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Abstract—The mobility of the thumb carpometacaipal (CMC)
joint is critical for functional grasping and manipulation tasks.
We present an optimization technique for determining from
surface marker measurementsa subject-speci ¢ kinematic model
of the in vivo CMC joint that is suitable for measuring mobility.
Our anatomy-basedcost metric scores a candidate joint model
by the plausibility of the correspondingjoint angle values and
kinematic parametersrather than only the marker trajectory re-
construction error. The proposedmethod repeatably determines
CMC joint modelswith anatomically-plausible dir ectionsfor the
two dominant rotational axesand a lesserrange of motion (RoM)
for the third rotational axis. We formulate a low-dimensional
parameterization of the optimization domain by rst solving
for joint axis orientation variables which then constrain the
search for the joint axis location variables. Individual CMC joint
models were determined for 24 subjects. The directions of the
exion-extension (FE) axis and adduction-abduction (AA) axis
deviated on average by 9 degreesand 22 degrees,respectiely,
from the mean axis direction. The average RoM for FE, AA,
and pronation-supination (PS) joint angles are 76, 43, and 23
degreesfor active CMC movement.The meanseparationdistance
betweenthe FE and AA axeswas 4.6 mm, and the mean skew
angle was 87 degreesfrom the positive exion axis to the positive
abduction axis.

Index Terms—subject-speci c joint models, axes of rotation,
optimization, thumb mobility

I. INTRODUCTION

HE mobility of the humanthumbis a critical component

of the hands ability to grasp and manipulateobjects.
Subject-speci cmodelscan lead to more accurateevaluation
of individual thumb motion and dynamic function. In this
work we concentrateon the carpometacarpa(CMC) joint
at the baseof the thumb betweenthe trapeziumbone and
metacarpalbone, which is responsiblefor the wide range
of thumb circumductionand opposition[1, 2]. Determining
appropriate subject-speci cmodelsof this joint is important
for evaluating individual thumb mobility with respectto the
appropriatejoint axes and creating customizedhand models
for virtual rehabilitationervironments.
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Previous work by Hollister et al. [3] locatedthe anatomic
rotationalaxes of the in vitro CMC joint, and further studies
by SantosandValero-Cugas[4] simulatedpossiblekinematic
modelsbasedon distributions of joint parametergérom cada-
eric measurementoong etal. [5] alsodeterminedhe orien-
tation of in vitro CMC axesfrom the ridgesof the trapezium
bonesurfacein cadaer hands,andtheseresultsreportedwith
respectto the hand dorsumprovide a single constantmodel
of the axis orientationsto subsequentlyneasuren vivo CMC
mobility. Non-invasive techniquesgproposedy Coertet al. [6]
and Zhanget al. [7] evaluatethumb circumductionbasedon
the obsened motion of thethumbsegmentswithout determin-
ing a kinematicmodelfor the thumbjoints. In contrastCheze
et al. [8] and Ceneri et al. [9] have developedtechniques
for estimationof the in vivo CMC axes from isolatedthumb
movementssuchas circumductionand e xion-extension.Our
techniqueusesthe entire joint range of motion (RoM) to
determinean individual in vivo CMC joint model with two
dominant rotational axes that are non-intersectingand non-
orthogonal. The method accommodatesry generalsurface
marker protocol and can be usedto measurgoint RoM with
respectto the subject-speci cmodel t to an individual's
particularpatternof motion.

Several kinematic modelshave beenusedto describethe
thumb CMC joint [3, 5, 10, 11]. The CMC joint motion
is dominatedby two degreesof freedom(DoFs) of e xion-
extension (FE) and adduction-abduction(AA) and exhibits
a lesseramount of pronation-supination(PS) [1, 5]. The
simplestmodels[5, 10, 12] considertheseaxes intersecting
and orthogonal,as part of either a two-DoF universal joint
or a three-DoF spherical joint. However, the anatomy of
the interfacing bone surfacesof the trapeziumand thumb
metacarpabonessuggestsa saddlgjoint modelwith two axes
thatarenon-intersectingindnon-orthogona(skew) [1, 3, 13],
and this has beenincorporatedin a ve-virtual-link thumb
modelfor simulation[4, 11].

We usea three-DoFCMC joint modelwith non-intersecting
FE andAA axeswhoserelative skew is determineddy rotation
about the PS axis. This model incorporatesthe compleity
of the non-intersectingand non-orthogonabxes of the CMC
saddlejoint asin previous two-DoF models[3, 4, 11] while
also allowing measuremenbf the PS rotation as the third
DoF. Our approachoptimizesan individual CMC joint model
over a low-dimensionalparameteispaceby decomposinghe
joint model into the two parts of joint axis orientationand
joint axislocation.The costmetric for the optimizationscores
anatomicaktharacteristicef the CMC joint motionratherthan
only evaluatingthe marker trajectory reconstructiorerror as



usedpreviously for similar joint models[14-16. We nd that
to achieve subject-speci cmodelsof the CMC joint which
also have anatomically-meaningfujoint properties,minimiz-
ing the reconstructiorerror is insufcient becauset leadsto
inconsistenestimateof axisdirectionsandlarge RoM for the
non-dominantDoF. Instead,optimizing our proposedmetric

determines joint model which hasanatomically-meaningful

joint propertiessuch as the relatve RoM betweenthe DoFs
andthe proximal-distalrelative location of the axes.

[I. METHOD
A. Experimentalprotocol

The study involved a total of 24 able-bodiedindividuals,
consistingof 12 male (11 right-hand dominant, 1 left-hand
dominant)and 12 female(11 right-handdominant,1 left-hand
dominant) subjects,aged26 3.2 years(mean standard
deviation). A Vicon camerasystemtracked the positions of
re ective surface markers attachedto the hand dorsumand
thumb metacarpakggment,which de ned the handtechnical
coordinatesystem(TCS)andthumbmetacarpal CS (Fig. 1a).
Markers H1, H2, and H3 de ne the hand dorsumTCS and
are attached,respectiely, to the proximal end of the third
metacarpalhedistalendof thethird metacarpalandthedistal
endof the secondmetacarpalMarkersT1, T2, and T3 de ne
the thumb metacarpallCS and are attached respectiely, to
the proximal end of the rst metacarpalon the ulnar side,
the distalendof the rst metacarpabn the ulnar side,andthe
distalendof the rst metacarpabntheradialside. Themarker

locationswere chosento be spreadout over the metacarpals

of the handdorsumandthumbto avoid, to the extentpossible,
large changesn the TCS orientationdueto skin motion over
the bone.

Subjectswere seatedat a table with the arm comfortably
extendedand the ulnar part of the handin contactwith the
table surface for the data acquisitionsession(Fig. 1b). The
calibration movementfor samplingthe full spaceof CMC
joint con gurationsconsistedf circumductiona starpattern,
abduction-adductionand e xion-extensionmotions (Fig. 2).
Subjectswere directedto avoid motion of the other joints
of the thumb, palm, and ngers, althoughthesejoints were
not mechanically-constrainedth order to encouragenatural
motion of the CMC joint. Subjectsperformedthe calibration
movementat a self-selectedpeedto exercisethe actve RoM
of the CMC joint without any external contactto the thumhb
Two repetitionsof the movementpatternwere recorded.The
experimentwas completedfor both the right hand and left
handof eachsubject.

