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Valero-Cuevas, Francisco JPredictive modulation of muscle coor-fingertip force magnitude. The coordination of finger muscu-
dination pattern magnitude scales fingertip force magnitude over fagure is redundant because fingers have sufficiently more

5ers hawe suffciently mord muscles than Jonts such that every USCles than Joints. As a resut, every fingertip force of sub-
gertip force of submaximal magnitude can be produced by an infinf?%axmal magnitude can in theory be produced by an infinite

number of muscle coordination patterns. Nevertheless, the nervélmber of different, yet functionally equivalent, muscle coor-
system seems to effortlessly select muscle coordination patterns wlépation patterns (Chao and An 1978; Valero-Cuevas et al.
sequentially producing fingertip forces of low, moderate, and maximh998). Even the common task of grasping, lifting, and placing
magnitude. The hypothesis of this study is that the selection g@bjects requires selecting an appropriate sequence of muscle
coordination patterns to produce submaximal forces is simplified Byordination patterns to modulate fingertip force magnitudes
the appropriate modulation of the magnitude of a muscle C‘?ord'”a“q%tween zero (when the fingertips first come in contact with or
pattern capable of producing the largest expected fingertip forceé&ases the object) and the magnitude necessary to lift the
]

each of three directions, eight subjects were asked to sequenti . ) .
produce fingertip forces of low, moderate, and maximal magnitu@)€ct- Thus the control of finger musculature during grasping

with their dominant forefinger. Muscle activity was described bgould be simplified by a motor strategy that did not require
fine-wire electromyograms (EMGs) simultaneously collected from adopting a different muscle coordination pattern for each level
muscles of the forefinger. A muscle coordination pattern was definefl submaximal fingertip force magnitude. One such simplify-
as the vector list of the EMG activity of each muscle. For all forcgng motor strategy would be to implement a muscle coordina-
directions, statistically significant muscle coordination patterns sinjon pattern capable of producing the largest expected fingertip
were found for 50% of maximal voluntary force. Furthermore thg,ar magnitudes. Unfortunately the lack of direct methods for

coordination pattern and fingertip force vector magnitudes we : : e
highly correlated{ > 0.88). Average coordination pattern vectors %ﬁcordlng descending motor commands has made it difficult

50 and 100% of maximal force were highly correlated with each oth E)th to describe complete T“”SC.'e coordination p_atterns_ for
as well as with individual coordination pattern vectors in the ramiy'9er musculature and to identify motor strategies during
transitions preceding them. In contrast to this consistency of EMéRgertip force production. Luckily there are practical tools that
coordination patterns, predictions using a musculoskeletal comput&n describe these patteiingdirectly, as intramuscular electro-
model of the forefinger show that force magnitudes0% of maximal myograms (EMGs) can characterize descending motor com-
fingertip force can be produced by coordination patterns drasticaiyands to multiple finger muscles (Basmajian and De Luca
different from those needed for maximal force. Thus when modulatiq_c985)_

fingertip force magnitude across the voluntary range, the number ofrg date, no EMG study has reported subject-independent

contributing muscles and the relative activity among them was ngfscle coordination patterns for the modulation of fingertip
changed. Rather, the production of low and moderate forces seem

be simplified by appropriately scaling the magnitude of a coordinatitfﬂi%e mta%nltude _c()jver thfh vtoltl;]ntary f[anlge% ngchdhats fbeen
pattern capable of producing the highest force expected. interpreted as evidence that the control of redundant finger

musculature may be idiosyncratic and variable. EMG has been
used to study the activity of different muscles during the
production of low fingertip forces (Close and Kidd 1969; Long
INERCGEUCTION et al. 1970; Maier and Hepp-Reymond 1995a,b) and of mod-
defate and maximal voluntary fingertip forces (MVF) of the

Task-specific motor strategies have been hypothesize )
simplify the coordination of redundant musculature to redudBUMP (Chao et al. 1989; Cooney et al. 1985). The lack of
nsistent coordination patterns in these studies is not neces-

delays and improve performance in the nervous system (Beﬁ‘? : . o . ; .
stein 1967). However, in the case of the redundant musculatgfsily evidence of idiosyncratic motor strategies during ramp-

of the fingers, little attention has been paid to the basic questigRd-n0ld force tasks. Various experimental limitations may
of how a muscle coordination pattern is selected from a lar ve rendered the experimental task ambiguous or introduced

pool of valid alternatives to achieve a specific submaxim Priability_into the EM.G recordings. Because the digits have
ree flexion mechanical degrees-of-freedom, the distal pha-

The costs of publication of this article were defrayed in part by the payme#ﬂnx C.an impart a torque to an Ob]eCt in ContaCt with it (I'e"
of page charges. The article must therefore be hereby magdaftisemerit  1NGErtip torque) independently of the_ force it produces. Thus
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ previous force measurement techniques may confound the
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interpretation of EMGs because the compliant and high-fricauscle coordination patterns that can produce fore88% of

tion interface between the bare finger pad and dynamometeaximal magnitude. The hypothesis was tested for three fin-
allow production of fingertip torque, which is not measuredjertip force directions by comparing the variability among
and latitude in the direction of force application. In additionEMG coordination patterns that subjects used to span the
finger (Mathiowetz et al. 1985; Weightman and Amis 19823)oluntary range of fingertip force magnitude with the variabil-
and wrist (O’Driscoll et al. 1992) posture affect finger mecharity among different coordination patterns predicted by the
ics and muscle fiber length, which influence muscle force anabdel to produce fingertip forces50% of maximal magni-
EMG output (Zajac 1992). Similarly, the high EMG scattetude. The hypothesis would be supported if similar EMG
reported for fingertip forces of low magnitude (Maier andoordination patterns were used by the subjects to span the
Hepp-Reymond 1995a) underscores that factors particularviuntary range of fingertip force magnitude, yet the model
low force production may obscure the detection of mot@howed that substantially different coordination patterns could
strategies. These include the nonlinearities at the low end of tieve been used to produce fingertip forcess50% MVF
force-EMG curve (Basmajian and De Luca 1985; Lawrenamagnitude. If confirmed, this hypothesis would be an example
and De Luca 1983) and the stronger variability in the relationf a task-specific motor program for the coordination of redun-
ship between EMG and force caused by other modulatinignt muscles.

factors such as the influence of peripheral receptors (Garnett

and Stephens 1981). Such factors may explain the inconsissTHobDs

tency in reported maximal tip and key pinch forces [19 to 106 | .

