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Abstract

We studied whether characteristics of individual finger force profiles covaried across
repetitions of a quick force pulse production task to stabilize the required magnitude and
timing of the peak force. Subjects produced series of quick force pulses by pressing with all
four fingers of the right hand on force sensors under the instruction to keep the magnitude of
the peak of total force at 15 N and reach the force peaks at prescribed times. Individual finger
force pulses were then reshuffled across trials to create a surrogate data set. The surrogate data
set showed a lower average peak force with a larger dispersion. This finding has been
interpreted as pointing at predominantly negative covariation among finger force pulses in the
actual data that stabilized the required magnitude of the total force, a force synergy. The
difference between the actual and surrogate data sets was significant early into the pulse time,
starting about 40 ms after the pulse initiation. This finding points at a central nature of the
negative covariation without a major role played by visual or proprioceptive feedback. In
contrast, the surrogate data set showed smaller dispersion of the timing of the total peak force
suggesting positive covariation of the timings of individual finger force pulses in the actual
data interpreted as the lack of a timing synergy. These results have been confirmed with
principal component (PC) analysis. The first PC for the timing of the individual finger peak
forces accounted for over 90% of the total variance for the actual data set and for under 40% of
the total variance for the surrogate data set. The fourth PC for the magnitudes of the finger
forces accounted for under 4% of the total variance for the actual data set and for over 15% of

the variance for the surrogate data set. The data are interpreted within the uncontrolled



manifold hypothesis; they support the hierarchical control scheme suggested by Schoner

(1995).



Introduction

The famous problem of motor redundancy (Bernstein 1967; Turvey 1990a,b) has been studied
using a variety of tasks and multi-effector systems including force production by fingers of the
human hand acting in parallel (Li et al. 1998; Latash et al. 2002a). When several fingers
produce a time profile of the total force, Fror(t), that needs to reach a particular magnitude at a
particular time, individual finger force profiles, Fi(t), may show different covariation across
several trials at the same task.

Imagine that in one trial a finger produces a higher force as compared to its typical
average contribution to the total force. By doing this, it introduces an error into Fror(t). Other
fingers may continue producing their typical average forces, or they may also produce higher
forces that would amplify the original error in Fror(t), or they may produce lower forces to
compensate for the error introduced by the first finger. In earlier studies, a term synergy has
been used only with respect to the last case, i.e. when individual fingers show error
compensation with respect to a particular performance variable such as Fror(t) (Latash et al.
2001, 2002a; Scholz et al. 2002).

Imagine now that a finger in one trial produces a force profile, which differs from its
typical contribution not in magnitude but in timing, i.e. it happens a bit earlier or a bit later.
This timing error may lead to errors in the timing of Fror(t). Similarly to the earlier example,
one may ask a question whether other fingers adjust the timing of their force pulses to (partly)
compensate for the effects of the original error on the timing of Fror(t). In other words, are
there timing synergies among fingers that stabilize a certain timing feature of Fror(t), for

example the time of its peak value, in addition to synergies in the magnitudes of finger forces?



A number of studies have shown that fingers demonstrate negative force covariation
across trials, i.e. synergies with respect to the magnitude of total force, particularly during slow
force production tasks and at relatively high forces (Latash et al. 2001, 2002a; Scholz et al.
2002, 2003). During faster tasks and at low forces, finger forces tend to show positive
covariation across trials that destabilizes the total force profile. The issue of error
compensation in timing has been elusive (e.g., Latash et al. 2002b).

The main purpose of this study has been to analyze error compensation among finger
forces with respect to both timing and magnitude in a task when the fingers are instructed to
produce quick Fror(t) pulses such that the peak of each pulse reaches a certain magnitude at a
certain time. Unlike many earlier studies (reviewed in Latash et al. 2002a), we have not
assumed linear relations between possible small errors in the magnitude and timing of
individual finger force pulses and characteristics of Fror(t). To study effects of possible
covariation of the timing and magnitude parameters of Fi(t), we compared characteristics of
Fror(t) profiles for a series of trials by a subject to similar characteristics computed for a
surrogate “data” (cf. Kudo et al. 2000; Muller and Sternad 2003) when Fror(t) was computed
as the sum of Fj(t) profiles taken from different trials. Obviously, no covariation among
individual force profiles, either in the magnitude or in the time domain, was expected in the

surrogate series.