The recordedmarler trajectorieswere lightly conditioned
beforeuseasinput dataas follows. Segmentsof static poses
were manually clipped from the beginning and end of each
motion sequenceln addition,ary time sampleswith occluded
markers were discarded.The resultantdatasequencdor one
repetition of the calibrationmovementhad on average4500
time samplesFor eachof theseremainingtime sampleswe
computedthe measuredrigid transform A, of the thumb
metacarpallCS with respectto the handdorsumTCS (Fig.
3a), which consistsof the relative orientationmatrix R, be-
tweenthe TCSaxesandthepositionp,, of themetacarpal CS

(b)

Fig. 1. (a) Marker protocolfor the right handusedto measurethe motion
of the CMC joint in the experimentalvalidation. Markers H1, H2, and H3
de ne the TCS for the handdorsum,and marlers T1, T2, and T3 de ne the
TCS of the thumb metacarpakggment. A symmetricplacementof markers
was used for the left hand. The same marker protocol was used for all
subjectsto facilitate comparison®f the CMC axeslocations,but the method
can accommodaten arbitrary choice of the handdorsumTCS and thumb
metacarpallCS. (b) Active RoM was measuredvhile the subjectexercised
the CMC joint without ary contactto the thumhb
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Fig. 2.  An example of the calibration motion patternmeasuredrom one
subject.The trajectoryof the T2 marler for the four portionsof the motion
patternsggment are shovn for both radial and palmar views of the hand.
(a,e) Clockwise and counterclockwise circumduction.(b,f) A star pattern
with arcsacrosghe joint rangeof motionin multiple directions.(c,g) Zig-zag
patternwith high-frequeng adduction-abductiowhile graduallychanginghe
e xion-extensionangle. (d,h) Zig-zag patternwith high-frequeng e xion-
extensionwhile gradually changingthe adduction-abductioangle.

origin in the handTCS frame.In addition, sincethe selection
of the origin marker for the metacarpallCS is arbitrary our
available data includesthe positions (Pm1; Pm2; Pm3) of all

threemetacarpamarkersin the handTCS frame.

B. Problemstatement

Given the sequenceof measuredrelatve TCS transforms
Amn and marker positions (Pm1;Pm2; Pm3) from the data
acquisition, we wish to determinethe joint model which
describeshe orientationand location of the functional CMC
rotationalaxes. In our modelof the CMC joint (Fig. 3b), the
joint angles 1; »; and 3 denotethree sequentialrotations
about the FE axis z,, the PS axis, and the AA axis z;,
respectrely. The FE axis z,, is the z-axis of the handdorsum
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Fig. 3. (a) Technicalcoordinatesystems(TCS) and functional coordinate
systems(FCS) de ne the hand dorsum and thumb metacarpalseggments
adjacentto the CMC joint. The transformAn, (k) describingthe measured
con guration of the CMC joint at time instancek is the composition of
the change-of-coordinatéransform Ay, the CMC con guration expressed
relative to functionalcoordinatesystemsA; (k), andthe change-of-coordinate
transformA¢ . (b) Model of the threerotationalaxesof the CMC saddlegjoint.
The FE axis z,, is the z-axis of the handdorsumFCSandis locatedthrough
the trapeziumbone.The AA axis z; is the z-axis of the thumb metacarpal
boneFCS.TheFE andAA axesareseparatety distanced alongtheir mutual
perpendiculamhich is the PS axis. The skew betweenthe FE and AA axes
is de ned by therotationangle , aboutthe PSaxis.

functionalcoordinatesystem(FCS),andthe AA axisz; is the
z-axis of thethumbmetacarpaFCS.The FE andAA axesare
separatedvy a distanced alongthe PS axis, andthe value of
the PSrotationangledetermineghe skew betweerthe FE axis
andAA axis.For acompletedescriptionof the joint model,we
needto solwve for the handdorsumFCSandthumbmetacarpal
FCS (Fig. 3a) which expressthe CMC movementin terms
of functional FE, AA, and PSjoint angles.We also needto
solve for the constantseparatiord betweenthe dominantFE
and AA axes.

C. Optimizationcostmetric

To determinethe joint modelfor anindividual subject,we
will use an optimization approachto selectan appropriate
setof hand FCS, thumb FCS, and separationd which result
in rotational DoFs 1; »; and 3 that both reconstructthe
joint orientationand correspondto anatomically-meaningful
FE, PS,andAA joint angles.We designour optimizationcost
metric for scoringcandidatemodelsasa combinationof three
costcomponentdasedn anatomicaknowledgeof thethumb
CMC joint. The rst aspectof the CMC joint motion is that
it is dominatedby FE and AA rotationwith a limited amount
of PSrotation, as re ected by the two-DoF modelsusedin
previous work [4, 11]. Thusthe functional joint axes should
correspondo joint variablesequencesvith small variation of

2 values.The secondaspects thatthe FE RoM is generally
larger than the AA RoM for unimpairedCMC joints [5, 6].
Finally, the FE axis x ed in the handframe is proximal to
the AA axis x ed in the thumb metacarpaframe due to the
saddlejoint geometrybetweenthe metacarpaknd trapezium
bones[3, 4, 11, 13]. Thesethree anatomicalaspectsof the
CMC joint kinematicsare incorporatedinto an overall cost
metric which is minimizedto solve for meaningfuljoint axes.
All three componentsare usedsimultaneouslysince a single

componentloneis not sufcient to satisfyall threeobjecties.

@

The componenf p s re ects the propertythat the obsered
PS angle values should have small variation as the non-
dominant rotational freedom. We motivate this cost metric
componentby a probabilistic model which assumeghat the
PS anglevaluesare normally-distrituted with meanvalue
and variance 3. To maximize the probability of observing
a sequenceof ; values,we can equialently minimize the
correspondingnegative log lik elihoodfunction of the modeled
normaldistribution, normalizedby thesequencéengthN [see,
e.g.,17]. Thisis usedasone componenbf the cost metric:
P N 2

k=1 (2(K)  2)

2N 3

wherek indicatesa singletime samplein the sequence.
Since the absolute value of the angle is irrelevant for
describingthe overall amountof PSrotation,thereis no prior

f=fps+from + fqg

fps = (2)

setfor , andwe insteadusethe samplemeanof the joint
anglesequence,
1
2= 2k 3)
k=1

The resultantform of Eq. (2) canbe interpretedasthe sample
varianceof the ; values,scaledby a weighting factor2 3.

