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Olafsdottir HB, Zatsiorsky VM, Latash ML. The effects of
strength training on finger strength and hand dexterity in healthy
elderly individuals. J Appl Physiol 105: 1166–1178, 2008. First pub-
lished August 7, 2008; doi:10.1152/japplphysiol.00054.2008.—We in-
vestigated the effect of 6 wk of strength training on maximal pressing
(MVC) force, indexes of finger individuation (enslaving), and perfor-
mance in accurate force production tests and in functional hand tests
in healthy, physically fit, elderly individuals. Twelve participants
(average age 76 yr) exercised with both hands. One of the hands
exercised by pressing with the proximal phalanges (targeting mainly
intrinsic hand muscles), whereas the other hand exercised by pressing
with the finger tips (targeting mainly extrinsic hand muscles). Train-
ing led to higher MVC forces, higher enslaving indexes, and improved
performance on the pegboard grooved test. Changes in an index of
multi-finger force stabilizing synergy showed a significant correlation
with changes in the index of force variability in the accurate force
production test. Strong transfer effects were seen to the site that did
not perform strength training exercise within each hand. Effects of
exercise at the proximal site were somewhat stronger compared with
those of exercise at the finger tips, although the differences did not
reach significance level. Control tests showed that repetitive testing by
itself did not significantly change the maximal finger force and
enslaving. The results suggest that strength training is an effective
way to improve finger strength. It can also lead to changes in finger
interaction and in performance of accurate force production tasks.
Adaptations at a neural level are likely to mediate the observed
effects. Overall, the data suggest that strength training can also
improve the hand function of less healthy elderly subjects.

age; strength training; finger; force production; synergy

HEALTHY AGING IS ASSOCIATED with changes at different levels of
the neuromotor system. In particular, the documented decline
in hand function (19, 24, 28, 53, 55) has been attributed to both
peripheral changes, such as sarcopenia, a drop in the number of
motor units, an increase in average size of motor units, general
slowing down of muscle contractile properties (6, 13, 38), and
changes in central commands to the motoneuronal pools (9, 10,
63, 64).

Previous studies of maximal voluntary contraction (MVC)
tasks have suggested that elderly individuals show a dispro-
portional loss of strength in the intrinsic hand muscles com-
pared with the extrinsic hand flexors (8, 64, 65). It has also
been suggested that the strength imbalance between these
muscle groups may contribute to the impaired ability of elderly
individuals to stabilize the total force and total moment of force
in multi-finger tasks as well as to the decrease in dexterity with
aging (63, 64–66). Finger coordination problems in the elderly
may also be attributed to documented changes in indexes of

finger interaction, in particular enslaving (force production by
uninstructed fingers of the hand) (33, 45, 75), which show
strong correlation with the finger MVC values (64, 65). Note
that both very high and very low enslaving may have negative
effects on the hand function. Very high enslaving limits indi-
vidual finger control and may contribute to poor multifinger
coordination (39). On the other hand, enslaving contributes to
stabilization of the hand rotational action (76) that is crucial in
a variety of everyday tasks; hence, low enslaving may contrib-
ute to the age-related decline in dexterity.

Strength training has been shown to be an effective way to
improve the force-producing capacity of muscles in the elderly
and to partially reverse the changes observed in the muscle
architecture with age (29, 48, 56, 57). In this study, we asked
the following specific questions: Will changes in finger
strength lead to changes in indexes of finger interaction,
bringing those closer to values observed in younger persons?
What will be the effects of strength training on accurate force
production tasks and tests of hand dexterity? Can strength
training, targeting mostly intrinsic hand muscles, lead to an
improved balance in the force-generating abilities between the
extrinsic and intrinsic muscles?

The muscular design of the hand allows variation in the
involvement of the intrinsic and extrinsic muscles in MVC and
submaximal accurate force production tasks by varying the
point of force application along the fingers, at the fingertips
(the distal site), and at the proximal phalanges (the proximal
site) (11, 46). We used this opportunity to vary the relative
involvement of hand muscles during both strength-training
exercise and hand tests.

We hypothesized that training would improve finger
strength, and the effects would be larger when the intrinsic
hand muscles are primarily involved during the training. We
also expected enslaving [which is lower in the elderly (64–
65)] to increase in parallel with finger strength (11). This
prediction is based on strong correlations between strength and
enslaving indexes observed in studies of finger fatigue, effects
of gender, and effects of age (11, 64–66). Excessive enslaving
could be expected to lead to a predominance of positive
covariation among finger forces and, consequently, to worse
performance in typical laboratory accurate force production
tasks that are known to benefit from negative covariation of
individual finger forces (23, 41) and, possibly, in hand dexter-
ity tests (cf. “strength-dexterity trade-off” in Ref. 65). This
negative prediction poses a potential ethical problem since it
entails a possibility of negative effects of strength training on
everyday hand function. Hence, we limited the duration of
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strength training in this first study to only 6 wk and enrolled in
the study only healthy, physically fit elderly persons. We also
explored transfer of the strength training effects to untrained
sites of force application.

METHODS

Control Tests

To find out whether repetitive participation in finger tests by itself
could lead to changes in maximal finger force and indexes of finger
interaction, we tested a group of 14 subjects three times at 2-wk time
intervals. For these control tests, we used the data from elderly
subjects who participated in another series of experiments. In that
experiment, subjects were required to participate in three visits to the
laboratory and performed maximal force production tests with indi-
vidual fingers (I, M, R, L) and all four fingers together (IMRL) at the
beginning of each visit. Maximal finger forces and indexes of finger
interaction were quantified and compared across the three tests. The
methods and results of the control tests are described in more detail in
the APPENDIX.

Subjects

Twelve elderly individuals (6 men and 6 women) volunteered to
participate in the study. Their average age, height, and weight were
76 � 6 yr, 167.0 � 9.1 cm, and 74.9 � 11.4 kg. The subjects were all
right-hand dominant according to their hand usage during writing and
eating. The subjects were recruited from local retirement communi-
ties. To be eligible for participation in the studies, the elderly subjects
had to pass a screening process that involved a cognition test (mini-
mental status exam �24 points), a depression test (Beck depression
inventory �20 points), a quantitative sensory test (monofilaments
�3.22), and a general neurological examination.

We purposefully selected elderly subjects who exercised regularly
and were generally in a good physical condition (self reported). All
subjects gave informed consent according to the procedures approved
by the Office for Research Protection of The Pennsylvania State
University.

Apparatus

Experimental setup. The experimental setup is illustrated in Fig. 1.
Four unidirectional piezoelectric force sensors (model 208A03,
PBC Piezotronics, Depew, NY) amplified by AC/DC conditioners
(M482M66, PCB Piezotronics, Depew, NY) were used to measure the
vertical forces produced by the four fingers (index, I; middle, M; ring,
R; and little, L). Each sensor was connected in series with a wire that
was suspended through a slot from the top plate of an inverted
U-shaped metal frame. A butterfly nut secured the attachment of the
wires to the top plate. The slots were spaced 3.0 cm in the medio-
lateral direction and allowed for forward-backward adjustments of the
wires to fit individual subject anatomy. At the bottom of each wire
was a rubber-coated loop that could be placed either at the fingertip/
distal phalanx (distal site, DS) or at the proximal phalanx (proximal
site, PS) of individual fingers.

