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Abstract

Previous studies have documented two patterns of finger interaction during multi-finger pressing
tasks, enslaving and error compensation, which do not agree with each other. Enslaving is
characterized by positive correlation between instructed (master) and non-instructed (slave) finger
(s) while error compensation can be described as a pattern of negative correlation between master
and slave fingers. We hypothesize that pattern of finger interaction, enslaving or compensation,
depends on the initial force level and the magnitude of the targeted force change. Subjects were
instructed to press with four fingers (I - index, M - middle, R - ring, and L - little) from a specified
initial force to a target forces following a ramp target line. Force-force relations between master and
each of three slave fingers were analyzed during the ramp phase of trials by calculating correlation
coefficients within each master-slave pair and then 2-factor ANOVA was performed to determine
effect of initial force and force increase on the correlation coefficients. It was found that, as initial
force increased, the value of the correlation coefficient decreased and in some cases became negative,
i.e. the enslaving transformed into error compensation. Force increase magnitude had a smaller effect
on the correlation coefficients. The observations support the hypothesis that the pattern of inter-finger
interaction—enslaving or compensation—depends on the initial force level and, to a smaller degree,
on the targeted magnitude of the force increase. They suggest that the controller views tasks with
higher steady-state forces and smaller force changes as implying a requirement to avoid large changes
in the total force.
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Introduction

When a person produces force at the fingertips, two patterns of force production emerge. One
pattern of force interaction, between fingers of a hand, is called enslaving. Enslaving occurs
when the fingers not explicitly involved in a pressing task (slave fingers) produce force when
a finger from the same hand produces force by instruction (master finger) (Kilbreath and
Gandevia 1994; Leijnse 1997; Li at al. 1998; Zatsiorsky et al. 1998; Hager-Ross and Schieber
2000; Kilbreath et al. 2002). With the master force increase, the force generated by an enslaved
finger(s) also increases, i.e. the master force and enslaved force are positively correlated.
Enslaving can potentially be due to a combination of several factors. They are: 1) peripheral
mechanical connections of tissues (Leijnse 1997), 2) multi-digit motor units in the extrinsic
flexor and extensor muscles (Kilbreath et al. 2002; Schieber 1991; Schieber 1995) and 3)
diverging central commands (Schieber and Santello 2004). In the previous studies on enslaving,
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the subjects started the trials by pressing with small forces (~0-5% of the maximal voluntary
contraction force, MV C) and then significantly increased required force output of master finger
(s), typically up to 100% MVC. Enslaved fingers exhibit a linear force increase so that their
contribution remains a constant percentage of the total force output. Enslaving effects are
strongest in the adjacent finger(s) to the master finger(s) while the index finger is the most
independent, or least enslaved, and the ring is the most enslaved (Zatsiorsky et al. 2000).
Typically, enslaving effects are observed when a subject initially presses with a very small
force against an object (rests the fingers on the sensors) and then increases contact force to a
significantly higher level (Zatsiorsky et al. 1998; Zatsiorsky et al. 2000).

Another well documented pattern of force interaction is error compensation. The error
compensation is considered to be a fundamental feature of motor synergies (Latash 2008).
Error compensation has been observed in finger addition/removal tasks and is characterized
by the following: when a finger is added to a pressing task, the forces produced by the original
set of master finger(s) drops while when a finger is removed from a pressing task, the remaining
master finger(s) significantly increases force production (Latash et al. 2001, Li et al. 2003;
Kruger et al. 2007). The error compensation is characterized by a strong negative relation
between the force exerted by the manipulated finger and the force produced by other fingers.
The phenomenon of the error compensation was explained by the synergic reactions due to the
tendency of the central controller to keep the total force generated by all the fingers at the same
level (the subjects did not receive any instruction on keeping the total force constant). Often
when performing fine manipulations of objects accurate control of total force is desired, this
is helped by error compensation. Previous error compensation studies required subjects to add/
remove finger(s) from the task permanently for the remainder of trial (Li et al. 2003) or for
short intervals in finger tapping movements (Latash et al. 1998). Thus far, all error
compensation studies have required subjects to start the task from a relatively high initial force
(>10% MVC). Both enslaving and error compensation have shown a history dependent effect
(Lietal. 2003).

