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Abstract

The present study examined perception of individual finger forces during multi-finger force
production tasks. In an ipsilateral force matching paradigm, twelve healthy subjects were instructed
to produce a reference force pre-determined at 30% MVC of involved fingers (varying from 1 to 4
fingers, visual feedback of total force, 5 s), and then to reproduce only the index or little finger portion
of the total reference force (i.e., a portion of the sum, no visual feedback, 4 s) after a brief relaxation
period (visual feedback of all finger forces, 3 s). The absolute force that individual fingers produced
was approximately 30% of single-finger maximal force across different multi-finger reference force
production tasks. During subsequent force matching, the index finger matching force was not
significantly different from its own reference force, independent of the number of simultaneously
activated fingers. The little finger, in contrast, produced significantly greater matching forces when
three (middle, ring, and little) or four (index, middle, ring and little) fingers, but not two (ring and
little) fingers, were simultaneously activated. The results suggest that index finger forces are more
accurately estimated than little finger forces during multi-finger force production. The disparity in
perception of individual finger forces is likely due to the ability of the central nervous system to
partition and direct descending motor commands to the index finger.

Independent finger movements, though allowing superior manual dexterity, are not perfect in
the human hand. It has been a common observation that force production with an explicitly
instructed finger, i.e., a single-finger task, tends to result in force production in adjacent
uninstructed fingers during submaximal and maximal voluntary contraction (MVC). This
observation has been termed enslaving [7,9,15,25]. Enslaving effects are more evident during
ring and little finger tasks than during index finger tasks [24], suggesting more independence
in force production by the index finger than by the ring and little fingers.

Perception of individual finger movements is a prerequisite for precise control of finger forces.
Recently, Li and Leonard [14] employed a new ipsilateral matching paradigm to examine
perception of finger force during single-finger tasks. For example, subjects were instructed to
match the absolute magnitude of an index finger (reference) force at 40% MV C using the little
(matching) finger of the same hand after a brief relaxation period. The little finger produced
significantly smaller matching forces than the index finger reference forces. The matching
errors (the difference between reference and matching forces), however, were significantly
minimized when the sum of finger forces were compared during the reference and matching
force production periods. The results suggested that both instructed and uninstructed finger
forces were perceived within the central nervous system (CNS) during single-finger force
production. Perception of individual finger movement, however, is altered by simultaneous
activation of adjacent digits. Kilbreath and Gandevia [8] reported that perceived heaviness of
aweight lifted by one digit progressively increased when the weight lifted by an adjacent digit
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increased, suggesting that finger force perception could be altered by simultaneous activation
of adjacent fingers of the same hand, i.e., multi-finger force production.

Many skilled manipulative tasks are multi-finger tasks and individual finger forces
continuously change during these tasks. Precise control of individual finger forces and
moments of force is required, e.g., to provide pen stabilization during hand-writing [11] and
grasp stability during grasping tasks [5,18,19]. In these circumstances, perception of individual
finger forces becomes extremely important because it allows individual fingers to be integrated
into a meaningful synergy for desired functions.

The present study aimed to examine perception of individual finger force during multi-finger
force production tasks using an ipsilateral force matching paradigm. The index or little finger
was instructed to reproduce its own force during multi-finger reference force production at
30% MVC. Given that finger forces are perceived differently [10] and the index finger is more
independent in force production than other fingers [24], it was hypothesized that the index
finger force would be more accurately reproduced than the little finger force during multi-
finger reference force production.

Twelve healthy volunteers (1 male, 11 females; ranging from 23 to 52 years of age) took part
in the experiments. All subjects were right-handed according to their preferential use of the
right hand during writing and eating. The Institutional Review Board of the University of
Montana approved the study and all procedures were consistent with The Helsinki Declaration.
All subjects gave written informed consent prior to experiments.

During testing, subjects were seated on an adjustable chair. The two upper limbs were
symmetrical with respect to the body midline with the upper arms at approximately 45° of
abduction in the frontal plane and 45° of flexion in the sagittal plane, elbow joints at
approximately 135° of flexion. The right forearm was stabilized at the proximal and distal sites
by vertical aluminium bars. The distance between two bars that were placed in the medial and
lateral sides of the forearm at each site was medio-laterally adjustable. Fingers were slightly
curved (about 20° flexion of interphalangeal joints) such that finger forces were produced by
pressing against the force sensors at fingertips isometrically while preserving the described
configuration. The sensors were mounted inside a steel frame (140 mm x 90 mm each). The
sensors were medio-laterally distributed 30 mm apart within the frame and adjustable in the
forward-backward direction within the range of 60 mm. The steel frame with the sensors was
placed between two horizontal aluminium bars that allowed horizontal adjustment of the frame.
Such apparatus could accommaodate individual subject's anatomy. This apparatus has been
previously described in detail ([12]).