During the experiment, subjects sat in a chair facing the testing
table with shoulders at �45° of abduction and flexion, and elbows
flexed �135°. The forearm of the hand being tested rested on a
padded armrest and was secured with Velcro straps. The position of
the hand was maintained stable by a padded metal “clasp” made up of
a cylindrical bar (lower part) and a concave bar (upper part). The palm
rested on the lower bar with the thumb below it and was secured by
the upper concave bar just proximal to the metacarpophalangeal
(MCP) joints on the back of the hand. During the tests, all precautions
were taken to maintain a stable configuration of the forearm and hand.
A 17-in. computer monitor, located �65 cm away in front of the
subject, displayed the total force of all four fingers or the force of

individual fingers, depending on the task. Both the right and left hands
were tested.

A LabVIEW-based program was used for data acquisition. Sam-
pling frequency was set at 200 Hz with a 12-bit resolution.

Hand training device. The hand training device, Digi-Flex (IMC
Products, Hicksville, NY) is shown in Fig. 2. The devices come in five
levels of resistance that are color coded. A yellow device has the
resistance of 22.5 N for the four fingers; red � 44.1 N; green � 71.5
N; blue � 101.9 N; and black � 138.2 N for the fully compressed
springs. The training devices were used in two different ways corre-
sponding to the two positions of the fingers illustrated in Fig. 2. Figure
2A shows how the fingertips were used to press down (DS training),
and Fig. 2B shows the position when the proximal phalanges of the
fingers were used (PS training).

Experimental Procedure

General. Participation of each subject in the experiment took 6 wk;
during that time, each subject was tested four times, at the beginning
of the study, after week 2, after week 4, and at the end of the study.
Hand functional tests were administered only in the first and the last
testing sessions.

Hand functional tests. To quantify functional manual ability, all
subjects filled out the ABILHAND questionnaire (51) and performed
two clinical tests: the Grooved Pegboard test (58) and the Jebsen-
Taylor Hand function test (30). The Grooved Pegboard test requires
subjects to put key-shaped pegs into keyholes on a small board as fast
as they can, and the time needed to complete the task is recorded. The
tests were performed by both dominant and nondominant hand in a
balanced order. The Jebsen-Taylor Hand function test has seven tasks
involving manipulation of objects of various sizes under the instruc-
tions of performing the tasks as fast as possible. For each task, the

Fig. 1. The experimental setup.
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total time required to complete the task is recorded. The ABILHAND
questionnaire requires the participants to rate their perception of the
difficulty of 23 everyday tasks, ranging from “impossible” to “diffi-
cult” to “easy.”

MVC and ramp tasks. Every testing session included a maximal
force production (MVC) task and an accurate force production
(Ramp) task performed by each hand and at each site of force
production, DS and PS. Before each trial, the subject sat with the
fingers of one of the hands resting in the loops, which were positioned
either against the fingertips (DS) or against the proximal phalanges
(PS). The computer generated two brief beeps that indicated “get
ready” and a cursor representing the total force of the instructed
fingers started to move across the screen at a constant speed.

During the MVC tasks, the maximal force produced by each of the
fingers individually (I, M, R, L) and by all four fingers acting together
(IMRL) was measured. During these trials, subjects were instructed to
“press as hard as possible” with the instructed finger(s) in a self-paced
manner after the cursor reached a vertical line at the 2.5-s mark.
Subjects were given up to 4.5 s to reach peak force and could relax at
any time once they had done so. Each trial lasted 10 s. Two trials were
recorded for each of the instructed finger(s), and the trial with the
larger force magnitude was used for analysis. During single-finger
MVC tests, the subjects were explicitly required not to pay attention
to possible force production by other, noninstructed fingers as long as
the instructed finger (the master finger) produced maximal force. They
were also told not to lift any fingers in any tests.

The ramp task required the subjects to produce a ramp pattern of
force from a resting level to 25% of MVC over 4 s by pressing down
either with one finger at a time (I, M, R, L) or with all four fingers
together (IMRL). An oblique blue line was shown on the screen,
starting 3 s after the initiation of the trial, and the subject’s task was
to trace this line in time with the cursor. Each trial lasted 10 s. Two
trials were collected for the single-finger ramps (these data were used
later for the uncontrolled manifold analysis, see Uncontrolled mani-
fold analysis below), and 12 trials were collected for the four-finger
ramp tasks. The intervals between trials in both the MVC and the
ramp tasks were at least 30 s for a series of trials within a testing site,
at least 5 min between the two sites, and at least 10 min between the
two hands.

Training

Subjects were divided randomly into two equal groups,
1) “right-DS and left-PS training,” and 2) “left-DS and right-PS
training.” After the first testing session, the subjects were assigned
training devices; this was done by calculating 50% of their four-finger
MVC (MVCIMRL) of the corresponding hand-site combination, and
the device with the resistance closest to that value was used. This
process was repeated after each testing session to adjust to possible
strength increments over the time of the study. Subjects were in-
structed to train twice daily, except on the days when they visited the
laboratory to be tested, with two sets of 10 repetitions within a training

session. The explicit instruction on the method of training was: “The
strengthening exercise should consist of a slow and controlled squeeze
of the DIGI-FLEX device until the springs from all fingers are fully
compressed, holding the squeeze for 2 s, and then releasing it.” During
the first testing session, the subjects received instruction on the usage
of the devices (see Fig. 2) and an instructional sheet with photographs
to take home and use as a reminder of the correct positioning of the
hand on the device and method of training, as well as a training
calendar where they marked off each time they trained. To further
ensure correct training, the experimenter reminded the subjects by
phone or visited them at home as needed. During each subsequent
visit, subjects were also asked to demonstrate their training technique.

Data Analysis

All the data were analyzed using Matlab 7.0 (MathWorks, Natick,
MA) and Excel (Micorsoft, Redmond, WA) software. In this paper,
only the data obtained in test 1 (before training) and test 4 (posttrain-
ing) are presented.

Clinical functional tests. For the Grooved Pegboard test and the
Jebsen-Taylor test, the total score for the dominant hand and non-
dominant hand was calculated separately for test 1 and test 4.

MVC task. For each MVC trial, the forces produced by individual
fingers were measured at the time when the task finger(s) (I, M, R, L,
or IMRL) reached maximum value. These data were used to calculate
the sum of maximal individual finger forces (�MVCi � MVCI �
MVCM � MVCR � MVCL), the maximal total force in the four-
finger task (MVCTOT), and the enslaving forces during single-finger
trials for each hand and each site of force application separately.
Enslaved forces are forces produced by noninstructed fingers in
single-finger tasks. The enslaved force of each finger was expressed as
percentage of its own MVC force when it acted as the instructed finger
in its single-finger task. By doing so for each single-finger trial (I, M,
R, L), an enslaving matrix was generated for both sites (DS and PS)
and both hands. For further comparisons, the enslaving indexes were
averaged across all slave fingers to yield a grand mean for each
site/hand combination.