Enslaving and error compensation strongly disagree with each other in terms of the correlation
among finger forces. The enslaving is manifested as positive correlation between the individual
finger forces while the error compensation is represented by the negative correlation. The goal
of this study is to investigate the conditions that lead to either enslaving or error compensation,
and their interaction in multi-finger pressing tasks. We hypothesize that pattern of finger
interaction, enslaving or compensation, depends on the initial force level and the magnitude
of the targeted force change. To test the hypothesis we manipulated in the experiment the two
mentioned variables.

Materials and Methods

Twelve young healthy subjects participated in the experiment (six males and six females). The
average age, mass and height of the male subjects were 26.1 + 4.1 years, 69.4 + 14.4 kg, and
171.1 + 10.8 cm, respectively. The average age, mass and height of the female subjects were
25.7+5.1years, 57.6 6.5 kg, and 162.4 £ 6.4 cm, respectively. Male hand widths for adducted
and abducted finger positions were 8.7 £ 0.5and 9.5 + 0.5 cm, respectively. Female hand widths
were 7.5 £ 0.5 and 8.3 £ 0.4 cm, respectively. Male and female hand lengths were 19.6 + 0.9
and 17.4 £ 0.9 cm, respectively. All subjects were right-handed. The subjects had no previous
history of neuropathies or traumas to the upper limbs. The subjects gave informed consent
according to the procedures approved by the Institutional Review Board of the Pennsylvania
State University.

Four uni-directional piezoelectric sensors (208C02, PCB Piezotronics) were used for force
measurement. The sensors were mounted on a steel frame, which was securely attached to the
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testing station. Sandpaper pads were attached to the face of the sensors to increase friction and
to reduce the temperature effect from the skin. Sensors were spaced 30 mm apart in the direction
of finger adduction-abduction. The position of the sensors could be adjusted in the finger
longitudinal direction in a range of 40 mm to fit individual subject’s anatomy. A wooden
support was made to support the wrist and forearm, as well as to ensure stable contact between
the fingers and force sensors. A wooden block was placed under subject’s hand to promote
stable hand configuration and avoid pronation/supination during pressing. Analog output
signals from the sensors were processed by separate AC/DC conditioners (484B, PCB
Piezotronics) connected to a microcomputer (Dimension 2400, Dell) that was utilized for
control, acquisition, and processing of the data.

During testing, subjects were seated facing the testing table with the right upper arm at
approximately 45° abduction in the frontal plane and 45° flexion in the sagittal plane, and the
elbow at approximately 45° flexion. The forearm was fixed to the wooden board with two
straps. The left hand rested on the thigh.

The experiment consisted of two parts:

1. The first part required the subjects to press as hard as possible with each finger
individually and all four fingers together. Two trials at each condition were collected,
which led to 10 total trials, then the peak force value was used as MVC to provide
target forces later in the experiment. For each trial subjects were given a 5-s window
to press “as hard as you can” and to relax.

2. The second part of the experiment was the main part. Subjects were asked to press,
so that their finger forces followed a target that featured an initial 4-s constant force
followed by a ramp, which varied in length, but had a constant slope of 10% MVC/
second, and finally another constant force target following the end of the ramp for 4
s. The instruction was: “Initially press with all fingers to follow target force then,
when the ramp begins, press harder with the instructed finger to follow the ramp target
and do not pay attention to forces of other fingers. At the end of the ramp, maintain
the current force level with all fingers.” Prior to each trial, subjects were told which
finger would be pressing harder when the ramp began. The initial constant force level
was varied between 0, 5, 10, 15, 20, and 25% MVC and the ramp duration was varied
such that the overall force increase was 10, 20, 30, and 40% MVC. These force
increases correspond to time lengths of 1, 2, 3, and 4 s, respectively (the rate of force
change was held constant at 10% MVC/s). Each combination of initial force level and
force increase was performed for each finger, which led to 96 total trials (6 initial
force levels x 4 force increases x 4 fingers = 96).