Next, the minimizing cost metric favors joint axis orienta-
tions which are alignedsuchthat the FE RoM is maximized
relative to the AA RoM:

_ range( 3)
from = range( 1) 4)
where
range( () = max (i(k) | min (i(K): ()

The nal cost componentmeasureshon meaningful the
estimatedconstantseparatiord is with respecto an assumed
normaldistribution with mean 4 andvariance 3. As before,
maximizing the probability of the estimatedseparationd is
equialentto minimizing the negative log likelihood of d.

@ o
2§
In thiscase, 4 and 4 provide intuitive weightingparameters
which representour prior belief in the possiblevalues for
anatomically-plausiblseparatiordistancesSelecting 4 0
representghe choiceto favor CMC joint modelswhere the
FE axisis proximal to the AA axis, to be consistentwith the
CMC boneanatomy
The overall optimizationcostmetric,
P N 2 2
k=1 (2(K)  2)"  range( 3) d).
2N 2 range( 1) 22 7

evaluateshow well a candidatgjoint model correspondgo a
meaningfuldecompositiorof joint angleswith an appropriate
separatiordistancebetweenthe FE and AA axes. The three
tuning parameterg »; 4; 4) are usedto adjustthe relative

fd:

(6)

(d

f= )



weightsof the threeunitlesscomponents p s, from ; andf g.
The rst componentiocatesthe direction of the PS axis with
small variation in , values, the secondcomponentsenes
to distinguish betweenFE and AA directions accordingto
the RoM ratio, and the third componentselectsmodelswith
appropriateseparatiordistances.

D. Computationof joint parametes

In our optimization approach,we searchthe domain of
candidatgoint modelsfor the joint modelwith minimum cost
accordingto the anatomy-basedostmetricin Eq. (7). In this
section,we presenthow to formulatethe optimizationdomain
as the four-DoF set (z,;2z;) specifying the orientationsof
the FE and AA axes. Then, given a measureddatasequence
and a candidateset (z,;2z;), we can directly compute the
remainingkinematicparametersndjoint variableswhich are
neededto evaluatethe value of the cost metric. Pseudocode
for the entire costmetric computationcanbe foundin Fig. 4.

1) Kinematicmodel: At ary time samplek, the measured
CMC joint con guration A, (k) is relatedto the functional

joint con guration A; (k) by the two change-of-coordinate

transforms(Fig. 3a):

Am(K) = AnAj (KA, (8)
where A, (k) is the measuredcon guration of the thumb
metacarpall CSwith respecto thehandTCSattimek, Ay, is
the x edtransformof the handFCSin thehandTCS, A; (k) is
the functionaljoint con guration of the metacarpaFCSin the
handFCSattimek, andA; is the x edtransformof thethumb
metacarpallfCS in the thumb metacarpalFCS. The relation
in Eq. (8) canbe expandedin termsof the eachtransforms
orientationcomponentR andlocation componentp:

_ Rn p R; (k) pj(k) Ri p
Am(k)= g o 1 0 1
Rm(K)  pm (k)
o 1 9)

We use the robotics Denavit-Hartenbeg (DH) corvention
[see,e.g.,18] to parameterizeé\; (k) for the kinematicmodel
depictedin Fig. 3b (Table I). This corvention provides a
framawvork to describeboth the joint axis orientationandjoint
axis location,and it hasbeenusedpreviously to describethe
non-orthogonahnd non-intersectingaxes of the thumb joints
in recentliterature[4, 11]. The FE axisz, X edin the hand
frameis orthogonalto andintersectshe PS axis, andthe PS
axisis orthogonalto andintersectshe AA axisz; x edin the
thumbmetacarpaframe.Thedistancebetweertheintersection
pointson the PS axis de nes the separatiord betweenthe FE
andAA axes,andthevalueof the PSrotationangledetermines
theskew anglebetweerthe FE andAA axes.Thevaluefor the
PSrotationanglefor non-singularcon gurationswill be near
90 degrees.The generalform of A; (k) is expressedn terms
of the x ed separatiord andthe threejoint angles ;; »; and

3, usingthe abbreviated notationc; = cos j ands = sin j,

Input:
Input:
Input:

z,, axis orientationin handTCS

z¢, axis orientationin thumbTCS

Am, sequenc®f N measuredransformationgonsistingof rotations
Rm andn

Input: v, vectordenotingproximal to distal directionin the handTCS

Output: costmetric value

1: /] rst estimatejoint anglesrelative to arbitrary 1 and 3 values

2: Ry, rotationof minimum anglethat aligns z-axis of handTCSto zy,

3: Rt rotationof minimum anglethat aligns z-axis of thumb TCS to z;

4: for eachtime samplek do

5

6

Rj (k) R} Rm (KR}
1(k); 2(k); 3(k) InverseKinematics; (k)) solution with
2(k) 0O

7: end for

8: // updatejoint anglesto referencecon guration

9: Ry Ry Rotation (z; mode( 1))

10: Ry  Rotation (z; mode( 3)) Rt

11: for eachtime samplek do

122 Rj(k) R} Rm (KR}

130 1(k); 2(k); a(k)
2(k) 0O

end for

15: // useorientationparametergo estimatelocation parameters

16: d; pn; Pt

17: /I adjust sign of separationd to describethe proximal-distal relation
betweenFE and AA axes

18: X, X axisof Ry

19:d j djsign(v Xxp)

20: cost CostFunction( 1; 2; 3;d)

21: return _cost

Fig. 4. Pseudocoddor the evaluation of a four-DoF solution family
(zn; z¢) for a givenmeasuredsequencé\,, andsetof n marker trajectories
(Pm1;Pm2; Pmn ).

InverseKinematic®t; (k)) solution with

14:

TABLE |
DENAVIT-HARTENBERG PARAMETERS FOR DESCRIBING THE FUNCTIONAL
CONFIGURATION OF THE CMC JOINT MODEL. THERE ARE THREE
ROTATIONAL AXES WITH NO TRANSLATIONAL DEGREES OF FREEDOM.
SUCCESSIVE AXES ARE MUTUALLY ORTHOGONAL, AS INDICATED BY THE
LINK TWIST VALUES. THE FE AND AA AXES ARE SEPARATED BY JOINT
OFFSET d ALONG THE PS AXIS WHICH IS THE MUTUAL PERPENDICULAR.
THE SKEW BETWEEN THE FE AND AA AXES IS DEFINED BY THE
ROTATION ANGLE 2 ABOUT THE PS AXIS.

link joint  joint angle link length link twist joint offset
number axis a d
1 FE 1 0 5 0
2 PS 2 0 > d
3 AA 3 0 0 0
as:
3
C1CC3  $183 C1GSs §C % ds;
A (K) = 4 S1C2C3 + 013 S+ CiC3 1 dep 5.
j SpC3 $S3 C2 '
0 0 0 1
(10)

Overall, 13 x ed parametersspecifying A, A, and d
describe the CMC joint model, while the values of the
three joint variables at all N time samples describe a
measuredmotion sequencelnsteadof optimizing over the
high-DoF space(An; A¢; d) and solving for the joint angles
to computethe cost metric, we can simplify the searchto
a four-parameterdomainfor (z,;z) by using the measured
motion A, to solve for the remainingnine parametersand
3N joint variables.