N (Mathiowetz et al. 1985: Weightman and Amis 1982)] angUPiects

EMG patterns (Close and Kidd 1969; Long et al. 1970; Maier Eight right handed individuals (6 female, 2 male; age=27® yr;

and Hepp-Reymond 1995a). Furthermore these studies did metin+ SD) with no history of hand injury or dysfunction partici-
simultaneously record from all muscles of the digit in questiopated. Before participation, each subject read and signed a consent
and therefore do not describe complete muscle coordinati@fim approved by the Medical Committee for Protection of Human
patterns. In a previous study designed to isolate fingertip foredbiects in Research at Stanford University.

magnitude from direction and fingertip torque while standard-

izing forefinger posture (Valero-Cuevas et al. 1998), we r&xperimental production of fingertip forces

portgd subject-lndepende_nt muscle cporquﬂon patterns foTn a manner similar to that previously reported (Valero-Cuevas et
maximal voluntary fingertip forces. This consistency of cooky 1998), subjects produced fingertip forces by ramping from 0 to
dination patterns is evidence of intersubject consistency ©do, MVF, to 100% MVF and back to 50% MVF while maintaining
motor strategies for static ramp-and-hold force production. Thigeir forefingers in a standardized posture, Fig. 1. Subjects placed their
analysis of these coordination patterns, using a three-dimésrearm in a trough, wrapped their dominant right hand around a fixed
sional musculoskeletal computer model of the forefinger, indlowel to isolate forefinger function. Subjects generated three maximal
cated that these coordination patterns were mechanically fiefinger forces in the dorsal, palmar, and distal, directions in ran-
vantageous. This suggests that mechanical principles I-r@vmz.ed order while maintaining the standard posture. TheostanQard-
govern the selection of muscle coordination patterns. Howev d finger posture was defined as neutral ad-abduction, 45° flexion at

: S etacarpophalangeal and proximal interphalangeal joints, and 10°
m%d(g:jatgo;[of(t:ggy muscle coordination patterns for low ar\‘?iexion at distal interphalangeal joint. The forefinger did not rest

Another indirect method to elucidate motor strategies in
redundant systems such as the fingers is musculoskeletal com-
puter modeling (Chao and An 1978). Musculoskeletal com-
puter models can numerically predict coordination patterns that
fulfill specific functional requirements during the simulated
performance of a task. Similarly, musculoskeletal models of
redundant systems can explicitly predict a variety of valid
muscle coordination patterns for a specific task. The predicted
variability among these functionally equivalent muscle coor-
dination patterns then can provide valuable insight into the
nature and extent of the redundancy of control of finger mus- | oy friction force-sensing surface
culature. To date, no three-dimensional musculoskeletal model against dorsal brass bead
that includes a”. finger muscles has been used to explore thﬁe. 1. Experimental paradigm allowing subjects to modulate fingertip
redundancy of finger motor control. force magnitude while maintaining fingertip force direction constant. In a

This study examines the hypothesis that the selection mnner previously described (Valero-Cuevas et al. 1998), subjects placed their
muscle coordination patterns to span a broad range of fingel"tﬂbt forearm in a trough and wrapped their dominant right hand around a fixed

; e ol s ; ; wel to isolate forefinger function. Each subject placed their forefinger in
force magthdeS IS S|mpI|f|ed by approprlately mOdU|atmg tHg) tral ad-abduction with 45° flexion at the metacarpophalangeal and proximal

. ! e
Coordma_t'on pattern capable of pr.oducmg the IargeSt expecf rphalangeal joints, and 10° flexion at the distal interphalangeal joint with
force. Simultaneous EMG recordings from all seven muscl@® forefinger not resting against the middle finger. The wrist of each subject
of the forefinger are used to estimate muscle coordinatioms in full extension and neutral radial deviation. In each 10-s trial, subjects
patterns during the sequential production of fingertip forde EoebG R e i e beads embedded n the custor
0 0 :
frogn 0 to 50% MVF, .from 5.0 to 100% MVF, and from 100 tomolded thimble and the force-sensing surface guaranteed that as long as the
50% MVF. A three-dimensional, seven-muscle musculoskelger maintained its posture, fingertip forces were directed in the desired

tal computer model is used to predict the variability amondirections.
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against the middle finger. The wrist was held in full extension an@orrelation between force and coordination pattern vector
neutral radial deviation by the trough and dowel without requirinmagnitudes

straps. Subjects wore custom thimbles made of thermoplastic splintingl_ . ) ]

material (MaxD, North Coast Medical, Morgan Hill, CA) with 5-mm he Euclidean magnitude (defined as the square root of the sum of
brass balls that defined the directions of force production. A 6-axgguares of the elements of the vector) of every fingertip force and
dynamometer (Gamma F/T Transducer, ATl Industrial Automationmusc'e coordination pattern vector was calculated at every sample of

Garner, North Carolina; 0.1 N resolution in force axes) was position&e"Y trial. In this way, as shown in FigBdthe time histories of the
and rigidly held by a 6-DOF robot arm (Puma 260; @& Unimate, vector magnitudes of fingertip force and muscle coordination pattern

Faverges, France; 0.5-mm position accuracy) such that one ball ere_o_btained for each trial. Th_e Pearson product-moment correlation

time camé in cont,aci with the low-friction surface of the dynamo % Efcient between these two time histories was calculated and aver-
- L . - ed across trials. Similarly, the correlation coefficient between the

eter. The friction characteristics of the contact required finger forcg}él e histories of fingertip force vector magnitude and EMG level for

be directed within 16° of the surface normal for the ball in contact n ch musclevas calculated and averaged across trials

to slip. Fingertip torque had to be zero for the thimble not to rotaté '

about the contact point. In each 10-s trial, subjects were asked to . )

sequentially achieve and hold three fingertip force plateaus (50, 182€finition of force plateaus and transition regions

and 50% of MVF, in that order) fo2 s under concurrent visual and ' .
. ! Force plateaus were defined at the first 50% MVF level, at the
0, 0, !
auditory feedback of the 50% MVF and 100% MVF targets (se 0% MVF level, and at the second 50% MVF level of each trial

diagram in Table 1). Two sessions were run on separate days. In 1. 2). Each plateau was defined as a 750-ms window centered on

first session, the experimental set-up was adjusted to the dimensign . . X
of the subject’'s hand, and a test trial was done for each direction q h of the three periods in which force was held level. For each