Performance in the ramp task. For each site and testing session,
subject’s performance during the four-finger task was quantified by
calculating the root mean square (RMS) of the difference between the
target (template) ramp and actual ramps over the whole ramp interval.

�Ramp�t� � RampACTUAL�t� � RampTEMPLATE�t�

RMS � �x1
2 � x2

2 � x3
2 � . . . � xn

2

n

where x(t) � �Ramp(t), and n is the number of samples.
Since force variability is known to depend on force magnitude

(reviewed in Ref. 48), for between-tests comparisons, we computed
RMS during the pre- and posttraining sessions using time intervals
that corresponded to identical force ranges. For this purpose, a 1-s
time interval (starting 1.5 s before the end of the ramp) was selected
for each subject for the pretraining (test 1) trials. The absolute force
range (in Newtons) was defined for that interval and, for the post-
training (test 4) trials, a 1-s interval was selected that spanned the
same force range.

For further analysis, the average RMS scores over the whole ramp
duration were further averaged across both hands and sites, and the
difference between the RMS indexes in test 1 and test 4 was calcu-
lated as

�RMS � RMS4 � RMS1

Uncontrolled manifold analysis. The data from the ramp task was
analyzed within the framework of the uncontrolled manifold (UCM)
hypothesis (Ref. 62; reviewed in Refs. 42, 43). The UCM hypothesis
offers a method to compute an index of stabilization of certain
performance variables produced by a redundant set of elements; in our

Fig. 2. The Digi-Flex hand training device and the two finger positions used:
pressing with fingertips (training at the distal site; A) and pressing with bases
of fingers (training at the proximal site; B).
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study, we use it to compute an index of total force stabilization by
covaried changes in commands to individual fingers. The method of
the UCM hypothesis may be formally expressed as follows: The space
of elemental variables is divided into two subspaces, one correspond-
ing to a fixed value of the performance variable (the UCM) and the
other leading to changes in this variables (orthogonal to the UCM).
Furthermore, variance across trials is compared within the two sub-
spaces (per dimension); if more variance lies within the UCM, a
conclusion is drawn that a multi-element synergy stabilizes the per-
formance variable.

Due to the mentioned phenomenon of enslaving (32, 45, 75),
individual finger forces covary positively across tasks and force
values. To analyze task-specific patterns of covariation, forces have to
be converted into finger modes (42), which can hypothetically be
changed by the controller one at a time. This was done using the
corresponding enslaving matrix, E.

Single-finger trials were used to generate E. For each single-finger
trial, a linear regression of the forces produced by individual fingers
against the total force produced by all four fingers over a 3-s time
interval in the middle of the ramp was computed. The ratios between
the changes in individual finger forces and the change in the total
force were used to construct an enslaving matrix for each subject as
follows:

E � �
�fi,i

�Fi

�fi,m

�Fm

�fi,r

�Fr

�fi,l

�Fl

�fm,i

�Fi

�fm,m

�Fm

�fm,r

�Fr

�fm,l

�Fl

�fr,i

�Fi

�fr,m

�Fm

�fr,r

�Fr

�fr,l

�Fl

�fl,i

�Fi

�fl,m

�Fm

�fl,r

�Fr

�fl,l

�Fl

�
where �fj,k is the change of individual finger forces j (j � I, M, R, and
L), and �Fk are the changes of the respective total forces produced
during the ramp when finger k (k � I, M, R, and L) is the instructed
finger. This matrix is a linear approximation of a matrix containing
partial derivatives 	fj,k/Fk where 	fj,k and 	Fk are the infinitesimal
changes of individual and total finger forces.

The force data from the four finger ramp trials were converted to
mode magnitudes by using the E matrix: mi � [E]
1 �Fj, where j �
I, M, R, L.

According to the UCM hypothesis, more variance is expected
within the manifold (UCM, three-dimensional) that corresponds to a
constant value of total force than in an orthogonal complement to the
UCM (one-dimensional). For each subject and for each time sample,
ti, the average across trials mode vector mAV, was computed. Then,
for each trial, k, deviations (�mk) between mk and mAV, were
computed. Variance of the �mk data set was then computed along a
direction orthogonal to the UCM determined for an average value of
the total force observed across trials at that particular time slice. This
index is referred to as VORT. This is done using the Raleigh frac-
tion (21)

VORT �
Jm cov(m)Jm

T

Jm Jm
T �

JE
1T E
1 cov(f )E
1T E
1 JT

JE
1T E
1 JT

where J is the Jacobian matrix relating small changes in modes (Jm) or
forces (J) to changes in the total force, cov(m) is the covariance matrix
in the mode space, cov(f) is the covariance matrix in the finger force
space, and T is the sign of transpose. For total force J � [1,1,1,1];
Jm � JE
1T. The difference between the total amount of variance
(VTOT) and VORT corresponds to variance that does not affect the
average value of the performance variable (variance within the UCM,
VUCM; cf. Ref. 41), VUCM � VTOT 
 VORT. To compare the amounts
of variance per dimension in the two subspaces, an index �V was

used: �V � [(VUCM/3) 
 VORT]/(VTOT/4). In more intuitive terms,
this index in our study reflects the relative amount of “good variance”
(variance that does not affect total force, VUCM) compared with “bad
variance” (variance that does affect total force, VORT).

Normalization of the �V index by the total variance per dimension
was done to be able to compare the data across subjects that might
show different amounts of the total variance. Note that positive values
of �V correspond to proportionally more VUCM, that is, to propor-
tionally more variance compatible with a constant value of the total
force. Therefore, positive �V can be interpreted as a sign of a
multi-mode synergy stabilizing total force.

The �V index has fixed limits. On the one hand, if all the variance
falls within the UCM space, �V reaches its maximum of �1.33; on
the other hand, if all the variance falls within the orthogonal space,
�V reaches its minimum of 
4.

Due to these limits, the �V data were not normally distributed, and,
therefore, a z-transformation was used to normalize the data and make
parametric statistics applicable

�Vz � 0.5 � ln�1 � �Ṽ

1 � �Ṽ
�

where �Ṽ � a � �V � b; a � 2/5.33; and b � 1 
 [(2.33/5.33) �
1.33]. For further analysis, �VZ was averaged over the four 1-s
intervals of the ramp and further averaged over both sites and hands.
After averaging the �VZ index over the whole duration of the ramp,
the difference between test 1 and test 4 was calculated, ��VZ �
�VZ4 
 �VZ1.

Statistical Analysis

The analysis was performed using SPSS (SPSS, Chicago, IL).
Standard methods of parametric statistics were used. The level of
significance was set at P � 0.05.

