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Preface

1 Intr oduction

This Toolbox providesmary functionsthat areusefulin roboticsincluding suchthingsas
kinematics,dynamics,andtrajectorygeneration.The Toolbox is usefulfor simulationas
well asanalyzingresultsfrom experimentswith real robots. The Toolbox hasbeendevel-
opedand usedover the last few yearsto the point wherel now rarely write ‘C’ codefor
thesekinds of tasks.

The Toolboxis basedn a very generaimethodof representinghe kinematicsanddynam-
ics of serial-linkmanipulatorsTheseparameterareencapsulateth Matlabobjects.Robot
objectscanbe createcdby theuserfor ary serial-linkmanipulatoanda numberof examples
areprovidedfor well know robotssuchasthe Pumas560andthe Stanfordarm. Thetoolbox
alsoprovidesfunctionsfor manipulatingdatatypesuchasvectors homogeneousansfor

mationsandunit-quaternionsvhich arenecessaryo represen8-dimensionapositionand
orientation.

The routinesare generallywritten in a straightforward mannerwhich allows for easyun-
derstandingperhapsat the expenseof computationakfficiengy. If you feel stronglyabout
computationaéfficiency thenyou can

o rewrite thefunctionto be moreefficient
e compilethe M-file usingthe Matlabcompiler, or

e createa MEX version.

1.1 What'snew

This releasas morebug fixesandslight enhancementgixing someof the problemsintro-
ducedin releaseb which wasthefirst oneto useMatlabobjects.

1. Addedatool transformto arobotobject.

2. Addedajoint coordinateoffsetfeature which meanghatthezeroangleconfiguration
of the robot can now be arbitrarily set. This offsetis addedto the userprovided
joint coordinategrior to arny kinematicor dynamicoperationsubtractedfterinverse
kinematics.

3. Greatlyimprovedthe plot function, adding3D cylinders and markersto indicate
joints, a shadav, ability to handlemultiple views and multiple robots per figure.
Graphicaldisplayoptionsarenow storedin therobotobject.

4. Fixedmary bugsin thequaterniorfunctions.
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5. Thectraj()  isnow basednquaterniorinterpolation(implementedn trinterp() ).

6. Themanualis now availablein PDFform insteadof PostScript.

1.2 Contact
TheToolboxhomepageis at
http://www.cat.csiro.au/cmst/stibic/robot

This pagewill alwayslist the currentreleasedrersionnumberaswell asbug fixesandnew
codein betweermmajorreleases.

A Mailing List is alsoavailable,subscriptiongletailsareavailableoff thatwebpage.

1.3 How to obtain the toolbox

The Robotics Toolbox is freely available from the MathWorks FTP sener
ftp.mathworks.com in the directory pub/contrib/misc/r obot . It is bestto download
all files in that directory since the Toolbox functionsare quite interdependent.The file
robot.pdf  isacomprehensie manualwith atutorialintroductionanddetailsof eachTool-
box function. A menu-drvendemonstratiortanbe invokedby the functionrtdemo .

1.4 MATLAB versionissues

The Toolboxworkswith MATLAB version6 andgreaterandhasbeentestedon a Sunwith
version6. Thefunctionfdyn() makesuseof thenew ‘@’ operatorto accessheintegrand
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

| havecorrespondedith agreatmary peopleviaemailsincethefirst releasef thistoolbox.
Somehave identifiedbugsandshortcomingsn the documentationand even better some
have provided bug fixesand even new modules. | would particularlylike to thank Chris
Cloverof lowa StateUniversity, AndersRobertssomndJonasSonnerfeldbf Lund Institute
of Technology RobertBiro and Gary McMurray of Geogia Institute of Technlogy Jean-
Luc Nougaref IRISA, LeonZlajpahof JozefStefanInstitute,Universityof Ljubljana,for

their help.

1.6 Support, usein teaching,bug fixes,etc.
I'm alwayshapyy to corresponavith peoplewho have found genuinebugsor deficiencies

in the Toolbox, or who have suggestionsboutwaysto improve its functionality. However
| dodraw theline at providing helpfor peoplewith theirassignmentandhomework!
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Many peopleareusingthe Toolboxfor teachingandthis is somethinghat! would encour
age.If you planto duplicatethe documentatiorior classusethenevery copy mustinclude
thefront page.

If youwantto cite the Toolbox pleaseuse

@ARTICLE{Corke96b,
AUTHOR = {P.l.  Corke},
JOURNAL = {IEEE Robotics and Automation Magazine},
MONTH = mar,
NUMBER = {1},
PAGES = {24-32},
TITLE = {A Robotics Toolbox for {MATLAB}},
VOLUME = {3},
YEAR = {1996}
}

whichis alsogivenin electronicform in the README file.

1.7 A noteon kinematic corventions

Many peoplearenot awvarethattherearetwo quite differentforms of Denavit-Hartenbeg
representatiofor serial-linkmanipulatokkinematics:

1. Classicalaspertheoriginal 1955paperof Denavit andHartenbeg, andusedin text-
bookssuchasby Paul, Fu etal,or SpongandVidyasagar

2. Modified form asintroducedby Craigin histext book.

Both notationsrepresent joint as2 translationgA andD) and2 angles(a and68). How-
ever the expressiongor the link transformmatricesarequite different. In short,you must
know which kinematiccorventionyour Denavit-Hartenbeg parametergonformto. Un-
fortunatelymary sourcedn the literaturedo not specifythis crucial pieceof information,
perhapshecausehe authorsdo not know differentcorventionsexist, or they assumeev-
erybodyusesthe particularcorventionthatthey do. Theseissuesarediscussedurtherin
Section2.

Thetoolboxhasfull supportfor the classicalconvention,andlimited supportfor the mod-
ified corvention (forward and inversekinematicsonly). More completesupportfor the
modifiedcornventionis onthe TODO list for thetoolbox.

1.8 Creatinganewrobot definition

Let'stake asimpleexamplelik e thetwo-link planarmanipulatorfrom Spong& Vidyasagar
(Figure3-6, p73)which hasthefollowing Denavit-Hartenbeg link parameters

Link a (of] di ei

1 110]0]6]

2 110|065

wherewe have setthelink lengthsto 1. Now we cancreatea pair of 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@© 1 0 0 0

L2 =

0.000000 1.000000 0.000000 0.000000 R

>> r=robot({L1 L2})

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,oneperrobotlink. The argumentgo thelink object
canbefoundfrom

>> help link

LINK([alpha A theta D sigma])

which shows the orderin which the link parametersustbe passedwhich is differentto
the columnorder of the tableabove). The fifth agument,sigma , is a flag thatindicates
whetherthejoint is revolute (sigma is zero)or primsmatic(sigma is nonzero).

Thelink objectsare passedasa cell arrayto therobot()  function which createsa robot
objectwhichis in turn passedo mary of the otherToolbox functions. Note that the text
thatresultsfrom displayinga robotobject's valueis garbledwith MATLAB 6.
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Tutorial

2 Manipulator kinematics

Kinematicsis the studyof motionwithout regardto the forceswhich causdt. Within kine-

maticsonestudiegheposition,velocity andaccelerationandall higherorderderivativesof

the positionvariables.The kinematicsof manipulatorgnvolvesthe studyof the geometric
andtime basedpropertiesof the motion,andin particularhow the variouslinks move with

respecto oneanotherandwith time.

Typical robotsare serial-link manipulatos comprisinga setof bodies,calledlinks, in a
chain,connectedy jointst. Eachjoint hasonedegreeof freedom,eithertranslationalor
rotational. For a manipulatorwith n joints numberedrom 1 to n, therearen+ 1 links,
numberedrom 0 to n. Link 0 is the baseof the manipulator generallyfixed, andlink n
carriestheend-efector. Jointi connectdinksi andi — 1.

A link maybe consideredsarigid bodydefiningtherelationshipbetweertwo neighbour
ing joint axes.A link canbespecifiedby two numbersthelink lengthandlink twist, which
definetherelative locationof the two axesin space.Thelink parametergor the first and
lastlinks are meaninglesshut are arbitrarily chosento be 0. Jointsmay be describedby
two parametersThelink offsetis thedistancerom onelink to thenext alongtheaxisof the
joint. Thejoint angleis therotationof onelink with respecto thenext aboutthejoint axis.

To facilitatedescribingthelocationof eachlink we affix acoordinatdrameto it — framei
is attachedo link i. Denavit andHartenbeg[1] proposed matrix methodof systematically
assigningcoordinatesystemgo eachlink of anarticulatedchain. The axis of revolutejoint

i is alignedwith z_1. Thex;_; axisis directedalongthe normalfrom z_; to z andfor
intersectingaxesis parallelto z_; x z. Thelink andjoint parametersnay be summarized
as:

link length & theoffsetdistancebetweerthez_; andz axesalongthe
X axis;

link twist  a; theanglefromthez_; axistothez axisaboutthex; axis;

link offset d; thedistancefrom theorigin of framei — 1 to the x; axis
alongthez_; axis;

jointangle ©6; theanglebetweerthex;_1 andx; axesaboutthez_; axis.

For arevolute axis 6; is the joint variableandd; is constantwhile for a prismaticjoint d;
is variable,and®; is constant.In mary of the formulationsthatfollow we usegeneralized
coordinatesgi, where

| 6 forarevolutejoint
9=1 d for a prismaticjoint

LpParallellink andserial/parallehybrid structuresarepossible thoughmuchlesscommonin industrialmanip-
ulators.
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joint i-1 jointi joint i+1
\

(a) Standardorm
join\t i-1 jointi joint i+1
\

(b) Modified form

Figurel: Differentformsof Denavit-Hartenbeg notation.

andgeneralizedorces
Q= 1; for arevolutejoint
"7 fi for aprismaticjoint

The Denavit-Hartenbeg (DH) representationesultsin a 4x4 homogeneousansformation
matrix
cosf; —sinBjcosn;  sinGjsina;  a;cosh;
i1 sinG;  cosBjcosn; —coshisinaj @ sind;
Ai = . . . 1)
0 sina; COSO di
0 0 0 1

representingeachlink’s coordinateframe with respectto the previous link’s coordinate
systemthatis _
oT =0T 1 1A 2

where®T; is thehomogeneousansformatiordescribingheposeof coordinatéramei with
respecto theworld coordinatesystem0.