2) Joint coorinate systemorientation: We rst consider
the orientationcomponenif the model, becausehe orienta-
tion Ry, isindependenof all locationparametersasseerfrom
Eqg. (9). The orientationsof the joint axesarede ned by only
four numbersspecifying the pair of axis directions(z,; z;).
The FE axis z;, is the z-axis of Ry, the AA rotationaxisz; is
the z-axis of R}, andthe PSaxisis orthogonalto bothz, and
z;. For eachpair (z,;2z), thereis a family of solutionsfor
the six-DoF set(Rp; Rt), wherethe correspondindunctional
joint anglesequence$ 1; »; 3) for a sequencef measured
rotationsR, (k) arefully de ned up to a shiftin thereference
anglefor ; and 3 andasignchangefor ,. Theambiguityin
thesignof » is dueto the factthattherearetwo setsof joints
angles( 1; »; 3)and( 1+ ; 2; 3+ ), correspondingo
ary single matrix R; (k).

We choosea canonicalset of joint angle valuesfrom the
family of solutionscorrespondingo a pair (z,; z;) by selecting
positive valuesfor , and referencecon guration anglesfor

1 and 3 suchthatthe modesof the obsenedanglesequences
arezero (Fig. 4):

mode( 1) = 0 (12)
,> 0 (12)
mode( 3) = 0 (13)

The modeis computedby mappingthe N continuousangle
valuesto a discretesetof 5-deggreeintervals and selectingthe
centervalue of the interval with the maximumfrequeng. In
effect, Eq. (11) and Eq. (13) specify the remainingtwo DoFs
which selecta single six-DoF set (R ; Rt) from a four-DoF
family de ned by (zn;z). The appropriateset (Rp;Ry) is
computedby rst estimatingthe joint angle sequence$rom
anarbitrarychoiceof (Ry; Ry) within the (z,; z;) family and
then shifting the referencecon guration anglesby the modes
of the estimatedsequencegFig. 4, Lines 1-14). Using the
mode of the joint angle sequenceapproximatelycentersthe
angle valuesaround zero and avoids angle valuesnear
Typically, the positive valuesof , selectedby Eq. (12) will
be near+ 5.

Thus, for ary candidateset of axis directions(z,;z;) and
a sequenceof measuredotationsRy, (k), we can compute
a canonicalsix-DoF orientationpair (R ; R;) andthe set of
threejoint variablesequenceé 1; »; 3). The rst partof Fig.
4 reviews this computationin pseudocoddorm.

3) Joint axeslocation parametes: The locations of the
joint axes are de ned by two positionvectorsp, andp; (Eq.
(9)), aswell asthe separatiordistanced. The positionvector
of the measuredransformA,, is a linear function of these
location parametersas derived from Eq. (9):

Pm(K) = pn + Raus(K)d + Ry R; (K)pt (14)
where "
s1(k)
uy(k) = clgk) (15)

Givena candidatesetof orientationg Ry, ; R;) which de ne
the joint angle values, we can solve directly for the loca-
tion values (pn; pt;d) that minimize marker reconstruction

error as a linear least squaresproblem. Each time sample
k provides the following set of equationsfor the positions
(Pm1;Pm2; Pm3) of the threemarlers on the metacarpakey-
ment:

Pm1(K)
pmz(t) =
lIpma() #2 or 3
I3 Rhur RnRj(K) O3 O3 d
I3 Rpuz 03 RhR; (k) 03 2 Pr1 g
I3 Rhup 03 03 Rh RJ' (k) Pt2
3
(16)

wherel s isthe3 3 identity matrixandOz isa3 3 matrix
of zeros.The measurementérom all N time samplesare
combinedin an overdeterminedsystemof equationswhich
is solved in a leastsquaresmannerfor the 13 1 location
parametewnector (pn; d; pr1; Pr2; Pt3)- This completeshe full
speci cationof (An; A¢) de ning the orientationandlocation
of the CMC joint axesandin additionprovidesthe separation
distanced betweenthe FE and AA axes.

Conceptually the axis orientations(z,; z;) are de ned by
two bidirectional lines, but in practice the parameterization
using directedvectorsresultsin multiple equivalent solutions
in the four-DoF spacewhich differ by a sign change.For a
physical interpretationof the separatiordistanced, we denote
d 0 whenthe AA axisis distal to the FE axisandd < 0
when the AA axis is proximal to the FE axis. The middle
section of Fig. 4 (Lines 15-19) reviews this calculationin
pseudocodéorm.

E. Data analysis

We determinedindividual CMC joint models from the
experimentaldataby optimizingthe costmetricde nedin Eg.
(7), whosethreecomponentsnodelprior anatomicknowledge
of the CMC joint. The tuning parametersveresetto , = 5
degrees, ¢ = 5 mm,and 4 = 5 mm. The small value of

2 correspondso small amountsof PSrotation. The positive
value of 4 re ects the anatomicjoint propertythat the AA
axis is distal to the FE axis, and the value of 4 indicates
the expectedvariationin the anatomically-plausiblseparation
distancesWith thesevalues,the cost metric componentsare
of approximatelythe same magnitude,as determinedfrom
sensitvity testsof the parametewvalues.

We alsotestedthreeothercompetingapproachesor deter
mining the axis orientationsof anindividual CMC joint. First,
we considera constantsetof in vitro axis orientationswhich
is appliedto all individuals. Coong et al. [5] measuredhe
CMC axes basedon in vitro bone surface geometryfor 10
cadaers and reportedthe meanorientationsof the trapezium
axes with respectto the hand dorsumcoordinateframe. We
converted the reportedresultsfrom Coong et al. [5] for a
x ed-axisrotation corvention, where joint axes are x ed in
the trapeziumframe, to a moving-axisrotation corventionfor
comparisonto our model, wherethe AA axisis x edin the
metacarpalframe and moves relative to the trapezium.The
joint coordinatesystemreportedby Coong et al. [5] only
de nes the axis orientationbut not the axis locations.We will



calculatethe locationparametersor eachindividual usingthe
joint anglescorrespondingo the setof constanixisdirections
(zn;z;) corvertedfrom the Coone et al. [5] results(further
describedbelow).

Secondwe testan optimizationapproachwhoseminimiza-
tion cost metric is the marker trajectory reconstructionerror
for a three-DoFjoint model. For a candidatesetof joint axis
directions(zn; z;), the full setof threejoint anglesand the
location parametersvere computedas describedpreviously
for our method.The costfor the set(z,; z;) is thencalculated
from thejoint anglesandlocationparameterastheroot-mean-
square(RMS) distancebetweenthe measuredand predicted
marker positionsover all the markersandall time samples.