Results of the clinical functional tests were analyzed using three-
way repeated-measures ANOVA with within-subjects factors test
(two levels, test 1 and test 4), hand (two levels, right and left), and
site-of-training (two levels, distal and proximal). To estimate the
effects of training on �MVCi, MVCTOT, enslaving, and RMS, four-
way repeated-measures ANOVA was run with factors test (two levels,
test 1 and test 4), hand (two levels, right and left hands), site (two
levels, PS and DS), and training (two levels, trained and untrained
sites). Test, hand, and site were within-subjects factors, and training
was a between-subjects factor. In the comparisons, the different
combinations of hands and sites will be abbreviated as RD (right hand,
distal site), RP (right hand, proximal site), LD (left hand, distal site),
and LP (left hand, proximal site). For �VZ analysis, a two-way
repeated-measures ANOVA with within-subjects factors test and time
interval (four levels corresponding to four consecutive 1-s intervals of
the ramp) was used (collapsed across sites and hands). Significant
effects were further analyzed using multiple comparisons with Bon-
ferroni corrections. In cases of sphericity violations, the Huynh-Feldt
corrections for the degrees-of-freedom were used.

To study possible links between the change of �VZ (the difference
between �VZ of test 1 and test 4) and the change in �RMS (the
difference between RMS of test 1 and test 4), a linear regression
analysis was used.

RESULTS

This section is organized as follows. First, we describe
changes in the functional clinical tests with training followed
by analysis of changes in indexes of finger forces and interac-
tion in the MVC tests. Furthermore, the performance in the
accurate force production task (the ramp task) is described,
including analysis performed within the UCM hypothesis.
Although strength training led to significant changes in various
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performance indexes described further in this section, these
changes were modest in magnitude and significant only at the
completion of the training protocol. The intermediate tests (test
2 and test 3) showed smaller changes in the outcome variables
that did not reach significance; therefore, we have decided not
to present those data. Note that both extrinsic and intrinsic
hand muscles were involved in exercise at both distal and
proximal sites, albeit to different degrees. For brevity, we will
continue to address the two sites of force application as
“trained” (if a site matches the exercise site) and “untrained” (if
it does not) to avoid using a more exact but clumsy pair of
terms such as “more trained” and “less trained.”

Functional Clinical Tests

Grooved Pegboard test. Subjects were generally faster at
completing the task with their right, dominant hand than their
left, nondominant hand. After the training (by test 4), their
average time decreased in both hands, regardless of whether
they had trained distally or proximally. For the right hand, this
decrease was from 84.8 � 5.9 to 82.4 � 5.9 s in distally trained
hands but from 81.8 � 2.7 to 76.4 � 3.8 s in proximally trained
hands; for the left hand, it was from 93.2 � 3.7 to 87.3 � 4.7 s
and from 94.7 � 7.0 to 88.7 � 6.0 s, respectively. Figure 3
shows the average time it took the subjects to complete the test
separately for test 1 and test 4 and for the two training sites.
Figure 3A shows the results for the right hand and Fig. 3B the
left hand. A three-way repeated-measures ANOVA with fac-
tors test, hand, and site-of-training showed a significant effect
of test [F(1,5) � 22.55; P � 0.01] and hand [F(1,5) � 22.55;
P � 0.05] but not site-of-training [F(1,5) � 0.29; P � 0.62];
there were no significant interactions.

Jebsen-Taylor hand function test. The total time subjects
needed to complete all seven tasks of the Jebsen-Taylor test
was �20 s less for the right hand compared with the left hand.
After the training, the total time showed a modest decrease in
both hands when they had been trained at the distal site (right
hand: 51.5 � 4.3 to 48.8 � 3.8 s; left hand: 73.1 � 5.1 to
69.7 � 5.3 s) but only in the right hand when the hands were
trained at the proximal site (54.8 � 4.9 to 51.9 � 4.7 s). In the
left hand, training at the proximal site led, on average, to a
slight increase in the total time (70.9 � 5.1 to 71.5 � 8.6 s). A
three-way repeated-measures ANOVA with factors hand, site-
of-training, and test confirmed the difference between the two
hands [F(1,5) � 27.91; P � 0.01], but no significant effects
were found for the other two factors [training: F(1,5) � 0.32,
P � 0.60; test: F(1,5) � 1.47, P � 0.28]; there were no
significant interactions.

ABILHAND questionnaire. No difference was found in the
score of this questionnaire pre- and posttraining. In both tests,
subjects ranked 22–23 out of 23 tasks on the list as “easy.” The
task subjects most commonly reported as “difficult” was
“threading a needle,” and in many cases subjects commented
that decreased eyesight rather than manipulation skills was to
blame.

MVC Task

�MVCi and MVCTOT. The average total force values pro-
duced at PS and DS, by the left and right hands, over both tests
for the trained and untrained sites are displayed in Fig. 4.
Figure 4, A and B, shows the results for �MVCi, and Fig. 4, C
and D, shows the MVCTOT data.

The sum of the peak forces produced in the single-finger
tasks was, on average, larger than the four-finger force both
pre- (test 1) and posttraining (test 4) (see Fig. 4). Before the
training, the total forces produced at the proximal site (PS) in
the single finger tasks (�MVCi) were on average larger than
those produced by the distal sites (DS) by �9.2% (DS:
113.2 � 7.6 N; PS:123.6 � 8.9 N). In the four-finger tasks
(MVCTOT), the forces produced at the two sites were, on
average, the same (DS: 109.3 � 8.2 N; PS 108.6 � 9.0 N).
After the training, the total force produced at both PS and DS
of both hands increased for both indexes, �MVCi and MVCTOT,
regardless of whether that site had been trained or not (Fig. 4,
A and B). This increase ranged from 2.5 to 17.8% for �MVCi

and from 1.3 to 25.5% for MVCTOT; for both indexes, larger
forces were produced at PS than at DS.

For �MVCi, a four-way repeated-measures ANOVA with
factors test, site, hand, and training showed significant effects
of test [F(1,10) � 24.73; P � 0.001] and site [F(1,10) � 12.65;
P � 0.05] but not of hand [F(1,10) � 0.44; P � 0.52] or
training [F(1,10) � 0.01; P 
 0.9]; there were no significant
interactions.

For MVCTOT, a four-way repeated-measures ANOVA with
the same factors showed a significant effect of test [F(1,10) �
13.20; P � 0.01] but not of site [F(1,10) � 0.95; P � 0.35],
hand [F(1,10) � 1.43; P � 0.26], or training [F(1,10) � 0.09;
P � 0.077] and no significant interactions. In general, MVCTOT, on
average, increased after the training at both trained and un-
trained sites as can be seen in Fig. 4, C and D.

Enslaving. The enslaved forces were produced in single-
finger MVC tasks by fingers that were not instructed to produce
force. These forces were expressed as percentage of their
respective maximal force when acting as instructed fingers; the
enslaving indexes were further averaged across fingers. The

Fig. 3. The results of the Grooved Pegboard test. Both hands
improved their performance after the training (test 4) whether
they had trained at the distal or proximal site. The dominant
hand (A) was faster than the nondominant (B) hand both before
and after training. RD TR, training at the right distal site; RP
TR, training at the right proximal site; LD TR, training at the
left distal site; LP TR, training at the left proximal site.
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average enslaving indexes at the DS and PS for both hands,
trained and untrained, pre- (test 1) and posttraining (test 4) are
shown in Fig. 5. Figure 5A shows the results for the trained
sites, and Fig. 5B shows the results for the untrained sites.