Two differing methodologiedave beenestablishedor assigningcoordinateframes,each
of which allows somefreedomin the actualcoordinateframeattachment:

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

Figurel shawvsthe notationaldifferencedetweerthetwo forms. Notethata; is alwaysthe
lengthof link i, but is the displacemenbetweenthe origins of framei andframei + 1 in
oneconvention,andframei — 1 andframei in the otheP. The Toolbox provideskinematic
functionsfor both of thesecorventions— thosefor modifiedDH parametersre prefixed
by ‘m’.

2.1 Forward and inversekinematics

For an n-axis rigid-link manipulatoy the forward kinematicsolution givesthe coordinate
frame,or pose of thelastlink. It is obtainedby repeatedpplicationof (2)

T, = AdA"TA, (3)
= K(g) 4)

which is the productof the coordinateframe transformmatricesfor eachlink. The pose
of the end-efector has6 degreesof freedomin Cartesianspace,3 in translationand 3 in

rotation, so robot manipulatorscommonly have 6 joints or degreesof freedomto allow

arbitraryend-efector pose. The overall manipulatortransform®T , is frequentlywritten as
Ty, or Tg for a 6-axisrobot. The forward kinematicsolution may be computedfor ary

manipulatorirrespectve of the numberof joints or kinematicstructure.

Of moreusein manipulatompathplanningis theinversekinematicsolution
q=K™(T) (5)

which givesthejoint anglesrequiredto reachthe specifiedend-efectorposition.In general
this solutionis non-unique,andfor someclassesf manipulatorno closed-formsolution
exists. If the manipulatorhasmorethan6 jointsit is saidto be redundantandthe solution
for joint anglesis underdetermined.If no solutioncanbe determinedor a particularma-
nipulatorposethat configurationis saidto be singular. The singularitymay be dueto an

alignmentof axesreducingthe effective degreesof freedom,or the point T being out of

reach.

The manipulatorJacobiamrmatrix, Jg, transformsvelocitiesin joint spaceto velocitiesof
the end-efectorin Cartesiarspace.For an n-axis manipulatorthe end-efector Cartesian
velocity is

OXn 0‘] G_q (6)
tan = t“Je_q (7)

in baseor end-efector coordinatesespectiely andwherex is the Cartesiarvelocity rep-
resentedby a 6-vector For a 6-axismanipulatorthe Jacobians squareandprovidedit is
not singularcanbeinvertedto solve for joint ratesin termsof end-efector Cartesiarrates.
The Jacobianwill notbeinvertibleata kinematicsingularity andin practicewill be poorly

2Mary paperswvhentatulating the ‘modified’ kinematicparametersf manipulatordist a,_; andaj_; not a;
anda;.
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conditionedn thevicinity of the singularity resultingin high joint rates.A controlscheme
basedn Cartesiarratecontrol

4="3"% (8)
wasproposedy Whitney[6] andis known asresolvedate motioncontmol. For two frames

A andB relatedoy ATg = [noa p|] the Cartesiarvelocityin frameA maybetransformedo
frameB by

BX — BJAA)_'( (9)

wherethe Jacobiaris givenby Paul[7] as

i (10)

3 Manipulator rigid-body dynamics

Manipulatordynamicsis concernedvith the equationsof motion, the way in which the
manipulatormovesin responséo torquesappliedby the actuatorspr externalforces. The
history and mathematicsof the dynamicsof serial-link manipulatorsis well coveredby
Paul[2] andHollerbach[§. Therearetwo problemsrelatedto manipulatordynamicsthat
areimportantto solve:

¢ inversedynamicgn whichthe manipulators equation®f motionaresolvedfor given
motionto determinghe generalizedorces,discussedurtherin Section??, and

e direct dynamicsin which the equationsof motion are integratedto determinethe
generalizedcoordinateresponseo appliedgeneralizedorcesdiscussedurther in
Section3.2.

Theequation®f motionfor ann-axismanipulatoraregivenby

Q=M(@4+C(a,99+F(9 +G(a) (11)
where
q isthevectorof generalizegoint coordinateslescribingthe poseof the manipulator
g isthevectorof joint velocities;
§ isthevectorof joint accelerations
M is thesymmetricjoint-spacanertiamatrix, or manipulatorinertiatensor
C describesCoriolis and centripetaleffects — Centripetaltorquesare proportionalto ¢2,

while the Coriolis torquesareproportionalto g;d;

describessiscousand Coulombfriction andis not generallyconsiderecpart of therigid-
bodydynamics

G isthegravity loading

Q isthevectorof generalizedorcesassociatedvith thegeneralizeadtoordinates).

T

The equationamay be derived via a numberof techniquesjncluding Lagrangian(enegy

based)Newton-Euler d’Alembert[3 9] or Kanes[1( method.The earliestreportedwork

wasby Uicker[1]1] andKahn[1] usingtheLagrangiarapproachDueto theenormousom-

putationalcost,O(n%), of this approacht wasnot possibleto computemanipulatortorque

for real-timecontrol. To achieve real-timeperformancanary approachesveresuggested,
including tablelookup[13 andapproximation[1415]. The mostcommonapproximation
wasto ignore the velocity-dependenterm C, sinceaccuratepositioningand high speed
motionareexclusivein typical robotapplications.
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Method Multiplications Additions For N=6
Multiply Add
Lagrangian[1® 323n*+863n° | 25n*+663n° 66,271| 51,548
+1713n%+533n | +1293n?+423n
-128 —-96
Recursie NE[19] | 150n—48 131n— 48 852 738
Kane[1Q 646 394
Simplified RNE[22] 224 174

Table 1: Comparisonof computationakostsfor inversedynamicsfrom varioussources.
Thelastentryis achievedby symbolicsimplificationusingthe software packageARM.

Orin etal.[16] proposedanalternatve approactbasednthe Newton-Euler(NE) equations
of rigid-bodymotionappliedto eachlink. Armstrong[17 thenshavedhow recursiommight

beappliedresultingin O(n) complexity. Luh etal.[18] providedarecursve formulationof

the Newton-Eulerequationswith linear and angularvelocitiesreferredto link coordinate
frames. They suggestedh time improvementfrom 7.9s for the Lagrangianformulation

to 4.5ms andthusit becamepracticalto implement‘on-line’. Hollerbach[19 shaved

how recursioncould be appliedto the Lagrangianform, and reducedthe computationto

within afactorof 3 of therecursve NE. Silver[2( shovedtheequivalenceof therecursve

Lagrangianand Newton-Eulerforms, and that the differencein efficiency is dueto the

representatioof angularvelocity.

“Kane’s equations’[10] provide anothemethodologyfor deriving the equationf motion
for a specificmanipulator A numberof ‘Z' variablesare introduced,which while not
necessarilpf physicalsignificance|eadto adynamicsormulationwith low computational
burden.Wampler[2] discusseshe computationatostsof Kane's methodin somedetail.

The NE andLagrangeforms canbe written generallyin termsof the Denavit-Hartenbeg
parameters— however the specificformulations,suchasKane’, canhave lower compu-
tational costfor the specificmanipulator Whilst the recursive forms are computationally
more efficient, the non-recurste forms computethe individual dynamicterms(M, C and
G) directly. A comparisorof computatiorcostsis givenin Tablel.

3.1 Recursive Newton-Euler formulation

Therecursive Newton-Euler(RNE) formulation[1§ computeghe inversemanipulatordy-

namics,that is, the joint torquesrequiredfor a given set of joint angles,velocitiesand

accelerations.The forward recursionpropagate&inematicinformation— suchasangu-
lar velocities,angularaccelerationsjnear accelerations— from the basereferencerame
(inertial frame)to the end-efector. The backwardrecursionpropagateshe forcesandmo-

mentsexertedon eachlink from the end-efector of the manipulatorto the basereference
frame®. Figure2 shows thevariablesnvolvedin the computatiorfor onelink.

The notationof Hollerbach[19 and Walker and Orin [23] will be usedin which the left
superscriptndicateshereferencecoordinatdramefor thevariable. Thenotationof Luh et
al.[18] andlaterLee[4, 3] is considerablyesscleat

31t shouldbe notedthatusingMDH notationwith its differentaxis assignmentorventionsthe Newton Euler
formulationis expressedlifferently[5).
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joint i-1 joint i joint i+1 ]
\ \ nof
i+1 i+1

12

Figure2: Notationusedfor inversedynamics pasedon standardDenavit-Hartenbeg nota-

tion.

Outward recursion, 1 <i<n.

If axisi+ 1is rotational

Hly,, = "R (i% +Zogi+1) (12)
iJrl(."_%Jrl = i+1Ri {IQ +Zogi+1+ig X (Zogi+l)} (13)
I+lyi+]_ — I+1g)i+]_ X |+l£)i*+1_|_l+lRil\_/i (14)
Yy, o= g x i+1£)i*+l_|_i+10_qul % {i+1g)i+1 % i+1Ei*+1} R, (15)
If axisi+ 1listranslational

l+1@i+1 _ I+1Ril@| (16)
i+lg+1 — i+1RiiQ| (17)
v = TR (Zogi+1+ iyi) + My x iJrl£)i*+1 (18)

iJrl\'_/i+1 = "R (Zogi+1 + i"_’i) + iHQH X i+1£)i*+l +2 i+1°_3|+1 X (i+1RiZogi+1)
‘|‘i+1Q|+1 % (i+1%+1 % i+1Ei*+l) (19)
Vo= laxs+'ox{wxst+'y (20)
Bo= omy (21)
N = Ji'e+'wx (J'w) (22)

Inward recursion,n>i > 1.
iL = iRiJrliJrlLJrl +'E; (23)
in = Ript {i+1ﬂi+l+ (i+1RiiEi*) % ii+1ii+1} + (iEi*"‘ﬁ) $IE N, (24)
n; Ri if link i + 1is rotational
Q = { ()R] k1 . (25)
= ('L) ('Riy1zy) if link i+ 1istranslational

(

where
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i isthelink index, in therangelton

Ji isthemomentof inertiaof link i aboutits COM

5 isthepositionvectorof the COM of link i with respecto framei
w; istheangularvelocity of link i
w; istheangularacceleratiorof link i

v, isthelinearvelocity of framei

v, isthelinearacceleratiorof framei

y, isthelinearvelocity of the COM of link i

y, isthelinearacceleratiorof the COM of link i

n. isthemomentexertedonlink i by link i — 1

L is theforceexertedonlink i by link i — 1
N; isthetotalmomentatthe COM of link i
is thetotal forceatthe COM of link i

Q istheforceortorqueexertedby theactuatoratjoint i

i-1R; s the orthonormalrotationmatrix definingframei orientationwith respecto frame
i — 1. It istheupper3 x 3 portion of thelink transformmatrix givenin (1).