At the beginning of the experiment, subjects were asked to produce MV Cs during single-finger
tasks using the index (1), middle (M), ring (R) and little (L) fingers, respectively. The interval
between two successive MV C attempts was approximately one minute. The highest peak value
from three attempts of each task was considered as MVC; (i=I, M, R, L). The MVC of a multi-
finger task was calculated as the sum of individual MV Cs for the following tasks: IM, RL,
IMR, MRL, and IMRL. The reference forces, equal to 30% of corresponding MVCs, were
established for single- and multi-finger tasks. The reference force for each task was displayed
to subjects on the computer screen by a thick red line.

Force matching tasks were then conducted. A matching task consisted of three sequential
components: 1) matching to the pre-determined reference force (visual feedback of the total
force, 5 s); 2) relaxation of all fingers (visual feedback of all finger forces to assure complete
force relaxation of all fingers, 3 s); and 3) reproduction of the instructed finger force during
multi-finger reference force tasks (no visual feedback, 4 s). For example, during IMRL/I tasks
(Fig 1A), subjects were instructed to produce a reference force at the pre-determined level of
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30% MVC of the sum of MVC; (i = I, M, R, L) using four fingers, to relax for 3 s, and then to
reproduce the absolute magnitude of the index finger force (i.e., a portion of the sum) and
sustain this force till the end of the trial. During the first 5 s of each trial, the subjects were
explicitly instructed to match the red line on the screen, i.e., the predetermined reference force.
The following matching conditions were tested: 1) index finger tasks: I/1, IM/I, IMR/I, IMRL/
1; 2) little finger tasks: L/L, RL/L, MRL/L, IMRLY/L. In these conditions, the index or little
finger was instructed to reproduce its own force (bold letters).

Approximately 8 to 10 practice trials of randomly selected matching tasks (both index and little
finger tasks) were allowed for each subject to familiarize themselves with the instructions.
During practice trials, subjects received visual and verbal feedback in order to assure constant
matching force effort during the last 4-s matching period. The interval between two consecutive
trials was approximately 20 seconds. Each matching condition was conducted in a block of
five trials. The order of matching conditions was randomized. Subjects received no visual or
verbal feedback regarding force matching accuracy during the experiment.

Four unidirectional piezoelectric force sensors (208C02, PCB Piezotronics, Inc., Depew, NY)
were used to measured individual finger forces. Analog output signals from the sensors were
connected to separate signal conditioners (model 484B11, PCB Piezotronics). Force signals
were sampled at 1000 Hz using a 16-bit analog-to-digital converter (PCI-6229, National
Instruments, Austin, TX). The system involved ~1% error over the typical epoch of recording
of a constant signal. The resolution of the system was 2.715 mN/bit. A PC desktop equipped
with customized Lab VIEW software (National Instruments, Austin, Texas) was used for data
acquisition and processing. A Matlab program was written for data analysis.

Similar to an earlier study [14], a 1.5-second period of force production for both reference and
matching forces was selected to standardize data analysis when forces were most stable. The
mean force value from 3.0 to 4.5 secondx of the reference force was measured as Frgg, while
the mean force value from 10.0 to 11.5 seconds of the matching force was calculated as
FmaTch (i.e., 0.5 second prior to the end of force production).

Absolute forces (in Newtons) of the instructed index and little fingers were used to compare
reference and matching forces. Force matching error was the difference between the reference
force and the matching force. The absolute value of matching error (absolute error) has been
viewed as a good index to assess matching accuracy because errors with different signs (under-
or over-estimation) do not cancel each other out [6]. Absolute error was normalized to the
instructed finger reference force. The normalized absolute error was defined as relative error.
Parameters were averaged from five repeated trials for a given matching condition.