After the training (by test 4), subjects produced larger
enslaving forces than before training (test 1). For the right
hand, on average, enslaving increased from 17.0 � 3.1 to
23.4 � 2.4% at trained DS and from 10.4 � 2.7 to 16.5 � 5.4%
at untrained DS, whereas the increase at the trained PS was
from 19.4 � 4.1 to 26.6 � 6.4% and at the untrained PS it was
from 22.2 � 5.1 to 30.1 � 3.9%. Respectively, the increase in
the left hand enslaving increased at trained DS from 12.4 � 3.3
to 14.3 � 3.2%, at untrained DS from 19.6 � 2.7 to 26.3 �
4.1%, at trained PS from 23.2 � 3.8 to 34.5 � 3.1%, and at
untrained PS from 15.8 � 2.9 to 18.6 � 4.4%.

A four-way repeated-measures ANOVA with factors test,
site, hand, and training showed significant effects of test
[F(1,10) � 29.77; P � 0.001], site [F(1,10) � 12.95; P �
0.01], and the hand � site � training interaction [F(1,10) �
11.88; P � 0.05] but no significant effects of hand [F(1,10) �

1.43; P � 0.26], training [F(1,10) � 0.09; P 
 0.9] or any of
the other interactions.

Ramp Task

Performance. All subjects were able to perform the ramp
task with relative ease, both before (test 1) and after (test 4) the
training. Figure 6 shows the average performance of a repre-
sentative subject with standard deviations when force was
generated at PS by the right hand. The thin black lines show the
subject’s average performance, and the thick black lines show
the target templates. The results of test 1 and test 4 are shown
in Fig. 6, A and B, respectively. Note how the quality of
performance showed a modest improvement (the thin black
line is better matched up with the template) in the posttraining
test despite the performance already being quite accurate be-
fore the training. RMS over the ramp duration also improved
marginally from 10.49 to 10.27 N.

To quantify the performance of subjects during the ramp
task, the RMS index was calculated to reflect the difference

Fig. 4. Total force produced before (test 1) and after (test 4)
training at the trained and untrained distal (D) and proximal (P)
sites of the left (L) and right (R) hands, averaged across
subjects with standard error bars for maximal individual finger
force (�MVC1) (A: trained sites; B: untrained sites) and max-
imal total force in the four-finger task (MVCTOT) (C: trained
sites; D: untrained sites). The filled bars represent the pretrain-
ing testing session, and the open bars show the posttraining
session.

Fig. 5. Average enslaving indexes with standard error bars.
A: average enslaving at the trained distal and proximal sites of
both hands produced pre- (test 1) and posttraining (test 4).
B: average enslaving at the untrained distal and proximal sites
of both hands produced pre- (test 1) and posttraining (test 4).
RD, distal site of right hand; RP, proximal site of right hand;
LD, distal site of left hand; LP, proximal site of left hand. Filled
bars represent pretraining tests (test 1), and open bars show
posttraining tests (test 4).
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between the actual force time profiles the subjects produced
and the target ramp. RMS was then averaged over 1-s time
intervals that corresponded to equal force ranges over the test
1 and test 4 trials. On average, RMS during performance at
both trained and untrained sites showed a tendency to decrease
after the training. These differences did not, however, reach
statistical significance, since the effect of test in a four-way
repeated-measures ANOVA was under the level of significance
[F(1,10) � 2.22; P 
 0.1]. Effects of site [F(1,10) � 0.31; P �
0.59], hand [F(1,10) � 0.24; P � 0.63], and training
[F(1,10) � 0.02; P � 0.88] were not significant, with no
significant interactions. Figure 7 shows the average RMS of
each hand, site, and test; Fig. 7A shows the trained sites, and
Fig. 7B shows the untrained sites.

UCM analysis. As a reminder, variance in the space of four
finger modes (hypothetical commands to individual fingers)
was quantified in two subspaces, the UCM (where an average
total force value did not change) and orthogonally to the UCM
(where the total force changed). Furthermore, an index �V was
computed such that its positive values reflected predominance
of variance within the UCM that we interpret as a force
stabilizing four-finger synergy; this index was transformed into
z scores for statistical purposes, �Vz.

After the training period (test 4), the transformed delta
variance index (�Vz) showed a general increase for all four 1-s
time intervals of the force ramp. This index increased over the
time of the ramp and was higher in the left hand. However,
there were no significant effects of training and no significant
differences between the sites of force application. Figure 8
shows the average �Vz in tests 1 and 4, for the four time
intervals, the two hands (right, Fig. 8, A and B; left, Fig. 8, C
and D), trained and untrained sites, and distal (D) and proximal
(P) sites. A five-way repeated-measures ANOVA showed main
effects of hand [F(1,10) � 45.52; P � 0.001], time interval

[F(1.75,17.46) � 317.24; P � 0.001], the hand � time interval
interaction [F(2.07,20.65) � 18.49; P � 0.001] but no effects
of site [F(1,10) � 0.77; P � 0.40], test [F(1,10) � 0.54; P �
0.48], training [F(1,10) � 0.02; P � 0.89], or any other
interactions.

Given the high variability of the effects of training on both
the RMS index of performance in the ramp task and the �V
index, we investigated the relation between the change in
subjects’ performance (RMS, averaged across both hands and
sites) with training and the change in the synergy index (�V,
also averaged across both sites and hands over the whole ramp
interval). For this purpose, the differences between the values
in test 1 and test 4 were calculated for RMS (�RMS) and �Vz

(��Vz) for each subject.
Figure 9 shows that some subjects improved both indexes

(negative �RMS and positive ��Vz), whereas others showed
an opposite effect (positive �RMS and negative ��Vz). In
other words, those who did show better indexes of stabilization
of total force by covaried changes of finger modes also showed
more accurate task performance. This was supported by a
significant linear correlation between �RMS and ��Vz (R �
0.62, P � 0.05).

DISCUSSION

To summarize, following the training, we saw an increase in
strength at both the proximal and distal sites of both hands.
These effects at the trained sites may be viewed as predictable.
However, a comparable increase in finger strength at the
untrained sites is a novel and unexpected result. In the control
study (see the APPENDIX), no difference was found in the
magnitude of MVC produced during the three testing sessions
that were spaced by similar time intervals without strength
training. These results support an argument that the changes in

Fig. 6. The average performance of a representative subject in
the ramp task when producing total force at the proximal site of
the right hand before training (test 1; A) and after training (test
4; B) with standard error bars. Thick lines represent the task
template, and the thin lines show the average performance. The
RMS values computed over the whole ramp were 10.49 and
10.27 N at test 1 and test 4, respectively.