The third approachwe testedis an optimization of the
marker trajectory reconstructionerror for a two-DoF joint
model.We usethis modelto investigatehow modelconstraints
affect the optimizationof reconstructiorerror. To performthis
optimization, we computedreconstructionerror as follows.
After solvingfor thefull setof threejoint anglesandlocation
parametergyiven a pair (z,;z), the value of , was x ed
to the meanjoint angle. The marker reconstructiorerror was
thencomputedirom the two-DoF joint anglevaluesof ; and

3, the constantvalue of 5, andthe location parameters.

The optimizationmethodusedfor the threeoptimizationap-
proachesvasimplementedn MATLAB (R2006aMathworks,
Inc.; Natick, MA) using the built-in simplex optimization
algorithm fminseach to minimize the cost metric. The four-
dimensionakearchdomainrepresentshe setof axisdirections
(zn;z;). The two numbersfor eachz-axis direction are the
X andy componentof an axis-anglerotation which aligns
the current z-axis to the newv z-axis direction. To improve
the quality of the solution and addressthe problem of local
minima, the searchwas initialized ten times. For eachini-
tialization, the two axis-anglerotationsde ning the directions
(zn;z;) were chosenrandomly from a uniform distribution
of (x;y) pointswithin a circle of radius . This distribution
correspond$o onehemispher®f possiblez-axisdistributions.
The best overall local minimum from the ten initializations

wasselectedasthe nal solutionfor the given datasequence.

Preliminary testing on a small sampleof the available data
determinedhe choiceof teninitializationsto be sufcient for
repeatableoptimizationresults.

For all three optimization approachesthe optimization
techniquewas applied separatelyto the two repetitions of
the calibration movement. The two resulting joint models
were comparedin two-fold crossvalidation where the cost
metric was evaluatedon the motion of one repetition using
the optimizationresultfor (z,;z;) from the other repetition.
The solutionwith the lower cross-alidationcostwasselected
asthe nal singleCMC modelfor the particularsubjecthand.

For eachof the four approachesthe solution for (zy;z;)
was then usedto computethe correspondingoint variable
valuesand the location parametersrom the combineddata
set of both calibration movement repetitions. The average
skew betweenthe FE and AA axes is the mean value of
the PS angle , from the recordedmovement.RoM for all
three joint angleswas measuredas the difference between
the maximumand minimum values,asin Eq. (5). The RMS

marker position reconstructionerror can be computedfrom
the estimatedocationparameterandjoint anglevalues.Note
that for the marker reconstructionoptimization approachof
the two-DoF model,the valueof , is only x edto the mean
joint angle for computingthe cost metric, but for reporting
results,thefull setof varyingvaluesfor ;; »;and 3 is used
for evaluation of the RoM, location parametersand marlker
reconstructiorerror

For the three optimization approachesthe meandirection
of the axes z, and z; was calculatedby representingeach
subject-speci cdirection as a point on the unit sphereand
usingthe sphericalveragingtechniquedevelopedby Bussand
Fillmore [19]. Theresultsfor the left handwere cornvertedto
theright handcoordinateframe, suchthata singledistribution
of axis orientationsincluded results for both handsof all
subjects.The meandirectionz was comparedo the constant
in vitro joint axis direction z; reportedby Cooneg et al. [5].
Inter-subjectvariability is measuredrom the angulardeviation
of an individual axis orientationz relative to the meanaxis
orientationz.

I1l. RESULTS

Optimizing the anatomy-basedaost metric resultedin an
intuitive alignmentof the CMC axes due to the qualitative
characteristicanodeledin the cost metric (Fig. 5). The av-
erageaxis directionsfrom our proposedoptimizationmethod
differedfrom the constanin vitro axisdirectionsby 20 degrees
and 35 degreesfor z, and z;, respectrely (Table Il). The
deviation of a subject-speci caxis to the meanaxis was at
most27 degreesand53 degreesfor z,, andz. In contrastthe
optimizationof marker reconstructiorerrorfor boththe three-
DoF andtwo-DoF joint modelsfailed to consistentlyestimate
anatomically-plausiblalirections. For the reconstructionop-
timization of a three-DoFmodel, the deviation of a subject-
speci ¢ axis was as much as 105 and 96 degreesz;, and z;
respectiely, indicating a lack of consistentaxis directions.
The reconstructionoptimization of the two-DoF model also
resultedin large maximumdeviations of 105 and 95 degrees
for z, andz; respectiely, andthe averagelocationof the AA
axisin the metacarpaframedifferedunacceptablyrom z. by
72 degrees.

For all four approachesthe resulting RoMs (Table IIl)
decreasén orderof FE, AA, andPSmovementasin previous
descriptionsof the functional CMC motion [1]. However, the
RoMs determinedrom our anatomy-basedptimizationwere
the most consistentwith the conceptthat the CMC joint is
predominantlya two-DoF joint. The PSRoM wason average
23 degreesand at most 34 degreesusingour approachwhile
for the other three approacheshe averagewas at least 28
degreesandthe maximumwasat least49 degrees.In addition,
the anatomy-basedptimization measuredoverall larger FE
RoM than the other two models due to the alignment of
the axis orientationsto eachsubjects speci ¢ movement.In
a comparisonof the marker reconstructionoptimization for
a three-DoF model and two-DoF model, the constraintin
the two-DoF model resultsin a smaller PS RoM. Sincethe
optimizationof marker reconstructiorerror for the three-DoF
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Fig. 5. (a,b) CMC joint modelresultsfor our anatomy-basedptimization

approachare representedy averagedirectionsof the FE axis and AA axis
over 48 handsfrom 24 subjectsThe conedenoteghe meanangulardeviation

from the meandirection (Table Il). (c,d) Close-upviews of the CMC joint

modelfor oneexamplesubject.(c) In the radial view, the separatiordistance
betweenjoint axesis nearly orthogonalto the page.(d) In the dorsalview,

the white line highlightsthe separatiordistancebetweerthe FE and AA axis
locations.

model is the least constrainedwith respectto possiblejoint
anglevalues for two individual thumbsthe optimizationresult
with the leastreconstructiorerror occurrednearthe rotation
singularities , = suchthatthe FE RoM andAA RoM were
greaterthan 145 deggrees.

The anatomy-baseaptimization also resultedin models
wherethe FE axiswasalwaysproximalto the AA axis,unlike
the othermodelswhichresultedn the FE axisdistalto the AA
axis for 10%, 35%, and 67%, respectiely, of the thumbsfor
the constantaxis orientationmodel, marker reconstructiorop-
timization of the three-DoFmodel,and marker reconstruction
optimizationof the two-DoF model.Overall, for our anatomy-
basedapproach the separationdistancebetweenthe FE and
AA axes of eachindividual CMC joint model was 4.6 mm
on average,with 1.2 mm standarddeviation acrossall hands.
Themeanvalueof thePSangle ,, representingkew between
the FE and AA axes,was87 17 dggrees(mean standard
deviation) from the positive e xion axisto the positive abduc-
tion axis. AverageRMS reconstructiorerrorfor the calibration
movementwas 2.4 mm per marker, which was only slightly
greaterthan2.2mm, 1.9mm, and2.0 mm for the constantxis
orientationmodel, marker reconstructionoptimization of the
three-DoHoint model,andmarker reconstructioroptimization

of the two-DoF joint model, respectiely.