Methods

Subjects: Eight healthy volunteers participated in the experiment, 4 males and 4 females. All
subjects were right-handed according to their preferential hand use during writing and eating.
The age of the subjects ranged from 22 to 30 years. Their average weight was 65.13 £ 11.54
kg; their average height was 1.72 £+ 0.09 m. All subjects gave informed consent according to

the procedures approved by the Office for Regulatory Compliance of Penn State University.

Apparatus: A detailed description of the setup can be found in Li et al. (1998). Four
piezoelectric sensors (Model 208A03, Piezotronic, Inc.) amplified by AC/DC conditioners
(M482M66) were used for force measurement. Cotton covers were attached to the upper
surface of the sensors to increase friction and prevent the influence of finger skin temperature
on the measurements. The sensors were medio-laterally distributed 30 mm apart. The position
of the sensors could be adjusted in the forward-backward direction within 60 mm to fit
individual subject's hand anatomy. The sensors were placed inside the groove in the wooden
board so that the subject could place his or her fingers comfortably on the sensors.

During the experiment, the subject sat in a chair facing the testing table with his/her
right upper arm at approximately 45° of abduction in the frontal plane and 45° of flexion in the
sagittal plane, the elbows at approximately 45° of flexion. A wooden board supported the wrist
and the forearm. A wooden piece shaped to fit comfortably under the subject's palm helped
maintain a constant configuration of the hand and fingers. Metacarpophalangeal joints were all
about 20° into flexion and all interphalangeal joints were slightly flexed, so that the hand

formed a dome (Figure 1A). The subjects were allowed to select a comfortable position of the



thumb. A computer monitor was located about 0.8 m away from the subject. It displayed the
task (see later) and also the current actual total force produced by all the fingers. A customized
LabVIEW program was used for data acquisition, and a MATLAB program was written for

data processing. Force data were sample at 1000 Hz.

<Figure 1 about here>

Procedure: Prior to each trial, the subject sat relaxed with the fingers of the right hand on the
sensors. The computer generated two beeps (get ready), and then a cursor showing the total
force produced by all four fingers started to move along the screen of the monitor in front of
the subject. The monitor also showed a grid of 8 vertical lines spread evenly such that it took
the cursor 3 s to cover the distance from one line to the next one. A horizontal line showed the
subjects the magnitude of the total force they were supposed to reach during each force pulse.
For all subjects this magnitude was selected to be 15 N. This was based on our earlier
experience that showed no fatigue during force production with such characteristics, while the
range allowed sufficient resolution of force measurement.

The subjects were instructed to produce series of very quick pulses of the total force by
pressing naturally with all four fingers such that the peaks of the pulses occurred at the
intersections of the horizontal line with the vertical lines. The subjects were reminded to relax
the fingers while the cursor moved between the lines. Five practice trials (eight force pulses in
each trial) were given to each subject. Then, the data were collected over the next 6 trials, also
containing eight force pulses per trial, such that the total number of collected force pulses was

48. No explicit accuracy constraints were imposed, but the subjects were encouraged to



produce pulses whose peaks landed as closely as possible to the points of line interaction.
Force pulses with the peaks that showed errors of over 15% from the prescribed level (15 N)
were discarded during off-line analysis; on average, the number of rejected trials per subject
was 4.3. Thirty pulses were randomly selected from the pool of accepted trials and used for

analysis for each subject.

Data Analysis: Force pulses Fror(t) were aligned according to the time (time zero, ty) of the
vertical line about which each pulse had been generated (Figure 1B). The time (tpeax) and
magnitude (Fpgak) of each Fror(t) were measured. The beginning (tstart) 0of each Fror(t) was
defined as the time when the first derivative dFror(t)/dt reached 5% of its peak value during
each force pulse. Time to peak (At) was defined as the difference between tsrart and tppak.