Fig. 7. The average RMS during the accurate force production
task at the trained and untrained distal and proximal sites of
both hands pre- (test 1) and posttraining (test 4) with standard
error bars. A: trained sites. B: untrained sites. Filled bars
represent the pretraining tests, and open bars show the post-
training tests.
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strength observed in the present study can be attributed to the
training rather than to familiarity with the testing protocol.

In agreement with our second hypothesis, enslaving showed
a general increase with training (but not in the control study).
We hypothesized that larger enslaving might induce a decrease
in the accuracy of performance by promoting positive covaria-
tion among finger forces, but the results did not support this
hypothesis. In contrast, the index of performance accuracy
(RMS) did not worsen, and the relatively small changes in the
index of multi-finger synergy were also in the direction of
improvement. In addition, subjects performed significantly
better on the Grooved Pegboard test, suggesting no detrimental
effects of the increased enslaving on hand dexterity. Further-
more, we discuss implications of the findings for such issues as
mechanisms involved in effects of strength training on finger
force and finger individuation, and the relation between
strength and dexterity.

Mechanisms of Force Increase with Strength Training
and Effects of Transfer

Gains in voluntary muscle force production following a
strength training program may result from two main factors,

muscle hypertrophy and adaptations at a neural level (for
review, see Ref. 15). The importance of neural adaptations has
been supported by observations of the increase in the voluntary
strength of untrained (in particular, contralateral) muscles (27,
73) and by the effectiveness of mental practice for improved
performance (50). These effects might be mediated, in partic-
ular, by changes in the cortical and cortico-spinal excitability,
as suggested by studies using transcranial magnetic stimulation
(17, 67, 69).

Our experiments showed strong effects of transfer of the
exercise to the untrained site. Note that both extrinsic and
intrinsic hand muscles are activated during many daily activi-
ties, such as grip and pinch (12, 35). The different anatomical
points of attachment of extrinsic and intrinsic muscles (2)
present an opportunity to vary the relative involvement of these
muscle groups by changing the point of force application.
Extrinsic flexors (flexor digitorum profundus, FDP, and flexor
digitorum superficialis, FDS) are multi-digit muscles and focal
flexors at the distal and proximal interphalangeal joints, re-
spectively, whereas intrinsic muscles act as digit-specific focal
flexors at the MCP joints in addition to their extensor action at
distal joints (37, 47). Hence, when a person presses with
fingertips, extrinsic flexors are focal force generators whereas
intrinsic muscles participate in balancing moments at the MCP
joints. When a person presses with proximal phalanges, intrin-
sic digit-specific muscles become focal force generators,
whereas extrinsic flexors balance the action of the extensor
mechanism at IPs (1, 7).

Although both hands participated in the exercise program,
the difference in the site of force application during the
exercise allowed expecting different involvement of the extrin-
sic and intrinsic hand muscles. According to existing estimates
(25, 46), when humans produce large forces at the fingertips,
the extrinsic muscles are activated close to their maximal level,
whereas the intrinsic muscles produce under 30% of their
maximal force. In contrast, pressing strongly with the proximal

Fig. 9. The relationship between a change (�RMS) in the RMS index from test
1 to test 4 (�RMS � RMS4 
 RMS1) and a change (��Vz) in the index of
multi-finger synergy (��Vz � �Vz4 
 �Vz1) with a linear regression line and
equation.

Fig. 8. �Vz (delta variance converted to z score) pre- (test 1;
filled bars) and posttraining (test 4; open bars) for the four time
intervals, the two hands [R, right (A and B); L, left (C and D)],
trained and untrained sites, and distal (D) and proximal (P)
sites. The data were averaged over each of the four 1-s time
intervals (standard error bars across subjects are shown).
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phalanges is expected to be associated with very high forces
produced by the intrinsic muscles and relatively low forces
(under 30% of maximum) produced by the extrinsic muscles
that balance the action of the extensor mechanics at the
interphalangeal joints (1, 46). Based on these estimates, we
expected practice at the distal site to lead to proportionally
much higher forces by the extrinsic muscles, whereas practice
at the proximal site was expected to lead to proportionally
higher forces by the intrinsic hand muscles. The large effects of
transfer between the two sites of force application (approach-
ing 100%) suggest that the effects of training were primarily
mediated by changes at a relatively high neural level, not by
changes in properties of muscles or involved motoneuronal
pools.

A similar phenomenon of transfer between the distal and
proximal sites of finger force application was seen in studies of
fatigue in young persons, where fatigue was induced by pro-
ducing MVC force at one site or the other (11). Performing a
fatiguing exercise at a site caused MVC at both sites to drop.
Taken together with the current results, these data suggest a
strong neural component in the effects of both exercise and
fatigue on maximal finger force. This conclusion is in line with
a few earlier studies (34, 56, 72).

Even healthy young persons cannot reach the absolutely
maximal muscle force during MVC tasks; this phenomenon
has been addressed as neural deficit (reviewed in Ref. 20), and
its quantitative estimates are typically over 10% (54, 77). The
neural deficit is significantly larger in the elderly (70). It is
possible, therefore, that effects of short-term resistance exer-
cise on MVC can be interpreted as overcoming the neural
deficit and using the potential of the involved muscles to a
fuller degree. This conclusion is supported by the effectiveness
of the relatively short strength-training program in our study as
well as by earlier studies that showed an increase in strength
following strength-training exercise of a comparable (29) or
even shorter duration (34).

The design of our experiments was based on earlier reports
suggesting that intrinsic muscles lose proportionally more
strength with aging than the extrinsic muscles (8, 64, 65). One
consequence of this process may be that the disproportional
weakening of the intrinsic muscles does not allow the extrinsic
muscles to be activated to their full potential because of the
requirements of balancing moments of force in all the finger
joints. Hence, training of the intrinsic muscles may be expected
not only to improve their force-producing abilities but, in
addition, to allow the distal muscles to be activated to a larger
degree during force production at the finger tips. This mecha-
nism could lead to an increase in the maximal force produced
at the untrained distal sites observed in our study.

This interpretation of the effects of transfer is corroborated
by a trend toward stronger effects of training (including stron-
ger transfer effects) following exercise at the proximal site
compared with exercise at the distal site. However, this inter-
pretation is apparently incomplete since exercise at the distal
site also led to increased MVC force and showed effects of
transfer to the untrained proximal site. Besides, the aforemen-
tioned trend did not reach significance level possibly due to the
small number of subjects and the relatively short exercise
protocol.

We would like to note that the two strength-training exer-
cises differed in more than one way. In particular, the thumb

was explicitly involved in the exercise at the proximal site but
not in the exercise at the distal site (Fig. 2). Note that the
intrinsic muscles controlling the thumb are known to show a
substantial loss in force with aging (5) similar to other intrinsic
hand muscles (8, 64, 65). It is possible, therefore, that the
larger thumb involvement in the proximal site exercise (see
Fig. 2), which was expected to target primarily extrinsic
muscles, could affect the outcome and decrease the effects of
the exercise site.