A deception was used in presenting finger force-target force feedback to the subjects. They
were told that the sum of the force of all four fingers was presented on the computer screen
when in fact it was only the force of the finger instructed to press harder during the ramp. The
deception was used so that the transition between a constant force to ramp force would be
smooth and the finger pressing harder during the ramp would not have to abruptly increase or
decrease force to reach the start of the ramp. When multiple fingers are involved in a pressing
task total variances of individual fingers is greater than the variance of the sum of finger forces
(Lietal. 1998, Latash et al. 2001, Scholz et al. 2002) thus making it difficult to predict what
force a single finger is pressing with.

A LabVIEW program (LabVIEW Version 8.0, National Instruments) was used to collect the
force signals and display feedback to subjects. Data was collected at a frequency of 300 Hz.
The force data were digitally low-pass filtered using a 4™ order low-pass two-way Butterworth
filter at 10 Hz using Matlab (Version R2006a, The Mathworks, Inc). A low-pass cutoff
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frequency of 10 Hz was applied. One and two-way ANOVAs and Student t-tests were
performed for statistical analysis at a significance level of 0.05.

Both the finger enslaving and error compensation is manifested as a relation between the force
exerted by the master finger and the force of the enslaved finger. With four master fingers and
three slave fingers the general format of the studied relations can be represented as a 4x4 matrix
in which the elements on the main diagonal are included for notational convenience (notation
is Master Finger/Slave Finger). Consequently, 12 finger-finger combinations were addressed.
(Note: the abbreviations used are: | — the index finger, M — middle, R —ring, and L - little
finger.) Each finger-finger combination was studied at 6 levels of the initial force magnitude
(0,5, 10, 15, 20 and 25 % of MVC) and 4 levels of the prescribed force increase by the master
finger (10, 20, 30 and 40% of the MV C). Hence, for each subject performing tasks with 4
fingers there were 4 x 24 = 96 experimental conditions and correspondingly 96 x 3= 288
relations had to be determined. In total, for 12 subjects there were 288 x 12 = 3456 relations.
Representing such a huge number of data in a concise form was a real challenge

The data analysis adheres to the following logic. Because the main focus of the interest was
on the force-force relations in the master finger-enslaved finger pairs, the 288 relations were
determined for each subject. As the measure of the inter-finger relation (IRM), the linear
coefficients of correlation were computed, 3456 in total. The coefficients of correlations were
then z-transformed to obtain a normal-like distribution (Kutner et al. 2005).

At the second stage of the analysis the two-way repeated measure ANOVAs were performed
for each of 12 force-force combinations with the factors: (1) INITIAL FORCE (IF) and (2)
FORCE INCREASE (FI) on the z-transformed values of the coefficients of correlation.
Significance levels were set to a = 0.05. The data was previously tested for sphericity (Girden
1992); no statistically significant deviation from sphericity was found. Next, the z-transformed
coefficients were averaged across conditions with the same master finger (Kutner et al.
2005). For each master finger (M) and each IF-FI combination, three coefficients were
averaged: (M-S1 + M-S2 +M-S3)/3, where S is a slaved finger. At this point, we were left with
96 coefficients of correlation.

Then the data was further analyzed in two ways: (1) the data for the same IF level was averaged
across the FI’s (10, 20, 30, and 40% MVC) and plotted versus the IF levels (0, 5, 10, 15, 20,
and 25 % MVC). (2) Similar as above, but the averaging was performed across the IF levels
and the coefficients were compared across the FI levels that were treated as independent
variables in this case.

The results are presented in the following sequence: (a) examples of the individual force-force
relations, (b) force-force correlation matrices for the group (examples), (c) two-way repeated
measure ANOVAs results, (d) regression analysis.

Examples of the force-force relations in individual trials are presented in Fig. 1. It is evident
that at different IF-FI combinations the relations are different and can vary from positive to
negative. Note that the positive relations indicate finger enslaving while the negative relations
are indicative of error compensation, a sign of the tendency to maintain the total force exerted
by all the fingers constant.

Fig. 1. Representative examples of the force-force relations between the M finger (the master
finger) and the R finger for a typical subject. (A) The initial force magnitude 0% and the force
increase 40%. (B) The initial force magnitude is 10% and the force increase is 40%. (C) The
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initial force magnitude is 25% and the force increase is 40%. The correlation coefficient and
regression equation, with R2 value, for trial shown are included at top of each plot.