A surrogate data set was created using random permutations of thirty numbers in
MATLAB. Force profiles for each of the four fingers Fj(t) (i = I-index, M-middle, R-ring, and
L-little) were randomly selected from different pulses, and aligned according to t, and summed
up. This procedure was repeated 30 times to create a set of 30 @ror(t) time series. The

surrogate data set was processed in the same way as the original data set to define Tpgaxk,

Dpeak, TsTART, and Art.

The duration from start to peak of each force pulse within both actual and surrogate sets
was taken to be 100%. Variances in the total force computed at each 10% of the pulse time
were compared across the two data sets.

Principal component analysis (PCA) was used to analyze covariation among the times
of individual finger peak forces and among their peak magnitudes for both original and

surrogate data sets. This analysis was run for the four timing variables and for the four force



magnitude, separately, as well as for all eight variables combined. We also performed single-
value decomposition (SVD) analysis of the covariance matrices and compared the results of
SVD and PCA. There were only minor differences; hence, in the paper we present the results
of the PCA only. The amount of total variance accounted for by individual PCs was defined for

each data set and each subject separately.

Statistics: Standard descriptive statistics were run; the data are presented in the text as means
and standard deviations. ANOVA was used to compare average characteristics of the force
pulses with factors SUBJECT (eight levels), SET (actual and surrogate), and TIME (ten
levels). Nonparametric Wilcoxson’s signed-rank test was used to compare indices of dispersion

between the actual and surrogate sets.



Results

All the subjects were able to produce series of very quick and accurate force pulses. The
average time from the beginning of each force pulse to its peak was 165.89 + 44.55 ms. Their
average peak force was 15.03 = 1.44 N.

Figure 2A illustrates a typical force pulse Fror(t) and corresponding individual finger
force pulses, Fj(t) for a representative subject. Figure 2B shows a typical set of force profiles
for a surrogate trial created by selecting at random Fj(t) from different trials. Note the
following features of the surrogate @1or(t): Its peak level of force is smaller, the @ror(t) starts
somewhat earlier than Fror(t) in Figure 2A, and its peak is closer to the required time t, (zero

in Figure 2). These features were typical across subjects.

<Figure 2 about here>

Table 1 presents averaged across subjects characteristics of the actual and surrogate
sets. Comparisons of the averages were performed using a two-way SUBJECT X SET
ANOVA. These comparisons revealed significant differences between the actual and surrogate
sets in the peak force (Fpeak > Ppeax; Fii464) =136.98; p < 0.001) [Fiar, error afy], in peak force
time (tpeak > Treak; Fli.464) = 14.60; p <0.001), in the starting time of the force pulses (tstart>
tstarTs Fi1,464) = 73.97; p < 0.001), and in the time it took the force to reach its peak (At > At;
Fri,464) F1,464)= 178.85; p < 0.001). Wilcoxon’s signed-rank test was used to compare standard

deviations across the two sets. It revealed significantly higher magnitudes of the standard

10



deviation for ®pgak as compared to Fppak (p < 0.001), for tpeax as compared to tpeax (p <

0.01), and for At as compared to At (p <0.001).

<Table 1 about here>

To analyze the time course of the difference in the dispersion between Fror(t) and
dror(t), variances computed across series of trials for each subject separately were compared
between the actual and surrogate sets (VarF vs. Var®) at each 10% of the force pulse time.
Figure 3A shows the time profile of the difference between the two variances (AVar = Var® —
VarF). Note that AVar is positive from the very beginning of the trial. This was confirmed with
a SUBJECT X TIME ANOVA (F[, 4641 = 13.37; p < 0.001). One-way ANOVAs comparing
AVar to zeros at each TIME level showed that there were significant effects on all TIME levels
from 0 to 100% (Fy1,141 > 33.63; p < 0.001). Panel B of Figure 2 shows the AVar in
dimensionless units computed as the difference between Var® and VarF after each of them
was divided by the average value of @ (F) over the same time interval squared. The difference
between the normalized indices of variance shows a different behavior. It is negative early in
the force pulse and then stabilizes at a positive value that shows minimal fluctuations over

most of the force pulse duration.