[cosei —cosu;sinG;  sina; sinG;

'“IRi = | sinG cosujcos  —sina;cosh; (26)
[ 0 sina; cosa J
R, = (iflRi)il _ (iflRi)T 27)

ipi* is thedisplacementrom the origin of framei — 1 to framei with respecto framei.
[

P’ = disina; (28)

di cosa;

It is the negative translationapartof (~1A;) 1.
Z, isaunitvectorin Z direction,z, =[001]

Notethatthe COM linearvelocity givenby equation(14) or (18) doesnot needto be com-
putedsinceno otherexpressiordependsiponit. Boundaryconditionsareusedto introduce
theeffect of gravity by settingtheacceleratiorof the basdink

Vo =—9g (29)

whereg is the gravity vectorin the referencecoordinateframe, generallyactingin the
negative Z direction,downward. Basevelocity is generallyzero

Vo = O (30)
w = 0 (31)
w = 0 (32)

At this stagethe Toolboxonly providesanimplementatiorof this algorithmusingthe stan-
dardDenavit-Hartenbeg conventions.
3.2 Directdynamics

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

Walker and Orin[23] describeseveral methodsfor computingthe forward dynamics,and
all make useof an existing inversedynamicssolution. Using the RNE algorithmfor in-
versedynamics,the computationatompleity of the forward dynamicsusing‘Method 1’
is O(n®) for ann-axismanipulator Their othermethodsareincreasinglymoresophisticated
but reducethe computationakost, thoughstill O(n®). Featherstone[34asdescribedhe
“articulated-bodymethod”for O(n) computationof forward dynamics however for n < 9
it is more expensve thanthe approachof Walker and Orin. Another O(n) approachfor
forwarddynamicshasbeendescribedy Lathrop[2].

3.3 Rigid-body inertial parameters

Accuratemodel-basediynamiccontrol of a manipulatorrequiresknowledgeof the rigid-
bodyinertial parametersEachlink hastenindependeninertial parameters:

e link massm;;

o threefirst momentswhich maybeexpressedisthe COM location,s;, with respecto
somedatumonthelink or asamoment§ = ms;

e six secondnomentswhich representheinertiaof thelink abouta givenaxis, typi-
cally throughthe COM. The secondmomentsmay be expressedn matrix or tensor

form as
Jxx ny sz
I=1 Jdy dy I

Iz Jyz Jzz

wherethe diagonalelementsare the momentf inertia, andthe off-diagonalsare
productsof inertia. Only six of thesenine elementsare unique: threemomentsand
threeproductsof inertia.

(33)

For ary pointin arigid-bodythereis onesetof axesknown asthe principal axesof
inertia for which the off-diagonalterms,or productsarezero. Theseaxesaregiven
by the eigervectorsof the inertia matrix (33) andthe eigervaluesare the principal
momentsof inertia. Frequentlythe productsof inertiaof therobotlinks arezerodue
to symmetry

A 6-axismanipulatorrigid-body dynamicmodelthusentails60 inertial parametersThere
may be additionalparameterperjoint dueto friction andmotorarmatureinertia. Clearly

establishinghumericvaluesfor this numberof parameterss a difficult task. Many parame-
terscannotbe measuredavithout dismantlingthe robotandperformingcarefulexperiments,
thoughthis approactwasusedby Armstronget al.[26]. Most parametersould be derived
from CAD modelsof the robots, but this informationis often consideredproprietaryand
notmadeavailableto researchers.
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Reference

For ann-axismanipulatoithefollowing matrix naminganddimensionatorventionsapply:.

Symbol Dimensions Description

I link manipulatodink object

q Ixn joint coordinatevector

q mxn m-pointjoint coordinaterajectory

qd 1xn joint velocity vector

qd mxn m-pointjoint velocity trajectory

qdd 1xn joint acceleratiorvector

qdd mxn m-pointjoint acceleratiortrajectory

robot robot robotobject

T 4x4 homogeneousansform

T dx4xm m-pointhomogeneouansformtrajectory

Q guaternion unit-quaterniorobject

M 1x6 vectorwith elementsof 0 or 1 correspondingo
CartesiarDOF alongX, Y, Z andaroundX, Y, Z.
1if thatCartesiarDOF belongsto thetaskspace,
else0.

v 3x1 Cartesiarvector

t mx 1 time vector

d 6x1 differentialmotionvector

Objectnamesareshowvn in bold typeface.

A trajectoryis representedby a matrix in which eachrow correspond$o one of m time

steps. For a joint coordinate velocity or acceleratiortrajectorythe columnscorrespond
to therobotaxes. For homogeneousransformtrajectorieswe use3-dimensionamatrices
wherethelastindex corresponds$o thetime step.

Units

All anglesarein radians.The choiceof all otherunitsis up to theuser andthis choicewill
flow on to the unitsin which homogeneoutransforms,JJacobiansinertiasandtorquesare
represented.
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Introduction 2

Homog eneous Transforms
eul2tr Eulerangleto homogeneousansform
oaz2tr orientationandapproactvectorto homogeneousansform
rot2tr extractthe 3 x 3 rotationalsubmatrixfrom ahomogeneousg
transform
rotx homogeneousansformfor rotationaboutX-axis
roty homogeneousansformfor rotationaboutY-axis
rotz homogeneousansformfor rotationaboutZ-axis
rpy2tr Roll/pitch/yav anglesto homogeneousansform
tr2eul homogeneousansformto Eulerangles
tr2rot homogeneousansformto rotationsubmatrix
tr2rpy homogeneousansformto roll/pitch/yaw angles
transl setor extract the translationalcomponentof a homoge-
neougransform
trnorm normalizeahomogeneousansform
Quaternions

/ divide quaterniorby quaternioror scalar
* multiply quaterniorby aquaternioror vector
inv inverta quaternion
norm normof aquaternion
plot displaya quaterniorasa 3D rotation
g2tr guaterniorto homogeneousansform
ginterp interpolatequaternions
unit unitizeaquaternion

Kinematics
diff2tr differentialmotionvectorto transform
fkine computeforwardkinematics
ikine computeinversekinematics
ikine560 computeinversekinematicsfor Puma560like arm
jacob0 computeJacobiann basecoordinaterame
jacobn computeJacobiann end-efectorcoordinateframe
tr2diff homogeneousansformto differentialmotionvector
tr2jac homogeneousansformto Jacobian

Dynamics

accel computeforwarddynamics
cinertia computeCartesiammanipulatorinertiamatrix
coriolis computecentripetal/corioligorque
friction joint friction
ftrans transformforce/moment
gravload computegravity loading
inertia computemanipulatorinertiamatrix
itorque computeinertiatorque
nofriction remove friction from arobotobject
rne inversedynamics
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Manipulator Models

link constructarobotlink object

puma560 Pumab60data

puma560akb Pumab60data(modifiedDenavit-Hartenbeg)
robot constructarobotobject

stanford Stanfordarmdata

twolink simple2-link example

Trajector y Generation

ctraj Cartesiantrajectory
jtraj joint spacerajectory
trinterp interpolatehomogeneousansforms
Graphics
drivebot drive a graphicalrobot
plot plot/animaterobot
Other
manipblty computemanipulability
rtdemo toolboxdemonstration
unit unitize avector
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accel

Purpose Computemanipulatorforwarddynamics

Synopsis gdd = accel(robot, g, qd, torque)

Description Returnsa vectorof joint accelerationshatresultfrom applyingthe actuatororque to the
manipulatorobot  with joint coordinates andvelocitiesqd.

Algorithm Usesthe method1 of Walker and Orin to computethe forward dynamics. This form is
usefulfor simulationof manipulatordynamicsjn conjunctionwith a numericalintegration
function.

See Also rne,robot, fdyn, ode45

References M. W. Walker andD. E. Orin. Efficient dynamiccomputersimulationof robotic mecha-

nisms.ASMEJournal of DynamicSystemsyleasuementand Contiol, 104:205-2111982.
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cinertia

Purpose Computethe Cartesiar(operationabpace)manipulatorinertiamatrix

Synopsis M = cinertia(robot, q)

Description cinertia  computeghe Cartesianpr operationalspacejnertia matrix. robot is arobot
objectthatdescribeshemanipulatodynamicsandkinematicsandq is ann-elementector
of joint coordinates.

Algorithm The Cartesiannertiamatrixis calculatedrom thejoint-spacednertiamatrix by

M(x) =3(@) "M(9)d(9) *
andrelatesCartesiarforce/torqueto Cartesiaracceleration
E =M(x)X
See Also inertia,robot, e
References O. Khatib, “A unified approachfor motion and force control of robot manipulators:the

operationakpacegormulation; IEEE Trans.Robot.Autom, vol. 3, pp.43-53,Feh 1987.
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coriolis

Purpose Computethe manipulatorCoriolis/centripetatorquecomponents

Synopsis tau _c = coriolis(robot, g, qd)

Description coriolis  returnsthejoint torquesdueto rigid-body Coriolis andcentripetakffectsfor the
specifiedoint stateq andvelocityqd. robot isarobotobjectthatdescribeshemanipulator
dynamicsandkinematics.

If g andqd arerow vectorstau _c is arow vectorof joint torques.If g andqd arematrices,
eachrow is interpretedas a joint statevector andtau _c is a matrix eachrow beingthe
correspondingpint torques.

Algorithm Evaluatedrom theequation®f motion,usingrne , with joint acceleratiorandgravitational
acceleratiorsetto zero,

1=C(g9,9)9
Jointfriction is ignoredin this calculation.
See Also link, rne,itorque,gravioad
References M. W. Walker andD. E. Orin. Efficient dynamiccomputersimulationof robotic mecha-

nisms.ASMEJournal of DynamicSystemsyleasuementand Contiol, 104:205-2111982.
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ctraj

Purpose Computea Cartesiartrajectorybetweertwo points

Synopsis TC = ctraj(To, T1, m)

TC = ctraj(TO, T1, 1)

Description ctraj returnsaCartesiarirajectory(straightline motion) TC from the pointrepresentetly
homogeneousansformT0 to T1. Thenumberof pointsalongthe pathis mor thelengthof
thegivenvectorr . Forthesecondcase is avectorof distanceglongthepath(in therange
0to 1) for eachpoint. Thefirst casehasthe pointsequallyspacedbut differentspacingnmay
be specifiedto achieve acceptablecceleratiorprofile. TCis a4 x 4 x mmatrix.

Examples To createa Cartesiarpathwith smoothacceleratiome canusethejtraj  functionto create
thepathvectorr with continuougderivitives.
>> T0 = transl([0 0 o]; T1 = transl([-1 2 1));
>> t= [0:0.056:10];
>> r = jtraj(0, 1, t)
>> TC = ctraj(TO, T1, n);
>> plot(t, transl(TC));

2
-0.5
See Also trinterp, ginterp,transl
References R. P. Paul, RobotManipulators: MathematicsProgramming and Contol. Cambridge,

MassachusettIT Press1981.
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diff2tr

Purpose

Synopsis

Description

Algorithm

See Also

References

Corverta differentialmotionvectorto ahomogeneougansform

delta = diff2tr(x)

Returnsa homogeneousransformrepresentinglifferential translationand rotation corre-

spondingto Cartesiarvelocity X = [Vx Vy Vz Wy Wy wy].

Frommechanicsve know that _
R =SK(Q)R

whereR is anorthonormakotationmatrix and

This canbegeneralizedo

for therotationalandtranslationatase.

tr2diff

R. P. Paul. RobotManipulators: MathematicsProgramming and Contol. MIT Press,

CambridgeMassachusett4,981.
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drivebot

Purpose Drive agraphicalrobot

Synopsis drivebot(robot)

Puma 560 ‘-

o T
Al e —— YT
] = S ——{ ]
B T S—— T
65 [T
ol A | R
Description Popsup a window with one slider for eachjoint. Operationof the sliderswill drive the

graphicalroboton the screen.Very usefulfor gainingan understandingf joint limits and
robotworkspace.

The joint coordinatestateis keptwith the graphicalrobot and can be obtainedusing the
plot function. Theinitial valueof joint coordinatess takenfrom the graphicalrobot.

Examples To drive agraphicalPuma560robot

>> pumab60 % define  the robot
>> plot(p560,9z) % draw it
>> drivebot(p560) % now drive it

See Also plot
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eul2tr

Purpose CorvertEuleranglesto ahomogeneousansform

Synopsis T = eul2tr([r )
T = eul2tr(r,p,y)

Description eul2tr  returnsa homogeneougransformationfor the specifiedEuler anglesin radians.
Thesecorrespondo rotationsaboutthe Z, X, andZ axesrespectiely.

See Also tr2eul, rpy2tr

References R. P. Paul, RobotManipulators: MathematicsProgramming and Control. Cambridge,

MassachusettIT Press1981.
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fdyn 11

Purpose

Synopsis

Description

Algorithm

Example

Integrateforwarddynamics

[t q qgd] = fdyn(robot, t0, tl1)
[t q qgd] = fdyn(robot, t0, t1, torgfun)
[t q qgd] = fdyn(robot, t0, t1, torqgfun, g0, qdo)

fdyn integratesthe manipulatorequationof motionoverthetime interval t0 totl using
MATLAB 's ode45 numericalintegrationfunction. It returnsa time vectort , andmatrices
of manipulatorjoint stateq andjoint velocitiesqd. Manipulatorkinematicand dynamic
chacteristicsare given by the robot objectrobot . Thesematriceshave onerow pertime
stepandonecolumnperjoint.

Actuatortorquemay be specifiedoy a userfunction
tau = torgfun(t, g, qd)

wheret isthecurrenttime,andq andqd] arethemanipulatoijoint coordinateandvelocity
staterespectiely. Typically this would be usedto implementsomeaxis controlschemelf
torgfun  is not specifiedhenzerotorqueis appliedto the manipulator

Initial joint coordinatesandvelocitiesmay be specifiedby the optionalargumentsg0 and
qdo respectiely.

Thejoint acceleratioris a functionof joint coordinateandvelocity givenby

d=M(@ *{1-C(a.94-G(@) -F(@)}

Thefollowing exampleshovshow fdyn()  canbeusedo simulatearobotandits controllet
The manipulatoris a Puma560 with simple proportionaland derivative controller The
simulationresultsareshavn in thefigure,andfurthergaintuningis clearlyrequired.Note
thathigh gainsarerequiredon joints 2 and3 in orderto counterthe significantdisturbance
torquedueto gravity.

>> puma560 % load Puma parameters
>> t = [0..056:5]; % time  vector
>> q_dmd = jtraj(qz, ar.t); % create a path

>> qt = [t g_dmd];

>> Pgain =[20 100 20 5 5 5]; % set gains
>> Dgain =[5 -10 -2 0 0 O]

>> global gt 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, g, qd)
global Pgain Dgain qt;

% interpolate demanded angles for this time

if t > gt(length(qt),1), % keep time in range
t = qgt(length(qt),1);

end

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

% compute error and joint  torque
e = qdmd - q;
tau = e * diag(Pgain) + qd * diag(Dgain)

0.05

Joint 1 (rad)

0 0.5 1 15 2 25 3 35 4 4.5 5
Time (s)

Resultsof fdyn() example.Simulatedpathshavn assolid, andreferencegathasdashed.

Cautionar Yy The presenceof friction in the dynamicmodel can prevent the integration from corverging. The
functionnofriction canbeusedto returnafriction-freerobotobject.
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See Also accel,nofriction, rne,robot,ode45

References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanismsASME
Journal of DynamicSystemayleasuementand Control, 104:205-2111982.
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fkine 14

Purpose

Synopsis

Description

Cautionar y

See Also

References

Forwardrobotkinematicsfor seriallink manipulator

T = fkine(robot, q)

fkine computedorward kinematicsfor the joint coordinateq giving ahomogeneousansformfor
thelocationof the end-efector robot is arobotobjectwhich containsa kinematicmodelin either
standarcbr modified Denavit-Hartenbeg notation.Note thatthe robotobjectcanspecifyanarbitrary
homogeneousansformfor the baseof therobot.

If g isavectorit is interpretedasthegeneralizegoint coordinatesandfkine returnsahomogeneous
transformatiorfor thefinal link of the manipulator If g is a matrix eachrow is interpretedasajoint
statevector andT is a4 x 4 x m matrixwheremis the numberof rowsin g.

Notethatthedimensionalnitsfor thelastcolumnof the T matrixwill bethesameasthedimensional
units usedin therobot object. The units canbe whatever you choose(metres,inches,cubits or
furlongs) but the choicewill affectthe numericalvalue of the elementsn thelastcolumnof T. The
Toolboxdefinitionspuma560 andstanford  all useSI unitswith dimensionsn metres.

link, dh, mfkine

R. P. Paul. RobotManipulatos: MathematicsProgramming and Control. MIT PressCambridge,
Massachusett4,981.
J.J.Craig, Introductionto Robotics AddisonWesley, seconded.,1989.
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friction
Purpose Computegoint friction torque
Synopsis tau f = friction(link, qd)
Description friction computesthe joint friction torquebasedon friction parametedata,if ary, in the link
objectlink . Frictionis afunctiononly of joint velocity qd
If qd is a vectorthentau _f is a vectorin which eachelementis the friction torquefor the the
correspondinglementin qd.
Algorithm The friction modelis a fairly standardone comprisingviscousfriction and direction dependent
Coulombfriction )
Big+1~, 6<0
F() :{ .q+r,+ :
Big+t", 6>0
See Also link,nofriction
References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanismsASME

Journal of DynamicSystemsyleasuementand Control, 104:205-2111982.
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ftrans

Purpose Forcetransformation

Synopsis F2 = ftrans(F, T)

Description TransformtheforcevectorF in the currentcoordinaterameto force vectorF2 in the secondcoordi-
nateframe. The secondrameis relatedto the first by the homogeneousransformT. F2 andF are
each6-elemenwectorscomprisingforceandmomentcomponentsk R, F; My My M].

See Also diff2tr
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gravioad

Purpose Computethe manipulatorgravity torquecomponents

Synopsis tau _.g = gravload(robot, q)
tau .g = graviload(robot, g, grav)

Description gravioad computeshejoint torquedueto gravity for the manipulatorin poseq.
If g isarow vector tau _g returnsarow vectorof joint torques.If g is amatrixeachrow isinterpreted
asasajoint statevector andtau _g is a matrix in which eachrow is the gravity torquefor the the
correspondingow in .
Thedefaultgravity directioncomesfrom therobotobjectbut maybeoverriddenby theoptionalgrav
agument.

See Also robot, link, rne, itorque,coriolis

References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanismsASME

Journal of DynamicSystemsyleasuementand Control, 104:205-2111982.
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ikine 18

Purpose

Synopsis

Description

Algorithm

Cautionar y

Inversemanipulatorkinematics

g = ikine(robot, T)
g = ikine(robot, T, g0)
g = ikine(robot, T, 90, M)

ikine returnsthejoint coordinategor the manipulatordescribedy the objectrobot whoseend-
effectorhomogeneousansformis givenby T. Note thatthe robot's basecanbe arbitrarily specified
within therobotobject.