The coefficients of correlation were averaged across subjects for each combination of IF and
FI. Several examples are shown, in matrix form, of master-slave pairs in Table 1. According
to the tested IF-FI combinations there were 24x2=48 such matrices, 24 for the coefficients of
correlation and 24 for the regression coefficients. For brevity only 4 such matrices are presented
here. A general trend of an increase in the correlation coefficients with an increase in Fl as
well as a decrease in the coefficients with an increase in IF was observed. These trends are
analyzed in detail in subsequent sections.

Two-way repeated measure ANOVAs were performed on the z-transformed correlation
coefficients with factors IF and FI (significance level: a. = 0.05). The effect of the IF factor was
significant in all finger-finger pairs and the effect of the FI factor was significant in 10 of 12
pairs. The pairs with non-significant FI factor effects were R—-M and L-R. Hence, as a rule,
the coefficients of correlation between the master finger and slave finger force changes in the
pressing tasks depended both on the IF and FI levels. The calculated p-values can be found in
the Table 2.

The regression of the coefficients of correlation values averaged across the slave fingers on (a)
the IF levels and (b) the FI levels are presented in Figure 2.

Fig. 2. (A) Averaged correlation coefficients vs. initial force for index master finger. The data
was averaged across the FI levels. (B) Averaged correlation coefficients vs. force increase for
index master finger. The data was averaged across the IF levels.

It is seen from Fig. 2 that the negative trend occurred: the coefficients of correlation which
were large for the zero initial force, gradually decreased with the IF increase and for the | and
M fingers became negative at the high levels of the initial force. For the FI, the observed trend
was different from the IF with the FI increase to 20% of MVC the coefficients increased and
with further FI increase approximately stayed constant. In all cases, the coefficients for the
index and middle fingers were below the coefficients for the ring and middle fingers with no
point of intersection between lower, | & M, fingers and upper, R & M, fingers. Note that at the
small FI values the coefficients for the index finger became negative, i.e. error compensation
rather than enslaving occurred.

Discussion

Our observations support the hypothesis formulated at the beginning of the paper that the
pattern of inter-finger interaction—enslaving or compensation— during voluntary change of
a finger force in multi-finger tasks, depends on the initial force level and on the targeted
magnitude of the force increase. These data do not support the opinion (Fahrer 1981; Kilbreath
and Gandevia 1994; Leijnse 1997) that the finger interaction is determined mainly by the inter-
tendinous connections between the fingers. In the light of the obtained facts (‘switching” from
the force enslaving to the force compensation with the IF rise) the above explanation seems
dubious. During the master finger force rise, the passive connections between the fingers either
did not change (and hence enslaving effect due to the passive force transmission should not
change) or with increased tissue strain the inter-tendon connections could become stiffer and
hence the ‘passive’’ enslaving effect should increase. However, our findings are opposite: With
the IF increase, the enslaving effects decreased. We may assume that the finger interaction in
multi-finger pressing tasks is subjected to two neural mechanisms one of which causes the
enslaving and the second is directed at stabilization of the total force output and may be
considered a manifestation of the multi-finger synergy. The relative contribution of these
mechanisms depends on the initial force levels (mainly) and the targeted magnitude of the force
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increase. The results show that enslaving exhibits a more complex non-linear behavior than
the typical linear behavior that has been reported in previous literature in which enslaving was
measured from a 0% MVC initial force level (Zatsiorsky et al. 2000). We admit evident
delimitations of this study: 1) only the force increases were studied while the force decreases
from initial force levels were not addressed, and 2) the rate of force increase was not varied.
A recent study has suggested that the direction of master finger action and the rate could have
important effects on the indices of enslaving (Kim et al. 2008). However, the effects of rate of
force change on error compensation are unknown and it was decided to be held constant so as
to avoid potentially confounding effects of rate of force development on enslaving and error
compensation. We hope to address this issue in future experiments.