Mechanisms of Changes in Finger Individuation

Earlier studies of both young and elderly individuals have
shown that the magnitude of enslaving is strongly positively
correlated with the magnitude of MVC force (11, 64, 65). In
particular, enslaving is larger in men than in women (65),
larger in young than in elderly persons (64, 65), decreased with
fatigue (11), and increased after practice in individuals with
Down syndrome (39).

In our experiments, enslaving increased at both sites of both
hands after the training; these effects were more notable at the
trained proximal sites, similar to the effects on MVC force.
Before the training, we saw values of enslaving that were
larger than those observed for elderly subjects by Shinohara
and colleagues (64), but the elderly people in this study were
also overall much stronger than those tested by Shinohara et al.
After the training, the observed values were closer to those
seen for the young group in the previous study (64). All these
findings are indirectly supporting the mentioned general idea
that the index of enslaving (expressed in percent of the maxi-
mal force) correlates closely with maximal force magnitude.

Even though there was more enslaving at the proximal sites
than at the distal sites, at all sites there was an increase in
enslaving after training. This is a non-trivial observation that
provides further support for the notion of a central origin of the
phenomenon of enslaving (also see Refs. 40, 75). Indeed, force
production at the proximal sites uses the intrinsic hand muscles
as focal force generators, muscles that are finger specific and
do not show substantial passive force transmission to other
digits (37, 47). Hence, such factors as multi-digit action of the
extrinsic multi-tendon muscles that are sometimes invoked to
explain the lack of finger independence (33, 44) are not
expected to play a big role.

Enslaving reflects to what degree the fingers can produce
force independently of one another and is commonly viewed as
a detrimental factor for finger action, something that hurts
dexterity (39). This opinion is probably valid for tasks that
require prestidigitation, such as playing musical instruments,
typing, etc. The idea of a strength-dexterity trade-off was
introduced in an earlier study (64). Good dexterity is in general
language associated with good individual control of the fingers
and, by that definition, the increased enslaving observed with
increased strength can be expected to lead to a decrease in
dexterity. This led us to hypothesize that an increase in enslav-
ing due to training might actually have negative effects on the
performance of the subjects in the accurate force production
tasks, a potentially very dangerous hypothesis that questions
the ethics of performing strength training exercise of the hand.

There are three points worth mentioning. First, in many
other tasks, including such everyday activities as drinking from
a glass or eating soup with a spoon, a healthy amount of
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enslaving appears to be beneficial because it contributes to
stabilization of the rotational action (total moment of force)
applied by the hand onto the hand-held object (74, 75). Second,
we enrolled in the study healthy, highly functioning elderly
participants to mitigate the mentioned possible negative effects
of strength training on finger individual control. Third, even if
one considers tasks that require accurate individual finger
control, it is not at all obvious that an increase in strength with
exercise would lead, as an unavoidable by-product, to a drop in
dexterity. This leads us to the next subsection on possible
changes in the strength-dexterity trade-off with exercise.

Is There an Unavoidable Strength-Dexterity Trade-Off?

Consider typical effects of practice on velocity and accuracy
of movements performed under the instruction to be “as fast
and accurate as possible.” Without practice, there is a well
known speed-accuracy trade-off. On the one hand, movement
time increases with an increase in movement distance and a
decrease in target size; this relation is known as Fitts’ law (Ref.
18; reviewed in Ref. 52). On the other hand, when people move
faster to a target, they show a larger scatter of the final position
(61). Practice, however, can lead to a parallel improvement in
both speed and accuracy (reviewed in Ref. 60) in a seeming
violation of the speed-accuracy trade-off. Can practice show
similar effects on strength and dexterity?

Several earlier studies have reported a parallel improvement
in force production and indexes of force variability with
strength training (4, 34, 36). Such results have also been
reported in studies of elderly persons (26, 53). In a recent
study, improvement in both finger-pinch force variability and
targeting error, as well as in finger-pinch force, was observed
in the elderly following nonspecific strength-training protocol
targeting the whole arm (31).

On the other hand, other studies failed to confirm improved
control of submaximal forces following strength training. In
particular, an increase in strength was not accompanied by
better control of submaximal forces in a study by Bellew (3);
whereas in another study, the force fluctuations of the quadri-
ceps femoris muscles during anisometric contractions but not
during isometric contractions were reduced following exercise
(71). Neuromuscular adaptations to strength training are
known to be highly specific to the training protocols used (14,
16, 59). So, the diversity of the mentioned reports may reflect
the diversity of study protocols. In addition, a recent study has
come up with a conclusion that age-related changes in force
variability are fundamentally due to the association between
maximal force and force variability (68). This conclusion is
more in line with our pessimistic prediction that strength
training may have detrimental effects on performance in accu-
rate force production and clinical tests that require dexterous
manipulation.

Our hypothesis on a decline in performance following the
training was not supported. After the training period, subjects
performed significantly better on the Grooved Pegboard test,
whereas the score on the other functional tests did not change.
These tests may not be adequate tools to estimate manipulating
skills in such a highly functioning population. Before the
training, all subjects reported the tasks on the ABILHAND
questionnaire as “easy” except for “threading a needle,” which
was attributed to decreased eyesight. The accurate force pro-

duction task also showed a general tendency toward improve-
ment in the RMS index. We would like to admit that the
Grooved Pegboard test data are weakened by the lack of a
control group that would go through the same sequence of tests
without strength training. On the other hand, we are not aware
of any published data that allow us to expect the results of the
Grooved Pegboard test to change significantly when it is
administered twice within a 6-wk interval. We would like to
conclude, therefore, that the association between strength and
dexterity (the strength-dexterity trade-off) can be modified by
exercise similarly to the mentioned effects of practice on
movement speed and accuracy: Both strength-dexterity and
speed-accuracy pairs can improve in parallel. This conclusion
carries an optimistic message that allows expecting beneficial
effects of such exercise not only on finger force but also on a
range of everyday tasks that require accurate force control.

Multi-Finger Synergies and Accuracy of Performance

Multi-finger synergies, as reflected in indexes of covariation
of commands to individual fingers, have been described as the
means to ensure low variability of a performance variable such
as total force (reviewed in Ref. 42) and as the means to allow
a multi-finger system to perform several tasks simultaneously
(76). According to this latter view, changes in an index of a
force-stabilizing multi-finger synergy does not have to corre-
late with accuracy of performance (23). In our study, subjects
showed modest changes in the indexes of both accurate force
production tasks (RMS) and of multi-finger synergies stabiliz-
ing total force (�V) with exercise. The across-subjects vari-
ability prevented most of these changes from reaching statis-
tical significance. However, the changes in the two indexes
showed a significant correlation such that a drop in the RMS
index (more accurate performance) was associated with an
increase in �V (stronger force-stabilizing synergy). This ob-
servation corroborates the idea of synergies leading to more
reproducible performance and supports using the �V index to
assess such changes.