. . rfal, transition regions a, b and c were defined, respectively, from
estimate the starting 100% MVF target. The programmable robot a 2 . o .
quickly positioned and rigidly held the force-sensing surface agaigﬁ% e 0 to the beginning of the first 50% plateau; from the end of the

. . : . rst 50% to the beginning of the 100% plateau; and from the end
the appropriate aspect of the fingertip, and subjects performe o L9 o
battery of three trials in each of the three directions in randomiz Qﬁdligo.gg?etg;s beginning of the second 50% plateau (see the
- o .
order. Subjects were encouraged verbally to exceed the 100% M The average fingertip force vector within each plateau was defined

target in every trial to maximize their force production. If exceede averaging each of the three fingertip force componerfis;,
0 i i i i fiS; g,
the 100% MVF targets were increased automatically for that directi o fzavg}T' Similarly, the average muscle coordination pattern

and the new maximal value used in all subsequent trials. The maxi val - .
force values recorded in the first session were used as the starii g)r V.V'th'rll e?ch plateﬁu was Ide;med assthe ellzvlerageEgormallzed
targets for the second session and also were adjusted upwar 91 S'QB?S |r30|m eTa?VaI?rchf(C:Lejévg?%t al ai'ggg) avg avg
exceeded during the second session. In the second session on avo Dlavg Plavet ) )

following day, fine-wire EMG was recorded simultaneously from all

muscles of the forefinger while subjects repeated the battery of trigl@rrelation between fingertip force vectors at different levels
in a new randomized sequence. of fingertip force magnitude

To determine the consistency of force direction during modulation

Electromyography of force magnitude, the degree of alignment between average fingertip

force vectors at different force plateaus was quantified by the square

Fine-wire intramuscular electrodes were placed in all muscles and

muscle slips acting on the forefinger using previously reported techs Force Plateaus
niques (Burgar et al. 1997). The muscles of the forefingerflarer 1st50% 100% 2nd 50% ; 750 ms
digitorum profundugFDP), flexor digitorum superficialigFDS), ex- - o 1. s o
tensor indicis propriugEl), extensor digitorum commun{&C), first
lumbrical (LUM), first dorsal interosseougDl), and first palmar
interosseougPl). EMGs were 100 Hz to 20 kHz band-pass filtered,
amplified, full-wave rectified and smoothead< 20 ms), and digitized
at 200 s/S. The EMG signals from each muscle were normalized b
dividing by the largest EMG level found during maximal voluntary $
contractions of that muscle. Maximal voluntary contractions of indi-g
vidual muscles were done immediately before and after fingertip forca:
production with the forefinger braced in the same posture used for
fingertip force production (Burgar et al. 1997; Valero-Cuevas et al.
1998). This normalization allowed the description of the level of EMG
activity of each muscle as a value between 0 and 1. The presence of
multiple fine-wire electrodes does not significantly affect fingertip
force production (Burgar et al. 1997).

Distal Force (|

Definition of fingertip force vectors and EMG coordination
pattern vectors

FIG. 2. Representative sample trial of distal force and fine-wire electro-

For every sample of every trial (200 S/s over 10 s make 2 Ogg/ographic (EMG) recordings from the 7 muscles of the forefinger. In each

sample po!nts per trial), the three force qomponents recordgd by lateaus (50, 100, and 50% of maximal voluntary fingertip force, in that order)
force-sensing surface were gsse.m.bled into a three-dimensional {ifzer concurrent visual and auditory feedback. Force and normalized EMG
gertip force vector fx, fy, fz}*. Similarly, the seven EMG signals signals were each averaged over 750 ms of each force plateau. Three trials in
from individual muscles were assembled into a “coordination pattegach of 3 force directions (dorsal, palmar, and distal) were collected in
vector” {FP, FS, El, EC, LUM, DI, PI}". randomized order.

-s trial, subjects were asked to sequentially achieve and hold 3 fingertip force
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TABLE 1. Degree of alignment among 3-dimensional fingertip force and among 7-dimensional coordination pattern vectors

Force Direction

Comparison Dorsal Palmar Distal
Force vectors
1:2 0.9976*+ 0.0032 0.9983+ 0.0020 0.9988+ 0.0014
1:3 0.9948+ 0.0163 0.9985- 0.0019 0.9983+ 0.0026
2:3 0.9930+ 0.0236 0.9983+ 0.0019 0.9982+ 0.0039
a:l 0.9908+ 0.0174 0.9909 0.0314 0.9831 0.0653
b:2 0.9811+ 0.0456 0.9972+ 0.0025 0.9976+ 0.0033
c:3 0.9786+ 0.0506 0.9968= 0.0063 0.9919 0.0400
CP vectors
1:2 0.9747+ 0.0194 0.9854+ 0.0140 0.9835- 0.0154
1:3 0.9682+ 0.0349 0.9816= 0.0208 0.9825+- 0.0206
2:3 0.9739+ 0.0207 0.9823 0.0164 0.9814+ 0.0196
al 0.9751+ 0.0198 0.9692+ 0.0336 0.9781 0.0267
b:2 0.9589+ 0.0360 0.9729 0.0210 0.9717 0.0229
c:3 0.9640+ 0.0262 0.9780= 0.0190 0.9758 0.0191

Values are means SD. Comparisons are made between force plateaus (number:number), and between transition regions and subsequent force pla
(letter:number). See legend below. CP, coordination pattern.