<Figure 3 about here>

Principal component (PC) analysis of the times of individual finger peak forces for the

actual and surrogate data sets has revealed a significant difference between the two sets in the

11



amount of variance accounted for by the first PC. For the actual data sets, in each subject, PC1
accounted for over 90% of the total variance (94.33 £+ 3.01%). For the surrogate data set, PC1
accounted for only about 34% of the total variance (34.15 + 1.17%). These results are
illustrated in Figure 4A.

PC analysis of the magnitudes of the individual finger peak forces has shown
significant differences between the data sets for the first and last PCs (Fig. 4B). PC1
accounted, on average, for 55.65 = 12.26% of the total variance for the actual data sets and for
37.19 £ 5.14% of the variance for the surrogate data set. However, the biggest relative
difference between the data sets was seen in the amount of variance accounted for by the last
PC (PC4). For the surrogate data set, this amount was about four times higher than for the
actual data set (3.96 + 1.57% vs. 15.64 = 1.16% for the actual and surrogate data sets
respectively). There was also a difference between the actual and surrogate data sets in the
amount of variance accounted for by PC3, namely 20.73 + 2.25% vs. 14.55 + 4.93% for the
surrogate and actual data sets respectively. All the mentioned differences were significant at p
< 0.05 according to the Wilcoxon’s singed-rank test. There were no significant differences
between the two sets in the amount of variance accounted for by PC2.

We also ran a combined PCA that included all eight variables. The percentages of
variance accounted for by individual PCs for the actual and surrogate data sets are presented in
Figure 5. Note that the first two PCs accounted for about 80% of the total variance for the
actual data set, but only for about 41% of the total variance for the surrogate data set. To
analyze whether the timing and magnitude variables contributed significantly to common PCs
(we will address these as “mixed PCs”), we accepted an arbitrary but customary cutoff of 0.4

as a minimal significant loading value. The first two PCs for all ten subjects showed significant

12



loading either only on subgroups of timing variables or only on subgroups of magnitude
variables. Over all 80 individual PCs (8 PCs x 10 subjects), there were only six cases of mixed
PCs, and these PCs were always among the PC3-PC8 groups accounting for small amounts of
variance (see filled bars in Fig. 5). In contrast, the surrogate data set (open bars in Fig. 5)
showed eleven cases of mixed PCs out of the total of twenty PC1-PC2 and a proportional

number of mixed PCs for PC3-PCS.
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Discussion

As in several earlier studies (Kudo et al. 2000; Muller and Sternad 2003), we have assumed
that task-specific covariation of characteristics of individual finger force profiles, Fi(t), that
could be present in an actual data set, was eliminated by selecting Fi(t) from different trials and
creating a surrogate data set. Comparison of characteristics of dispersion has revealed higher
variability for the peak value of total force and lower variability for the deviation of the time of
the total force from its desired time for the surrogate set as compared to the actual data set. We
interpret the former finding as pointing at the presence of negative covariation among
individual finger force magnitudes within the actual set, i.e. a synergy that stabilized the peak
value of total force about the required value of 15 N. The latter finding suggests that the
timings of the individual force profiles in the actual data set with respect to ty covaried
positively, for example, if one finger speeded up, other fingers were also likely to speed up.
This covariation led to higher indices of dispersion in the timing of the total force, i.e. there
was no timing synergy among individual finger force pulses that would help stabilize the time

of Fpeax at the required time t.

Synergies that stabilize magnitude of the total force

A series of earlier studies used the framework of the uncontrolled manifold (UCM)
hypothesis to analyze finger coordination in relatively slow force production tasks (Latash et
al. 2001, 2002a,b; Scholz et al. 2002, 2003). The UCM hypothesis assumes that the controller
selects a UCM corresponding to a desired value of a performance variable (such as total force)

and then structure the finger force variance such that most of it is confined to the UCM. Those
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studies failed to show finger synergies that would stabilize total force when the force changed
relatively rapidly and its magnitude was relatively low. Findings within the current study
suggest a very different picture: Individual finger forces showed predominantly negative
covariation such that the total force was stabilized despite the very fast rate of force change
(much higher than in the cited studies). This was seen at early phases of the force pulse when
the total force was low.

