberg parametersconformto. Un-
fortunatelymany sourcesin the literaturedo not specifythis crucial pieceof information,
perhapsbecausethe authorsdo not know differentconventionsexist, or they assumeev-
erybodyusesthe particularconventionthat they do. Theseissuesarediscussedfurther in
Section2.

Thetoolboxhasfull supportfor theclassicalconvention,andlimited supportfor themod-
ified convention (forward and inversekinematicsonly). More completesupportfor the
modifiedconventionis on theTODOlist for thetoolbox.

1.8 Creatinga newrobot definition

Let’s takeasimpleexamplelike thetwo-link planarmanipulatorfrom Spong& Vidyasagar
(Figure3-6,p73)which hasthefollowing Denavit-Hartenberg link parameters

Link ai αi di θi

1 1 0 0 θ1
2 1 0 0 θ2

wherewe havesetthelink lengthsto 1. Now we cancreatea pairof link objects:
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>> L1=link([0 1 0 0 0])

L1 =

0.000000 1.000000 0.000000 0.000000 R

>> L2=link([0 1 0 0 0])

L2 =

0.000000 1.000000 0.000000 0.000000 R

>> r=robot({L1 L2})

r =

noname (2 axis, RR)

grav = [0.00 0.00 9.81] standard D&H parameters

alpha A theta D R/P

0.000000 1.000000 0.000000 0.000000 R

0.000000 1.000000 0.000000 0.000000 R

>>

Thefirst few linescreatelink objects,oneperrobot link. Theargumentsto the link object
canbefoundfrom

>> help link

.

.

LINK([alpha A theta D sigma])

.

.

which shows the orderin which the link parametersmustbe passed(which is differentto
the columnorderof the tableabove). The fifth argument,sigma , is a flag that indicates
whetherthejoint is revolute(sigma is zero)or primsmatic(sigma is nonzero).

The link objectsarepassedasa cell arrayto the robot() functionwhich createsa robot
objectwhich is in turn passedto many of the otherToolbox functions. Note that the text
thatresultsfrom displayinga robotobject’svalueis garbledwith MATLAB 6.
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2
Tutorial

2 Manipulator kinematics

Kinematicsis thestudyof motionwithout regardto theforceswhich causeit. Within kine-
maticsonestudiestheposition,velocityandacceleration,andall higherorderderivativesof
thepositionvariables.Thekinematicsof manipulatorsinvolvesthestudyof thegeometric
andtime basedpropertiesof themotion,andin particularhow thevariouslinks movewith
respectto oneanotherandwith time.

Typical robotsareserial-link manipulators comprisinga setof bodies,called links, in a
chain,connectedby joints1. Eachjoint hasonedegreeof freedom,eithertranslationalor
rotational. For a manipulatorwith n joints numberedfrom 1 to n, therearen 1 links,
numberedfrom 0 to n. Link 0 is the baseof the manipulator, generallyfixed, andlink n
carriestheend-effector. Joint i connectslinks i andi 1.

A link maybeconsideredasa rigid bodydefiningtherelationshipbetweentwo neighbour-
ing joint axes.A link canbespecifiedby two numbers,thelink lengthandlink twist, which
definethe relative locationof the two axesin space.The link parametersfor the first and
last links aremeaningless,but arearbitrarily chosento be 0. Jointsmay be describedby
two parameters.Thelink offsetis thedistancefrom onelink to thenext alongtheaxisof the
joint. The joint angleis therotationof onelink with respectto thenext aboutthejoint axis.

To facilitatedescribingthelocationof eachlink weaffix acoordinateframeto it — framei
is attachedto link i. Denavit andHartenberg[1] proposedamatrixmethodof systematically
assigningcoordinatesystemsto eachlink of anarticulatedchain.Theaxisof revolutejoint
i is alignedwith zi 1. The xi 1 axis is directedalongthe normal from zi 1 to zi andfor
intersectingaxesis parallelto zi 1 zi . Thelink andjoint parametersmaybesummarized
as:

link length ai theoffsetdistancebetweenthezi 1 andzi axesalongthe
xi axis;

link twist αi theanglefrom thezi 1 axisto thezi axisaboutthexi axis;
link offset di thedistancefrom theorigin of frame i 1 to the xi axis

alongthezi 1 axis;
joint angle θi theanglebetweenthexi 1 andxi axesaboutthezi 1 axis.

For a revoluteaxisθi is the joint variableanddi is constant,while for a prismaticjoint di

is variable,andθi is constant.In many of the formulationsthat follow we usegeneralized
coordinates,qi , where

qi
θi for a revolutejoint
di for a prismaticjoint

1Parallel link andserial/parallelhybridstructuresarepossible,thoughmuchlesscommonin industrialmanip-

ulators.



2 MANIPULATORKINEMATICS 8

joint i−1 joint i joint i+1

link i−1

link i

T
i−1

T
iai

Xi

Yi
Zi

ai−1

Zi−1

Xi−1

Yi−1

(a)Standardform
joint i−1 joint i joint i+1

link i−1

link i

Ti−1 TiXi−1

Yi−1
Zi−1

Yi
X

i

Zi

a
i−1

ai

(b) Modified form

Figure1: Differentformsof Denavit-Hartenberg notation.

andgeneralizedforces

Qi
τi for a revolutejoint
fi for aprismaticjoint

TheDenavit-Hartenberg (DH) representationresultsin a 4x4 homogeneoustransformation
matrix

i 1A i

cosθi sinθi cosαi sinθi sinαi ai cosθi

sinθi cosθi cosαi cosθi sinαi ai sinθi

0 sinαi cosαi di

0 0 0 1

(1)

representingeachlink’s coordinateframe with respectto the previous link’s coordinate
system;thatis

0T i
0T i 1

i 1A i (2)

where0T i is thehomogeneoustransformationdescribingtheposeof coordinateframei with
respectto theworld coordinatesystem0.

Two differing methodologieshave beenestablishedfor assigningcoordinateframes,each
of which allowssomefreedomin theactualcoordinateframeattachment:

1. Framei hasits origin alongtheaxisof joint i 1, asdescribedby Paul[2] andLee[3,
4].
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2. Framei hasits origin alongtheaxisof joint i, andis frequentlyreferredto as‘modi-
fied Denavit-Hartenberg’ (MDH) form[5]. This form is commonlyusedin literature
dealingwith manipulatordynamics.The link transformmatrix for this form differs
from (1).

Figure1 shows thenotationaldifferencesbetweenthetwo forms.Notethatai is alwaysthe
lengthof link i, but is the displacementbetweenthe origins of frame i andframe i 1 in
oneconvention,andframei 1 andframei in theother2. TheToolboxprovideskinematic
functionsfor bothof theseconventions— thosefor modifiedDH parametersareprefixed
by ‘m’.

2.1 Forward and inversekinematics

For an n-axis rigid-link manipulator, the forward kinematicsolutiongivesthe coordinate
frame,or pose,of thelastlink. It is obtainedby repeatedapplicationof (2)

0Tn
0A1

1A2
n 1An (3)

K q (4)

which is the productof the coordinateframetransformmatricesfor eachlink. The pose
of the end-effectorhas6 degreesof freedomin Cartesianspace,3 in translationand3 in
rotation, so robot manipulatorscommonlyhave 6 joints or degreesof freedomto allow
arbitraryend-effectorpose.Theoverallmanipulatortransform0Tn is frequentlywritten as
Tn, or T6 for a 6-axis robot. The forward kinematicsolutionmay be computedfor any
manipulator, irrespectiveof thenumberof jointsor kinematicstructure.

Of moreusein manipulatorpathplanningis the inversekinematicsolution

q K 1 T (5)

whichgivesthejoint anglesrequiredto reachthespecifiedend-effectorposition.In general
this solution is non-unique,andfor someclassesof manipulatorno closed-formsolution
exists. If themanipulatorhasmorethan6 joints it is saidto be redundantandthesolution
for joint anglesis under-determined.If no solutioncanbedeterminedfor a particularma-
nipulatorposethat configurationis saidto be singular. The singularitymay be dueto an
alignmentof axesreducingthe effective degreesof freedom,or the point T beingout of
reach.

The manipulatorJacobianmatrix, Jθ, transformsvelocitiesin joint spaceto velocitiesof
the end-effector in Cartesianspace.For an n-axis manipulatorthe end-effectorCartesian
velocity is

0ẋn
0Jθq̇ (6)

tnẋn
tnJθq̇ (7)

in baseor end-effectorcoordinatesrespectively andwherex is theCartesianvelocity rep-
resentedby a 6-vector. For a 6-axismanipulatorthe Jacobianis squareandprovided it is
not singularcanbeinvertedto solve for joint ratesin termsof end-effectorCartesianrates.
TheJacobianwill not beinvertibleata kinematicsingularity, andin practicewill bepoorly

2Many paperswhentabulating the ‘modified’ kinematicparametersof manipulatorslist ai 1 andα i 1 not ai

andα i .
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conditionedin thevicinity of thesingularity, resultingin high joint rates.A controlscheme
basedon Cartesianratecontrol

q̇ 0J 1
θ

0ẋn (8)

wasproposedby Whitney[6] andis known asresolvedratemotioncontrol. For two frames
A andB relatedby ATB n o a p theCartesianvelocity in frameA maybetransformedto
frameB by

Bẋ BJA
Aẋ (9)

wheretheJacobianis givenby Paul[7] as

BJA f ATB
n o a T p n p o p a T

0 n o a T (10)

3 Manipulator rigid-body dynamics

Manipulatordynamicsis concernedwith the equationsof motion, the way in which the
manipulatormovesin responseto torquesappliedby theactuators,or externalforces.The
history and mathematicsof the dynamicsof serial-link manipulatorsis well coveredby
Paul[2] andHollerbach[8]. Therearetwo problemsrelatedto manipulatordynamicsthat
areimportantto solve:

inversedynamicsin whichthemanipulator’sequationsof motionaresolvedfor given
motionto determinethegeneralizedforces,discussedfurtherin Section??, and

direct dynamicsin which the equationsof motion are integratedto determinethe
generalizedcoordinateresponseto appliedgeneralizedforcesdiscussedfurther in
Section3.2.

Theequationsof motionfor ann-axismanipulatoraregivenby

Q M q q̈ C q q̇ q̇ F q̇ G q (11)

where

q is thevectorof generalizedjoint coordinatesdescribingtheposeof themanipulator
q̇ is thevectorof joint velocities;
q̈ is thevectorof joint accelerations

M is thesymmetricjoint-spaceinertiamatrix,or manipulatorinertiatensor
C describesCoriolis and centripetaleffects — Centripetaltorquesare proportionalto q̇2

i ,
while theCoriolis torquesareproportionalto q̇i q̇j

F describesviscousandCoulombfriction andis not generallyconsideredpart of the rigid-
bodydynamics

G is thegravity loading
Q is thevectorof generalizedforcesassociatedwith thegeneralizedcoordinatesq.

The equationsmay be derived via a numberof techniques,including Lagrangian(energy
based),Newton-Euler, d’Alembert[3, 9] or Kane’s[10] method.Theearliestreportedwork
wasby Uicker[11] andKahn[12] usingtheLagrangianapproach.Dueto theenormouscom-
putationalcost,O n4 , of this approachit wasnot possibleto computemanipulatortorque
for real-timecontrol. To achieve real-timeperformancemany approachesweresuggested,
including tablelookup[13] andapproximation[14, 15]. The mostcommonapproximation
was to ignore the velocity-dependentterm C, sinceaccuratepositioningand high speed
motionareexclusivein typical robotapplications.
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Method Multiplications Additions For N=6

Multiply Add

Lagrangian[19] 321
2n4 86 5

12n3 25n4 661
3n3 66,271 51,548

1711
4n2 531

3n 1291
2n2 421

3n

128 96

RecursiveNE[19] 150n 48 131n 48 852 738

Kane[10] 646 394

SimplifiedRNE[22] 224 174

Table1: Comparisonof computationalcostsfor inversedynamicsfrom varioussources.

Thelastentryis achievedby symbolicsimplificationusingthesoftwarepackageARM.

Orin etal.[16] proposedanalternativeapproachbasedontheNewton-Euler(NE) equations
of rigid-bodymotionappliedto eachlink. Armstrong[17] thenshowedhow recursionmight
beappliedresultingin O n complexity. Luh et al.[18] provideda recursive formulationof
the Newton-Eulerequationswith linear andangularvelocitiesreferredto link coordinate
frames. They suggesteda time improvementfrom 7 9s for the Lagrangianformulation
to 4 5ms, and thus it becamepractical to implement‘on-line’. Hollerbach[19] showed
how recursioncould be appliedto the Lagrangianform, andreducedthe computationto
within a factorof 3 of therecursiveNE. Silver[20] showedtheequivalenceof therecursive
Lagrangianand Newton-Euler forms, and that the differencein efficiency is due to the
representationof angularvelocity.

“Kane’sequations”[10] provideanothermethodologyfor deriving theequationsof motion
for a specificmanipulator. A numberof ‘Z’ variablesare introduced,which while not
necessarilyof physicalsignificance,leadto adynamicsformulationwith low computational
burden.Wampler[21] discussesthecomputationalcostsof Kane’smethodin somedetail.

The NE andLagrangeforms canbe written generallyin termsof the Denavit-Hartenberg
parameters— however the specificformulations,suchasKane’s, canhave lower compu-
tationalcostfor the specificmanipulator. Whilst the recursive forms arecomputationally
moreefficient, the non-recursive forms computethe individual dynamicterms(M , C and
G) directly. A comparisonof computationcostsis givenin Table1.

3.1 RecursiveNewton-Euler formulation

Therecursive Newton-Euler(RNE) formulation[18] computestheinversemanipulatordy-
namics,that is, the joint torquesrequiredfor a given set of joint angles,velocitiesand
accelerations.The forward recursionpropagateskinematicinformation— suchasangu-
lar velocities,angularaccelerations,linearaccelerations— from thebasereferenceframe
(inertial frame)to theend-effector. Thebackwardrecursionpropagatestheforcesandmo-
mentsexertedon eachlink from the end-effectorof the manipulatorto the basereference
frame3. Figure2 shows thevariablesinvolvedin thecomputationfor onelink.

The notationof Hollerbach[19] andWalker andOrin [23] will be usedin which the left
superscriptindicatesthereferencecoordinateframefor thevariable.Thenotationof Luh et
al.[18] andlaterLee[4, 3] is considerablylessclear.

3It shouldbenotedthatusingMDH notationwith its differentaxisassignmentconventionstheNewton Euler

formulationis expresseddifferently[5].
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joint i−1 joint i joint i+1

link i−1

link i

T
i−1

T
iai

Xi

YiZi

ai−1

Zi−1

Xi−1

Yi−1
p* vi

.
vi

.ωiωi

n   fi i

N   F
i i

vi

.
vi

_ _
i+1 i+1

n      f

si

Figure2: Notationusedfor inversedynamics,basedon standardDenavit-Hartenberg nota-

tion.

Outward recursion,1 i n.

If axis i 1 is rotational
i 1ωi 1

i 1Ri
iωi z0q̇

i 1
(12)

i 1ω̇i 1
i 1Ri

iω̇i z0q̈
i 1

iωi z0q̇
i 1

(13)

i 1vi 1
i 1ωi 1

i 1p
i 1

i 1Ri
ivi (14)

i 1v̇i 1
i 1ω̇i 1

i 1p
i 1

i 1ωi 1
i 1ωi 1

i 1p
i 1

i 1Ri
i v̇i (15)

If axis i 1 is translational
i 1ωi 1

i 1Ri
iωi (16)

i 1ω̇i 1
i 1Ri

iω̇i (17)

i 1vi 1
i 1Ri z0q̇

i 1
ivi

i 1ωi 1
i 1p

i 1
(18)

i 1v̇i 1
i 1Ri z0q̈

i 1
i v̇i

i 1ω̇i 1
i 1p

i 1
2 i 1ωi 1

i 1Ri z0q̇
i 1

i 1ωi 1
i 1ωi 1

i 1p
i 1

(19)

i v̇i
iω̇i si

iωi
iωi si

i v̇i (20)
iF i mi

i v̇i (21)
iNi Ji

iω̇i
iωi Ji

iωi (22)

Inward recursion,n i 1.

i f
i

iRi 1
i 1 f

i 1
iFi (23)

ini
iRi 1

i 1ni 1
i 1Ri

i p
i

i i 1 f
i 1

i p
i

si
iF i

iNi (24)

Q
i

ini
T iRi 1z0 if link i 1 is rotational

i f
i

T
iRi 1z0 if link i 1 is translational

(25)

where
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i is thelink index, in therange1 to n
Ji is themomentof inertiaof link i aboutits COM
si is thepositionvectorof theCOM of link i with respectto framei

ωi is theangularvelocityof link i
ω̇i is theangularaccelerationof link i
vi is thelinearvelocityof framei
v̇i is thelinearaccelerationof framei
vi is thelinearvelocityof theCOM of link i
v̇i is thelinearaccelerationof theCOM of link i
ni is themomentexertedon link i by link i 1
f

i
is theforceexertedon link i by link i 1

Ni is thetotal momentat theCOM of link i
F i is thetotal forceat theCOM of link i
Q

i
is theforceor torqueexertedby theactuatorat joint i

i 1Ri is the orthonormalrotationmatrix definingframe i orientationwith respectto frame
i 1. It is theupper3 3 portionof thelink transformmatrixgivenin (1).

i 1Ri

cosθi cosαi sinθi sinαi sinθi

sinθi cosαi cosθi sinαi cosθi

0 sinαi cosαi

(26)

iRi 1
i 1Ri

1 i 1Ri
T (27)

i p
i

is thedisplacementfrom theorigin of framei 1 to framei with respectto framei.

i p
i

ai

di sinαi

di cosαi

(28)

It is thenegativetranslationalpartof i 1A i
1.

z0 is a unit vectorin Z direction,z0 0 0 1

NotethattheCOM linearvelocity givenby equation(14) or (18) doesnot needto becom-
putedsincenootherexpressiondependsuponit. Boundaryconditionsareusedto introduce
theeffectof gravity by settingtheaccelerationof thebaselink

v̇0 g (29)

whereg is the gravity vector in the referencecoordinateframe, generallyacting in the
negativeZ direction,downward.Basevelocity is generallyzero

v0 0 (30)

ω0 0 (31)

ω̇0 0 (32)

At this stagetheToolboxonly providesanimplementationof thisalgorithmusingthestan-
dardDenavit-Hartenberg conventions.

3.2 Dir ectdynamics

Equation(11) may be usedto computethe so-calledinversedynamics,that is, actuator
torqueasa functionof manipulatorstateandis usefulfor on-line control. For simulation
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thedirect,integral or forward dynamicformulationis requiredgiving joint motionin terms
of input torques.

Walker andOrin[23] describeseveral methodsfor computingthe forward dynamics,and
all make useof an existing inversedynamicssolution. Using the RNE algorithmfor in-
versedynamics,thecomputationalcomplexity of the forwarddynamicsusing‘Method 1’
is O n3 for ann-axismanipulator. Theirothermethodsareincreasinglymoresophisticated
but reducethe computationalcost,thoughstill O n3 . Featherstone[24] hasdescribedthe
“articulated-bodymethod”for O n computationof forwarddynamics,however for n 9
it is more expensive than the approachof Walker andOrin. AnotherO n approachfor
forwarddynamicshasbeendescribedby Lathrop[25].

3.3 Rigid-body inertial parameters

Accuratemodel-baseddynamiccontrol of a manipulatorrequiresknowledgeof the rigid-
bodyinertial parameters.Eachlink hastenindependentinertial parameters:

link mass,mi ;

threefirst moments,whichmaybeexpressedastheCOM location,si , with respectto
somedatumon thelink or asa momentSi misi ;

six secondmoments,which representthe inertiaof thelink abouta givenaxis,typi-
cally throughtheCOM. Thesecondmomentsmaybeexpressedin matrix or tensor
form as

J
Jxx Jxy Jxz

Jxy Jyy Jyz

Jxz Jyz Jzz

(33)

wherethe diagonalelementsare the momentsof inertia, and the off-diagonalsare
productsof inertia. Only six of thesenineelementsareunique: threemomentsand
threeproductsof inertia.

For any point in a rigid-bodythereis onesetof axesknown astheprincipal axesof
inertia for which theoff-diagonalterms,or products,arezero. Theseaxesaregiven
by the eigenvectorsof the inertia matrix (33) andthe eigenvaluesare the principal
momentsof inertia. Frequentlytheproductsof inertiaof therobotlinks arezerodue
to symmetry.

A 6-axismanipulatorrigid-bodydynamicmodelthusentails60 inertial parameters.There
maybeadditionalparametersper joint dueto friction andmotorarmatureinertia. Clearly,
establishingnumericvaluesfor this numberof parametersis adifficult task.Many parame-
terscannotbemeasuredwithoutdismantlingtherobotandperformingcarefulexperiments,
thoughthis approachwasusedby Armstronget al.[26]. Most parameterscouldbederived
from CAD modelsof the robots,but this informationis often consideredproprietaryand
notmadeavailableto researchers.
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1

2
Reference

For ann-axismanipulatorthefollowing matrixnaminganddimensionalconventionsapply.

Symbol Dimensions Description
l link manipulatorlink object
q 1 n joint coordinatevector
q m n m-point joint coordinatetrajectory
qd 1 n joint velocityvector
qd m n m-point joint velocity trajectory
qdd 1 n joint accelerationvector
qdd m n m-point joint accelerationtrajectory
robot robot robotobject
T 4 4 homogeneoustransform
T 4 4 m m-pointhomogeneoustransformtrajectory
Q quaternion unit-quaternionobject
M 1 6 vectorwith elementsof 0 or 1 correspondingto

CartesianDOF alongX, Y, Z andaroundX, Y, Z.
1 if thatCartesianDOF belongsto thetaskspace,
else0.

v 3 1 Cartesianvector
t m 1 timevector
d 6 1 differentialmotionvector

Objectnamesareshown in bold typeface.

A trajectoryis representedby a matrix in which eachrow correspondsto oneof m time
steps. For a joint coordinate,velocity or accelerationtrajectorythe columnscorrespond
to the robotaxes. For homogeneoustransformtrajectorieswe use3-dimensionalmatrices
wherethelastindex correspondsto thetimestep.

Units

All anglesarein radians.Thechoiceof all otherunitsis up to theuser, andthischoicewill
flow on to theunits in which homogeneoustransforms,Jacobians,inertiasandtorquesare
represented.
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Homog eneous Transf orms
eul2tr Eulerangleto homogeneoustransform
oa2tr orientationandapproachvectorto homogeneoustransform
rot2tr extractthe3 3 rotationalsubmatrixfrom a homogeneous

transform
rotx homogeneoustransformfor rotationaboutX-axis
roty homogeneoustransformfor rotationaboutY-axis
rotz homogeneoustransformfor rotationaboutZ-axis
rpy2tr Roll/pitch/yaw anglesto homogeneoustransform
tr2eul homogeneoustransformto Eulerangles
tr2rot homogeneoustransformto rotationsubmatrix
tr2rpy homogeneoustransformto roll/pitch/yaw angles
transl set or extract the translationalcomponentof a homoge-

neoustransform
trnorm normalizeahomogeneoustransform

Quaternions
/ dividequaternionby quaternionor scalar
* multiply quaternionby aquaternionor vector
inv inverta quaternion
norm normof a quaternion
plot displayaquaternionasa 3D rotation
q2tr quaternionto homogeneoustransform
qinterp interpolatequaternions
unit unitizeaquaternion

Kinematics
diff2tr differentialmotionvectorto transform
fkine computeforwardkinematics
ikine computeinversekinematics
ikine560 computeinversekinematicsfor Puma560likearm
jacob0 computeJacobianin basecoordinateframe
jacobn computeJacobianin end-effectorcoordinateframe
tr2diff homogeneoustransformto differentialmotionvector
tr2jac homogeneoustransformto Jacobian

Dynamics
accel computeforwarddynamics
cinertia computeCartesianmanipulatorinertiamatrix
coriolis computecentripetal/coriolistorque
friction joint friction
ftrans transformforce/moment
gravload computegravity loading
inertia computemanipulatorinertiamatrix
itorque computeinertiatorque
nofriction removefriction from arobotobject
rne inversedynamics
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Manipulator Models
link constructa robotlink object
puma560 Puma560data
puma560akb Puma560data(modifiedDenavit-Hartenberg)
robot constructa robotobject
stanford Stanfordarmdata
twolink simple2-link example

Trajector y Generation
ctraj Cartesiantrajectory
jtraj joint spacetrajectory
trinterp interpolatehomogeneoustransforms

Graphics
drivebot drivea graphicalrobot
plot plot/animaterobot

Other
manipblty computemanipulability
rtdemo toolboxdemonstration
unit unitizeavector
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accel

Purpose Computemanipulatorforwarddynamics

Synopsis qdd = accel(robot, q, qd, torque)

Description Returnsa vectorof joint accelerationsthatresultfrom applyingtheactuatortorque to the
manipulatorrobot with joint coordinatesq andvelocitiesqd.

Algorithm Usesthe method1 of Walker andOrin to computethe forward dynamics. This form is
usefulfor simulationof manipulatordynamics,in conjunctionwith a numericalintegration
function.

See Also rne,robot,fdyn, ode45

References M. W. Walker andD. E. Orin. Efficient dynamiccomputersimulationof robotic mecha-
nisms.ASMEJournalof DynamicSystems,MeasurementandControl, 104:205–211,1982.
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cinertia

Purpose ComputetheCartesian(operationalspace)manipulatorinertiamatrix

Synopsis M = cinertia(robot, q)

Description cinertia computesthe Cartesian,or operationalspace,inertia matrix. robot is a robot
objectthatdescribesthemanipulatordynamicsandkinematics,andq is ann-elementvector
of joint coordinates.

Algorithm TheCartesianinertiamatrix is calculatedfrom thejoint-spaceinertiamatrixby

M x J q TM q J q 1

andrelatesCartesianforce/torqueto Cartesianacceleration

F M x ẍ

See Also inertia,robot,rne

References O. Khatib, “A unified approachfor motion and force control of robot manipulators:the
operationalspaceformulation,” IEEETrans.Robot.Autom., vol. 3, pp.43–53,Feb. 1987.
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coriolis

Purpose ComputethemanipulatorCoriolis/centripetaltorquecomponents

Synopsis tau c = coriolis(robot, q, qd)

Description coriolis returnsthejoint torquesdueto rigid-bodyCoriolisandcentripetaleffectsfor the
specifiedjoint stateq andvelocityqd. robot isarobotobjectthatdescribesthemanipulator
dynamicsandkinematics.

If q andqd arerow vectors,tau c is a row vectorof joint torques.If q andqd arematrices,
eachrow is interpretedasa joint statevector, and tau c is a matrix eachrow being the
correspondingjoint torques.

Algorithm Evaluatedfrom theequationsof motion,usingrne , with joint accelerationandgravitational
accelerationsetto zero,

τ C q q̇ q̇

Jointfriction is ignoredin this calculation.

See Also link, rne,itorque,gravload

References M. W. Walker andD. E. Orin. Efficient dynamiccomputersimulationof robotic mecha-
nisms.ASMEJournalof DynamicSystems,MeasurementandControl, 104:205–211,1982.
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ctraj

Purpose ComputeaCartesiantrajectorybetweentwo points

Synopsis TC = ctraj(T0, T1, m)

TC = ctraj(T0, T1, r)

Description ctraj returnsaCartesiantrajectory(straightline motion)TC from thepoint representedby
homogeneoustransformT0 to T1. Thenumberof pointsalongthepathis mor thelengthof
thegivenvectorr . For thesecondcaser is avectorof distancesalongthepath(in therange
0 to 1) for eachpoint. Thefirst casehasthepointsequallyspaced,but differentspacingmay
bespecifiedto achieveacceptableaccelerationprofile. TC is a4 4 mmatrix.

Examples To createaCartesianpathwith smoothaccelerationwecanusethejtraj functionto create
thepathvectorr with continuousderivitives.

>> T0 = transl([0 0 0]); T1 = transl([-1 2 1]);

>> t= [0:0.056:10];

>> r = jtraj(0, 1, t);

>> TC = ctraj(T0, T1, r);

>> plot(t, transl(TC));
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See Also trinterp,qinterp,transl

References R. P. Paul, RobotManipulators: Mathematics,Programming, and Control. Cambridge,
Massachusetts:MIT Press,1981.
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diff2tr

Purpose Converta differentialmotionvectorto ahomogeneoustransform

Synopsis delta = diff2tr(x)

Description Returnsa homogeneoustransformrepresentingdifferentialtranslationandrotationcorre-
spondingto Cartesianvelocityx vx vy vz ωx ωy ωz .

Algorithm Frommechanicswe know that
Ṙ Sk Ω R

whereR is anorthonormalrotationmatrix and

Sk Ω
0 ωz ωy

ωz 0 ωx

ωy ωx 0

Thiscanbegeneralizedto

Ṫ
Sk Ω Ṗ
000 1

T

for therotationalandtranslationalcase.

See Also tr2diff

References R. P. Paul. RobotManipulators: Mathematics,Programming, and Control. MIT Press,
Cambridge,Massachusetts,1981.
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dri vebot

Purpose Drivea graphicalrobot

Synopsis drivebot(robot)

Description Popsup a window with oneslider for eachjoint. Operationof the sliderswill drive the
graphicalroboton thescreen.Very usefulfor gaininganunderstandingof joint limits and
robotworkspace.

The joint coordinatestateis kept with the graphicalrobot andcanbe obtainedusing the
plot function.Theinitial valueof joint coordinatesis takenfrom thegraphicalrobot.

Examples To drivea graphicalPuma560robot

>> puma560 % define the robot

>> plot(p560,qz) % draw it

>> drivebot(p560) % now drive it

See Also plot
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eul2tr

Purpose ConvertEuleranglesto a homogeneoustransform

Synopsis T = eul2tr([r p y])

T = eul2tr(r,p,y)

Description eul2tr returnsa homogeneoustransformationfor the specifiedEuler anglesin radians.
Thesecorrespondto rotationsabouttheZ, X, andZ axesrespectively.

See Also tr2eul,rpy2tr

References R. P. Paul, RobotManipulators: Mathematics,Programming, and Control. Cambridge,
Massachusetts:MIT Press,1981.
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fdyn

Purpose Integrateforwarddynamics

Synopsis [t q qd] = fdyn(robot, t0, t1)

[t q qd] = fdyn(robot, t0, t1, torqfun)

[t q qd] = fdyn(robot, t0, t1, torqfun, q0, qd0)

Description fdyn integratesthemanipulatorequationsof motionover thetime interval t0 to t1 using
MATLAB ’s ode45 numericalintegrationfunction. It returnsa time vectort , andmatrices
of manipulatorjoint stateq andjoint velocitiesqd. Manipulatorkinematicanddynamic
chacteristicsaregivenby the robot object robot . Thesematriceshave onerow per time
stepandonecolumnperjoint.

Actuatortorquemaybespecifiedby a userfunction

tau = torqfun(t, q, qd)

wheret is thecurrenttime,andq andqd] arethemanipulatorjoint coordinateandvelocity
staterespectively. Typically this would beusedto implementsomeaxiscontrolscheme.If
torqfun is not specifiedthenzerotorqueis appliedto themanipulator.

Initial joint coordinatesandvelocitiesmaybe specifiedby the optionalargumentsq0 and
qd0 respectively.

Algorithm Thejoint accelerationis a functionof joint coordinateandvelocitygivenby

q̈ M q 1 τ C q q̇ q̇ G q F q̇

Example Thefollowingexampleshowshow fdyn() canbeusedtosimulatearobotanditscontroller.
The manipulatoris a Puma560 with simple proportionaland derivative controller. The
simulationresultsareshown in thefigure,andfurthergaintuningis clearlyrequired.Note
thathigh gainsarerequiredon joints 2 and3 in orderto counterthesignificantdisturbance
torquedueto gravity.

>> puma560 % load Puma parameters

>> t = [0:.056:5]’; % time vector

>> q_dmd = jtraj(qz, qr,t); % create a path

>> qt = [t q_dmd];

>> Pgain = [20 100 20 5 5 5]; % set gains

>> Dgain = [-5 -10 -2 0 0 0];

>> global qt Pgain Dgain

>> [tsim,q,qd] = fdyn(p560, 0, 5, ’taufunc’)

andtheinvokedfunctionis
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%

% taufunc.m

%

% user written function to compute joint torque as a function

% of joint error. The desired path is passed in via the global

% matrix qt. The controller implemented is PD with the proportional

% and derivative gains given by the global variables Pgain and Dgain

% respectively.

%

function tau = taufunc(t, q, qd)

global Pgain Dgain qt;

% interpolate demanded angles for this time

if t > qt(length(qt),1), % keep time in range

t = qt(length(qt),1);

end

q_dmd = interp1(qt(:,1), qt(:,2:7), t);

% compute error and joint torque

e = q_dmd - q;

tau = e * diag(Pgain) + qd * diag(Dgain)
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Resultsof fdyn() example.Simulatedpathshown assolid,andreferencepathasdashed.

Cautionar y The presenceof friction in the dynamicmodel can prevent the integration from converging. The

functionnofriction canbeusedto returna friction-freerobotobject.
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See Also accel,nofriction,rne,robot,ode45

References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanisms.ASME

Journalof DynamicSystems,MeasurementandControl, 104:205–211,1982.
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fkine

Purpose Forwardrobotkinematicsfor seriallink manipulator

Synopsis T = fkine(robot, q)

Description fkine computesforwardkinematicsfor thejoint coordinateq giving a homogeneoustransformfor

thelocationof theend-effector. robot is a robotobjectwhich containsa kinematicmodelin either

standardor modifiedDenavit-Hartenberg notation.Notethattherobotobjectcanspecifyanarbitrary

homogeneoustransformfor thebaseof therobot.

If q is avectorit is interpretedasthegeneralizedjoint coordinates,andfkine returnsahomogeneous

transformationfor thefinal link of themanipulator. If q is a matrix eachrow is interpretedasa joint

statevector, andT is a 4 4 m matrixwheremis thenumberof rows in q.

Cautionar y Notethatthedimensionalunitsfor thelastcolumnof theT matrixwill bethesameasthedimensional

units usedin the robot object. The units canbe whatever you choose(metres,inches,cubitsor

furlongs)but thechoicewill affect thenumericalvalueof theelementsin the lastcolumnof T. The

Toolboxdefinitionspuma560 andstanford all useSI unitswith dimensionsin metres.

See Also link, dh,mfkine

References R. P. Paul. RobotManipulators: Mathematics,Programming, andControl. MIT Press,Cambridge,

Massachusetts,1981.

J.J.Craig,Introductionto Robotics. AddisonWesley, seconded.,1989.
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friction

Purpose Computejoint friction torque

Synopsis tau f = friction(link, qd)

Description friction computesthe joint friction torquebasedon friction parameterdata,if any, in the link

objectlink . Friction is a functiononly of joint velocityqd

If qd is a vector then tau f is a vector in which eachelementis the friction torquefor the the

correspondingelementin qd .

Algorithm The friction model is a fairly standardone comprisingviscousfriction and direction dependent

Coulombfriction

Fi t
Bi q̇ τi θ̇ 0

Bi q̇ τi θ̇ 0

See Also link,nofriction

References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanisms.ASME

Journalof DynamicSystems,MeasurementandControl, 104:205–211,1982.
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ftrans

Purpose Forcetransformation

Synopsis F2 = ftrans(F, T)

Description TransformtheforcevectorF in thecurrentcoordinateframeto forcevectorF2 in thesecondcoordi-

nateframe. Thesecondframeis relatedto thefirst by thehomogeneoustransformT. F2 andF are

each6-elementvectorscomprisingforceandmomentcomponentsFx Fy Fz Mx My Mz .

See Also diff2tr
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gravload

Purpose Computethemanipulatorgravity torquecomponents

Synopsis tau g = gravload(robot, q)

tau g = gravload(robot, q, grav)

Description gravload computesthejoint torquedueto gravity for themanipulatorin poseq.

If q is arow vector, tau g returnsarow vectorof joint torques.If q is amatrixeachrow is interpreted

asasa joint statevector, and tau g is a matrix in which eachrow is thegravity torquefor the the

correspondingrow in q.

Thedefaultgravity directioncomesfrom therobotobjectbut maybeoverriddenby theoptionalgrav

argument.

See Also robot,link, rne,itorque,coriolis

References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanisms.ASME

Journalof DynamicSystems,MeasurementandControl, 104:205–211,1982.

RoboticsToolboxRelease6 PeterCorke,April 2001



ikine 18

ikine

Purpose Inversemanipulatorkinematics

Synopsis q = ikine(robot, T)

q = ikine(robot, T, q0)

q = ikine(robot, T, q0, M)

Description ikine returnsthejoint coordinatesfor themanipulatordescribedby theobjectrobot whoseend-

effectorhomogeneoustransformis givenby T. Notethattherobot’s basecanbearbitrarily specified

within therobotobject.

If T is a homogeneoustransformthena row vectorof joint coordinatesis returned.If T is a homoge-

neoustransformtrajectoryof size4 4 m thenq will beann m matrixwhereeachrow is avector

of joint coordinatescorrespondingto thelastsubscriptof T.

Theinitial estimateof q for eachtime stepis takenasthesolutionfrom theprevious time step.The

estimatefor the first stepin q0 if this is given else0. Note that the inversekinematicsolution is

generallynotunique,anddependson theinitial valueq0 (whichdefaultsto 0).

For thecaseof a manipulatorwith fewer than6 DOF it is not possiblefor theend-effector to satisfy

theend-effectorposespecifiedby anarbitraryhomogeneoustransform.This typically leadsto non-

convergencein ikine . A solution is to specifya 6-elementweightingvector, M, whoseelements

are0 for thoseCartesianDOF thatareunconstrainedand1 otherwise.The elementscorrespondto

translationalongtheX-, Y- andZ-axesandrotationabouttheX-, Y- andZ-axes.For example,a5-axis

manipulatormaybe incapableof independantlycontrolling rotationabouttheend-effector’s Z-axis.

In this caseM = [1 1 1 1 1 0] would enablea solutionin which theend-effectoradoptedthe

poseT exceptfor theend-effectorrotation.Thenumberof non-zeroelementsshouldequalthenumber

of robotDOF.

Algorithm Thesolutionis computediteratively usingthepseudo-inverseof themanipulatorJacobian.

q̇ J q ∆ F q T

where∆ returnsthe‘dif ference’betweentwo transformsasa 6-elementvectorof displacementsand

rotations(seetr2diff ).

Cautionar y Sucha solution is completelygeneral,thoughmuch lessefficient than specificinversekinematic

solutionsderivedsymbolically.

This functionwill notwork for robotobjectsthatusethemodifiedDenavit-Hartenberg conventions.

This approachallows a solutionto obtainedat a singularity, but the joint coordinateswithin thenull

spacearearbitrarily assigned.

Notethat thedimensionalunitsusedfor the lastcolumnof theT matrix mustagreewith thedimen-

sionalunits usedin the robot definition. Theseunits canbe whatever you choose(metres,inches,
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cubitsor furlongs)but they mustbeconsistent.TheToolboxdefinitionspuma560 andstanford

all useSI unitswith dimensionsin metres.

See Also fkine, tr2diff, jacob0,ikine560,robot

References S. Chieaverini, L. Sciavicco, andB. Siciliano,“Control of roboticsystemsthroughsingularities,” in

Proc. Int. Workshopon Nonlinearand AdaptiveControl: Issuesin Robotics(C. C. de Wit, ed.),

Springer-Verlag,1991.
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ikine560

Purpose Inversemanipulatorkinematicsfor Puma560likearm

Synopsis q = ikine560(robot, config)

Description ikine560 returnsthe joint coordinatescorrespondingto the end-effector homogeneoustransform

T. It is computedusinga symbolicsolutionappropriatefor Puma560like robots,that is, all revolute

6DOF arms,with a sphericalwrist. The useof a symbolicsolutionmeansthat it executesover 50

timesfasterthanikine for a Puma560solution.

A furtheradvantageis thatikine560() allowscontrolover thespecificsolutionreturned.config

is a 3-elementvectorwhosevaluesare:

config(1) -1 or ’l’ left-handed(lefty) solution

1 or ’u’ †right-handed(righty) solution

config(2) -1 or ’u’ †elbow upsolution

1 or ’d’ elbow down solution

config(3) -1 or ’f’ †wrist flippedsolution

1 or ’n’ wrist not flippedsolution

Cautionar y Notethat thedimensionalunitsusedfor the lastcolumnof theT matrix mustagreewith thedimen-

sionalunitsusedin therobot object.Theseunitscanbewhateveryouchoose(metres,inches,cubits

or furlongs)but they mustbeconsistent.TheToolboxdefinitionspuma560 andstanford all use

SI unitswith dimensionsin metres.

See Also fkine, ikine, robot

References R. P. Paul and H. Zhang, “Computationallyefficient kinematicsfor manipulatorswith spherical

wrists,” Int. J. Robot.Res., vol. 5, no.2, pp.32–44,1986.

Author RobertBiro andGaryMcMurray, Georgia Instituteof Technology, gt2231a@acmex.gatech.edu
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inertia

Purpose Computethemanipulatorjoint-spaceinertiamatrix

Synopsis M = inertia(robot, q)

Description inertia computesthejoint-spaceinertiamatrix which relatesjoint torqueto joint acceleration

τ M q q̈

robot is a robot object that describesthe manipulatordynamicsand kinematics,and q is an n-

elementvectorof joint state.For ann-axismanipulatorMis ann n symmetricmatrix.

If q is a matrix eachrow is interpretedasa joint statevector, andI is ann n mmatrix wheremis

thenumberof rows in q.

Note that if the robot containsmotor inertia parametersthen motor inertia, referredto the link

referenceframe,will beaddedto thediagonalof M.

Example To show how the inertia ‘seen’ by the waist joint variesas a function of joint angles2 and 3 the

following codecouldbeused.

>> [q2,q3] = meshgrid(-pi:0.2:pi, -pi:0.2:pi);

>> q = [zeros(length(q2(:)),1) q2(:) q3(:) zeros(length(q2(:)),3)];

>> I = inertia(p560, q);

>> surfl(q2, q3, squeeze(I(1,1,:)));
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See Also robot,rne,itorque,coriolis,gravload
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References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanisms.ASME

Journalof DynamicSystems,MeasurementandControl, 104:205–211,1982.
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ishomog

Purpose Testif argumentis a homogeneoustransformation

Synopsis ishomog(x)

Description Returnstrueif x is a 4 4 matrix.
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itor que

Purpose Computethemanipulatorinertiatorquecomponent

Synopsis tau i = itorque(robot, q, qdd)

Description itorque returnsthejoint torquedueto inertiaat thespecifiedposeq andaccelerationqdd which is

givenby

τi M q q̈

If q andqdd arerow vectors,itorque is a row vectorof joint torques.If q andqdd arematrices,

eachrow is interpretedasa joint statevector, and itorque is a matrix in which eachrow is the

inertiatorquefor thecorrespondingrows of q andqdd .

robot is a robotobjectthatdescribesthekinematicsanddynamicsof themanipulatoranddrive. If

robot containsmotorinertiaparametersthenmotorinertia,referredto thelink referenceframe,will

beaddedto thediagonalof Mandinfluencetheinertiatorqueresult.

See Also robot,rne,coriolis, inertia,gravload
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jacob0

Purpose ComputemanipulatorJacobianin basecoordinates

Synopsis jacob0(robot, q)

Description jacob0 returnsa Jacobianmatrix for therobotobjectrobot in theposeq andasexpressedin the

basecoordinateframe.

The manipulatorJacobianmatrix, 0Jq, mapsdifferential velocities in joint space,q̇, to Cartesian

velocityof theend-effectorexpressedin thebasecoordinateframe.

0ẋ 0Jq q q̇

For ann-axismanipulatortheJacobianis a 6 n matrix.

Cautionar y This functionwill notwork for robotobjectsthatusethemodifiedDenavit-Hartenberg conventions.

See Also jacobn,diff2tr, tr2diff, robot

References R. P. Paul. RobotManipulators: Mathematics,Programming, andControl. MIT Press,Cambridge,

Massachusetts,1981.
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jacobn

Purpose ComputemanipulatorJacobianin end-effectorcoordinates

Synopsis jacobn(robot, q)

Description jacobn returnsa Jacobianmatrix for therobotobjectrobot in theposeq andasexpressedin the

end-effectorcoordinateframe.

The manipulatorJacobianmatrix, 0Jq, mapsdifferential velocities in joint space,q̇, to Cartesian

velocityof theend-effectorexpressedin theend-effectorcoordinateframe.

nẋ nJq q q̇

Therelationshipbetweentool-tip forcesandjoint torquesis givenby

τ nJq q nF

For ann-axismanipulatortheJacobianis a 6 n matrix.

Cautionar y This functionwill notwork for robotobjectsthatusethemodifiedDenavit-Hartenberg conventions.

See Also jacob0,diff2tr, tr2diff, robot

References R. P. Paul. RobotManipulators: Mathematics,Programming, andControl. MIT Press,Cambridge,

Massachusetts,1981.
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jtraj

Purpose Computea joint spacetrajectorybetweentwo joint coordinateposes

Synopsis [q qd qdd] = jtraj(q0, q1, n)

[q qd qdd] = jtraj(q0, q1, n, qd0, qd1)

[q qd qdd] = jtraj(q0, q1, t)

[q qd qdd] = jtraj(q0, q1, t, qd0, qd1)

Description jtraj returnsa joint spacetrajectoryq from joint coordinatesq0 to q1 . Thenumberof pointsis n

or the lengthof thegiventime vectort . A 7th orderpolynomialis usedwith default zeroboundary

conditionsfor velocity andacceleration.

Non-zeroboundaryvelocitiescanbeoptionallyspecifiedasqd0 andqd1 .

The trajectoryis a matrix, with onerow per time step,andonecolumnper joint. The functioncan

optionallyreturna velocity andaccelerationtrajectoriesasqd andqdd respectively.
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link

Purpose Link object

Synopsis L = link

L = link([alpha, a, theta, d])

L = link([alpha, a, theta, d, sigma])

L = link(dyn row)

A = link(q)

show(L)

Description The link functionconstructsa link object. Theobjectcontainskinematicanddynamicparameters

aswell asactuatorand transmissionparameters.The first form returnsa default object,while the

secondandthird forms initialize thekinematicmodelbasedon Denavit andHartenberg parameters.

By default thestandardDenavit andHartenberg conventionsareassumedbut a flag (mdh) canbeset

if modifiedDenavit andHartenberg conventionsarerequired.Thedynamicmodelcanbeinitialized

usingthe fourth form of theconstructorwheredyn row is a 1 20 matrix which is onerow of the

legacy dyn matrix.

Thesecondlastform givenabove is not a constructorbut a link methodthatreturnsthelink transfor-

mationmatrix for the given joint coordinate.The argumentis given to the link objectusingparen-

thesis.Thesingleargumentis takenasthelink variableq andsubstitutedfor θ or D for a revoluteor

prismaticlink respectively.

The Denavit andHartenberg parametersdescribethe spatialrelationshipbetweenthis link and the

previousone.Themeaningof thefieldsfor eachmodelaresummarizedin thefollowing table.

alpha αi αi 1 link twist angle

A Ai Ai 1 link length

theta θi θi link rotationangle

D Di Di link offsetdistance

sigma σi σi joint type;0 for revolute,non-zerofor prismatic

SinceMatlab doesnot supportthe conceptof public classvariablesmethodshave beenwritten to

allow link objectparametersto bereferenced(r) or assigned(a) asgivenby thefollowing table
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Method Operations Returns

link .alpha r+a link twist angle

link .A r+a link length

link .theta r+a link rotationangle

link .D r+a link offsetdistance

link .sigma r+a joint type;0 for revolute,non-zerofor prismatic

link .RP r joint type;’R’ or ’P’

link .mdh r+a DH convention:0 if standard,1 if modified

link .I r 3 3 symmetricinertiamatrix

link .I a assignedfrom a3 3 matrixor a6-elementvec-

tor interprettedas IxxIyyIzzIxyIyzIxz

link .m r+a link mass

link .r r+a 3 1 link COGvector

link .G r+a gearratio

link .Jm r+a motorinertia

link .B r+a viscousfriction

link .Tc r Coulombfriction, 1 2 vectorwhere τ τ
link .Tc a Coulombfriction; for symmetricfriction this is

ascalar, for asymmetricfriction it isa2-element

vectorfor positive andnegative velocity

link .dh r+a row of legacy DH matrix

link .dyn r+a row of legacy DYN matrix

link .qlim r+a joint coordinatelimits, 2-vector

link .offset r+a joint coordinate offset (see discussion for

robot object).

Thedefault is for standardDenavit-Hartenberg conventions,zerofriction, massandinertias.

The display methodgives a one-linesummaryof the link’s kinematicparameters.The show

methoddisplaysasmany link parametersashave beeninitialized for thatlink.

Examples

>> L = link([-pi/2, 0.02, 0, 0.15])

L =

-1.570796 0.020000 0.000000 0.150000 R

>> L.RP

ans =

R

>> L.mdh

ans =

0

>> L.G = 100;

>> L.Tc = 5;

>> L

L =

-1.570796 0.020000 0.000000 0.150000 R
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>> show(L)

alpha = -1.5708

A = 0.02

theta = 0

D = 0.15

sigma = 0

mdh = 0

G = 100

Tc = 5 -5

>>

Algorithm For thestandardDenavit-Hartenberg conventionsthehomogeneoustransform

i 1A i

cosθi sinθi cosαi sinθi sinαi ai cosθi

sinθi cosθi cosαi cosθi sinαi ai sinθi

0 sinαi cosαi di

0 0 0 1

representseachlink’s coordinateframewith respectto theprevious link’s coordinatesystem.For a

revolutejoint θi is offsetby

For themodifiedDenavit-Hartenberg conventionsit is instead

i 1A i

cosθi sinθi 0 ai 1

sinθi cosαi 1 cosθi cosαi 1 sinαi 1 di sinαi 1

sinθi sinαi 1 cosθi sinαi 1 cosαi 1 di cosαi 1

0 0 0 1

See Also robot

References R. P. Paul. RobotManipulators: Mathematics,Programming, andControl. MIT Press,Cambridge,

Massachusetts,1981.
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maniplty

Purpose Manipulabilitymeasure

Synopsis m = maniplty(robot, q)

m = maniplty(robot, q, which)

Description maniplty computesthescalarmanipulabilityindex for themanipulatorat thegivenpose.Manipu-

lability variesfrom 0 (bad)to 1 (good).robot is arobotobjectthatcontainskinematicandoptionally

dynamicparametersfor themanipulator. Two measuresaresupportedandareselectedby theoptional

argumentwhich canbeeither ’yoshikawa’ (default) or ’asada’ . Yoshikawa’s manipulability

measureis basedpurely on kinematicdata,andgivesan indicationof how ‘f ar’ the manipulatoris

from singularitiesandthusableto move andexert forcesuniformly in all directions.

Asada’smanipulabilitymeasureutilizesmanipulatordynamicdata,andindicateshow closetheinertia

ellipsoidis to spherical.

If q is avectormaniplty returnsascalarmanipulabilityindex. If q is amatrixmaniplty returns

a columnvectorandeachrow is themanipulabilityindex for theposespecifiedby thecorresponding

row of q.

Algorithm Yoshikawa’s measureis basedon theconditionnumberof themanipulatorJacobian

ηyoshi J q J q

Asada’s measureis computedfrom theCartesianinertiamatrix

M x J q TM q J q 1

TheCartesianmanipulatorinertiaellipsoidis

x M x x 1

andgivesanindicationof how well themanipulatorcanacceleratein eachof theCartesiandirections.

Thescalarmeasurecomputedhereis theratio of thesmallest/largestellipsoidaxes

ηasada
minx
maxx

Ideally theellipsoidwould bespherical,giving a ratioof 1, but in practicewill belessthan1.

See Also jacob0,inertia,robot

References T. Yoshikawa, “Analysisandcontrolof robotmanipulatorswith redundancy,” in Proc. 1stInt. Symp.

RoboticsResearch, (BrettonWoods,NH), pp.735–747,1983.
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nofriction

Purpose Remove friction from robotobject

Synopsis robot2 = nofriction(robot)

Description Returna new robotobjectthathasno joint friction. TheviscousandCoulombfriction valuesin the

constituentlinks aresetto zero.

This is importantfor forward dynamicscomputation(fdyn() ) wherethe presenceof friction can

preventthenumericalintegrationfrom converging.

See Also link,friction,fdyn

RoboticsToolboxRelease6 PeterCorke,April 2001



oa2tr 33

oa2tr

Purpose Convert OA vectorsto homogeneoustransform

Synopsis oa2tr(o, a)

Description oa2tr returnsa rotationalhomogeneoustransformationspecifiedin termsof theCartesianorienta-

tion andapproachvectorso anda respectively.

Algorithm

T
ô â ô â 0

0 0 0 1

whereô andâ areunit vectorscorrespondingto o anda respectively.

See Also rpy2tr, eul2tr
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puma560

Purpose Createa Puma560robotobject

Synopsis puma560

Description Createsthe robot objectp560 which describesthekinematicanddynamiccharacteristicsof a Uni-

mationPuma560 manipulator. The kinematicconventionsusedareasper Paul andZhang,andall

quantitiesarein standardSI units.

Also definesthe joint coordinatevectorsqz , qr andqstretch correspondingto the zero-angle,

readyandfully extendedposesrespectively.

Detailsof coordinateframesusedfor thePuma560shown herein its zeroanglepose.

See Also robot,puma560akb,stanford

References R. P. Paul and H. Zhang, “Computationallyefficient kinematicsfor manipulatorswith spherical

wrists,” Int. J. Robot.Res., vol. 5, no.2, pp.32–44,1986.

P. Corke andB. Armstrong-H́elouvry, “A searchfor consensusamongmodelparametersreportedfor

thePUMA 560 robot,” in Proc. IEEE Int. Conf. RoboticsandAutomation, (SanDiego), pp. 1608–

1613,May 1994.

P. Corke andB. Armstrong-H́elouvry, “A meta-studyof PUMA 560dynamics:A critical appraisalof

literaturedata,” Robotica, vol. 13,no.3, pp.253–258,1995.
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puma560akb

Purpose Createa Puma560robotobject

Synopsis puma560akb

Description Createsthe robot objectwhich describesthekinematicanddynamiccharacteristicsof a Unimation

Puma560 manipulator. Craig’s modified Denavit-Hartenberg notationis used,with the particular

kinematicconventionsfrom Armstrong,KhatibandBurdick. All quantitiesarein standardSI units.

Also definesthe joint coordinatevectorsqz , qr andqstretch correspondingto the zero-angle,

readyandfully extendedposesrespectively.

See Also robot,puma560,stanford

References B. Armstrong,O. Khatib, andJ. Burdick, “The explicit dynamicmodelandinertial parametersof

thePuma560arm,” in Proc. IEEE Int. Conf. RoboticsandAutomation, vol. 1, (Washington,USA),

pp.510–18,1986.
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qinterp

Purpose Interpolateunit-quaternions

Synopsis QI = qinterp(Q1, Q2, r)

Description Returnaunit-quaternionthatinterpolatesbetweenQ1andQ2asr variesbetween0 and1 inclusively.

This is a sphericallinear interpolation(slerp) that canbe interpretedas interpolationalonga great

circlearcon asphere.

If r is a vector, thena cell arrayof quaternionsis returnedcorrespondingto successive valuesof r .

Examples A simpleexample

>> q1 = quaternion(rotx(0.3))

q1 =

0.98877 <0.14944, 0, 0>

>> q2 = quaternion(roty(-0.5))

q2 =

0.96891 <0, -0.2474, 0>

>> qinterp(q1, q2, 0)

ans =

0.98877 <0.14944, 0, 0>

>> qinterp(q1, q2, 1)

ans =

0.96891 <0, -0.2474, 0>

>> qinterp(q1, q2, 0.3)

ans =

0.99159 <0.10536, -0.075182, 0>

>>

References K. Shoemake, “Animating rotation with quaternioncurves.,” in Proceedingsof ACM SIGGRAPH,

(SanFrancisco),pp.245–254,TheSingerCompany, Link Flight SimulatorDivision,1985.
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quaternion

Purpose Quaternionobject

Synopsis q = quaternion(qq)

q = quaternion(theta, v)

q = quaternion([s vx vy vz])

q = quaternion(R)

Description quaternion is theconstructorfor aquaternion object.Thefirst form returnsanew objectwith the

samevalueasits argument.Thesecondform initializesthequaternionto a rotationof theta about

thevectorv .

The third form setsthe four quaternionelementsdirectly wheres is thescalarcomponentand [vx

vy vz] thevector. Thefinal methodsetsthequaternionto a rotationequivalentto thegiven3 3

rotationmatrix,or therotationsubmatrixof a 4 4 homogeneoustransform.

Someoperatorsareoverloadedfor thequaternionclass

q1 * q2 returnsquaternionproductor compounding

q * v returnsaquaternionvectorproduct,thatis thevectorv is rotated

by thequaternion.v is a 3 3 vector

q1 / q2 returnsq1 q 1
2

q j returnsqj where j is an integerexponent.For j 0 theresult

is obtainedby repeatedmultiplication.For j 0 thefinal result

is inverted.

double(q) returnsthequaternioncoeffientsasa 4-elementrow vector

inv(q) returnsthequaterioninverse

norm(q) returnsthequaterionmagnitude

plot(q) displaysa 3D plot showing thestandardcoordinateframeafter

rotationby q.

unit(q) returnsthecorrespondingunit quaterion

Somepublic classvariablesmethodsarealsoavailablefor referenceonly.

method Returns

quaternion .d return4-vectorof quaternionelements

quaternion .s returnscalarcomponent

quaternion .v returnvectorcomponent

quaternion .t returnequivalenthomogeneoustransformation

matrix

quaternion .r returnequivalentorthonormalrotationmatrix

Examples
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>> t = rotx(0.2)

t =

1.0000 0 0 0

0 0.9801 -0.1987 0

0 0.1987 0.9801 0

0 0 0 1.0000

>> q1 = quaternion(t)

q1 =

0.995 <0.099833, 0, 0>

>> q1.r

ans =

1.0000 0 0

0 0.9801 -0.1987

0 0.1987 0.9801

>> q2 = quaternion( roty(0.3) )

q2 =

0.98877 <0, 0.14944, 0>

>> q1 * q2

ans =

0.98383 <0.098712, 0.14869, 0.014919>

>> q1*q1

ans =

0.98007 <0.19867, 0, 0>

>> q1ˆ2

ans =

0.98007 <0.19867, 0, 0>

>> q1*inv(q1)

ans =

1 <0, 0, 0>

>> q1/q1

ans =

1 <0, 0, 0>

>> q1/q2

ans =

0.98383 <0.098712, -0.14869, -0.014919>

>> q1*q2ˆ-1

ans =

0.98383 <0.098712, -0.14869, -0.014919>
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Cautionar y At themomentvectorsor arraysof quaternionsarenotsupported.Youcanhowever usecell arraysto

holda numberof quaternions.

See Also quaternion/plot

References K. Shoemake, “Animating rotation with quaternioncurves.,” in Proceedingsof ACM SIGGRAPH,

(SanFrancisco),pp.245–254,TheSingerCompany, Link Flight SimulatorDivision,1985.
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quaternion/plot

Purpose Plotquaternionrotation

Synopsis plot(Q)

Description plot is overloadedfor quaternion objectsanddisplaysa 3D plot which shows how the standard

axesaretransformedunderthatrotation.

Examples A rotationof 0.3radabouttheX axis.ClearlytheX axisis invariantunderthis rotation.

>> q=quaternion(rotx(0.3))

q =

0.85303<0.52185, 0, 0>

>> plot(q)
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See Also quaternion
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rne

Purpose Computeinversedynamicsvia recursive Newton-Eulerformulation

Synopsis tau = rne(robot, q, qd, qdd)

tau = rne(robot, [q qd qdd])

tau = rne(robot, q, qd, qdd, grav)

tau = rne(robot, [q qd qdd], grav)

tau = rne(robot, q, qd, qdd, grav, fext)

tau = rne(robot, [q qd qdd], grav, fext)

Description rne computestheequationsof motionin anefficientmanner, giving joint torqueasafunctionof joint

position,velocityandacceleration.

If q, qd andqdd arerow vectorsthen tau is a row vectorof joint torques.If q, qd andqdd are

matricesthentau is a matrix in which eachrow is thejoint torquefor thecorrespondingrows of q,

qd andqdd .

Gravity directionis definedby therobotobjectbut maybeoverriddenby providing agravity acceler-

ationvectorgrav = [gx gy gz] .

An externalforce/momentactingon theendof themanipulatormayalsobespecifiedby a 6-element

vectorfext = [Fx Fy Fz Mx My Mz] in theend-effectorcoordinateframe.

Thetorquecomputedmaycontaincontributionsdueto armatureinertiaandjoint friction if theseare

specifiedin theparametermatrix dyn .

TheMEX file versionof this functionis around300timesfasterthantheM file.

Algorithm Coumputesthejoint torque

τ M q q̈ C q q̇ q̇ F q̇ G q

whereM is themanipulatorinertiamatrix,C is theCoriolis andcentripetaltorque,F theviscousand

Coulombfriction, andG thegravity load.

Cautionar y This functionwill not work for robotobjectsthatusethemodifiedDenavit-Hartenberg conventions.

See Also robot,fdyn, accel,gravload,inertia,friction

Limitations A MEX file is currentlyonly availablefor Sparcarchitecture.
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References J.Y. S.Luh, M. W. Walker, andR. P. C. Paul. On-linecomputationalschemefor mechanicalmanip-

ulators.ASMEJournalof DynamicSystems,MeasurementandControl, 102:69–76,1980.
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robot

Purpose Robotobject

Synopsis r = robot

r = robot(rr)

r = robot(link ...)

r = robot(DH ...)

r = robot(DYN ...)

Description robot is the constructorfor a robot object. The first form createsa default robot, andthe second

form returnsa new robotobjectwith thesamevalueasits argument.The third form createsa robot

from a cell arrayof link objectswhich definethe robot’s kinematicsandoptionally dynamics.The

fourthandfifth formscreatea robotobjectfrom legacy DH andDYN formatmatrices.

The last threeforms all acceptoptionaltrailing string argumentswhich aretaken in orderasbeing

robotname,manufacturerandcomment.

SinceMatlab doesnot supportthe conceptof public classvariablesmethodshave beenwritten to

allow robotobjectparametersto bereferenced(r) or assigned(a)asgivenby thefollowing table

method Operation Returns

robot .n r numberof joints

robot .link r+a cell arrayof link objects

robot .name r+a robotnamestring

robot .manuf r+a robotmanufacturerstring

robot .comment r+a generalcommentstring

robot .gravity r 3-elementvectordefininggravity direction

robot .mdh r DH convention: 0 if standard,1 if modified.

Determinedfrom thelink objects.

robot .base r+a homogeneoustransformdefiningbaseof robot

robot .tool r+a homogeneoustransformdefiningtool of robot

robot .dh r legacy DH matrix

robot .dyn r legacy DYN matrix

robot .q r+a joint coordinates

robot .qlim r+a joint coordinatelimits, n 2 matrix

robot .islimit r joint limit vector, for eachjoint set to -1, 0 or

1 dependingif below low limit, OK, or greater

thanupperlimit

robot .offset r+a joint coordinateoffsets

robot .plotopt r+a optionsfor plot()

robot .lineopt r+a line stylefor robotgraphicallinks

robot .shadowopt r+a line stylefor robotshadow links

Someof theseoperationsat therobot level areactuallywrappersaroundsimilarly namedlink object

functions:offset , qlim , islimit .
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Theoffsetvectoris addedto theuserspecifiedjoint anglesbeforeany kinematicor dynamicfunctionis

invoked(it is actuallyimplementedwithin thelink object).Similarly it is subtractedafteranoperation

suchas inversekinematics. The needfor a joint offset vectorarisesbecauseof the constraintsof

theDenavit-Hartenberg (or modifiedDenavit-Hartenberg) notation.Theposeof therobotwith zero

joint anglesis frequentlysomeratherunusual(or evenunachievable)pose.Thejoint coordinateoffset

providesa meansto make anarbitraryposecorrespondto thezerojoint anglecase.

Default valuesfor robotparametersare:

robot.name ’noname’

robot.manuf ”

robot.comment ”

robot.gravity 009 81 m s2

robot.offset ones(n,1)

robot.base eye(4,4)

robot.tool eye(4,4)

robot.lineopt ’Color’, ’black’, ’Linewidth’, 4

robot.shadowopt ’Color’, ’black’, ’Linewidth’, 1

Themultiplicationoperator, * , is overloadedandtheproductof two robotobjectsis a robotwhich is

theseriesconnectionof themultiplicands.Tool transformsof all but thelast robotareignored,base

transformof all but thefirst robotareignored.

Theplot() functionis alsooverloadedandis usedto provide a robotanimation.

Examples

>> L{1} = link([ pi/2 0 0 0])

L =

[1x1 link]

>> L{2} = link([ 0 0 0.5 0])

L =

[1x1 link] [1x1 link]

>> r = robot(L)

r =

(2 axis, RR)

grav = [0.00 0.00 9.81]

standard D&H parameters

alpha A theta D R/P

1.570796 0.000000 0.000000 0.000000 R

0.000000 0.000000 0.500000 0.000000 R

>>
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See Also link,plot

RoboticsToolboxRelease6 PeterCorke,April 2001



robot/plot 46

robot/plot

Purpose Graphicalrobotanimation

Synopsis plot(robot, q)

plot(robot, q, arguments...)
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Description plot is overloadedfor robot objectsanddisplaysa graphicalrepresentationof the robotgiven the

kinematicinformationin robot . The robot is representedby a simplestick figure polyline where

line segmentsjoin theoriginsof thelink coordinateframes.If q is amatrix representinga joint-space

trajectorythenananimationof therobotmotionis shown.

GRAPHICAL ANNOTATIONS

Thebasicstickfigurerobotcanbeannotatedwith

shadow on the‘floor’

XYZ wrist axes and labels,shown by 3 short orthogonalline segmentswhich are colored:

red(X or normal),green(Y or orientation)andblue(Z or approach).They canbeoptionally

labelledXYZ or NOA.

joints, theseare3D cylindersfor revolutejoints andboxesfor prismaticjoints

therobot’s name

All of theserequiresomekind of dimensionand this is determinedusinga simpleheuristicfrom
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theworkspacedimensions.This dimensioncanbechangedby settingthemultiplicative scalefactor

usingthemag optionbelow. Thesevariousannotationsdo slow therateat which animationswill be

rendered.

OPTIONS

Optionsarespecifiedby a variablelengthargumentlist comprisingstringsandnumericvalues.The

allowedvaluesare:

workspace w setthe3D plot boundsor workspaceto thematrix [xmin xmax ymin ymax

zmin zmax]

perspective show a perspective view

ortho show anorthogonalview

base, nobase controldisplayof base,a line from thefloor uptojoint 0

wrist, nowrist controldisplayof wrist axes

name, noname controldisplayof robotnamenearjoint 0

shadow, noshadow controldisplayof a ’shadow’ on thefloor

joints, nojoints control display of joints, theseare cylinders for revolute joints and boxes for

prismaticjoints

xyz wrist axislabelsareX, Y, Z

noa wrist axislabelsareN, O, A

mag scale annotationscalefactor

erase, noerase controlerasureof robotaftereachchange

loop, noloop controlwhetheranimationis repeatedendlessly

Theoptionscomefrom 3 sourcesandareprocessedin theorder:

1. Cell arrayof optionsreturnedby the function PLOTBOTOPTif found on the user’s current

path.

2. Cell arrayof optionsreturnedby the .plotopt methodof the robot object. Theseareset

by the.plotopt method.

3. List of argumentsin thecommandline.

GETTING GRAPHICAL ROBOT STATE

Eachgraphicalrobothasa uniquetagsetequalto therobot’sname.Whenplot is calledit looksfor

all graphicalobjectswith thatnameandmovesthem.Thegraphicalrobotholdsacopy of therobot

objectasUserData . Thatcopy containsthegraphicalhandlesof all thegraphicalsub-elementsof

therobotandalsothecurrentjoint anglestate.

This stateis used,andadjusted,by the drivebot function. The currentjoint anglestatecanbe

obtainedby q = plot(robot) . If multiple instancesexist, thatof thefirst onereturnedby find-

obj() is given.

Examples To animatetwo Pumasmoving in thesamefigurewindow.

>> clf

>> p560b = p560; % duplicate the robot

>> p560b.name = ’Another Puma 560’; % give it a unique name

>> p560b.base = transl([-.05 0.5 0]); % move its base
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>> plot(p560, qr); % display it at ready position

>> hold on

>> plot(p560b, qr); % display it at ready position

>> t = [0:0.056:10];

>> jt = jtraj(qr, qstretch, t); % trajectory to stretch pose

>> for q = jt’, % for all points on the path

>> plot(p560, q);

>> plot(p560b, q);

>> end

To show multiple views of thesamerobot.

>> clf

>> figure % create a new figure

>> plot(p560, qz); % add a graphical robot

>> figure % create another figure

>> plot(p560, qz); % add a graphical robot

>> plot(p560, qr); % both robots should move

Now thetwo figurescanbeadjustedto give differentviewpoints,for instance,planandelevation.