Concluding Comments

To test the main specific hypotheses related to the effects of
strength training on finger strength and coordination, we se-
lected a group of elderly individuals who exercised regularly
and were generally in excellent physical condition. This is
reflected, in particular, in the maximal finger force values
produced before training that were 25–40% larger than typical
values reported in previous studies (64–66). As a result, our
participants showed relatively modest age-related changes in
the finger force and the indexes of finger interaction and,
hence, could be expected to have little room for improvement
with exercise. Hence, we view the significant positive effects
of exercise in this group as highly promising and allowing even
stronger effects in the general aged population.

The study had several limitations that might have influenced
the outcome. The training period lasted only 6 wk, and it is
likely that training over a longer period of time would have
resulted in more dramatic changes. However, based on the
expectation of an increase in enslaving and its possible detri-
mental effects of hand dexterity (see the Introduction), we did
not feel comfortable running a full-scale strength-training
study using a long-term exercise protocol. After the promising
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results of this study, we will feel safe in applying long-term
exercise to a more typical group of elderly persons, not only
exceptionally fit ones. The short training period combined with
the relatively small number of participants likely affected our
ability to detect significant changes in some of the indexes.
Nevertheless, even under those limiting factors, the study
demonstrated significant effects of the exercise. Some of the
tests used in the main study, including the Pegboard test, were
not used in the control study (described in the APPENDIX). We
hope to overcome this limitation in a future full-scale study that
would use an untrained control group.

APPENDIX

The purpose of the control tests was to examine possible effects of
repetitive testings on the maximal voluntary force and finger individ-
uation.

Methods

Subjects. Fourteen elderly (7 men and 7 women) individuals
volunteered to participate in the study. Their average age, height, and
weight was 77 � 4 yr, 175.7 � 6.6 cm, and 84.8 � 12.1 kg for the
men and 77 � 4 yr, 160.4 � 10.1 cm, and 60.5 � 7.8 kg, respectively,
for the women. Due to illness, one female subject dropped out of the
study after the first testing session, and thus her data is not included
in the results.

Apparatus. Four unidirectional piezoelectric force sensor (model
208A03, PCB Piezotronics, Depew, NY) amplified by AC/DC con-
ditioners (M482M66, PCB Piezotronics) were used to measure the
vertical force produced by the four fingers (I, M, R, L). The sensors
were placed in a metal frame, sitting in a grove on a wooden board.
The sensors were medio-laterally spaced 3.0 cm apart. Their position
in forward-backward direction was adjustable within 6.0 cm to fit each
subject’s hand anatomy. Once the appropriate position of the sensors
was determined, double-sided tape was placed under the bases of the
sensors to prevent them from moving from that position. During the
experiments, the subjects were seated in a chair that faced the testing
table with the right shoulder at �45° of abduction and flexion, and the
elbow flexed �135°. MCP joints were flexed �20°, and all interpha-
langeal joints slightly flexed such that the hand formed a dome. A
wooden piece, shaped to fit comfortably under the subjects palm,
helped to maintain a constant configuration of the hand and fingers.
Velcro straps were used to attach the subject’s forearm to the board.
A 17-in. computer screen, located �65 cm away from the subject,
displayed the total force produced by the instructed fingers.

A LabVIEW-based program was used for data acquisition. Sam-
pling frequency was set at 1,000 Hz with a 12-bit resolution.

Experimental procedure. The experiment lasted 5 wk and,
during that time, each subject was tested three times, in weeks 1, 3,
and 5. During the experiment, the subject sat relaxed with the
fingertips of the right hand resting on the sensors. The computer

generated two beeps, a “get ready” and “trial starting” signal, then a
cursor showing the total force produced by the instructed fingers
started to move across the screen. Subjects produced maximal volun-
tary force (MVC) with each of the fingers individually (I, M, R, L) and
with all four fingers together (IMRL). In these trials, subjects were
instructed to press “as hard as possible” with the task finger(s), not to
lift the other fingers and not to pay attention to the force they might
produce. Each trial lasted 10 s, and subjects were asked to produce
peak force within a 3-s time interval marked with two vertical lines on
the screen. Two trials were collected for each task finger(s), and the
one with higher peak force was used. All subjects had two practice
trials to get familiar with the task and 30-s rests between pairs of trials
to avoid fatigue. Note that this experimental design involved the force
production at the distal site only.

Data analysis. The data were processed offline using Matlab 7.0
and Excel.

In each trial, the force produced by individual fingers was measured
at the time when the force produced by the task finger(s) reached peak
value. These values were used to calculate the enslaving forces for
single-finger trials. Enslaving forces are forces produced by nonin-
structed fingers. Enslaving of each finger was expressed as percentage
of its own MVC when acting as the task finger. By calculating
enslaving for each individual finger, an enslaving matrix was gener-
ated. For further comparison, the indexes of enslaving were averaged
across the slave fingers.

Statistics. Standard descriptive statistics were used. Repeated-
measures ANOVAs were used to test the effects of multiple testing on
peak force and enslaving. Factors were test (three levels, test 1, 2, and
3) and finger (four levels, I, M, R, and L). Multiple comparisons with
Bonferroni correction were used to analyze significant effects. Level
of significance was set at P � 0.05.

Results

Overall, the performance of subjects showed no changes during the
course of the experiment. During both the single- and four-finger
trials, the I and M fingers produced the largest peak forces, followed
by the R and L fingers. The peak forces of individual fingers reached
during the four-finger trials were smaller than those produced during
single-finger trials. The sum of the peak forces during single-finger
trials was, on average, �110 N across all testing sessions; the average
peak force during the four-finger trials was �83 N. Figure 10A shows
the sum of the maximal forces produced by individual fingers during
the four-finger trials for the three testing sessions.

The lack of effects of the repetitive testing on the total peak force
during single- and four-finger trials was confirmed by a two-way
repeated-measures ANOVAs with factors finger and test that showed
no effects of test during the single-finger [F(2,20) � 0.76; P � 0.48]
and four-finger [F(2,20) � 1.52; P � 0.24] trials. The ANOVA
showed a significant effect of finger [single-finger: F(1.5,15.5) �
35.4; P � 0.001; four-finger F(3,30) � 37.5; P � 0.001] but not of
interaction.

Fig. 10. The control experiment. A: summed peak force of
fingers in the single-finger tasks (�MVCi). B: average enslav-
ing during single-finger MVC tasks. Data for the three testing
sessions are shown with filled, open, and hatched bars, respec-
tively. Averaged across-subjects data with standard error bars
are shown.
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In the single-finger trials, The R and L finger were the most
enslaved, whereas the I finger was the most independent finger. Figure
10B shows average enslaving averaged across all fingers (All) for the
three testing sessions. The total enslaving index was �16–17%
during all three testing sessions. A two-way ANOVA with repeated
measures with factors test and finger showed no effect of test
[F(1.4,14.1) � 0.38; P � 0.62] but did show the expected main effects
of finger [F(3,30) � 9.64; P � 0.001].

Overall, the results of the control study indicate that repetitive
testing does not by itself lead to changes in finger peak force and
enslaving index.
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