Enslaving has been shown to be a robust phenomenon across tasks and force ranges (L. at al.
1998; Zatsiorsky et al. 2000). Recent studies of multi-finger synergies in a variety of tasks
(Latashetal. 2001, Scholz etal. 2002), reviewed in (Latash et al. 1998), used this fact to perform
analysis using a different set of variables, force modes that represent hypothetical control
signals to individual fingers that can be modified by the controller one at a time. Indices of co-
variation in the space of force modes have been viewed as synergy indices. In the space of
finger forces, positive co-variation among the forces is expected as a default due to enslaving.
Any deviations from this default reflect synergic relations; hence, synergic relations in the
current study may be assumed not only when the correlation coefficients dropped below zero,
but when they started to deviate from the highest default values. In our experiments, the subjects
were not specifically instructed to keep a value of the total force when the master finger started
to increase its force. The following explanation can be offered: at higher forces small enslaving
effects can be masked by greater force stabilization effects (we thank an anonymous journal
reviewer for suggesting this explanation). In such a case, enslaving might be still due to a
passive response rather than to an active neural process. Nevertheless, strong synergic effects
were seen across all conditions. These observations suggest that the controller views tasks with
higher steady-state forces and smaller force changes as implying a requirement to avoid large
changes in the total force (Latash et al. 2001). Possibly, this is conditioned by everyday
experience with hand-held objects that could result in failures if large changes in the total finger
force occur.
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Fig. 1.

Representative examples of the force-force relations between the M finger (the master finger)
and the R finger for a typical subject. (A) The initial force magnitude 0% and the force increase
40%. (B) The initial force magnitude is 10% and the force increase is 40%. (C) The initial force
magnitude is 25% and the force increase is 40%. The correlation coefficient and regression
equation, with R2 value, for trial shown are included at top of each plot.
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(A) Averaged correlation coefficients vs. initial force for index master finger. The data was

averaged across the FI levels. (B) Averaged correlation coefficients vs. force increase for index
master finger. The data was averaged across the IF levels. vs. force increase for index master
finger. The data was averaged across the IF levels.
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Exemplary Matrices of Coefficients of a) Correlation Coefficients and b) Regression Coefficients

Table 1

a) Correlation Coefficients

Initial Force = 0% MVC & Force Increase = 40% MVC

Slave Master
Finger/Finger | M R L
| 1.00 0.89 0.93 0.91
M 0.92 1.00 0.91 0.85
R 0.81 0.83 1.00 0.97
L 0.65 —0.08 0.87 1.00
Initial Force = 25% MVC & Force Increase = 10% MVC
Slave Master
Finger/Finger 1 M R L
| 1.00 —0.56 -0.35 —-0.03
M —0.58 1.00 0.44 0.02
R —0.59 0.09 1.00 0.72
L —-0.62 -0.87 0.00 1.00
b) Regression Coefficients
Initial Force = 0% MVC & Force Increase = 40% MVC
Slave Master
Finger/Finger 1 M R L
| 1.00 0.08 0.06 0.12
M 0.08 1.00 0.06 0.40
R 0.06 0.39 1.00 0.12
L 0.03 0.15 0.06 1.00
Initial Force = 25% MVC & Force Increase = 10% MVC
Slave Master
Finger/Finger | M R L
| 1.00 -0.17 -0.25 -0.15
M -0.24 1.00 0.14 —0.04
R -0.09 0.01 1.00 0.02
L -0.07 —-0.10 —-0.02 1.00
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Two-Way ANOVA Results of the effects of the initial force (IF) and the force increase (IF) levels on the coefficients
of correlation between the forces of the master and slave fingers.

Master-Slave Pair

Initial force p-value

Force increase p-value

IIM
IIR
I/L
M/l
M/R
M/L
R/
RIM
R/L
L/
L/M
L/R

0.000
0.000
0.000
0.000
0.000
0.037
0.000
0.008
0.000
0.000
0.000
0.000

0.046
0.003
0.039
0.000
0.021
0.003
0.000
0.299
0.000
0.050
0.003
0.730

Table 2 contains two-way repeated measures ANOVAs p-values results. Two-way ANOVA was computed from the average of each subject’s correlation
coefficient for each combination of IF and FI across all master-slave pairs.

Exp Brain Res. Author manuscript; available in PMC 2010 January 1.
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