Repeatabilityof the methodsis measuredy the difference
betweenthe optimized parametewaluesfor the two separate
repetitionsof the calibrationmovement(TablelV). By de ni-
tion, the constantaxis orientationmodelis 100% repeatable
for the axis orientationssinceit modelszerointer andintra-
subjectvariability. In comparingthe three optimization ap-
proachesthe resultingFE axis directionwith maximumRoM
estimatedfrom our anatomy-basedpproachwas repeatable
for atleastan additional31% of the individual handsthanthat
from either of the two marker reconstructionoptimizations.
The differencein repeatabilityof the AA axis with medium
RoM waslessclearwith respecto thereconstructiorapproach
for the two-DoF model. This suggestghat the FE axis with
maximumRoM is more well-de ned thanthe AA axis with
medium RoM. For the relative con gurations of the FE and
AA axes, our anatomy-basedpproachhad the maximum
repeatabilityof all three approachedor valuesof the mean

2 skew angle within 1 degree and the separationdistance
d within 0.5 mm. Overall, our optimizationof the anatomy-
basedcost metric allowed for intersubjectvariation of the
joint axisdirectionsandin additionresultedin improvedintra-
subjectrepeatabilityof the separatiordistanceand skew angle
betweenthe dominantaxes.

IV. DIsSCUSSION

Our method ts a subject-speci cCMC joint model for
evaluatingCMC mobility with respecto axesthatarealigned
to anindividual's particularmotion. The anatomy-basedost
metric re ects the preferencefor consisteng with known
CMC characteristicever purely minimizing the marker recon-
structionerror, which may resultin anatomically-implausible
parameterestimates A corvenientfeature of the methodis
the simpli ed parameterizatiorof the problemsuchthat the
pair of axis orientations(zy;z;) are sufcient to determine
the entire joint model, including axis locations, separation
distancebetweenaxes, and skew angle betweenaxes. The
low-dimensionalparameterizatiorof candidatejoint models
simpli es the compl«ity of the searchspacewhich reduces
the computationalexpenseof the optimization, and a rea-
sonableoptimum solution is found with a small number of
reinitializations.

A. Descriptionof thumbkinematics

Measurementsf thefunctionaljoint anglesacross48 hands
from 24 subjectsshav that CMC mobility canbe describedy
two dominantDoFsof FE rotationandAA rotation.However,
the amountof PSrotationis not necessarilynegligible given
thatthe PSRoM for active movementwas?23 degreeson aver-
ageandashigh as34 degreesfor oneindividual. Investication
of the joint angle trajectoriesfor a subsetof the measured
sequencesdid not nd thatary speci ¢ partof the calibration
motion consistentlyexhibited greaterPS rotation. PS move-
ment was presentthroughoutthe calibration movement,and
the PSRoM differedby only a few degreesbetweenthe four
parts. Our techniqueprovides a way to determinethe two
dominantaxes of rotationwithout precludingmeasuremenf



TABLE I
DISTRIBUTION OF CMC FE AXISAND AA AXIS DIRECTIONS OVER 48 HANDS OF 24 SUBJECTS FOR THE THREE OPTIMIZATION APPROACHES. WE
COMPARE THE MEAN DIRECTION FROM EACH SET OF OPTIMIZED AXES TO FIXED AXIS ORIENTATIONS DETERMINED FROM in Vitro BONE SURFACE
GEOMETRY BY COONEY ET AL. [5]. THE MEAN AND MAXIMUM DEVIATION OF THE OPTIMIZED AXES REFLECT THE AMOUNT OF INTER-SUBJECT
VARIABILITY CORRESPONDING TO EACH MODEL.

Model Angular deviation (degrees)from meanaxis z to
Constantaxis z¢ from Subject-speci caxis z
in vitro joint model, mean [maximum ]

zy (FE) 7t (AA) zn (FE) zt (AA)

Marker reconstructioroptimization,three-DoFmodel 26 7 44[ 105 ] 45[ 96 ]

Marker reconstructioroptimization,two-DoF model 40 72 38[ 105] 38[ 95 ]

Anatomy-basedptimization (our method) 20 34 9[ 27 ] 22[ 53 ]

TABLE 1lI

MEASURED RANGE OF MOTION FOR ACTIVE MOVEMENT OF THE CMC JOINT FOR FOUR MODELING APPROACHES: CONSTANT AXIS ORIENTATIONS FOR
ALL SUBJECTS BASED ON in Vitro MEASUREMENTS [5], SUBJECT-SPECIFIC AXES FITTED FROM OPTIMIZING THE MARKER RECONSTRUCTION ERROR FOR
A THREE-DOF JOINT MODEL, SUBJECT-SPECIFIC AXES FITTED FROM OPTIMIZING THE MARKER RECONSTRUCTION ERROR FOR A TWO-DOF JOINT
MODEL, AND SUBJECT-SPECIFIC AXES FITTED FROM OPTIMIZING AN ANATOMY-BASED COST METRIC (OUR METHOD).

Model Active rangeof motion (degrees)
mean [ maximum]

1 (FE) 2 (PS) 3 (AA)

Constantaxis orientationmodel 69 [ 87] 29 [49] 46 [ 77]

Marker reconstructioroptimization,three-DoFmodel 66 [182] 44 [71] 62 [164]

Marker reconstructioroptimization,two-DoF model 71 [146] 28 [51] 66 [112]

Anatomy-basedptimization (our method) 76 [ 98] 23 [34] 43 [ 69]
TABLE IV

REPEATABILITY OF KINEMATIC PARAMETER ESTIMATES BASED ON THE DIFFERENCE BETWEEN PARAMETER VALUES ESTIMATED FROM TWO SEPARATE
REPETITIONS OF THE ACTIVE ROM CALIBRATION MOVEMENT. THE RESULTS OF USING OUR ANATOMY-BASED COST METRIC ARE COMPARED TO
RESULTS OBTAINED FROM THE CONSTANT AXIS ORIENTATION MODEL REPORTED BY COONEY ET AL. [5] AND TWO OPTIMIZATION APPROACHES WHICH
MINIMIZE MARKER TRAJECTORY RECONSTRUCTION ERROR.

Estimatedparameter Model Percentof handswhere differencebe-
tweentwo estimateds within

Orientationparameters 5degrees 10degrees 20 degrees

z,, (FE axis) direction Constantaxis orientationmodel 100 100 100
Marker reconstructioroptimization,three-DoFmodel 8 25 38
Marker reconstructioroptimization,two-DoF model 33 58 69
Anatomy-basedptimization (our method) 65 94 100

z: (AA axis) direction Constantaxis orientationmodel 100 100 100
Marker reconstructioroptimization,three-DoFmodel 17 27 46
Marker reconstructioroptimization,two-DoF model 31 52 67
Anatomy-basedptimization (our method) 23 54 88

1degree 5degrees 10 degrees

Mean » value, Constantaxis orientationmodel 35 60 92
de ning skew between Marker reconstructioroptimization,three-DoFmodel 4 23 40
FE and AA axes Marker reconstructioroptimization,two-DoF model 27 44 60
Anatomy-basedptimization (our method) 77 88 98
Location parameter 0.5mm 1 mm 2mm
Separatiord between Constantaxis orientationmodel 60 98 100
FE and AA axes Marker reconstructioroptimization,three-DoFmodel 23 52 65
Marker reconstructioroptimization,two-DoF model 44 73 81

Anatomy-baseaptimization (our method) 88 100 100




thePSRoM, aswould be necessarjor previousmodelswhich
assumea priori that the joint hasonly two rotational DoFs.