2
~ 100 o
= 1 5 0% NL 3
£S5 504 cummmm o
%, 3 st 50% 2nd 50%

10s
1, 2, 3: Force plateaus
a, b, ¢: Transition regions

root of the dot product of their unit vectors. This measure of alignme8tatistical analysis of muscle coordination patterns at each

is provided by the correlation coefficient between two unit vectofgrce plateau

(Klecka 1989; Strang 1980), denoted by a value between 0 (perpen-

dicular) and 1 (parallel). These correlation coefficients are labeled 1:2for each force plateau in each force direction, average muscle

1:3, and 2:3 in the top half of Table 1. coordination pattern vectors from all subjects were pooled, and re-
The consistency of fingertip force vector direction between trangi€ated-measures ANOVA was used to test for differences among

tion regions and subsequent force plateaus was calculated similag)Y/G signals from individual muscles (Valero-Cuevas et al. 1998).

First, the unit vector of the fingertip force vector at each digitizet €N @ significant difference was found, Turkey-Kramer post hoc

sample in the transition region was calculated. Second, the square '[évisg colmpatrli.so?ﬁ were used to :igsttfor sigtrtﬂficant grtoupir:g?hgf
of the dot product of each of these unit vectors with the unit vector o Zlgrzissc\lﬂg clcr)]or d?ni\{gr?gp?a(t:t%% 'PO"J: 'Z';Cpha ;{22 \:jeife?::i%nnwag
the average fingertip force vector at the_gubseq_uent force pIaFeau ! gcribed statistically in absolute terms as the ranking of muscles by
calculated and averaged for each transition region of every trial. Al G level (Valero-Cuevas et al. 1998). This ranking succinctly
third, these average correlation coefficients were averaged ac GRveys the coordination pattern by indicating the statistical differ-
subjects and force directions. These correlation coefficients are lai-os’in excitation levels among muscles.

beled a:1, b:2 and c:3 in the top half of Table 1.

Prediction of muscle coordination patterns capable of
Correlation between muscle coordination pattern vectors atproducing 50% of maximal fingertip force magnitude

different levels of fingertip force magnitude ) , ) ) .
A previously validated three-dimensional, seven-muscle, four-joint

When the excitation of a muscle is represented as a value betw8gsculoskeletal computer model of the forefinger was used to predict

0 and 1 along an axis, a muscle coordination pattern vector can $erent muscle coordination patterns that can produce 50% of max-
thought of as a point in seven-dimensional “muscle space.” Thdal biomechanically possible fingertip force (Valero-Cuevas et al.

every muscle coordination pattern vector can be thought of as havi 8). The model is a matrix equation that relates coordination pattern

a magnitude and direction in seven-dimensional muscle space. Thef g?é?\ttr%ljlsncgllgr(t:lgorgirr?gtig?\Ctg;tsérIQ?hQ%ienl V‘r’gzulézegog/o cﬂr%j;it_
fore the correlation coefficient (i.e., degree of alignment) betwe P P .

s ; mal fingertip force, consistent with the 50% MVF force plateaus and
average muscle coordination pattern vectors at different force plateﬁHaer posture of the experimental part of this study
also was calculated by thg square root of the dqt product of thelr UNitTha model uses computational geometry to identify coordination
vectors. As was done for fingertip force vectors in the preceding texhterns that can produce maximal and submaximal fingertip forces in
the correlation coefficients between muscle coordination pattern veCzpecific direction as previously described by Valero-Cuevas et al.
tors at different force plateaus were calculated and labeled 1:2, 18998). Briefly, the excitation of a muscle is modeled as a value
and 2:3 in the bottom half of Table 1. Similarly, the correlatiometween 0 and 1 along an axis. By assembling as many orthogonal
coefficients of muscle coordination pattern vectors in a transitigfxes are there are muscles, a modeled muscle coordination pattern
region with the average muscle coordination pattern vector in thector also can be thought of as a point in seven-dimensional muscle
subsequent plateau were calculated, averaged, and labeled a:1, b:Z3pade. Furthermore every possible muscle coordination pattern vector
c:3 in the bottom half of Table 1. is contained in the positive seven-dimensional hyper-cube of sides of
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A FP FS EI EC LUMDI PI B FP FS EI EC LUMDI PI
1.0 070 0. 084 0. 056 0. 05 0350 042 0. 028 0

4 Flngertl? 10 50% max palmar =
g ) o,
Feasible force 5% vy +45% Vg
polyhedron vertex
; % maximal -
*__Feasible force 5;{; arforce\ 7
polyhedron boundary P \
max. palmar = |
0, 0, N
10% v, + 90% vg
o 9
v
6 v tMaXimaI
V7 palmar force V7
C FP FS EI EC LUM DI PI D FP FS EI EC LUMDI P
0.59 0.40 0.68 0.68 0.12 0.43 0.12 0.51 0.36 0.43 043 0. 0.33 0.04

> . v

50% max palmar =
12% v, + 56% Vg

50% max palmar =
48% v, + 43% Viq

V7

Fic. 3. Graphic interpretation of muscle redundancy for submaximal forces. A previously validated model describes the
“feasible force polyhedron,” which predicts the maximal fingertip forces that are biomechanically possible in the plane that includes
the dorsal, palmar, and distal fingertip forces studied (Kuo and Zajac 1993; Valero-Cuevas et al. 1998). Every fingertip force of
maximal magnitude (point along boundary) is produced by a unique muscle coordination pattereximal palmar force. In
contrast, every point inside boundary, i.e., a submaximal force, can be achieved by an infinite number of different muscle
coordination patterns. Three sample of coordination patterns capable of producing 50% of maximal palmar force are calculated as
linear combinations (i.e., vector sum) of some of its 12 verti@susing vertices 7 and 8, which is simply produced by setting
coordination pattern that produces the maximal palmar force at half magn@udsing vertices 1 and ®: using vertices 7 and
11. Excitation pattern for each valid solution then was found by applying the same vector sum to the 2 coordination patterns of the
force vertices used and are shown next to each case. All 99 coordination patterns predicted for 50% of maximal fercedsge
are summarized as excitation level histograms for each muscle in Fig. 6.

length one. Its 128 vertices define the boundary of the hyper-cubeTavelve of the 46 fingertip force vectors define the boundary of the
functional specification of fingertip force direction and fingertigeasible force polyhedron that specifies the biomechanical limit on
torque magnitude is interpreted geometrically as a constraint pldiggertip force magnitudes (FigA3 (Chvaal 1983; Valero-Cuevas et
that contains all possible coordination patterns that satisfy the furad- 1998). The distance from the origin to a point on the boundary of
tional constraint. Thus, the region of the hyper-cube that satisfies thlé feasible force polyhedron in a given three-dimensional direction is
constraints is the intersection of all such hyper-planes with the hyperoportional to the maximal fingertip force that can be produced in
cube. Computational geometry algorithms (Avis and Fukuda 199t direction (Fig. 3). Because every point along a face of the
identify 46 vertices that describe the region of the hyper-cube cdmeundary is uniquely defined by the weighted sum of the vertices that
taining all possible muscle coordination patterns that produce fingertipfine that edge, every maximal fingertip force (i.e., point on the
forces with zero medial-lateral force and zero fingertip torque corheundary) also is produced by a unique muscle coordination pattern
ponents. These functional constraints on fingertip force direction af@hao and An 1978; Kuo and Zajac 1993; Spoor 1983; Valero-Cuevas
torque are equivalent to those imposed on subjects when produoitgal. 1998). In contrast, points internal to the boundary can be
palmar, dorsal, and distal fingertip forces. Multiplying all 46 coordiproduced by different vector sums of vertices. Thus a geometric
nation pattern vertices through the musculoskeletal model matinterpretation of redundancy of control of finger musculature is that
equations resulted in 46 fingertip force vectors (GhVal983). every submaximal force, i.e., point internal to the boundary, can be
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achieved by more than one vector sum of force vertices. Figureducing fingertip forces of different magnitudes. Average coor-
B-D, shows three such solutions for palmar force using force verticgfation pattern vectors were correlated highly between
from the boundary. The coordination pattern that achieves each of Hlﬂteaus (in excess of 0.96; see comparisons labeled 1:2, 1:3,
vector sums of force vertices then is found by applying the sam@q 2:3 in the bottom half of Table 1) as were coordination
vector sum to the unique coordination patterns associated with r‘%’ﬁttern vectors in the transition regions with the average coor-

force vertices used (see Fig. B-D). A combination of two force . ti it tor in th b tf lat .
vertices is considered biomechanically valid if the coefficients of the(ﬂJna ion pattern vector in the subsequent force plateau (in

vector sum and the resulting muscle excitations are positive val@écess of 0.95; see comparisons labeled a:1, b:2, and c:3 in the
between 0 and 1 (i.e., fingertip forces and tendon tensions act oniyd@ttom half of Table 1). The high correlation between mea-

their positive sense). sured coordination pattern vectors at different force magni-
This geometric interpretation of redundancy of finger musculatutades suggests subjects altered the vector magnitude of the

control was used to predict different muscle coordination patterns timabtor command, whereas the vector direction of the motor
can produce fingertip force magnitudes950% of maximal in the command remained consistent.

dorsal, palmar, and distal directions. For each force direction, an

ordered lexicographic search tested all possible combinations of 2 . A

the 46 force vertices to find valid coordination patterns that Ca(g(f)rrelatlon between force and coordination pattern vector

produce 50% of maximal force. magnitudes

The vector magnitudes of coordination patterns and fingertip
RESULTS forces were highly correlated (0.89 0.06, 0.88+ 0.05, and
Correlation between fingertip force vectors at different Ievelo'gli 0.07 for dorse}l, pglmar, and distal forces, respectively,
of finoertio force maanitude c?olum_n Iat_)eled QP in _Flg. 5). Figure B, a_md C shows the
gertip 9 time histories of fingertip force and coordination pattern mag-
The direction of fingertip force vectors remained consistefitudes for the trial shown in Fig.A The correlation of some
while subjects varied the magnitude of fingertip force vectorguscles with fingertip force magnitude was statistically similar
over the voluntary range. The correlation coefficient betweé® that of the coordination pattern with force (gray box plots in
average fingertip force vectors at different plateaus was fig. 5, P < 0.05). Other muscles had a statistically lower
excess of 0.99 (comparisons labeled 1:2, 1:3, and 2:3 in the &srelation with fingertip force magnitude (white box plots in
half of Table 1) and in excess of 0.97 (comparisons labeled aFig. 5, P < 0.05).
b:2, and c¢:3 in the top half of Table 1) between force vectors Doubling or halving fingertip force magnitude between force
in the transition regions and the average fingertip force vectaigteaus was associated with a similar change in average co-
in the subsequent force plateau. Figurd ghows a three- ordination pattern vector magnitudes. For all force directions,
dimensional view of the time history of fingertip force vectothe ratio of average fingertip force vector magnitudes between
for one representative fingertip force in the distal direction. the 100 and 50% force plateaus was 2:070.51. The corre-
sponding ratio for coordination pattern vector magnitudes was
Correlation between muscle coordination pattern vectors at%h?e;_;ipo}%féecﬁz?ﬂgzrugrgclfvizgf:‘g(ra Sgﬁﬁg?r;g'rctge( f\é%rage
different levels of fingertip force magnitude 0.32) and highest for distal force (2.180.78;P < 0.05). This
Similarly, the coordination pattern vectors maintained a codifference also was found in coordination pattern vector ratios,
sistent seven-dimensional direction in muscle space while prghich were significantly higher for distal force (2.06 0.64)

1st 50% 100%  2nd 50%

0 N

w
o

A

Distal direction

20 N }100% MVC

fingertip force
magnitude
excitation pattern
magnitude
(non dimensional)

1st 50% 0 ] 10s FIG. 4. Example of fingertip force production in the
2nd 50% time distal direction.A: 3-dimensional (3-D) plot of the
end=10s fingertip force time historyB: time histories of the
magnitudes (Euclidean norms) of the 3-D fingertip
C force magnitude vectoidft scalg and 7-D excitation

pattern vectorright scalg. C: plot of excitation pattern
vector magnitude vs. fingertip force vector magnitude
(r = 0.91 for this trial). Note that data collection began
when the subject was already produgit N of force.

start=0s

i

/‘ end
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excitation pattern
magnitude

5N
fingertip force vector

fingertip force 20N
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Dorsal statistical rankings of average EMG levels among muscles seen
LN | @ -3 at both 50% force plateaus were similar to each other and
| % Q % consistent with coordination patterns reported in an earlier
° o ° study for 100% MVF (Valero-Cuevas et al. 1998). Although
there were instances of individual muscles changing rank order
° among force plateaus, only in four cases did a muscle become
° ° part of a statistically different grouping (see solid lines between

columns in Table 3). The remaining six instances of rank

-5 Q - - changes did not affect the statistical ranking of muscle groups.
CcP fp fs ei ec lum di pi

00

Palmar Prediction of muscle coordination patterns capable of
2 @ % producing 50% of maximal fingertip force magnitude

The musculoskeletal model of the forefinger predicted that
dramatically different muscle coordination patterns can pro-
duce fingertip force magnitudes ef50% of maximal in the
three force directions studied. In all, 72 valid coordination
o patterns were identified for dorsal force, 99 for palmar force,
s o and 73 for distal force. All valid coordination patterns for 50%
ocP fp fs ei ec lum i pi of maximal force for each force direction were summarized as
. excitation level histograms for each muscle in each force
Distal direction (see Fig. 6). The excitation level histograms show
8 @ f % that some muscles can have more variability than others when
producing fingertip force magnitudes sf50% of maximal in
all three force directions. In particular, extensor, &amdbrical
muscles can be excited between 63 and 100% of their excita-
° tion range; anddorsal and palmar interosseousnuscles be-
° tween 27 and 63% of their excitation range. In contrast, flexor
° o muscles can only be excited over 25% of their excitation range
cp fp fs ei ec  lum di pi for dorsal and palmar forces and over a broader range for distal
ce.

o
o}

-.5

Fic. 5. Correlation coefficients of coordination pattern (CP) magnitudefg r
and EMG from individual muscles with fingertip force magnitude. Magnitude
of CP vectors was correlated highly with the magnitude of the fingertip forqfl SCUSSION
vectors (0.89+ 0.06, 0.88*= 0.05, and 0.91+ 0.07 for dorsal, palmar, and

distal forces, respectively). Correlation of EMG signals from some individual There is much kinematic and kinetic evidence Suggesting
muscles with fingertip force magnitude was also statistically similar to that gf

the coordination pattern (gray box plots), and higher than that of other musc?@?t the control of manipulation is simplified by memory and
(white box plots) (ANOVA post hoc test® < 0.05). sensory-modulated scaling of stereotypical profiles of hand

displacement and grasp force (Cole and Johansson 1993;
than for palmar and dorsal forces (1.640.56 and 1.80+ Forssberg et al. 1991, 1992, 1995; Gordon et al. 1992; Johan-
0.58, respectivelyP < 0.05). sson 1996). This study provides evidence that the control of the

EMG signals from individual muscles also reflected theedundant musculature of the forefinger also is simplified when
changes in fingertip force magnitude. For dorsal force, the raiequentially producing fingertip forces of different magnitudes
of average EMG signal between the 100 and 50% force play scaling a coordination pattern capable of producing the
teaus ranged between 1.610.41 fordorsal interosseouto largest expected force. Because modulating fingertip force
2.31 + 1.13 forlumbrical, which were significantly different magnitudes is essential to dexterous manipulation (Murray et
(P < 0.05). For palmar forcepalmar interosseoufiad the al. 1994), this scaling strategy also may simplify the control of
lowest ratio (1.16+ 0.30) and extensor muscles the higheshe manipulation skills common to daily living. However, to
ratios (2.30= 1.8 and 2.25+ 1.76, respectivelyP < 0.05). truly investigate everyday manipulation strategies, additional
Last, for distal force, extensor muscles had the lowest ratistidies are needed that extend the methodology presented here
(1.53 = 0.79 and 1.50+ 1.33, respectively) and dorsal in-to multiple fingers.
terosseous with the highest (2.431.3; P < 0.05). Note that  This study is unique in examining complete muscle coordi-
the muscles with the lowest ratios for palmar and distal forcestion patterns for a finger while fingertip force magnitude is
are also among the muscles that are excited the least in thesmlulated independently of other functional factors. An ex-
force directions (see Table 2). perimental paradigm was used in which subjects modulated

fingertip force magnitude over the entire voluntary range while
Statistical analysis of muscle coordination patterns at each force direction, finger posture, and amount of fingertip torque
force plateau were held constant. This justified interpreting changes in EMG
muscle coordination pattern vectors as the encoding of de-

Subject-independent muscle coordination patterns weseending motor commands that modulated force magnitude.
found for fingertip force production in all three directions at the The limitations of EMG data should be taken into account
50% MVF plateaus. For all force directions (Table 2), thevhen interpreting the results. EMG is an indirect, yet practical,
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TABLE 2. Average muscle coordination patterns for each force plateau for all directions

First 50% MVF Second 50% MVF
o 100% MVF .
Statistical Statistical

Muscle Mean grouping Muscle Mean Statistical grouping Muscle Mean grouping
Dorsal force FP 0.1713 a FP 0.2857 a FP 0.1710 a

DI 0.1991 a DI 0.3136 a b DI 0.1809 a

LUM 0.2209 a FS 0.3754 a b LUM 0.1812 a

FS 0.2285 a LUM 0.4212 a b FS 0.1944 a

PI 0.2449 a PI 0.4560 b PI 0.2382 a b

EC 0.3697 b EC 0.5889 [« El 0.2997 b c

El 0.4294 b El 0.7126 d EC 0.3300 c
Palmar force PI 0.0905 a PI 0.0998 a PI 0.0777 a

El 0.1469 a b El 0.2651 b El 0.1189 a b

DI 0.1631 a b DI 0.2929 b DI 0.1618 a b

LUM 0.1953 b LUM 0.3342 b LUM 0.2074 b c

EC 0.2198 b FS 0.3610 b EC 0.2078 b c

FS 0.2423 b EC 0.3699 b FS 0.2698 c

FP 0.2565 b FP 0.4260 b FP 0.3069 c
Distal force El 0.0395 a El 0.0649 a El 0.0562 a

EC 0.0644 a EC 0.0956 a EC 0.0712 a

LUM 0.2377 b FP 0.4377 b LUM 0.2208 b

FP 0.2426 b FS 0.4466 b DI 0.2700 b [«

FS 0.2678 b LUM 0.4625 b FS 0.2837 b c

DI 0.2961 b c DI 0.5785 c FP 0.2871 b c

PI 0.3527 c PI 0.6188 c PI 0.3032 c

Muscle coordination patterns can be described in absolute terms as the ranking of muscles by normalized electromyographic (EMG) level (daleto-Cuev
al. 1998). The statistical rankings of coordination patterns for maximal voluntary force (100% MVF) are those reported in an earlier studyu®tadsretC
al. 1998). Group letters indicate grouping of muscles by mean EMG level, with the letter a representing the lowest level in the patieds. FP and FS,
flexor digitorum profundusnd superficialismuscle slips; El and EGextensor indicis propriugind digitorum communisnuscle slips; LUM first lumbrical
muscle; DI and Plfirst dorsaland palmar interosseoumuscles.

estimate of the neural drive to a muscle that has a strodgection of the coordination pattern can change. Second, the
stochastic component (Basmajian and De Luca 1985). Morector direction, but not magnitude, of the coordination pattern
over, the relationship between EMG and force is known wan change. These two cases can be achieved by altering the
change with force magnitude and muscle type (Basmajian amamber of active muscles and the relative excitation among
De Luca 1985; Lawrence and De Luca 1983) and excitatidhem as fingertip force magnitude is adjusted And third, the
history (Bigland-Ritchie et al. 1983; Burke et al. 1976; Zajahypothesis of this study, the vector magnitude, but not direc-
and Young 1980). Also, muscle fiber shortening due to stretdion, of the coordination pattern can change. A single joint
ing of passive musculo-tendon elements in isometric contranusculoskeletal model with two agonist and one antagonist
tions further affect relationship between force and EMG (Zajanuscles can be used to show examples of all three cases.
1989). Thus the relationship between EMG and muscle forceSome studies have proposed that different coordination pat-
cannot be considered linear over the entire range of activatiterns are used to produce different magnitudes of a given
The cumulative effect of these EMG-related artifacts is to aduhgertip force vector (Chao et al. 1989; Cooney et al. 1985;
to the variability in the direction and magnitude of the excitaMaier and Hepp-Reymond 1995a). These EMG studies pro-
tion pattern vectors assembled. Therefore the consistemmsed that the number of active muscles varies with fingertip
among EMG coordination patterns for 50 and 100% forderce magnitude with primary muscles active throughout the
plateaus may only be interpreted as an indication of motfmrce range, secondary muscles contributing to the intermedi-
command similarity not equality (Tables 2 and 3). Thesae range, and tertiary muscles contributing only at the highest
changes in the relationship between EMG and force at differeange of force magnitude. However, their results were not
levels of activation also may explain in part the discrepan@pnclusive because they did not find statistically significant
between curves in Fig.Blas well as the hysteresis for themuscle coordination patterns at each force level, probably
ramp-up and ramp-down phases in Fig.Also, muscles that because the experimental paradigms of these studies did not
are excited at lower levels (i.e., El and EC for distal forcaesolate force magnitude from force direction or control the
Tables 2 and 3) will naturally have lower correlation coeffiposture of the digit studied. Thus the reported differences in
cients with force because the influence of the stochastic comumber of active muscles for low, moderate, and high force
ponent of EMG will be greater. Last, these EMG-related artinagnitudes reported by Cooney et al. (1985) and Chao et al.
facts also may explain why the correlation betweefl989) may be due to changes in force direction or digit
coordination pattern vectors is lower than the correlation bpesture, which would require different muscle-coordination
tween fingertip force vectors (Table 1). patterns. The ramp-and-hold study of fingertip forces of low
The vector magnitude and vector direction of a coordinatianagnitude by Maier and Hepp-Reymond (1995a) qualitatively
pattern can change in one of three ways when adjusting fieported a constant set of muscles active in each subject that
gertip force magnitude. First, both the vector magnitude amere thought to be the primary muscles for that subject. How-
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TABLE 3. Instances of average EMG level of individual muscles changing rank order between force plateaus

First 50% MVF 100% MVF Second 50% MVF

Lower rank by EMG level

Dorsal force

Higher rank by EMG level

Lower rank by EMG level

Palmar force

Higher rank by EMG level

Lower rank by EMG level
LUM b yb

Distal force

Higher rank by EMG level

The arrows in this table track the rank of each muscle, as shown in Table 2, across all three force plateaus. Solid lines highlight those muscles that changed
rank into a different statistically significant group (P < 0.05).

ever, moderate- and high-force magnitudes were not collectstudies of finger musculature (Chao et al. 1989; Cooney et al.
Moreover, the high EMG scatter reported for all subjects985; Maier and Hepp-Reymond 1995a). It is likely that the
underscores that artifacts particular to low force productiastrict mechanical definition of the experimental task (see:-
may obscure the detection of motor strategies. These incluate) played a major role in obtaining a strong correlation of
the nonlinearities at the low end of the force-EMG curvEMG and force. Furthermore the consistency of EMG signals
(Basmajian and De Luca 1985; Lawrence and De Luca 1988),this study was probably enhanced by studying force mag-
and the stronger variability in the relationship between EMG@Gitudes spanning the voluntary range (reducing EMG artifacts
and force caused by other modulating factors such as tharticular to low force production) and using fine-wire elec-
influence of peripheral receptors (Garnett and Stephens 198dgdes (less susceptible than needle electrodes to muscle fiber
This study presents several lines of evidence that scalmigration artifacts during muscle contraction).
versions of a given muscle coordination patterns are used tdSecond, the consistent vector direction of coordination pat-
produce different magnitudes of a given fingertip force vectaern shows that the relative level of excitation among muscles
First, the high correlation between vector magnitude of fingetemained uniform during the modulation of fingertip force
tip forces and coordination patterns (Fig. 5) suggests that timagnitude over the voluntary range. Whether or not the vector
magnitude of the descending motor command is correlatdilections of coordination patterns at each force magnitude are
tightly with fingertip force magnitude. In this study, the coridentical is beyond the resolution of the intramuscular EMG
relation of fingertip force with coordination pattern vectodata (Basmajian and De Luca 1985) and may not be a realistic
magnitude is as high, and often higher, than correlations wigipectation for biological signals. Nevertheless the results
individual muscles (Fig. 5). In fact, the correlation coefficientshow both in relative and absolute terms, a high consistency of
of EMG from individual muscle with fingertip force in this descending motor command during the modulation of fingertip
study are generally higher than those reported in previofsce magnitude. In relative terms, the lower half of Table 1
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Dorsal Force ~ Palmar Force  Distal Force cal, and palmar interosseousnuscles insert into a common
n=72 n=99 n=73 network (Zancolli and Cozzi 1992), the particularly broad
latitude in their excitation may be due to different individual
| muscle forces producing the same net torque at the joints
n L I spanned by this network. Because there is conceivably an
‘ infinite number of coordination patterns capable of producing
FS | II I 50% MVF, the excitation ranges shown here are necessarily an
- — underestimate. Finding additional valid coordination patterns
gl can only increase the excitation ranges shown and strengthen
| the conclusions of this study.
Lt L The fact that this study focused on the performance of
EC learned finger tasks that are strictly defined does not make
[T S — these conclusions inapplicable to the control of grasping in
L general. Recent and distant learning and memory are instru-
i

mental in the predictive control of the kinematics and kinetics
of reaching and grasping (Forssberg et al. 1992; Johansson

DI 1996). Thus the expectation of producing large fingertip force

|
FP

FLEXORS

EXTENSORS

LUM

w

% ul | il magnitude;, and the recent memory of previous trialg, may

T 2100 have contributed to the consistency of muscle coordination

EPIE JI. m. patterns at submaximal force magnitudes. This study suggests

R R - I | that the control of muscle coordination during learned grasping
0 uscle 1 may also be predictive. Additional studies of muscle coordi-
excitation level nation patterns used for unknown and unexpected force mag-

- . . pitude targets in rige subjects need to be done to reveal the
FIG. 6. Range of excitation level for each muscle in CPs predicted 10 . . .
produce 50% of maximal fingertip force in each direction. Muscle excitation BXtent to Wh'qh d_|3tffmt learning and memory affect motor
modeled as a value between 0 and 1 (abscissa in histograms), the frequengouitrol strategies in finger musculature.
occurrence at each excitation level among all valid CPs found is a value The rapid and consistent adjustment of fingertip forces is es-
between 0 and 100% (ordinate). Because there is an infinite number of . . . - - . .
coordination patterns capable of producing 50% of maximal fingertip for(,%(:"m'aI for deXterqus mgmpulaﬂ_on. Individual d|g|ts are the build-
(Chao and An 1978; Spoor 1983; Valero-Cuevas et al. 1998), these excitati®@ blocks of manipulation function (Murray et al. 1994), and thus
ranges are conservative estimates. simplifying the control of individual digits naturally simplifies the
control of dexterous manipulation in general. Also, well-directed

shows a high correlation between seven-dimensional coorE?-gert'p forces with no associated fingertip torque are necessary

nation pattern vectors in muscle space both in the low-for Q grasp small and/or slippery objects (Murray et al. 1994), and

e ; .
ange (0500 VE, comparison -2 and he higorce anff0S 0068 1t o grah Sipper bt o on e o
(50-100% MVF, comparisons b:2 and c:3). Furthermore do 9 | ' ’ » PC

bling fingertip force magnitude between 50 and 100% MV at_humans change the control strategy as the mechanical con-
plateaus produced a ratio for coordination pattern vector magraints of the task become relaxed (e.g., by the presence of
nitudes close to two. In absolute terms. Tables 2 and 3 shiigtion or a broader contact surface that allows the production of
statistically significant muscle coordination patterns for 50dfgertip torque). Nevertheless using a stringent mechanical
MVE levels that are similar to each other and consistent wiffefinition of the task in this study was useful to test the hypothesis
coordination patterns reported by us for 100% MVF (Valerdghat scaling of muscle coordination patterns is a simplifying
Cuevas et al. 1998). Previous studies of submaximal forc¥ategy to control the redundant musculature of the digits. It is
have not found subject-independent, statistically significalitely that the forefinger and other digits also can use this control
muscle coordination patterns (Close and Kidd 1969; Maier astiategy to scale the magnitude of fingertip forces under more
Hepp-Reymond 1995a). Although there are instances in thesaxed mechanical conditions and other force directions. This
results of individual muscles changing rank order (see hostudy is the first to provide evidence of motor strategies at the
zontal lines between columns in Table 3), these changes do leetl of the coordination of redundant finger muscles and reveals a
affect the statistical ranking of muscle groups. A detailegeural process that may be instrumental to dexterous manipu-
description of the biomechanical interpretation of these coqgtion.

dination patterns has been published (Valero-Cuevas et al.

1998).

And third, in contrast to the observed consistency of coor-The author thanks Dr. Charles G. Burgar and M. E. Johanson, MS, PT, for
dination patterns, the previously validated musculoskeleiacing EMG electrodes and Joseph Towles, MS, and Drs. Felix Zajac, Zoia
model here predicts that 50% of maximal fingertip force can theteva, and Peter Lum for insightful comments on the earlier drafts of this
produced by coordination patterns that are drastically differgpgnuscript. _ _
from those needed for 100% MVF. The model predicts exte _The Rehabilitation R and D Service of the Department of Veterans Affairs

. - ’ - VA) supported this work.
sor,interosseousandlumbrical muscles can be excited at Ven}] Address for reprint requests: F. J. Valero-Cuevas, Neuromuscular Biome-

different levels and still produce a well-directed fingertip forc%anics Laboratory, 222 Upson Hall, Sibley School of Mechanical and Aero-
of =50% MVF. Because the tendons of the extenkonbri- space Engineering, Cornell University, Ithaca, NY 14853.
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