Principal component analysis of the peak magnitudes of individual finger forces
showed a redistribution of the amount of variance between PC1 and PC3/PC4 in the surrogate
data set as compared to the actual data set. According to the UCM hypothesis, stabilization of
total force is associated with creation of a manifold (UCM) in the finger force space and the
finger force variance is mostly restricted to that UCM. For a particular value of the total force,
the UCM in three-dimensional. The fourth dimension is orthogonal to the UCM; variance
along that dimension is expected to be low. For a perfect data set representing an ellipsoid
oriented parallel to the UCM, with its shortest axis orthogonal to the UCM, PC4 is expected to
be parallel to the shortest axis. Hence, comparison of the amount of variance accounted for by
PC4 provides a crucial test of the hypothesis on total force stabilization. Our analysis has
shown significantly lower amount of variance accounted for by PC4 for the actual data set as
compared to the surrogate data set providing an additional confirmation of the hypothesis on
stabilization of the total peak force by covariation of individual finger forces. Changes in the
amount of variance accounted for by PC3 were is the same direction as for PC4. They may
reflect the fact that actual ellipsoids of data point distributions were not oriented perfectly
parallel to the UCM such that projections onto the two shortest axes reflected the smaller

amount of variance orthogonal to the UCM.
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There are a number of differences between the earlier studies and the current one. The
earlier studies used a different set of variables, modes (cf. Danion et al. 2002), rather than
finger forces. The modes take into account the phenomenon of enslaving, i.e. unintended force
production by fingers when another finger of the hand produces force (Li et al. 1998;
Zatsiorsky et al. 1998, 2000). However, enslaving in our experiments could only create
positive covariation among finger forces, while the findings in the current study suggest
predominance of negative covariation. That is, taking enslaving into account would only
strengthen the effects. Another major difference is that force pulses in the current study were
so fast (average rise time of about 160 ms) that visual feedback based corrections were unlikely
to play any role. In earlier studies, even the fastest force patterns were much slower and
supposed to follow a certain visually presented template; hence, they were supposed to be
performed under continuous feedback control. The current findings may be interpreted as
showing that naturally occurring variations in the sharing pattern of the total force among the
fingers can occur even during the fastest force pulses and these variations keep the magnitude
of the total force relatively unchanged.

There is an early effect in Figure 3A suggesting a transient period of positive
covariation of finger forces early in a ramp trial that destabilizes the total force but may play a
role in stabilization of the total pronation/supination moment (cf. Latash et al. 2001). Although
the effect is small, it corroborates earlier observations in young control subjects (Scholz et al.
2002; Latash et al. 2002a), healthy elderly (Shinohara et al. 2003), and persons with Down
syndrome (Latash et al. 2002b). This “opposite of a force stabilizing synergy” effect was
studied in depth for cyclic and ramp force production at different rates (Latash et al. 2002b). In

a recent study (Shim et al. 2003), it has been shown that there likely is a critical time at which
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the positive covariation (that destabilizes the total force) switches to a negative covariation,
which we interpret as a force-stabilizing synergy. Since a switch from positive to negative
covariation was seen during the first several tens of ms (Fig. 3), it was likely to be of a purely
central origin, not relying on proprioceptive feedback control processes (cf. Todorov and
Jordan 2002). However, currently we have no proofs for such a central back-coupling

mechanism.

Synergies that stabilize timing of the total force

A number of earlier studies have shown that relative timing of action by individual
effectors during a multi-effector action is rather stable over repetitions of the task and even
under changes in its characteristics. For example, in a study of professional typists, Terzuolo
and Viviani (1980) showed that natural variations in the speed of typing of a standard phrase
preserved the relative timing of individual key strokes by the fingers of the typist. Later studies
have suggested that relative timing was not an invariant property of a motor act but an
emergent property that could change under certain changes in task parameters (reviewed in
Turvey 1990b).