Our non-irnvasive technique ts a subject-speci cmodelto
motion datawhich samplesthe entire spaceof in vivo CMC
joint con gurations, ratherthan determiningthe axis orienta-
tions from simpli ed movementsrestrictedto, for example,
only exion or circumduction.We found that the AA axis
waslesswell de ned thanthe FE axis, andfuture studiesare
neededo explore whetherthis is explainedby the anatomical
joint constraints.In addition, our method can measurethe
averageskew angle and separationdistancebetweenthe FE
axis and AA axis, and our estimatesfor both valueswere
anatomically-plausible.

B. Crafting a reliable costmetric

Our choiceof optimizationcostmetriccomponentss based
on anatomicCMC joint propertiesratherthana minimization
of only the marlker trajectoryreconstructiorerror as usedin
prior work [14-16. Optimizing the reconstructednarker po-
sitionswasinsufcient for tting ananatomically-meaningful
model,sincetheremay be several candidatesolutionswith low
reconstructiorerror but whosecorrespondingoint angleval-
ues are inconsistentwith functional anatomicaldescriptions.
In addition, using the reconstructiorerror as the cost metric
resultedin decreasedepeatabilityof the estimateckinematic
parametergTable1V). Thelossin the anatomicalplausibility
and repeatability correspondgo only a slight improvement
in the meanRMS reconstructiorerror from 2.4 mm for our
methodto 1.9 mm in the best alternatve we tested.It is
possible that the small scale of the hand complicatesthe
applicability of evaluating only marker reconstructionerror
to t anatomically-meaningfujoint axes, which has been
successfullyaccomplishedor other joints of the body [14—
16).

Ouranatomy-basedpproachallowedusto incorporateprior
knowledge about the CMC joint to solve for anatomically-
plausiblejoint parametersand the resultsof our methoddo
dependon the selectedvalues of the weighting parameters
usedto tune the cost metric. Adjusting the weights,and thus
relative magnitudespf the costcomponentsvill biastheresult
toward joint modelswhich satisfy the modeledconstraintsto
differentdegrees.Our experiencewasthatevenin thereduced
dimensionality of the search space,there may be several
nearoptimum solutionsassociatedvith eachindividual cost
componensuchthatanunbalancedelative weightingmay not
satisfyall of the constraintgeasonablyFor example,choosing

2 = 10 deggreesin our sensitvity testsrelaxesthe constraint
for smallvariationin the PSanglewhich for somesubjectded
to a solutionwherethe AA and PS axes were misalignedto
achieve asmallervalueof f gom . Theparametersf 4 and 4
werealsocritical for weightingthe costmetrictoward positive
valuesof the separationdistancewithout compromisingthe
metrics on the joint angles. Selecting 4 10 mm and

d = 5 mm, for example, did result in larger separation
distancevalues,but the axis orientationswere misalignedfor
a few subjectssuchthat the AA RoM was greaterthan the
FE RoM or the PS RoM was greaterthan the AA RoM.

Given the importanceof selecting appropriateweights for
the optimization, the sensitvity to optimization parameters
might be further investigated using Monte Carlo simulations
to determinethe distribution of possible parametervalues.
In addition, the weighting parametersin this study re ect
prior knowledge of unimpairedCMC joints, and more work
is neededo determinehow to changethe parameterandcost
metric for evaluationof pathologicaljoints.

C. Marker protocol consideations

Although our experimentsusedthe samemarker protocol
for all subjectsfor the purposeof reporting inter-subject
variability with respectto a consistentreferenceframe, the
presentedoptimization framework is generaland can work
with ary arbitrary choice of the hand TCS and thumb TCS
that de ne the con gurations of trapeziumbone and thumb
metacarpabone.Whenusingsurfacemarker techniqueshow-
ever, the marker placementshouldstill be designedcarefully
to minimize systematierror dueto the differencebetweerthe
TCS on the skin surface and the ideal coordinatesystemof
the bone.The quality of the optimizationresultis alsolimited
by the amountof non-rigidity of the marker set.

For our experimentalprotocol, relative motion betweenthe
trapezium bone and the metacarpalbones or betweenthe
secondand third metacarpalbonesare potential sourcesof
systematicartifactsin the TCS measurementSkin movement
relative to the bone also affects the reliability of the TCS
measuremenilVe tried to reducetheseartifactsby spacingout
marker positionsover the sggmentsand directing subjectsto
avoid motion of otherhandjoints during the calibrationmove-
ment. The motion artifacts may be interpretedas additional
rotation or translationof the coordinateframes,but our re-
sultssuggesthat the optimizationmethod nds anatomically-
plausible orientationsof the joint axes which can be used
to reasonablyevaluate the joint RoM. Further investigation
is required to determinethe robustnessto additional skin
artifactsresultingfrom more functionally-relerant calibration
movementswhich include motion of the otherhandjoints.

Anotherpoint of cautionis that the costmetric component
modeling the varianceof the PS angle and the leastsquares
estimateof the location parametersare sensitve to outliers
in the marler trajectories.The perturbationdue to outliers
was reducedby omitting ary time sampleswith occluded
markers ratherthan manually lling the trajectorygaps.This
was possiblesinceour methodrequiresonly a setof multiple
CMC joint con gurationsthatis not necessarilya continuous
motion trajectory In addition, the least squaresestimateof
the location parametersisesthe positionsof multiple marlers
on the thumb metacarpalinsteadof only the single marker
denotingthe thumb TCS frame origin. While this doesnot
accountfor systematicerroraffectingthe entiremarker set,we
areableto estimatethe parameterslescribingthe locationand
separationbetweenjoint axes which are consistentwith the
CMC joint anatomyevenin the presencef skin deformation.

D. Extensiondor further study

Although we use one specic DH parameterizationof
the motion transform A;, the method can be adaptedfor



other representation®f three sequentialrotations about the
coordinatesystemaxes.In all caseghe orientationof thejoint
axes are independenbf the position parameterf the joint
model.Regardlessof the orderof coordinateaxesrotationused
to parameteriz&; , onecolumnvectorof Ry, denoteshe rst

axis of rotationandonevectorin R} denoteghe third axis of
rotation. Thus, the reducedfour-DoF parameterizatioffior the
joint axes can be usedwith other rotation conventions.