If T isahomogeneousansformthenarow vectorof joint coordinatess returned.If T is ahomoge-
neougransformtrajectoryof size4 x 4 x mtheng will beann x m matrixwhereeachrow is avector
of joint coordinategorrespondingo thelastsubscripiof T.

Theinitial estimateof q for eachtime stepis taken asthe solutionfrom the previoustime step. The
estimatefor the first stepin g0 if thisis given else0. Note that the inversekinematicsolutionis
generallynotunique,anddepend®n theinitial valueq0 (which defaultsto 0).

For the caseof a manipulatowith fewer than6 DOF it is not possiblefor the end-efector to satisfy
the end-efector posespecifiedby an arbitraryhomogeneoutransform. This typically leadsto non-

corvergencein ikine . A solutionis to specifya 6-elementweightingvector M whoseelements
are0 for thoseCartesiarDOF that are unconstraineénd 1 otherwise. The elementscorrespondo

translatioralongthe X-, Y- andZ-axesandrotationaboutthe X-, Y- andZ-axes.For example,a5-axis

manipulatormay be incapableof independantlycontrolling rotationaboutthe end-efector’s Z-axis.

InthiscaseM = [1 1 1 1 1 0] wouldenablea solutionin which the end-efector adoptedhe

poseT exceptfor theend-efectorrotation. Thenumberof non-zercelementshouldequalthenumber
of robotDOF.

Thesolutionis computedteratively usingthe pseudo-imerseof the manipulatorJacobian.

q=J"(@A(F (9 -T)

whereA returnsthe ‘dif ference’betweertwo transformsasa 6-elementvectorof displacementand
rotations(seetr2diff ).

Sucha solutionis completelygeneral though much less efficient than specificinversekinematic
solutionsderived symbolically

This functionwill notwork for robotobjectsthatusethe modifiedDenavit-Hartenbeg conventions.

This approachallows a solutionto obtainedat a singularity but the joint coordinateswvithin the null
spacearearbitrarily assigned.

Note thatthe dimensionalunits usedfor the lastcolumnof the T matrix mustagreewith the dimen-
sionalunits usedin the robot definition. Theseunits canbe whatever you choose(metres,inches,
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cubitsor furlongs)but they mustbe consistent.The Toolbox definitionspuma560 and stanford
all useSl unitswith dimensionsn metres.

See Also fkine, tr2diff, jacob0,ikine560,robot

References S. Chieaverini, L. Sciavicco, andB. Siciliano, “Control of robotic systemghroughsingularities), in
Proc. Int. Workshopon Nonlinearand AdaptiveContmol: Issuesin Robotics(C. C. de Wit, ed.),
SpringerVerlag,1991.
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ikine560 20

Purpose

Synopsis

Description

Cautionar y

See Also

References

Author

Inversemanipulatorkinematicsfor Puma560like arm

g = ikine560(robot, config)

ikine560  returnsthejoint coordinatecorrespondingo the end-efector homogeneousransform
T. It is computedusinga symbolicsolutionappropriateor Puma560lik e robots,thatis, all revolute
6DOF arms,with a sphericalwrist. The useof a symbolic solutionmeansthatit executesover 50
timesfasterthanikine  for aPuma560solution.

A furtheradwantages thatikine560() allows controlover the specificsolutionreturned.config
is a 3-elemenwectorwhosevaluesare:

config(1) -lor’l left-handedlefty) solution

lor'v tright-handedrighty) solution
config(2) -lor'u telbav up solution

lor'd elbov down solution
config(3) -lor’f twristflippedsolution

lor'n’ wrist notflippedsolution

Note thatthe dimensionalunits usedfor thelastcolumnof the T matrix mustagreewith the dimen-
sionalunitsusedin therobot object. Theseunitscanbewhateser you choosgmetresjnches cubits
or furlongs)but they mustbe consistent.The Toolbox definitionspuma560 andstanford  all use
Sl unitswith dimensionsn metres.

fkine, ikine, robot

R. P. Paul and H. Zhang, “Computationally efficient kinematicsfor manipulatorswith spherical
wrists] Int. J. Robot.Res, vol. 5, no. 2, pp.32—-44,1986.

RobertBiro andGaryMcMurray, Geogia Instituteof Technologygt2231a@acmegatech.edu
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Inertia
Purpose Computethe manipulatoijoint-spaceanertiamatrix
Synopsis M = inertia(robot, q)
Description inertia  computeghejoint-spacenertiamatrix which relategoint torqueto joint acceleration
1=M(9q
robot is a robot objectthat describesghe manipulatordynamicsand kinematics,and g is an n-
elementvectorof joint state.For ann-axismanipulatoMis ann x n symmetricmatrix.
If g is amatrixeachrow is interpretedasa joint statevector andl is ann x nx mmatrix wheremis
thenumberof rowsin q.
Note that if the robot containsmotor inertia parameterghen motor inertia, referredto the link
referencdrame,will beaddedo thediagonalof M
Example To shav how the inertia ‘seen’ by the waist joint variesas a function of joint angles2 and 3 the
following codecouldbe used.
>> [02,g3] = meshgrid(-pi:0.2:pi, -pi:0.2:pi);
>> q = [zeros(length(92(2)),1) a2() a3() zeros(length(92(:)),3)];
>> | = inertia(p560, Q);
>> surfl(g2, g3, squeeze(l(1,1,)));
55
See Also robot, rne,itorque,coriolis, gravioad
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References M. W. Walker andD. E. Orin. Efficientdynamiccomputersimulationof roboticmechanismsASME
Journal of DynamicSystemsyleasuementand Control, 104:205-2111982.

RoboticsToolboxReleaseé PeterCorke, April 2001



ishomog 23

iIshomog

Purpose Testif agumentis ahomogeneousansformation
Synopsis ishomog(x)

Description Returngtrueif x is a4 x 4 matrix.
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itor que

Purpose Computethe manipulatorinertiatorquecomponent

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

Description itorque  returnsthejoint torquedueto inertiaatthespecifiedposeq andacceleratiomdd whichis
givenby

L =M(9f

If g andgdd arerow vectors,itorque is arow vectorof joint torques.If g andqdd arematrices,
eachrow is interpretedasa joint statevector anditorque is a matrix in which eachrow is the
inertiatorquefor the correspondingows of g andqdd.
robot is arobotobjectthatdescribeghe kinematicsanddynamicsof the manipulatoranddrive. If
robot containsmotorinertiaparameterthenmotorinertia,referredto thelink referencdrame,will
beaddedo thediagonalof Mandinfluencetheinertiatorqueresult.

See Also robot,rne,coriolis, inertia,gravioad
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jacob0 25

Purpose

Synopsis

Description

Cautionar y

See Also

References

ComputemanipulatorJacobiarin basecoordinates
jacobO(robot, q)

jacob0 returnsa Jacobiarmatrix for therobotobjectrobot in the poseq andasexpressedn the
basecoordinatdrame.

The manipulatorJacobianmatrix, OJq, mapsdifferential velocitiesin joint space,q, to Cartesian
velocity of theend-efectorexpressedn the basecoordinateframe.

°%="34(0)4

For ann-axismanipulatorthe Jacobiaris a 6 x n matrix.
This functionwill notwork for robotobjectsthatusethe modifiedDenavit-Hartenbeg conventions.
jacobn diff2tr, tr2diff, robot

R. P. Paul. RobotManipulatos: MathematicsProgramming and Contol. MIT PressCambridge,
Massachusett4981.
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jacobn
Purpose ComputemanipulatorJacobiarin end-efector coordinates
Synopsis jacobn(robot, q)
Description jacobn returnsa Jacobiarmatrix for therobotobjectrobot in the poseq andasexpressedn the
end-efectorcoordinateframe.
The manipulatorJacobianmatrix, OJq, mapsdifferential velocitiesin joint space,q, to Cartesian
velocity of theend-efectorexpressedn the end-efector coordinaterame.
"x="Jg(a)q
Therelationshipbetweertool-tip forcesandjoint torquess givenby
I — an(g)lnE
For ann-axismanipulatorthe Jacobiaris a 6 x n matrix.
Cautionar Yy This functionwill notwork for robotobjectsthatusethe modifiedDenavit-Hartenbeg conventions.
See Also jacobodiff2tr, tr2diff, robot
References R. P. Paul. RobotManipulatois: MathematicsProgramming and Contol. MIT PressCambridge,

Massachusett4981.
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Purpose

Synopsis

Description

Computeajoint spacerajectorybetweerntwo joint coordinatgposes

[ qd qdd] = jtraj(qo,

[ qd qdd] = jtraj(qo,
[ qd qdd] = jtraj(qo,
[ qd qdd] = jtraj(qo,

al,
al,
al,
ql,

n)
n, qdo, qdl)
t)
t, qd0, qdl)

jtraj  returnsajoint spacerajectoryq from joint coordinate€|0 to q1. The numberof pointsis n
or thelengthof the giventime vectort . A 7th orderpolynomialis usedwith default zeroboundary
conditionsfor velocity andacceleration.

Non-zeroboundaryvelocitiescanbe optionally specifiedasqd0 andqdl.

Thetrajectoryis a matrix, with onerow pertime step,andonecolumnperjoint. The functioncan
optionallyreturnavelocity andacceleratiorirajectoriesasqd andqdd respectiely.
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Purpose

Synopsis

Description

Link object

link

link([alpha, a, theta, d])
link([alpha, a, theta, d, sigma))
link(dyn  _row)

link(q)

show(L)

L
L
L
L
A

Thelink functionconstructsalink object. The objectcontainskinematicanddynamicparameters
aswell asactuatorandtransmissiorparameters.The first form returnsa default object, while the
secondandthird formsinitialize the kinematicmodelbasedon Denavit andHartenbeg parameters.
By default the standardDenarit andHartenbeg corventionsareassumedut a flag (mdh) canbe set
if modifiedDenavit andHartenbeg conventionsarerequired. The dynamicmodelcanbeinitialized
usingthe fourth form of the constructomheredyn _row is a1 x 20 matrix which is onerow of the
legag dyn matrix.

Thesecondastform givenabove is notaconstructotbut alink methodthatreturnsthelink transfor

mation matrix for the given joint coordinate. The argumentis givento the link objectusingparen-
thesis.The singleargumentis taken asthelink variableq andsubstitutedor 8 or D for arevolute or
prismaticlink respectiely.

The Denarit and Hartenbeg parameterslescribethe spatialrelationshipbetweenthis link andthe
previousone.Themeaningof thefieldsfor eachmodelaresummarizedn thefollowing table.

alpha ai aj_; link twistangle

A A A_1 linklength
theta 0 6; link rotationangle
D Dj Dj link offsetdistance

sigma  Gj Oj joint type; 0 for revolute,non-zerdor prismatic

SinceMatlab doesnot supportthe conceptof public classvariablesmethodshave beenwritten to
allow link objectparameterso bereferencedr) or assigneda) 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-zerdor prismatic

link .RP r joint type;'R’ or'P’

link .mdh r+a DH corvention: 0 if standard}l if modified

link .l r 3 x 3 symmetricinertiamatrix

link .l a assignedrom a3 x 3 matrixor a6-elemenvec-
tor interprettedas Iy lyy | zzlxy lyzIxz|

link .m r+a link mass

link .r r+a 3x 1link COGvector

link .G r+a gearratio

link .Jm r+a motorinertia

link .B r+a viscousfriction

link .Tc r Coulombfriction, 1 x 2 vectorwhere[t™ 17]

link .Tc a Coulombfriction; for symmetricfriction thisis

ascalarfor asymmetridriction it isa2-element
vectorfor positive andnegative velocity

link .dh r+a row of legag/ DH matrix

link .dyn r+a row of legag/ DYN matrix

link .glim r+a joint coordinatdimits, 2-vector

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

robot object).

Thedefaultis for standardenavit-Hartenbeg conventions,zerofriction, massandinertias.

Thedisplay methodgives a one-linesummaryof the link’s kinematic parameters.The show
methoddisplaysasmary link parametergsshave beeninitialized for thatlink.

Examples

>> L = link([-pil2, 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;
>> LTc =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 =55
>>

Algorithm For the standardenavit-Hartenbeg conventionsthe homogeneousansform

{cosei —sinBjcosn;  sing; sina; a;cosei"

i—1p _ sinG;  cosfjcosn; —coshisinaj @ sinG;
: 0 sina; COSO di
0 0 0 1

representgachlink’s coordinateframewith respecto the previous link’s coordinatesystem.For a
revolutejoint 6; is offsetby

For themodifiedDenavit-Hartenbeg corventionsit is instead

cosH; —sing; 0 a_1
i—1p _ sinBjcosaj_1 cosBjcosaj_; —sinaj_; —d;sinaj_1
' singjsinaj_1 cosPisinaj_;  COSOj_1 di cosaj_1
0 0 0 1
See Also robot
References R. P. Paul. RobotManipulatois: MathematicsProgramming and Contol. MIT PressCambridge,
Massachusett4,981.
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Purpose

Synopsis

Description

Algorithm

See Also

References

Manipulability measure

3
I

= maniplty(robot, q)
maniplty(robot, g, which)

3
I

maniplty computeghe scalarmanipulabilityindex for the manipulatorat the given pose.Manipu-
lability variesfrom 0 (bad)to 1 (good).robot is arobotobjectthatcontainkinematicandoptionally
dynamicparameterfor the manipulator Two measurearesupportecandareselectedy theoptional
argumentwhich canbe either’yoshikawa’ (default) or'asada’ . Yoshikava’s manipulability
measurds basedpurely on kinematicdata,and gives an indicationof how ‘far’ the manipulatoris
from singularitiesandthusableto move andexert forcesuniformly in all directions.

Asadas manipulabilitymeasureitilizesmanipulatoildynamicdata,andindicateshow closetheinertia
ellipsoidis to spherical.

If g isavectormaniplty returnsascalamanipulabilityindex. If q isamatrixmaniplty  returns
acolumnvectorandeachrow is themanipulabilityindex for the posespecifiedby the corresponding
row of q.

Yoshikava's measures basecbn the conditionnumberof the manipulatorJacobian

Nyoshi= 1/19(4)I(q)'|
Asadas measures computedrom the Cartesiannertiamatrix
M(x) = (@)~ TM(g)I(a)~*
The Cartesiarmanipulatorinertiaellipsoidis
XM (x)x=1

andgivesanindicationof how well themanipulatorcanacceleratén eachof the Cartesiardirections.
Thescalameasureomputechereis theratio of the smallest/lagestellipsoidaxes

minx

maxx

Nasach =

Ideally the ellipsoidwould be spherical giving aratio of 1, butin practicewill belessthanl.

jacob0,inertia,robot

T. Yoshikava, “Analysisandcontrol of robotmanipulatorswith redundanyg” in Proc. 1stint. Symp.
RoboticsReseath, (BrettonWoods,NH), pp. 735-747,1983.
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nofriction

Purpose Remaove friction from robotobject

Synopsis robot2 = nofriction(robot)

Description Returna new robotobjectthathasno joint friction. The viscousand Coulombfriction valuesin the
constituentinks aresetto zero.
This is importantfor forward dynamicscomputation(fdyn() ) wherethe presenceof friction can
preventthe numericalintegrationfrom converging.

See Also link friction, fdyn
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oaztr
oaztr
Purpose Corvert OA vectorsto homogeneousansform
Synopsis oaz2tr(o,  a)
Description oa2tr returnsarotationalhomogeneoutransformatiorspecifiedin termsof the Cartesiarorienta-
tion andapproachvectorso anda respectiely.
Algorithm

T 6xa 6 a o0

0 0 1

whered and4 areunit vectorscorrespondingo o anda respectiely.
See Also rpy2tr, eul2tr
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Purpose

Synopsis

Description

See Also

References

Createa Puma560robotobject

puma560

Creategherobot objectp560 which describeghe kinematicanddynamiccharacteristicef a Uni-
mation Puma560 manipulator The kinematiccorventionsusedare as per Paul andZhang,andall
quantitiesarein standardsl units.

Also definesthe joint coordinatevectorsqz, qr andgstretch  correspondingo the zero-angle,
readyandfully extendedposesespectiely.

Y, Z

6.6

Detailsof coordinateframesusedfor the Puma560shavn herein its zeroanglepose.

robot, puma560akbstanford

R. P. Paul and H. Zhang, “Computationally efficient kinematicsfor manipulatorswith spherical
wrists] Int. J. Robot.Res, vol. 5, no. 2, pp.32—-44,1986.

P. Corke andB. Armstrong-Helouvry, “A searchor consensuamongmodelparameterseportedfor
the PUMA 560robot; in Proc. IEEE Int. Conf Roboticsand Automation (SanDiego), pp. 1608—
1613,May 1994.

P. Corke andB. Armstrong-Helouvry, “A meta-studyf PUMA 560dynamics:A critical appraisabf
literaturedata; Roboticavol. 13,n0.3, pp.253-258,1995.
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puma560akb

Purpose

Synopsis

Description

See Also

References

Createa Puma560robotobject

puma560akb

Creategherobot objectwhich describeghe kinematicand dynamiccharacteristic®f a Unimation
Puma560 manipulator Craig’s modified Denavit-Hartenbeg notationis used,with the particular
kinematicconventionsfrom Armstrong,Khatib andBurdick. All quantitiesarein standardSI units.

Also definesthe joint coordinatevectorsqz, qr andgstretch  correspondingo the zero-angle,
readyandfully extendedposesespectiely.

robot, puma560stanford

B. Armstrong,O. Khatib, and J. Burdick, “The explicit dynamicmodelandinertial parameterof
thePuma560arm; in Proc. IEEE Int. Conf Roboticsand Automation vol. 1, (Washington USA),
pp.510-18,1986.
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ginterp

Purpose Interpolateunit-quaternions

Synopsis QI = ginterp(Q1, Q2, r)

Description Returnaunit-quaterniorthatinterpolatedetweerQl andQ2asr variesbetweerD andl inclusively.
This is a sphericallinear interpolation(slerp) that can be interpretedasinterpolationalong a great
circlearconasphere.

If r is avector thenacell arrayof quaternionss returnedcorrespondingo successie valuesof r .

Examples A simpleexample

>> ql = quaternion(rotx(0.3))

ql =
0.98877 <0.14944, 0, 0>

>> 2 = quaternion(roty(-0.5))

g2 =
0.96891 <0, -0.2474, 0>

>> ginterp(ql, g2, 0)

ans =
0.98877 <0.14944, 0, 0>

>> ginterp(ql, 92, 1)

ans =
0.96891 <0, -0.2474, 0>

>> qginterp(ql, g2, 0.3)

ans =
0.99159 <0.10536, -0.075182, 0>

>>

References K. Shoemag, “Animating rotation with quaternioncunes.} in Proceedingsof ACM SIGGRAPH
(SanFrancisco)pp.245-254,The SingerCompa, Link Flight SimulatorDivision, 1985.
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guaternion

Purpose Quaterniorobject

Synopsis g = quaternion(qq)
g = quaternion(theta, V)
g = quaternion([s VX vy vz])
g = quaternion(R)

Description quaternion istheconstructofor aquaternion object. Thefirst form returnsanew objectwith the
samevalueasits agument.The secondorm initializesthe quaterniorto a rotationof theta about
thevectorv.

Thethird form setsthe four quaternionelementdirectly wheres is the scalarcomponentnd [vx
vy vz] thevector The final methodsetsthe quaterniorto a rotationequialentto the given3 x 3
rotationmatrix, or therotationsubmatrixof a4 x 4 homogeneousansform.