In an earlier paper (Latash et al. 2002b), we reported observations suggesting that the
controller had problems in compensating timing errors in the outputs of individual fingers. The
current study shows the lack of such compensation explicitly. It suggests that individual finger
force pulses are strongly synchronized and they keep this synchrony over trials such that all
fingers speed up or slow down together. Principal component analysis of the times of the peak

forces of individual fingers provided additional support for this conclusion: For the actual data
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set, PC1 accounted for over 90% of the total variance, while for the surrogate data set, PC1
accounted for less than 40% of the variance.

In the current study we address a possibility of timing adjustments among outputs of
individual elements within a single realization of the task. The question we ask is: “If one
finger in a particular trial develops its peak force too quickly, will other fingers slow down to
reach the peak closer to the prescribed time?” To answer this question, we analyzed a set of
realizations of the discrete task. Our subjects relaxed completely between any two attempts at
force production to minimize possible effects of one task realization on another. This approach
is very different from analysis of consecutive cycles in an ongoing cyclic task, as was done in a
variety of studies of rhythmic actions (Keele et al. 1985; Wing and Kristofferson 1973; Semjen
et al. 1984; Turvey et al. 1989). In those studies, the question was: “If one cycle is performed
too quickly, will the next cycle be performed slower, quicker, or without a change in the
pace?”. This question can be and has been applied to a single effector performing the task
(Roberts et al. 2000; Sternad et al. 2000), while our question can be applied only to a set of
effectors (fingers in our study).

The apparent failure of the controller to create timing synergies may be tentatively
interpreted within the theoretical framework suggested by Schoner (1995). This framework
assumes a hierarchical system of control, which involves, in particular, a timing level, and a
synergy level. At the timing level, relative timing of effector involvement is defined. At the
synergy level, the task is shared among the effectors. Within this general scheme, results of the
current study suggest that the controller was able to stabilize the magnitude of the total force

by negative covariation in individual finger forces, i.e. a synergy was created at the synergy
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level. However, if a timing error occurred, it was likely to be equal in all effectors. In other

words, there was no synergy at the timing level.
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TABLE 1

Means and standard deviations of characteristics of the actual (A) and surrogate (S) data sets

Significance  Significance

VARIABLE MEAN  St. Dev (MEANS) (St. Dev.)

Fpeak (N) — A 15.03 1.44

A>S* A<S*
Opeak (N) — S 13.15 2.12
tppak (ms) — A 62.80  47.94

|Al>[S] * A>S*
Tpak (MS) — S 4799  38.52
tSTART- (l’IlS) —A 192.12 81.72

Al <[S[* A>S
TSTART (l’IlS) -S 244.75 71.34
At (ms) — A 165.89  44.55

A<S* A<S*
At (ms) — S 22491  70.79

Means and standard deviations across subjects are shown (n = 8). * - statisically significant

difference at p < 0.001.

23



Figure Captions

Figure 1. A: A scheme of the experimental setup. B: A typical total force profile (solid curve)
and its first derivative (dashed curve) that was used to define the time of pulse initiation

(tstarT). Time zero corresponds to the required time of the peak of the force pulse.

Figure 2. Typical sets of force profiles for an actual data set (A) and for a surrogate data set
(B). Total, I, M, R, and L stand for total, index, middle, ring, and little finger forces,

respectively. Time zero corresponds to the required time of the peak of the force pulse.

Figure 3. The difference between total force variances of the surrogate and actual data set
(AVar = Var®— VarF). In panel A, AVar was computed using variances in absolute units (N?).
In panel B, AVar was computed using variances divided by the average force squared.

Averaged across subjects data are shown with standard error bars.

Figure 4. Percentage of the total variance accounted for by each principal component for the
PCA ran on finger force times (panel A) and finger force magnitudes (panel B) for the actual
(filled bars) and surrogate (open bars) data sets. Averaged across subjects data are shown with

standard error bars.

Figure 5. Percentage of the total variance accounted for by each principal component (PC)
within PCA ran on finger force magnitude and timing variables together for the actual (filled
bars) and surrogate (open bars) data sets. Averaged across subjects data are shown with

standard error bars.
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