Our method solves for a set of joint axes which are
alignedto an individual's patternof motion, andit is suitable
for objectvely and non-irvasively measuringthe CMC joint
mobility from the three joint angle RoMs. In addition, the
method can be usedin a skeletal- tting procedureto auto-
matically constructa subject-speci ckinematic hand model
for applicationssuchashapticinterfacesyvirtual rehabilitation
systemsand computergraphics.The developedframework is
not limited to surfacemarler techniquesasit canaccommo-
dateary experimentattechnologywhich measureshe relative
transformbetweena TCS de ning the trapeziumframeanda
TCS de ning the thumb metacarpabone frame. A potential
avenuefor further researchis to usethe optimizationmethod
togetherwith medicalimaging techniquesvhich measurehe
bone con gurations directly to investigate the relationship
betweenthe axesderived from the motion patternandthe axes
de ned by bonesurfacegeometry The estimationof the joint
axes orientation and location parameteramay then be used
for periodic evaluation of the bone surface wear soft tissue
deterioration,and changesn thumb mobility.

ACKNOWLEDGMENT

The authorsthank Justin Macey for his assistancewith
the dataacquisitionand Moshe Mahler for creatingthe hand
models.

REFERENCES

[1] I. A. Kapandji, The Physiol@y of the Joints 2nded. Edinturgh: E &
S Livingstone, 1970, vol. 1.

[2] T. Imaeda,K.-N. An, and W. P. Coong, “Functional anatomy and
biomechanic®of the thumb” Hand Clin., vol. 8, no. 1, pp. 9-15,1992.

[3] A. Hollister, W. L. Buford, L. M. Myers, D. J. Giurintano, and
A. Novick, “The axes of rotation of the thumb carpometacarpgbint.”
J. Orthop. Res, vol. 10, no. 3, pp. 454—460,May 1992.

[4] V. J. Santosand F. J. Valero-Cusgas, “Reportedanatomicalvariability
naturally leadsto multimodal distributions of Denavit-Hartenbeg pa-
rametersfor the humanthumb” IEEE Trans. Biomed.Eng, vol. 53,
no. 2, pp. 155-163,February2006.

[5] W. P. Coong, M. J. Lucca, E. Y. Chao,and R. L. Linscheid, “The
kinesiologyof the thumbtrapeziometacarpgbint.” J. BoneJoint Suig.
Am, vol. 63, no. 9, pp. 1371-1381Decemberl981.

[6] J.H. Coert,H. G. van Dijke, S. E. Hovius, C. J. Snijders,and M. F.
Meek, “Quantifying thumb rotation during circumduction utilizing a
video techniqué. J. Orthop. Res, vol. 21, no. 6, pp. 1151-1155,
November2003.

[7] X.Zhang,P. Braido,S.W. Lee,R. Hefner andM. Redden;'A normatie
databasef thumb circumductionin vivo: centerof rotationand range
of motion” Hum. Factors, vol. 47, no. 3, pp. 550-561,2005.

10

[8] L. Cheze,N. Doriot, M. Eckert, C. Rumelhart,and J. J. Comtet,“[In
vivo cinematicstudy of the trapezometacarpgbint] (in French); Chir.
Main., vol. 20, no. 1, pp. 23-30,February2001.

[9] P Ceneri, E. D. Momi, N. Lopomo, G. Baud-Bay, P. Pajardi, and

G. Ferrigno, “In-vivo estimationof the kinematic parametersof the

trapezio-metacarpgbint using surface markers, J. Biomed., vol. 39,

no. Supplementl, p. S82,2006.

F. J. Valero-Cusas, M. E. Johansonand J. D. Towles, “Towards a

realistic biomechanicalmodel of the thumb: the choice of kinematic

descriptionmay be more critical than the solution methodor the vari-

ability/uncertaintyof musculoskletalparameter$.J. Biomed., vol. 36,
no. 7, pp. 1019-1030July 2003.

D. J. Giurintano,A. M. Hollister, W. L. Buford, D. E. Thompson,and
L. M. Myers,“A virtual ve-link modelof thethumb” Med.Eng Phys,

vol. 17, no. 4, pp. 297-303,June1995.

J. A. Katarincic, “Thumb kinematicsand their relevanceto function®

Hand Clin., vol. 17, no. 2, pp. 169-174,May 2001.

P. W. Brandand A. Hollister, Clinical Medchanicsof the Hand, 3rd ed.
St. Louis, MO: C.V. Mosby, 1993, pp. 121-122.

H. J. Sommerand N. R. Miller, “A techniquefor kinematic modeling
of anatomicaljoints;’ J. Biomed. Eng, vol. 102, no. 4, pp. 311-317,
1980.

A. vandenBogert,G. D. Smith,andB. M. Nigg, “In vivo determination
of the anatomicalaxes of the ankle joint comple: an optimization
approachi. J. Biomed., vol. 27, no. 12, pp. 1477-1488,1994.

J.A. Reinbolt,J. F. Schutte B. J. Fregly, B. I. Koh, R. T. Haftka, A. D.

Geoge, and K. H. Mitchell, “Determinationof patient-speci cmulti-

joint kinematic models through two-level optimization J. Biomed.,

vol. 38, no. 3, pp. 621-626,2005.

C. M. Bishop, Pattern Recgnition and Machine Learning New York,

NY: Springer 2006, pp. 21-28.

M. W. Spong,S. Hutchinson,and M. Vidyasagr, RobotModelingand
Contol. Hoboken, NJ: JohnWiley & Sons,Inc., 2006,ch. 3.2.

S. R. Bussand J. P. Fillmore, “Spherical averagesand applicationsto

sphericalsplinesandinterpolatior’, ACM Trans.Graph, vol. 20, no. 2,

pp. 95-126,April 2001.

(20]

(11]

(12]
(13]

(14]

(15]

(16]

[17]

(18]

(19]

Lillian Chang received the M.S. degreein robotics
from Carngjie Mellon University in 2006. She is
currently working toward the Ph.D. degree at the
Robotics Institute at Carngyie Mellon University.
Her researchnterestgncludebiomechanicamodel-
ing of the hand,dexterousmanipulationin humans,
and control of anthropomorphiaobotic manipula-
tors. She receved a National ScienceFoundation
GraduateResearch-ellowship in 2004.

PLACE
PHOTO
HERE

Nancy Pollard is an Associate Professorin the
RoboticsInstituteandthe ComputerScienceDepart-
ment at Carngjie Mellon University She receved
her PhD in Electrical Engineeringand Computer
Sciencefrom the MIT Arti cial Intelligence Lab-
oratory in 1994, where she performedresearchon
grasp planning for articulatedrobot hands.Before
joining CMU, Nang/ was an Assistant Professor
andpart of the ComputerGraphicsGroupat Brown
University Shereceved the NSF CAREER award

PLACE
PHOTO
HERE

in 2001 for researchon 'Quantifying Humanlike
Enveloping Grasps'and the Okava ResearchGrantin 2006 for “Studies of
Dexterity for ComputerGraphicsand Robotics:



