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Abstract Nine young infants were followed longitudi-sible reason for this imprecision in infant force control is
nally from 4 to 15 months of age. They performed multiReir inexperience in predicting the magnitude and direc-
joint reaching movements to a stationary target presentied of external forces. That infants learned to consider
at shoulder height. Time-position data of the haneternal forces is documented by their increasing reli-
shoulder, and elbow were collected using an optoelagice on these forces when performing voluntary elbow
tronic measurement system. In addition, we recordexiensions. The patterns of muscle coordination underly-
electromyographic activity (EMG) from arm extensorisig active elbow extensions were basically the same as
and flexors. This paper documents how control problehsring the prereaching phase, indicating that the forma-
of proximal torque generation may account for the segpn of functional synergies is based on a basal repertoire
mented hand paths seen during early reaching. Our afannervation patterns already observable in very early,
lysis revealed the following results: first, muscular inspontaneous movements.

pulse (integral of torque) increased significantly between

the ages of 20 (reaching onset) and 64 weeks. That isKeg words Arm movement - EMG - Motor learning -
infants got older they produced higher levels of mednrque - Huma::

muscular flexor torque during reaching. Data were nor-

malized by body weight and movement time, so differ-

ences are not explained by anthropometric changedniroduction

systematic variations in movement time. Second, while

adults produced solely flexor muscle torque to accole previously found that the multisegmented trajectories
plish the task, infants generated flexor and extensor msgen during early reaching (von Hofsten 1979) are not
cle torque at shoulder and elbow throughout a reach.eXplained by a failure of infant motor systems to produce
reaching onset more than half of the trials revealed thigficient peak amplitudes of muscular torque (Konczak
latter kinetic profile. Its frequency declined systematicadt al. 1995). However, we did observe that infants initial-
ly as infants got older. Third, we examined the patternlgfhad difficulties in timing task-adequate sequences of
muscle coordination in those trials that exhibited elbdarque bursts. While adult movers gained peak muscle
extensor muscle torque. We found that during elbow d@rfque to flex upper and forearm well within the first
tensioncoactivationof flexor and extensor muscles wathird of the reaching motion, 5-month-old infants
the predominant pattern in 67% of the trials. This patteanhieved the equivalent maximum torque after the sec-
was notably absent in comparable adult reaching mowed half of the reach. However, by the age of 15 months,
ments. Fourth, fluctuations in force generation, as mehe relative timing of peak muscle torque was, on aver-
sured by the rate of change of total torque (NET) aade, within the performance range of adults. This result
muscular torque (MUS), were more frequent in eartlemonstrates that the coordination of goal-directed
reaching (20-28 weeks) than in the older cohort (52—@&&ching is not solely a problem of torque generation but
weeks), indicating that muscular torque production balso a problem of temporal force control.

came increasingly smoother and task-efficient. Our dataNotwithstanding that changes in the temporal control
demonstrate that young infants have problems in genafr-proximal joint motion are associated with improve-
ating smooth profiles of proximal joint torques. One posients in endpoint kinematics, it is unlikely that the ap-
3 Konczak () - M. Borutta - J. Dichgans propriate relative timing of peak force production alone
Department of Neurology, University of Tubingen, determines the expression of an adult-like hand trajectory.
Hoppe-Seyler-Strasse 3, 72076 Tubingen, Germany; (We useendpointto refer to the distal end of the human
Fax: +49-7071-296504, e-mail: konczak@uni-tuebinge:n.de  arm, i.e., the hand.) At least two other scenarios are pos-
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sible: first, reaching for an object at the outer edge of p&@mts. To contact the target object infants had to perform right-
sonal workspace requires sufficient generation of mus&ghded reaches with a large vertical and small coronal displace-

ment. Infrared light-reflective markers were attached to the shoul-
lar flexor torque to counterbalance the effect of grav@'éer, elbow, and hand. Movements of the markers were recorded

(which tends to pull the arm down). In this context, ith an optoelectronic camera system yielding three-dimensional
seems possible that infants cannot maintain high enotigte-position data for each joint marker at a rate of 100 frames per

levels of flexor torque throughout the reaching motion. ¢cond. Because the start of an infant's reach was not predictable,

e ; i ; ; e recorded for a total duration of 15 s in each trial. To record the
this is true, the kinematic improvements in endpoint cq Jult movements, markers were attached to the shoulder, elbow,

trol during ontogenesis should be accompanied by & syt wrist joint, and to the hand (2nd metacarpal). Adults sat on a
tematic increase in mean flexor torque. This hypothesizesimal chair and were instructed to rest their hand comfortably on

increase should occur independent of changes in dpgir thigh at the beginning of a trial, a position that met the inclu-

thropometrics and inertial load. An analysis of the intéi-on criteria that we applied to the infant reaches. On an auditory
' ignal, the adult movers reached for a stationary target presented at

. . SI
grated torque curve (angular impulse) ought to prOV'de§?6ulder height at their preferred movement speed.
answer to this question, because it provides a measure cflectromyograms (EMG) were recorded from the biceps, tri-
the mean torque applied throughout a reach. Second,cdps, anterior deltoid, and brachioradialis muscles in all partici-
jerky hand paths often observed in early reaching are @ gts, with a sampling rate of 500 Hz, using standard silver chlo-

. . . . ‘s e surface electrodes (ARBO 2-60) with a diameter of 5 mm.
to the imprecise generation of proximal joint torque. Heciodes were placed on the respective muscle bellies to mini-

biomechanical terms, neither torque amplitude nor meage the possibility of crosstalk. Al EMG data were digitized on-
joint torque per reach are the sole limiting factors, biirte (12-bit) and then stored for later analysis.

also the inability of the motor system to generate a
smooth torque output. An adequate measure to assess the _
smoothness of a torque curve is to analyze the numbeP®# reduction

Zero-crossings in rate of change of torque (derlvatlve AOIotaI of 852 trials with infant movements and 60 trials with adult

torque over time). Many zero-crossings throughout & hes were collected. Based on video recordings, a 4-s segment
reach indicate an unsteady generation of torque. containing the reaching movement was identified. Subsequently,
At this point one can only speculate about the undére visibility of each marker within such a 4-s segment was deter-
lying physiological reasons for this imprecision. Onained. If the segment contained missing time-position data of one
working hypothesis is that infant motor systems have I_Eé ore markers, we checked whether the total amount of missing
t

) . a exceeded 10% of the total segment (40 out of 400 frames)
yet learned to adjust their muscular force output to tA&i whether the gap was larger than 20 consecutive frames. A trial

external forces encountered during movement executibat violated any of the two criteria was discarded. We then ap-
(Bernstein 1988; Sporns and Edelman 1993; Thel@ligd a linear spline to those trials that had met these inclusion cri-
1995) and lack the necessary forms of anticipatory foﬁga and that had showed missing data. After applying this inter-

ation where necessary, the time-position data of all markers
control (Forssberg et al. 1992). We set out to examifére filtered using the automatic model-based band-width selec-

these two potential control problems in infant motor bésn procedure by D’Amico and Ferrigno (1992). The EMG sig-
havior by analyzing the development of angular impu|g@|5 were filtered with a 3- to 100-Hz bandpass filter for the total

and the rate of change of torque during goal-direcﬂéﬁ' duration, subsequently rectified and smoothed with a 21-point
ving-average filter.

r_eaching between the ages of 5 and 15, months. In a(r:‘nc‘qurking with infants in an experimental setting does not allow
tion, we attempt to relate torque production to patternStlt?é application of rigorous constraints that otherwise might be de-
muscle activity. Specifically, we investigated early fornsrable from the experimenter's point of view. In our paradigm we

inati i i could control the endpoint of the movement by placing the object
of muscle coordination during elbow extension. at shoulder height and to the right side of the infant. Movement dis-

tance was approximately 85% of the infant’s arm length. However,

we could not completely control the initial position of the arm, be-

Materials and methods cause placing or holding the arm prior to movement onset could
have resulted in unnatural trajectories. We therefore applied a set of

Subjects, experimental procedures, and the various steps of 888 hoc criteria to obtain a sample of infant reaching movements
reduction are described in detail in a preceding paper (Konczakhat were comparable in terms of initial and final position: first, we

al. 1995). Here we provide a summary of the participants and €§gy included those trials where the infant actually made contact
experimental setup. with the presented object; second, the initial shoulder @diad

to exceed 125° and the initial elbow an@jehad to be greater than

85°. (The shoulder angl is the planar angle enclosed by the up-
Subjects per vertical of the shoulder joint and the humerus. To compute this

angle we used the time-position data of the shoulder and the elbow
We report longitudinal data of nine healthy, full-term infants, siarker. The elbow angle, is the planar angle between humerus
girls and three boys. Infants were recorded at the ages of 16,0 ulna. Time-position data of shoulder, elbow, and hand marker
24, 28, 32, 36, 52, and 64 weeks. In addition, we collected data/ie used to calculaty; see Appendix.) These joint angles deter-

reaching movements of four healthy adults (mean age 34.9 yefr§ed a position of the hand near and lateral to the infant's right
SD 5.9 years). thigh. Third, at the time of object contact, the distance between

shoulder and hand marker in the sagitty| Y and transverse plane

(D,,) was not allowed to drop below 70% of the infant’s total arm
Procedure length O,)- DamWas measured as the distance between shoulder

and hand marker when the arm was fully extended. This way we
Infants sat in a specially designed chair with their trunks stabilizassured that only those reaching movements were analyzed that
by a foam-coated seat belt. The experimenter or the parents phowed a large vertical and small coronal displacement and were
sented small toys at shoulder height and to the right side of theparformed to the periphery of the infants’ workspace.
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Table 1 Number of movement trials included in the analysis. Further, we computed the first derivative of the torque-time
Empty cells are either due to a missed session or because recardea for MUS and NET using a three-point differentiation meth-

trials did not fit the inclusion criter:a od, thus measuring the rate of change of torque over time. We de-
note torque derivations witfi’, e.g., elbowT",,,s represents the
Subject  Age (weeks) rate of change of elbow muscle torque. With custom-made, digital

signal-processing software, we determined the number of zero-

20 24 28 32 36 52 64  Total crossings inl"y, s and T ygr for both proximal arm joints. The to-

tal number of zero-crossings per reach indicates how often during
AG - 2 6 10 8 10 11 47 areach a particular torque changed direction (i.e., the number of
AW 3 5 4 8 8 5 9 42 ‘“torque peaks” and “torque valleys”), thus providing an indirect
DHA 10 - 9 7 7 3 6 42 measure of the smoothness of the applied torque.
ES 9 5 2 - 6 9 8 39 Onsets of EMG activity in the recorded arm muscles were
JS 12 6 6 1 6 7 9 47 marked by hand with interactive signal-processing software. For
LS 9 5 4 10 7 2 10 47 the assessment of the muscular activation patteoacfivation
SS 6 6 10 - 4 3 11 40 versusreciprocal), we could not apply criteria based upon a global
TD - 8 12 11 9 4 2 46 EMG amplitude value for the following reasons: first, infants sel-
UK 7 - 7 - 7 6 1 28 domly were completely at rest, thus, their muscles often showed
Total 56 37 60 47 62 49 67 378 Some degree of tonic activity prior to the start of a reach. Even

within the whole trial duration of 15 s, episodes of “silence” were
rather rare. Second, reaching movements did not necessarily have
identical starting positions. That is, the performed movements
A total of 378 reaches out of 852 recorded movements fulfilleeere similar, but not identical. Third, considering the changes in
the above criteria and also had sufficient visibility of all three joitody composition and anthropometrics, we could not guarantee
markers (see Table 1). They were subject of further analysis. FEntical skin resistance and electrode placement between succes-
this sample of reaching movements, the mead, oD, the ra- sive sessions, although we took great care in preparing the skin
tio between shoulder-hand distance in the sagittal plane and tata in placing the electrodes. Given these difficulties, we therefore
arm length, was 84.9% (SD 7.5%), ,/D,,, the mean ration opted for trial-specific criteria. For each muscle we determined its
was 85.1% (SD 7.6%). That is, in the selected trials, final hand peaximal recorded amplitude of all trials in a given session. If
sitions at object contact were closely grouped around 85% ofranscular activity in a particular reach dropped below 15% of this
infant's arm length. This assured that infants had indeed peraximal activity, we coded the muscle to be “silent.”
formed reaches toward the periphery.

Data analysis Results

We performed inverse dynamics computations using algorith .

developed by Schneider and Zernicke (1990) to calculate the j(;frﬁe d_evelopment of reaching proceeds from early reac_;h-
torques for shoulder and elbow. To allow comparisons betwd& With its segmented hand paths toward the expression
age cohorts, joint torques were normalized by body weight. \&g trajectories that do resemble adult movement (roughly
obtained measures for net joint torque (NET), and the residg@laight hand path, single velocity peak. We wagcto-

muscular torque (MUS), also called “generalized” muscle torq : }
Net joint torque is the sum of all torque components (gravitatiort@ to denote the displacement as well as the correspond

interactive, and muscle). A detailed description of the equations@@ Velocity of a given joint or limb). This progression is
motion is given in Schneider and Zernicke (1990). Additional ishown in four exemplar reaches in Fig. 1. In addition to

formation on torque partitioning and its use in motor developmefie endpoint kinematics, the angular kinematics of elbow

research is found in Konczak and Thelen (1994) and Schneide, i ; TR _
al. (1990). Because torques are vectors, they have a magnitudeéﬁ% shoulder joint are provided, indicating that smooth

direction. In our analysis, the torque direction is indicated byl3d Of these proximal trajectories accompanies the emer-

plus or a minus sign.” All positive torque values indicate a flexgence of a unimodal velocity profile of the hand (e.g.,

force, all negative values imply an extensor influetice. compare the velocity profiles of the hand, shoulder, and
To obtain a measure of the applied joint torque throughout t8fyq\y joint). The graphs in Fig. 2 represent the corre-

whole reaching motion, we calculated angular impulse for ng . : g
(Lyet) and muscular torques,s) for all reaches included in thesfsond'ng time series for NET and MUS torque, and

analysis. Angular impulse for each torque variable was obtainEqus at both joints. In the example of the 20-week-old

by integrating the respective torque-time curve. Before integratisifant, MUS and NET torque production was character-

we split each torque-time series into sections containing eithged py numerous shifts in force direction. The goal of

flexor (positive) or extensor (negative) torque (see Fig. 2 for %ue change analysis was to determine whether these
3

amples of torque-time data). Each section was integrated sepal L -
ly. Subsequently we added all the values of the negative and s were a general feature of early reaching in our in-

values of the positive integrals for each reach to obtain a meadamet sample.
of mean flexor or extensor angular impulse.

1Because the shoulder joint has three degrees of freedom, u i i

arm orientation can also be described in terms of abduction/adc!l?ﬁé‘nges in angular impulse

tion and/or rotation. The applied moving plane algorithm does not . . S
allow us to distinguish between torques that are exclusively udd@cause total movement time (MT) did decrease with in-
for flexion/extension or are solely responsible for joint ab/adducreasing age (mean MT 1.19 s at 20 weeks, 0.85 s at 64

tion. In agreement with Schneider and Zernicke (1990) and for V\}Qeks) and because the value of an integral depends on

sake of brevity, we simply label all positive torquikesor and all : ; ; o o
negative torquesextensortorques. However, the reader shoultﬁhe length of the integration interval, we divided all im

keep in mind that the computed shoulder torques were responsiiése variables by MT to get a measure of torque pro-
for flexion/extensioms well as fomb/adductiorof the upper arni.  duction independent of MT. Thus, in addition to body
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20 weeks 36 weeks 64 weeks Adult

£
Hand Path ,c{

0.75
Hand Speed
0.50

[m/s]
0.25

Angular 150 — — 150

Displacement

[deg] 120 7770 e L 120

90

90

100 - 100

Angular
Velocity

[deg/s] 100 - - -100

0.0 Time [s] 15

Fig. 1 Angular and endpoint kinematics of four individual reactsponding mean data are shown in Fig. 4. In comparison
ing movements. All demonstrated infant reaches were performgith adults, impulse at both joints was markedly lower in

by the same infant. Hand path is shown in the sagittal plane. ; :
gular kinematics are based on sagittal projection angles. Hé nts throughout the observation period. In adults, the

path shown is the segment between movement start and contdéividual mean range of muscular impulse at the elbow
Time series of other kinematic variables show the same time intetas 23.7—32.4 Nmx®*N and 59.3-75.3 Nmx2N for

val. Reaching contact was indicated byaeatical line (c time of the shoulder. The differenceslig, s between adults and

contact). Time |nteryal between successive data points is 30 M§jfnts are largely due to the higher movement speed in

the hand path graprs the adult group (mean resultant hand speed, 0.5-0.75 m/s
for infants, 1.6 m/s for adults).

During adult vertical reaching movements, muscle
weight, all reported impulse values warermalized by torque at the elbow exerts a flexor influence throughout
movement timeFor the sake of brevity we continue téthe movement, even if the joint actually extends during the
use the termémpulseor angular impulse although we second part of the reach (due to the pulling action of grav-
imply normalized impulse itational and reactive forces). In contrast, infants may ac-

If infants indeed had problems in maintaining speciftaally produce extensor MUS, although the task does not
torque levels for the whole duration of the reach, onequire it (see Fig. 2). To determine to what extgpis
would expect that with increased competency infaigas composed of flexor and extensor impulse, we split
should reveal a systematic increase in muscular impul$g,s into its two components. Figure 5 shows that, while
(Lpus)- We found that the absolute level of rayy,s flexor Ly,,s increased, extensay, s decreased at shoul-
(not normalized by MT) could vary substantially beder and elbow. In general, the amount of extehgpk
tween sessions, as seen in the longitudinal profileswds smaller than flexdr,, s for both joints, which can be
three infants (Fig. 3A). However, when considering tltncumented by the ratio between these two impulse com-
age-related differences in MT by comparing the normglenents. The mean ratio between flexor/extensor impulse
ized data, a trend toward a systematic increase in ellaiwveek 20 was 14:1 for elbow and 20:1 for the shoulder.
Lyus is observed (Fig. 3B). This trend is substantiatdthese ratios had changed to 159:1 (elbow) and 129:1
when analyzind-, s for elbow and shoulder for all in-(shoulder) by week 64, indicating that in relation to flexor
fants. A repeated-measures ANOVA (Ageximpulse) fay,,s the expressed muscular impulse with extensor influ-
the complete infant sample reveals thgf,s at both ence had dropped considerably within that time period.
proximal joints changed significantly as a function of Extensor MUS was not exhibited during every reach-
age (elbow,P<0.001; shoulderf<0.001). The corre- ing movement. The data in Table 2 reveal that at reach-
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20 weeks 36 weeks

NET Torque

[Nm*10%/N]

MUS Torque

[Nm*10%/N]

Rate of
Change of
MUS Torque

[Nm*10*/N*s]

0.0 Time [s] 15

Fig. 2 Profiles of total joint torque NET), muscular torque ing onset the frequency of trials with extensor MUS

(MUS), and muscular torque change. Data correspond to the fehged between 53.9% (shoulder) and 63.4% (elbow)
reaching movements shown in Fig. 1. Owing to unpredictab

changes in inertial load once infants contacted the toy, torque d did not drop substantially before 9 months of age.
files are cut off after contact. Note that the 20-week-old infant pro-

duced muscular torque for extension, while his reach at 64 wefiﬁs, N . .

as well as the adult reach, shows only muscular torque with fledHScle activation patterns during elbow extension
influence:

The expression of extensor muscle torque implies the ac-
tivation of appropriate extensor muscles. Because we had
Elbow: Muscular Impulse recorded the electromyographic activity of the triceps
A o muscle (an elbow extensor), we could analyze its firing
/\ pattern in those trials where elbow extensor MUS was
15 /A present. From a total of 145 trials showing elbow exten-
YN sor MUS, the EMG recordings from 109 trials could be
SN T Lyys (raw) analyzed. In the remaining trials, the EMG signals were
104 o /) S ey not usable (accidental loosening of the electrodes). In
A " TA 59.6% of the trials analyzed, the triceps was active at
A\./l—- least 50 ms prior or during elbow extension. In those tri-
als with no discernible triceps activity, the exhibited ex-
— . , tensor MUS impulse was small (mean 0.114 Nni#)0
B when compared with the trials with triceps activity (mean
0.568 Nmx1@&/N). Because MUS is actually “residual”
15 A torque derived from the inverse dynamics calculations,
0 < these measurements probably reflect the contribution of
\A G__\_\_ L - (norm) other elbow extensors (anconeus muscle) or of nonmus-
P el ms ‘ cular forces (viscosity, bone-to-bone, bone-to-muscle).
/ o= Activation of the triceps occurred under two different
patterns of muscle coordination. First, a patterreoip-
] rocal innervation(triceps active — biceps/brachioradialis
— . , silent), second a pattern obactivation(triceps active —
20 24 28 32 36 52 64 biceps/brachioradialis active). During coactivation usual-
Age [weeks] ly either flexor muscles or the triceps were predominant.
Dominance could shift within a single trial (Fig. 6A). In

Fig. 3A, B Mean muscular impulsel{,,s) at the elbow. Data thjs example both flexors showed a higher degree of acti-
show the longitudinal profiles of three iUnfanps.Raw impulseB b g 9

impulse normalized by movement timdT). Each data point rep- V"."tlon dyrmg e'bOW erXI_o_n In th.e beglnr_llng, while the
resents the mean of the individual mean performance at a partiélt€ps increased its activity during the final part of the
lar age: reach. We found that coactivation was the predominant

20

Impulse [Nm*s*10%/N]
O

20

Impulse/MT [Nm*10%/N]
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Fig. 4 Group development of Elbow Shoulder
mean muscular impulse at el- 20
bow and shoulder. Each data
point represents the mean of
the individual mean perfor-
mance of all nine infants at a
particular age. Length @frror
baris 1 SD. Comparable adult
means were 28.1 Nmx4/0l
(SD 3.6) for elbow, and 66.4
Nmx10%N (SD 6.8) for shoul-

40

e
(&)
'

impulse / MT [Nm*10%/N]
3

derLyys
L R E TR B E e TR R LR RREREREREE F 10
0L . . — . T 0
20 24 28 32 36 52 64 20 24 28 32 36 52 64
Age [weeks] Age [weeks]
Fig. 5 Mean muscular impulse Elbow Shoulder

at elbow and shoulder split by
extensor and flexor influence.
Each data point represents the
mean of the individual mean 15 4
performance of all nine infants
at a particular agézrror bar
length is 1 SD. Note the differ-
ences in scale between flexor
and extensor impulse. Infants
clearly produced predominant-
ly flexor torque:

- 30

10 gt -t 20

—a— Flexor Ly,

T T T T T T T T T T T T T T

Impulse / MT [Nm*10%/N]

—(O— Extensor Ly, ¢

20 24 28 32 36 52 64 20 24 28 32 36 52 64
Age [weeks] Age [weeks]

EMG pattern in over 67% of the trials, while reciprocdgble 2 Percentage of trials exhibiting extensor muscular torque
innervation was used in the remaining 32% of the samfi)$) at the shoulder and elhow joinf the total number of ana-
(Fig. 6B). Reciprocal innervation could happen duringed movement trials at a particular ¢ ge)

the reaching action, but we also observed instanggs D) Showing ext. MUS Showing ext. MUS
where the triceps was active prior to the reach, th@reeks) at shoulder (%) at elbow (%)
ceased to fire as the arm flexors began to carry out te
planned flexion, only to continue its activity during th gg gg'g gg"z‘
manipulation of the object. Reciprocal innervation pajg 60 45.0 26.7
terns were rarely characterized by a sudden drop of an- 47 51.0 42.9
tagonist activity to zero-baseline. More typically, thé6 62 17.7 17.8
muscle continued to maintain some background acti 49 14.3 24.5

67 27.3 25.8

(see Fig. 6B). The relatively small sample size did not al-
low us to discern age-related changes in the selectior. of
a specific innervation pattern. When reaching at their
preferred speed, the adults in our sample showed a I@#anges in torque direction

level background activity of the triceps. The primary ag-

onist was the anterior deltoid muscle initiating flexion &¥e evaluated the number of zero-crossingsrfgys and

the shoulder joint (Fig. 7). Subsequent elbow extensidfzr, the respective first derivatives of torque. Each ze-
was not accompanied by increased triceps activation bscrossing of a torque change curve corresponded to a
occurred owing to the action of gravitational and motiolecal maximum (“peak” or minimum (“valley”) in the
dependent forces. torque-time curve, thus providing an indirect measure of
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Fig. 6A, B Two basic innerva-
tion patterns capable of generat-
ing extensor MUS at the elbow.
A Coactivation of flexors and
extensors throughout the reach.
Biceps and brachioradialis were
dominant during joint flexion,
triceps became dominant during
extensionB Reciprocal inner-
vation. Flexors and extensor
were both active during elbow
flexion. Here the triceps proba-
bly served as a limb stabilizer.

In the second part of the reach,
flexor activity ceased, while tri-
ceps continuedashed vertical
linesindicate movement start as
coded by videoNJlUS muscle
torque,2*NET double total

joint torque). NET was multi-
plied by 2 for better readability.
Torque units are newton-me-
tersx1@ per newton. Elbow an-
gle is in degrees. Reduction in 150 2 _
angle corresponds to elbow ) |

flexion, increase to extension. ] | 1
Solid barsindicate main activi- . | ~T\/ Elbow Angle
ty of elbow flexorswhite bar 1 1 .

corresponds to main activity of 100 | 1 T | | T 1 | T 1
elbow extensc:

Brachio-
radialis

Biceps

Triceps

Elbow Torque

the smoothness of torque production during movemewer, even at 15 months postnatally their movement pat-
execution. Our results reveal that reaches at 20 weekseofis have not reached the smoothness and consistency
age had, on the average, 13.2 (SD 5.3) zero-crossiafjadult motion (see Fig. 1). There is still considerable
in elbow MUS, a number that decreased steadily to @@bate about whether the expression of stereotypic hand
(SD 1.4) zero-crossings by week 64. A similar trertchjectories observed in adults are kinematic manifesta-
was observed for the torque changed gf,s andT'\gr tions of a control signal from the central nervous system
at the shoulder joint, where zero-crossings were redu¢€MS) or are largely determined by the peripheral me-
by 48% within the period of 20-64 weeks of agehanics of the joint system (e.g., Hasan 1991; Lacquaniti
(Fig. 8). 1992). This present study along with our previous publi-
A comparison of the infant with the adult data preation attempts to address this issue by focusing on the
sented in Fig. 8 indicates that infants performed the@lationship between peripheral and muscular forces (the
reaches with a higher number of zero-crossings thamly forces that are subject to CNS involvement). Here
adults throughout the 11-month observation period. Wwe examined how developmental changes in muscular
addition, to an age-related decrease in mean perforce output of proximal limbs affected the emergence of
mance, the variability in the number of zero-crossings adordinated, goal-directed arm movements. We found
T'MUS and T'NET also dropped as infants got oldethat at reaching onset (20—-24 weeks) mean muscular im-
However, the variability in torque change of MUS anpulse at both proximal joints was significantly lower
NET at 15 months of age was still substantially hightrtan the exerted muscular impulse at 52 or 64 weeks of
than in the adult trials (see Fig. 8). age (see Fig. 4). This finding suggests that early motor
systems may have initial difficulties in maintaining task-
adequate levels of joint torque over longer movement du-
Discussion rations (in this study between 800 and 1200 ms). “Task-
adequate” refers in our paradigm to the production of
Learning to maintain task-adequate levels of joint torquenough torque to flex the joint and maintain a joint posi-
tion against the influence of gravity and reactive forces.
Typically infants attempt their first goal-directed reach&he underlying cause of this inability to conserve levels
around the age of 4-5 months after birth (von Hofstefhflexor torque is not explained by limitations in muscle
1979, 1991; Konczak and Thelen 1994; Thelen et aletabolism of the antigravity muscles (i.e., their inabili-
1993). Their early hand trajectories are characterizedtipyto maintain a contraction; Behrman et al. 1992; Pers-
multiple movement segments. Within 4—-8 weeks afteon and Gentz 1966), but is founded in the imprecision
reaching onset, infants make remarkable progress in gsbearly neuromotor control mechanisms. This impreci-
ducing smoother and straighter arm trajectories. Hosien in coordinating multijoint forces is also revealed by
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adult standard deviations. With respectTtg, s, adult SD was
Fig. 7 Adult innervation pattern during vertical reaching movecomputed as 0.1, faF gt adult SD was 0.2 zero-crossir:gs
ment performed at preferred speed. Anterior deltoid was the pri-
mary agonist of shoulder flexion. Triceps showed low background

activity (MUS muscle torqueGRA gravitational torque2*NET ;
doublg §otal joint torque;q. NET W%S multiplied b3 22for bettetthe f_lnal phase Qf the reach (C_She_z etal 198.3)' The pre-
readability. Note that decrease in flexor MUS is sufficient to ed0minant selection of a coactivation pattern is also con-
tend the forearm. Torque units are newton-meterspédnewton. sSistent with earlier findings showing that coactivation is
Elbow angle is in degre=s the prevailing pattern of muscle coordination in sponta-
neous movements before reaching onset (Hadders-Algra
et al. 1992). Thus, it seems plausible that infant motor
our finding that infants did at times produce extensgystems use this already familiar muscle synergy when
muscle torque when executing a reaching movement beginning to show goal-directed behavior.
feature that was absent in comparable adult reaching moA comparison of adult to infant motion yielded two
tion (adults generated exclusively muscle torque wittotable differences: first, the absence of extensor muscle
flexor influence; see Figs. 2, 7). At reaching onset (2@rque; second, the adults in our sample did not use a
weeks), nearly two-thirds of all recorded reaches camattern of coactivation during elbow extensz>hlow-
tained segments with elbow extensor MUS. By the ageer, the movement intent to extend the forearm was the
of 1 year, the percentage of reaching movements withsme in infants and adults. The difference between infant
bow extensor MUS had dropped substantially to roughdpd adult movers lay in the way this intention to extend
25% (see Table 2). the limb was planned and carried out. In our paradigm,
adults allowed the forearm to be pulled down passively
by gravity and reactive forces, a strategy that makes use
Patterns of muscle activation underlying the expressiomf these external forces (Hong et al. 1994; Konczak et al.
of muscular extensor torque 1995). In infancy, two basic movement strategies seem to
coexist. During early reaching (20-32 weeks) infants
When extensor MUS at the elbow was exhibited, infanised a strategy that we term “active extension.” Active
usedcoactivation with the triceps being the dominanmeans that elbow extension was accompanied by epochs
muscle in over two-thirds of the trials. One reason thaft extensor muscle torque (two-thirds of the reaches

might explain this preference for coactivation is that the ——— - .
- .- 2 This does not imply that adults never use coactivation during a
concurrent activity of the arm flexors helps to Stablllngaching task. The actual innervation pattern is a function of initial

the forearm during the intended extension (Karst and Haq final limb position, speed, and inertial load (Karst and Hasan
san 1987) and might facilitate a more precise controligo1)
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showed extensor MUS at 20 weeks). It also entails tihabtion and disregarding this relationship will have diffi-
the produced muscle flexor impulse was “low” relativeulty in explaining how changes in CNS control signals
to the corresponding extensor impulse (14:1 at weell ultimately lead to multijoint coordination. Further-
20; 159:1 at week 64). Although this strategy is equaliyore, these torque change data underline our earlier
successful in getting the forearm extended, it does c&im that the developmental process that finally leads to
quire extra muscular effort and hence is not as “economstiereotypic kinematic responses of the hand is not com-
cal” as passive extension. With increasing proficiency ipleted by the age of 15 months. Although the infants in
fants began to favor the strategy of passive extensionr study had similar movement times than adults by that
that is, fewer attempts were made to extend the foreage (infants 850 ms; adults 795 ms), the absolute number
by actively generating extensor muscle torque. Insteafl zero-crossings fof’ygr and T’y Was roughly twice
muscular activation served the exclusive purpose to pas- high for the infant than for the adult sample (see
duce flexor torque. This strategy assures that only Bg. 8). This result along with the substantially larger
much muscular force is applied as is necessary to offeatiability in these torque change variables warrants the
the effects of the gravitational and motion-dependesdnclusion that our infants had not yet achieved the con-
forces and to accomplish the task of arm flexion. An ofistency and smoothness of adult torque control. Our
vious benefit of “passive extension” is that it reducesnclusion is corroborated by the results of Forssberg et
muscular work during the extensor phase. Yet, becaate(1991, 1992) who investigated the development of
the relationship between a central impulse innervatindgoace control in a precision grip. In this fine-motor task,
set of muscles and the overt limb motion is not uniqgirdants showed initially force profiles with multiple
(Bernstein 1967; Hasan 1991), the system has to hpeaks when attempting to lift a small object (closely re-
some a priori knowledge about the magnitude and direembling the torque change profiles seen in Fig. 2). Only
tion of the external forces involved. Given the rapilfter 2 years of age did single-peaked force rate profiles
changes in anthropometrics and limb inertia in early ibegin to emerge, indicating a change toward anticipatory
fancy, it is highly unlikely that infants are born witHorce control. The authors conclude that the coupling of
some preset “plan of action” that contains all the necgsip and load force is not an innate synergy. Our data
sary knowledge about intersegmental limb mechsupport the view that this is also true for the case of
nics. Therefore, it seems understandable that young rmltijoint arm movements. Functional muscular syner-
fants are troubled by “reactive phenomena,” when thgies that are the basis of efficient endpoint motion are
begin to exhibit forms of goal-directed behavior that reet developed at birth, but they have to be learned during
quire a precise control of joint torques. In other wordsntogenesis.
they have problems in producing the right amount of Ample evidence suggests that the acquisition of coor-
muscular torque in the presence of unknown extermithation is tied to growth of the neuromuscular system
torques, such as coriolis and gravitational forces. Conaad to neural development (Harbord et al. 1990; Knaap et
quently, the prediction of such external forces requirak 1991). However, based on the results of our data and
learning and a process of ongoing recalibration of tttese of others (Schneider et al. 1990; Thelen and Fisher
motor system. We here demonstrate how the approprit®82) we argue that early motor learning cannot be con-
calibration might ultimately lead to changes in musculsidered outside their biomechanical context. This study
activation patterns that take these external forces into doceuments developmental changes in proximal joint dy-
count. namics. These dynamic changes entail that infants
learned to produce smoother patterns of muscular force
and to make use of external forces when elbow extension
Learning to produce smooth patterns of joint torque is desired. We could also show that the patterns of muscle
activation that underlie active elbow extension in early in-
Additional evidence of how neuromuscular control infancy are basically the same as during pre-reaching and
proved during development represents our finding thee characterized by the dominance of coactivation. How
the number of oscillations in the muscular torque curaed when patterns of muscle coordination during goal-di-
did decrease as infants became more proficient in reagtted reaching begin to resemble adult forms of innerva-
ing. The number of zero intersections fohzr and tion needs to be subject of further study.
T wus» representing an indirect measure of the smooth-
ness oftorque generation, did decrease n absolute (efEkg e 0eTEn e e caseaion v the o, s
as mf_ant_s got older an_d more experienced (see I:lg'b%$n a great joy for us .tog\J/vatchpand record the progress of these
That is, improvements in neuromuscular control of presjigren.” Our gratitude is extended to two anonymous reviewers
ximal joints led to a more regular NET output at thes® their critical and constructive comments of an earlier version
joints, which was ultimately reflected in the expressiaf the manuscript. This research was supported by SFB 307 A3
of a smoother hand trajectory. Our data document hEWn dth(_e Deutsche Forschungsgemeinschaft (German Science
the development of the hand trajectory is embedded ffyundation).
the dynamics of proximal limbs — a relationship natural-
ly determined by the physical make-up of the system.
Any developmental theory focusing solely on endpoint
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