Someoperatorsareoverloadedor thequaterniorclass

ql * g2 returnsquaterniorproductor compounding

q*v returnsaquaterniorvectorproductthatis thevectorv is rotated
by the quaternionyv is a3 x 3 vector

ql / q2 returnsgy * gy

gqAj returnsg) wherej is aninteger exponent.For j > 0 theresult
is obtainedby repeatednultiplication. For j < 0 thefinal result
is inverted.

double(q) returnsthe quaterniorcoefientsasa 4-elementow vector

inv(q) returnsthe quaterioninverse

norm(q) returnsthe quateriormagnitude

plot(q) displaysa 3D plot shawing the standarccoordinateframeatfter
rotationby q.

unit(q) returnsthe correspondinginit quaterion

Somepublic classvariablesmethodsarealsoavailablefor referenceonly.

method Returns

quaternion .d  return4-vectorof quaterniorelements
quaternion .s  returnscalarcomponent

quaternion .v  returnvectorcomponent

quaternion it return equivalenthomogeneousransformation

matrix
quaternion .r  returnequialentorthonormakotationmatrix

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
>> ql = quaternion(t)

ql =
0.995 <0.099833, 0, 0>

>> qlr
ans =
1.0000 0 0
0 0.9801 -0.1987
0 0.1987 0.9801

>> (2 = quaternion( roty(0.3) )
92 =
0.98877 <0, 0.14944, 0>

>>ql * g2
ans =
0.98383 <0.098712, 0.14869, 0.014919>

>> ql*gl
ans =
0.98007 <0.19867, 0, 0>

>> 172
ans =
0.98007 <0.19867, 0, 0>

>> ql*inv(gql)
ans =
1<0, 0, 0>

>> ql/ql
ans =
1<0, 0, 0>

>> ql/g2
ans =
0.98383 <0.098712, -0.14869, -0.014919>

>> ql*q2™-1

ans =
0.98383 <0.098712, -0.14869, -0.014919>
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Cautionar Yy At themomentvectorsor arraysof quaternionsrenot supportedYou canhowever usecell arraysto
hold a numberof quaternions.

See Also quaternion/plot

References K. Shoemakg, “Animating rotation with quaternioncunes.} in Proceedingsof ACM SIGGRAPH
(SanFrancisco)pp.245-254,The SingerCompa, Link Flight SimulatorDivision, 1985.
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guaternion/plot

Purpose

Synopsis

Description

Examples

See Also

Plot quaterniorrotation

plot(Q)

plot is overloadedfor quaternion objectsanddisplaysa 3D plot which shavs how the standard
axesaretransformedunderthatrotation.

A rotationof 0.3radaboutthe X axis. Clearlythe X axisis invariantunderthis rotation.

>> g=quaternion(rotx(0.3))

q:

0.85303<0.52185, 0, 0>

>> plot(q)

05 7

quaternion
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rne
Purpose Computeinversedynamicsvia recursve Newton-Eulerformulation
Synopsis tau = rne(robot, g, qd, qdd)
tau = rne(robot, [ qd qdd])
tau = rne(robot, g, qd, qdd, grav)
tau = rne(robot, [ qd qdd], grav)
tau = rne(robot, g, qd, qdd, grav, fext)
tau = rne(robot, [ qd qdd], grav, fext)
Description rne computegheequation®f motionin anefficientmannergiving joint torqueasafunctionof joint
position,velocity andacceleration.
If g, gd andgdd arerow vectorsthentau is arow vectorof joint torques.If g, qd andqdd are
matricesthentau is a matrix in which eachrow is the joint torquefor the correspondingows of q,
gd andqdd.
Gravity directionis definedby therobotobjectbut maybe overriddenby providing a gravity acceler
ationvectorgrav = [gx gy gz] .
An externalforce/momentctingon the endof the manipulatoray alsobe specifiedby a 6-element
vectorfext = [Fx Fy Fz Mx My Mz] in theend-efectorcoordinateframe.
Thetorquecomputedmay containcontributionsdueto armaturdanertiaandjoint friction if theseare
specifiedn theparametematrix dyn .
TheMEX file versionof this functionis around300timesfasterthanthe M file.
Algorithm Coumputeshejoint torque
1=M(9)4+C(q,9)9+F(9) +G(a)
whereM is themanipulatorinertiamatrix, C is the Coriolis andcentripetakorque,F theviscousand
Coulombfriction, andG thegravity load.
Cautionar Yy This functionwill notwork for robotobjectsthatusethe modified Denavit-Hartenbeg corventions.
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-line computationakchemdor mechanicamanip-
ulators. ASMEJournal of DynamicSystemsyieasuementand Control, 102:69-76,1980.
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robot
Purpose Robotobject
Synopsis r = robot
r = robot(rr)
r = robot(link wr)
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 robot objectwith the samevalueasits agument. The third form createsa robot
from a cell array of link objectswhich definethe robot’s kinematicsand optionally dynamics. The
fourth andfifth formscreatearobotobjectfrom legagy DH andDYN formatmatrices.

The last threeforms all acceptoptionaltrailing string agumentswhich aretaken in orderasbeing
robotname manufcturerandcomment.

SinceMatlab doesnot supportthe conceptof public classvariablesmethodshave beenwritten to
allow robotobjectparameterso bereferencedr) or assigneda) asgiven by 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 robotmanufcturerstring

robot .comment r+a generacommentstring

robot .gravity r 3-elemenvectordefininggravity direction

robot .mdh r DH corvention: O if standard,1 if modified.
Determinedrom thelink objects.

robot .base r+a homogeneougansformdefiningbaseof robot

robot .tool r+a homogeneousansformdefiningtool of robot

robot .dh r legag/ DH matrix

robot .dyn r legagy DYN matrix

robot .q r+a joint coordinates

robot .glim r+a joint coordinatdimits, n x 2 matrix

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

1 dependingf belav 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 robotshadev links

Someof theseoperationsat therobotlevel areactuallywrappersaroundsimilarly namedlink object
functions:offset , glim , islimit
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Theoffsetvectoris addedo theuserspecifiedoint anglesbeforearny kinematicor dynamicfunctionis

invoked (it is actuallyimplementedvithin thelink object).Similarly it is subtractedfteranoperation
suchasinversekinematics. The needfor a joint offset vector arisesbecauseof the constraintsof

the Denavit-Hartenbeg (or modified Denavit-Hartenbeg) notation. The poseof the robotwith zero
joint angleds frequentlysomeratherunusualor evenunachi@able)pose.Thejoint coordinateoffset
providesa meando make anarbitraryposecorrespondo the zerojoint anglecase.

Defaultvaluesfor robotparameterare:

robot.name ‘noname’

robot.manuf "

robot.comment

robot.gravity [009.81]m/¢

robot.offset ones(n,1)

robot.base eye(4,4)

robot.tool eye(4,4)

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

robot.shadaopt ’'Color’, 'black’, 'Linewidth’, 1

Themultiplicationoperator* , is overloadecandthe productof two robotobjectsis arobotwhichis
the seriesconnectionof the multiplicands. Tool transformsof all but the lastrobotareignored,base
transformof all but thefirst robotareignored.

Theplot() functionis alsooverloadedandis usedto provide arobotanimation.

>> {1} =lnk( pi2 0 0 0
L =
(11 link]

>> {2} =link{ 0 005 0]
L =
[x1 link] [x1 link]

>> r = robot(L)

r =

(2 axis, RR)
grav. = [0.00 0.00 9.81]
standard D&H parameters
alpha A theta D R/IP
1570796 0.000000 0.000000 0.000000 R
0.000000 0.000000 0.500000 0.000000 R
>>

RoboticsToolboxReleaseé PeterCorke, April 2001



robot 45

See Also link,plot
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robot/plot

Purpose Graphicalrobotanimation
Synopsis plot(robot, q)
plot(robot, g, arguments...)
|
0.8
0.6
Description plot is overloadedfor robot objectsanddisplaysa graphicalrepresentationf the robot given the

kinematicinformationin robot . Therobotis representedby a simplestick figure polyline where
line sggmentgoin theoriginsof thelink coordinatdframes.If g is amatrix representin@joint-space
trajectorythenananimationof therobotmotionis shavn.

GRAPHICAL ANNOTATIONS

Thebasicstick figurerobotcanbe annotatedvith

e shadev onthe ‘floor’

e XYZ wrist axes and labels, shawvn by 3 shortorthogonalline segmentswhich are colored:
red (X or normal),green(Y or orientation)andblue (Z or approach).They canbe optionally
labelledXYZ or NOA.

e joints,theseare3D cylindersfor revolutejoints andboxesfor prismaticjoints

e therobot'sname

All of theserequiresomekind of dimensionandthis is determinedusing a simple heuristicfrom
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theworkspaceadimensions.This dimensioncanbe changedy settingthe multiplicative scalefactor
usingthe mag optionbelon. Thesevariousannotationsio slow the rateat which animationswill be

rendered.

OPTIONS

Optionsarespecifiedby a variablelengthargumentlist comprisingstringsandnumericvalues. The

allowedvaluesare:

workspace w

perspective

ortho

base, nobase
wrist, nowrist
name, noname
shadow, noshadow
joints, nojoints

Xyz
noa

mag scale
erase, noerase
loop, noloop

setthe 3D plot boundsor workspacdo thematrix[xmin ~ xmax ymin ymax
zmin zmax]

shav aperspectie view

shav anorthogonaliew

controldisplayof basealine from thefloor uptojoint 0

controldisplayof wrist axes

controldisplayof robotnamenearjoint 0

controldisplayof a’shadav’ onthefloor

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

wrist axislabelsareX, Y, Z

wrist axislabelsareN, O, A

annotatiorscalefactor

controlerasureof robotaftereachchange

controlwhetheranimationis repeatecndlessly

Theoptionscomefrom 3 sourcesandareprocesseth theorder:

1. Cell array of optionsreturnedby the function PLOTBOTOPT found on the users current

path.

2. Cell arrayof optionsreturnedby the .plotopt
method.

by the .plotopt

methodof therobot object. Theseareset

3. List of amumentsn thecommandine.

GETTING GRAPHICAL ROBOT STATE

Eachgraphicalrobothasa uniquetagsetequalto therobot's name.Whenplot s calledit looksfor
all graphicalobjectswith thathameandmaovesthem. The graphicalrobotholdsa copy of therobot
objectasUserData . Thatcopy containsthe graphicalhandlesof all the graphicalsub-elementsf
therobotandalsothe currentjoint anglestate.

This stateis used,and adjusted by the drivebot
obtainecbyq = plot(robot)

obj() isgiven.

function. The currentjoint anglestatecanbe
. If multipleinstancexist, thatof thefirst onereturnedoy find-

To animatetwo Pumadmoving in the samefigurewindow.

>> clf
>> p560b = p560;

>> p560b.name = 'Another
>> p560b.base = transl([-.05

RoboticsToolboxReleaseé
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See Also

robot/plot

>> plot(p560,  qr);
>> hold on

>> plot(p560b, qr);
>> t = [0:0.056:10];

% display it

% display it

at ready position

at ready position

>> jt = jtraj(qr, gstretch, t); % trajectory to stretch
>> for q =jt, %for all points on the path

>>  plot(p560,  q);

>> plot(p560b, qQ);

>> end

To shav multiple views of the samerobot.

>> 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

48

pose

Now thetwo figurescanbe adjustedo give differentviewpoints,for instanceplanandelevation.

plot()

optionsareonly processean thefirst call whenthe graphicalobjectis establishedthey are

skippedon subsequentalls. Thusif you wish to changeoptions,clearthefigure beforereplotting.

drivebot,fkine, robot
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rotvec

rotvec

Purpose Rotationabouta vector

Synopsis T = rotvec(v, theta)

Description rotvec returnsa homogeneousransformatiorrepresentinga 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 homogeneousansformatiorrepresentingirotationof theta radiansabouttheX, Y orZ
axes.

See Also rotvec
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rpy2tr

51

Purpose

Synopsis

Description

See Also

References

Roll/pitch/yav anglesto homogeneousansform

—
|

= rpy2tr([r Pyl
rpy2tr(r,p.y)

—
1

rpy2tr  returnsa homogeneousransformationfor the specifiedroll/pitch/yaw anglesin radians.

Thesecorrespondo rotationsabouttheZ, X, Y axesrespectiely.

tr2rpy, eul2tr

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

sachusettsMIT Press]1981.
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rtdemo

Purpose RobotToolboxdemonstration

Synopsis rtdemo

Description This scriptprovidesdemonstrationfor mostfunctionswithin the RoboticsToolbox.
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stanford
Purpose Createa Stanfordmanipulatorobotobject
Synopsis stanford

2

1

N O ~
Stanford arm
Description Creategherobot objectstan which describeghe kinematicanddynamiccharacteristicef a Stan-
ford manipulator Specifiesarmaturanertiaandgearratios. All quantitiesarein standardsI units.

See Also robot,puma5s60
References R. Paul, “Modeling, trajectorycalculationand senoing of a computercontrolledarm; Tech. Rep.

AIM-177, StanfordUniversity, Artificial IntelligenceLaboratory 1972.

R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-
sachusettavlIT Press1981.
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tr2diff 54

Purpose

Synopsis

Description

See Also

References

Convertahomogeneousansformto a differentialmotionvector

o
|

= tr2diff(T)
tr2diff(T1, T2)

o
1

Thefirstform of tr2diff returnsa6-elementlifferentialmotionvectorrepresentingheincremental
translationandrotationdescribedy thehomogeneousansformT. It is assumedhatT is of theform

0 -5 & d
5 0 -8 dy
-5 & 0 d
0 0 0 0

Thetranslationaklementof d areassignedlirectly. Therotationalelementsarecomputedrom the
meanof thetwo valuesthatappeain the skew-symmetricmatrix.

The secondform of tr2diff returnsa 6-elementdifferential motion vector representinghe dis-
placemenfrom T1 to T2, thatis, T2 - T1.

d= 92_91
1/2(ng x Ny +01 X 0y +a1 X &)

diff2tr, diff

R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-
sachusettaMIT Press]1981.
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tr2eul

Purpose Convertahomogeneousansformto Eulerangles

Synopsis [a b c] = tr2eul(T)

Description tr2eul  returnsavectorof Euleranglesjn radianscorrespondingo therotationalpartof thehomo-
geneougransformT.

See Also eul2tr tr2rpy

References R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-

sachusettavlIT Press1981.
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tr2jac
Purpose Computea Jacobiarto mapdifferentialmotionbetweerframes
Synopsis jac = tr2jac(T)
Description tr2jac  returnsa 6 x 6 Jacobianmatrix to map differential motionsor velocitiesbetweenframes
relatedby the homogeneousansformT.
If T representa homogeneousansformatiorfrom frameA to frameB, ATg, then
Px="PIa"x
whereBJ, is givenby tr2jac(T)
See Also tr2diff, diff2tr, diff
References R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-

sachusettsMIT Press]1981.
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tr2rpy
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Purpose

Synopsis

Description

See Also

References

Convertahomogeneousansformto roll/pitch/yav angles

[a b c] = tr2rpy(T)

tr2rpy  returnsa vectorof roll/pitch/yav angles,n radianscorrespondindo the rotationalpart of

thehomogeneousansformT.

rpy2tr, tr2eul

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

sachusettavlIT Press1981.
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transl

Purpose Translationatransformation

Synopsis T = transl(x, y, 2)
T = transl(v)
v = transl(T)
xyz = transl(TC)

Description Thefirst two formsreturnahomogeneousansformatiomrepresentingtranslationexpressedasthree
scalarx, y andz, or a Cartesiarvectorv.
Thethird form returnsthetranslationapartof ahomogeneousansformasa 3-elementolumnvector
Thefourthform returnsamatrixwhosecolumnsarethe X, Y andZ columnsof the4 x 4 x m Cartesian
trajectorymatrix TC.

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

Purpose Interpolatehomogeneousansforms

Synopsis T = trinterp(TO, T1, 1)

Description trinterp interpolatesetweerthetwo homogeneousansformsTO andT1 asr variesbetweerQ
andlinclusively. Thisis generallyusedfor computingstraightline or ‘Cartesian’motion. Rotational
interpolationis achiered usingquaterniorsphericalinearinterpolation.

Examples Interpolationof homogeneousansformations.

>> 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)
2 =
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 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, ginterp

References R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-
sachusettaVvlIT Press1981.
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trnorm

Purpose Normalizeahomogeneousansformation

Synopsis TN = trnorm(T)

Description Returnsa normalizedcopy of the homogeneougransformationT. Finite word lengtharithmeticcan
leadto homogeneousransformationsn which the rotational submatrixis not orthogonal,that is,
det(R) # —1.

Algorithm Normalizationis performedby orthogonalizinghe rotationsubmatrixn = 0 x a.

See Also diff2tr, diff

References J.Funda,"Quaternionsandhomogeneousansformsn robotics; MastersthesisUniversityof Penn-

sylvania,Apr. 1988.
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twolink
Purpose Loadkinematicanddynamicdatafor a simple2-link mechanism
Synopsis twolink
2
1
Description Creategherobot objecttwolink  which describeghe kinematicand dynamiccharacteristicef a
simpletwo-link planarmanipulator The manipulatoroperatesn the vertical planeandfor zerojoint
angledies horizontally
Massis assumedo be concentratedtthejoints. All massesandlengthsareunity.
See Also dh, dyn, puma560stanford
References Fig 3-6 of “Robot DynamicsandControl” by M.W. SpongandM. Vidyasagar1989.
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63

unit

Purpose Unitize avector

Synopsis vn = unit(v)

Description unit  returnsa unit vectoralignedwith v.

Algorithm y
Vo= H_QH
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dh (legag) 64

Purpose

Description

See Also

References

Matrix representationf manipulatoikinematics

A dh matrix describeghe kinematicsof a manipulatorin a generalway usingthe standardenavit-
Hartenbeg corventions.Eachrow representsnelink of themanipulatomandthecolumnsareassigned
accordingo thefollowing table.

Column  Symbol Description
1 (0§ link twist angle
2 A link length
3 6; link rotationangle
4 Dj link offsetdistance
5 Oj joint type; 0 for revolute,non-zerdfor prismatic

If thelastcolumnis not given, toolbox functionsassumehatthe manipulatoris all-revolute. For an
n-axismanipulatordh is ann x 4 or n x 5 matrix.

Thefirst 5 columnsof adyn matrix containthe kinematicparameterandmaybeusedanywherethat
adh kinematicmatrix is required— the dynamicdatais ignored.

LengthsA; andD; may be expressedn ary unit, andthis choicewill flow on to the unitsin which
homogeneousansformsandJacobiansrerepresentedAll anglesarein radians.

dyn,puma560,stanford,mdh

R. P. Paul, Robot Manipulatois: Mathematics,Programming and Contol.  Cambridge,Mas-
sachusettaMIT Press]1981.
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dyn (legacy)

Purpose

Description

See Also

Matrix representationf manipulatokinematicsanddynamics

A dyn matrix describeghe kinematicsand dynamicsof a manipulatorin a generalway usingthe
standardDenavit-Hartenbeg corventions. Eachrow representsnelink of the manipulatorandthe
columnsareassignediccordingto thefollowing table.

Column  Symbol Description
1 a link twist angle
2 A link length
3 0 link rotationangle
4 D link offsetdistance
5 o joint type; 0 for revolute,non-zerdfor prismatic
6 mass  massof thelink
7 rx link COGwith respecto thelink coordinatdframe
8 ry
9 rz
10 Ixx elementf link inertiatensoraboutthelink COG
11 lyy
12 Izz
13 Ixy
14 lyz
15 Ixz
16 Jm armaturenertia
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-axis manipulator dyn is ann x 20 matrix. The first 5 columnsof a dyn matrix contain
the kinematicparametersnd maybeusedarywherethata dh kinematicmatrix is required— the
dynamicdatais ignored.

All anglesarein radians.Thechoiceof all otherunitsis up to theuser andthis choicewill flow onto
theunitsin which homogeneousansforms,Jacobiansinertiasandtorquesarerepresented.

dh
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