Cautionar y plot() optionsareonly processedon thefirst call whenthegraphicalobjectis established,they are

skippedonsubsequentcalls.Thusif you wish to changeoptions,clearthefigurebeforereplotting.

See Also drivebot,fkine, robot
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rotvec

Purpose Rotationabouta vector

Synopsis T = rotvec(v, theta)

Description rotvec returnsa homogeneoustransformationrepresentinga rotationof theta radiansaboutthe

vectorv .

See Also rotx, roty, rotz
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rotx,roty,rotz

Purpose RotationaboutX, Y or Z axis

Synopsis T = rotx(theta)

T = roty(theta)

T = rotz(theta)

Description Returna homogeneoustransformationrepresentinga rotationof theta radiansabouttheX, Y or Z

axes.

See Also rotvec
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rpy2tr

Purpose Roll/pitch/yaw anglesto homogeneoustransform

Synopsis T = rpy2tr([r p y])

T = rpy2tr(r,p,y)

Description rpy2tr returnsa homogeneoustransformationfor the specifiedroll/pitch/yaw anglesin radians.

Thesecorrespondto rotationsabouttheZ, X, Y axesrespectively.

See Also tr2rpy, eul2tr

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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rtdemo

Purpose RobotToolboxdemonstration

Synopsis rtdemo

Description Thisscriptprovidesdemonstrationsfor mostfunctionswithin theRoboticsToolbox.
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stanford

Purpose Createa Stanfordmanipulatorrobotobject

Synopsis stanford
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Description Createstherobot objectstan which describesthekinematicanddynamiccharacteristicsof a Stan-

ford manipulator. Specifiesarmatureinertiaandgearratios.All quantitiesarein standardSI units.

See Also robot,puma560

References R. Paul, “Modeling, trajectorycalculationandservoing of a computercontrolledarm,” Tech. Rep.

AIM-177, StanfordUniversity, Artificial IntelligenceLaboratory, 1972.

R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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tr2diff

Purpose Convert a homogeneoustransformto a differentialmotionvector

Synopsis d = tr2diff(T)

d = tr2diff(T1, T2)

Description Thefirst form of tr2diff returnsa6-elementdifferentialmotionvectorrepresentingtheincremental

translationandrotationdescribedby thehomogeneoustransformT. It is assumedthatT is of theform

0 δz δy dx

δz 0 δx dy

δy δx 0 dz

0 0 0 0

Thetranslationalelementsof d areassigneddirectly. Therotationalelementsarecomputedfrom the

meanof thetwo valuesthatappearin theskew-symmetricmatrix.

The secondform of tr2diff returnsa 6-elementdifferentialmotion vector representingthe dis-

placementfrom T1 to T2, thatis, T2 - T1.

d
p

2
p

1
1 2 n1 n2 o1 o2 a1 a2

See Also diff2tr, diff

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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tr2eul

Purpose Convert a homogeneoustransformto Eulerangles

Synopsis [a b c] = tr2eul(T)

Description tr2eul returnsavectorof Eulerangles,in radians,correspondingto therotationalpartof thehomo-

geneoustransformT.

See Also eul2tr, tr2rpy

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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tr2jac

Purpose Computea Jacobianto mapdifferentialmotionbetweenframes

Synopsis jac = tr2jac(T)

Description tr2jac returnsa 6 6 Jacobianmatrix to mapdifferentialmotionsor velocitiesbetweenframes

relatedby thehomogeneoustransformT.

If T representsa homogeneoustransformationfrom frameA to frameB, ATB, then

Bẋ BJA
Aẋ

whereBJA is givenby tr2jac(T) .

See Also tr2diff, diff2tr, diff

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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tr2r py

Purpose Convert a homogeneoustransformto roll/pitch/yaw angles

Synopsis [a b c] = tr2rpy(T)

Description tr2rpy returnsa vectorof roll/pitch/yaw angles,in radians,correspondingto therotationalpartof

thehomogeneoustransformT.

See Also rpy2tr, tr2eul

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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transl

Purpose Translationaltransformation

Synopsis T = transl(x, y, z)

T = transl(v)

v = transl(T)

xyz = transl(TC)

Description Thefirst two formsreturnahomogeneoustransformationrepresentingatranslationexpressedasthree

scalarx , y andz , or a Cartesianvectorv .

Thethird form returnsthetranslationalpartof ahomogeneoustransformasa3-elementcolumnvector.

Thefourthform returnsamatrixwhosecolumnsaretheX, Y andZ columnsof the4 4 mCartesian

trajectorymatrixTC.

See Also ctraj, rotx, roty, rotz, rotvec
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trinter p

Purpose Interpolatehomogeneoustransforms

Synopsis T = trinterp(T0, T1, r)

Description trinterp interpolatesbetweenthetwo homogeneoustransformsT0 andT1 asr variesbetween0

and1 inclusively. This is generallyusedfor computingstraightline or ‘Cartesian’motion.Rotational

interpolationis achievedusingquaternionsphericallinearinterpolation.

Examples Interpolationof homogeneoustransformations.

>> t1=rotx(.2)

t1 =

1.0000 0 0 0

0 0.9801 -0.1987 0

0 0.1987 0.9801 0

0 0 0 1.0000

>> t2=transl(1,4,5)*roty(0.3)

t2 =

0.9553 0 0.2955 1.0000

0 1.0000 0 4.0000

-0.2955 0 0.9553 5.0000

0 0 0 1.0000

>> trinterp(t1,t2,0) % should be t1

ans =

1.0000 0 0 0

0 0.9801 -0.1987 0

0 0.1987 0.9801 0

0 0 0 1.0000

>> trinterp(t1,t2,1) % should be t2

ans =

0.9553 0 0.2955 1.0000

0 1.0000 0 4.0000

-0.2955 0 0.9553 5.0000

0 0 0 1.0000
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>> trinterp(t1,t2,0.5) % ’half way’ in between

ans =

0.9887 0.0075 0.1494 0.5000

0.0075 0.9950 -0.0998 2.0000

-0.1494 0.0998 0.9837 2.5000

0 0 0 1.0000

>>

See Also ctraj,qinterp

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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tr norm

Purpose Normalizeahomogeneoustransformation

Synopsis TN = trnorm(T)

Description Returnsa normalizedcopy of thehomogeneoustransformationT. Finite word lengtharithmeticcan

lead to homogeneoustransformationsin which the rotationalsubmatrixis not orthogonal,that is,

det R 1.

Algorithm Normalizationis performedby orthogonalizingtherotationsubmatrixn o a.

See Also diff2tr, diff

References J.Funda,“Quaternionsandhomogeneoustransformsin robotics,” Master’sthesis,Universityof Penn-

sylvania,Apr. 1988.
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twolink

Purpose Loadkinematicanddynamicdatafor a simple2-link mechanism

Synopsis twolink
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Description Createsthe robot object twolink which describesthekinematicanddynamiccharacteristicsof a

simpletwo-link planarmanipulator. Themanipulatoroperatesin theverticalplaneandfor zerojoint

angleslies horizontally.

Massis assumedto beconcentratedat thejoints. All massesandlengthsareunity.

See Also dh,dyn,puma560,stanford

References Fig 3-6of “Robot DynamicsandControl” by M.W. SpongandM. Vidyasagar, 1989.

RoboticsToolboxRelease6 PeterCorke,April 2001



unit 63

unit

Purpose Unitizea vector

Synopsis vn = unit(v)

Description unit returnsa unit vectoralignedwith v .

Algorithm
vn

v
v
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dh (legacy)

Purpose Matrix representationof manipulatorkinematics

Description A dh matrix describesthekinematicsof a manipulatorin a generalway usingthestandardDenavit-

Hartenberg conventions.Eachrow representsonelink of themanipulatorandthecolumnsareassigned

accordingto thefollowing table.

Column Symbol Description

1 α i link twist angle

2 Ai link length

3 θi link rotationangle

4 Di link offsetdistance

5 σi joint type;0 for revolute,non-zerofor prismatic

If the lastcolumnis not given,toolbox functionsassumethat themanipulatoris all-revolute. For an

n-axismanipulatordh is ann 4 or n 5 matrix.

Thefirst 5 columnsof a dyn matrix containthekinematicparametersandmaybeusedanywherethat

adh kinematicmatrix is required— thedynamicdatais ignored.

LengthsAi andDi may be expressedin any unit, andthis choicewill flow on to the units in which

homogeneoustransformsandJacobiansarerepresented.All anglesarein radians.

See Also dyn,puma560,stanford,mdh

References R. P. Paul, Robot Manipulators: Mathematics,Programming, and Control. Cambridge,Mas-

sachusetts:MIT Press,1981.
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dyn (legacy)

Purpose Matrix representationof manipulatorkinematicsanddynamics

Description A dyn matrix describesthe kinematicsanddynamicsof a manipulatorin a generalway using the

standardDenavit-Hartenberg conventions. Eachrow representsonelink of the manipulatorandthe

columnsareassignedaccordingto thefollowing table.

Column Symbol Description

1 α link twist angle

2 A link length

3 θ link rotationangle

4 D link offsetdistance

5 σ joint type;0 for revolute,non-zerofor prismatic

6 mass massof thelink

7 rx link COGwith respectto thelink coordinateframe

8 ry

9 rz

10 Ixx elementsof link inertiatensoraboutthelink COG

11 Iyy

12 Izz

13 Ixy

14 Iyz

15 Ixz

16 Jm armatureinertia

17 G reductiongearratio; joint speed/linkspeed

18 B viscousfriction, motorreferred

19 Tc+ coulombfriction (positive rotation),motorreferred

20 Tc- coulombfriction (negative rotation),motorreferred

For an n-axismanipulator, dyn is an n 20 matrix. The first 5 columnsof a dyn matrix contain

the kinematicparametersandmaybeusedanywherethat a dh kinematicmatrix is required— the

dynamicdatais ignored.

All anglesarein radians.Thechoiceof all otherunitsis upto theuser, andthischoicewill flow on to

theunitsin which homogeneoustransforms,Jacobians,inertiasandtorquesarerepresented.

See Also dh
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