To compare reference and matching forces of the instructed finger, repeated measures
ANOVAs were used for the index and little finger tasks separately, with factors NUMBER (4
levels; 1, 2, 3, 4 fingers involved in the reference force production), MATCH (2 levels;
reference and matching). Separate one-way ANOVAs with the factor NUMBER were used to
assess the effect of number of fingers involved in the task on absolute errors in the index and
little finger tasks. To compare relative errors across fingers, a two-way ANOVA was performed
with factors NUMBER and FINGER (2 levels; index and little). Multivariate ANOVAS
(MANOVAS) were used to compare the pattern of force distribution among fingers (sharing)
during IMRL tasks with a factor TASK (2 levels, index [IMRL/I] and little finger tasks
[IMRL/L]). Rao’s R was used to detect the significance of the test. Sharing patterns were
compared using three shares (e.g., I, M, R), because four individual shares did not constitute
a set of independent variables (the sum is always 100%) (cf.[3]). Whenever necessary, post-
hoc Tukey’s honest significant difference tests were utilized. The level of significance was set
atp <0.05.
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The absolute reference force of the index finger or the little finger was not significantly changed
across different multi-finger reference force productions. The index finger force was 29.9%,
31.9%, 28.6% and 31.0% of its MVC during I, IM, IMR, and IMRL reference force
productions, respectively. The little finger force was 29.8%, 27.7%, 29.2%, and 28.3% of its
MVC during L, RL, MRL, IMRL reference force productions, respectively. According to the
MANOVA analysis, the pattern of finger force distribution among fingers, force sharing,
during the reference force production (IMRL) was not significantly different between IMRL/
I and IMRLY/L tasks.

The index finger reference force appeared to be more accurately estimated during multi-finger
tasks than the little finger reference force (Fig 1). Averaged across all subjects (Fig. 2), no
statistically significant differences between the reference and matching forces of the index
finger were found when the number of fingers increased. In contrast, the little finger matching
force was significantly greater than the little finger reference force (F[1,11)=18.73, p<0.001),
and increased with the increasing number of fingers (F[3 33=6.37, p<0.002). ANOVAs
indicated a significant interaction of FINGER x NUMBER (F3 33;=9.61, p<0.001). Post-hoc
tests indicated that the little finger matching force was significantly greater than the little
reference force during MRL/L and IMRL/L tasks, but not during RL/L and L/L tasks.

Absolute errors (Fig. 3A) showed a similar pattern of results as seen in the analysis of absolute
forces. No statistical differences in absolute errors were found for the index finger tasks (I/1,
IM/1, IMR/1, IMRL/I). Absolute errors for the little finger tasks increased with the increasing
number of fingers during reference force production (F3 33=10.97, p<0.001). Post-hoc tests
showed that absolute errors were significantly larger for IMRL/L tasks than for RL/L and L/
L tasks, and that absolute errors for MRL/L tasks were significantly larger for L/L tasks
(p<0.027). No differences in absolute errors between MRL/L and IMRL/L or between RL/
L and L/L were found.

To compare matching errors across fingers, relative errors were used by normalizing absolute
errors to the reference force of the instructed finger (Fig. 3B). Relative errors were significantly
greater during little finger force matching (average, 35.6%) than during index finger force
matching (average, 15.1%) (Fp1,11j=8.89, p=0.012). There were also a main effect of NUMBER
(F3,331=11.23, p<0.001) and a significant interaction of NUMBER x FINGER (F(333)=5.87,
p=0.003). Post-hoc tests showed that relative errors were significantly greater in MRL/L tasks
than in L/L tasks, and that relative errors in IMRL/L tasks were significantly larger than relative
errors in all other matching conditions (p<0.005), among which relative errors were not
statistically significant from each other.

It appears that the index finger reference force was more accurately estimated during multi-
finger force production tasks than the little finger reference force. As the number of fingers in
multi-finger force production increased, matching errors increased in little finger force
matching, while the accuracy of force matching was not significantly changed in index finger
force matching.

In the currently employed matching paradigm, the reference force is perceived within the CNS,
and the matching force is then produced by retrieving information from memory. In an earlier
study [14] using the same paradigm, the reference force produced by the index finger or the

little finger could be accurately approximated by the matching force of the same finger (index-
index or little-little matching) from 10% to 40% MV C of the instructed finger during single-
finger matching tasks. When a reference force was instructed to be matched using a different
finger (index-little or little-index matching), matching errors increased (particularly at 30%

and 40%MVC), but were significantly minimized when the sum of instructed and uninstructed
finger forces were compared. These findings suggested that both instructed and uninstructed
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finger forces were perceived during both reference and matching force production periods
[14]. In the present study, the number of fingers involved in the reference force production was
altered, while the matching force was produced solely by the instructed finger, i.e., single-
finger force production. The memory of finger force was not likely to be distorted after a 3-s
relaxation period (cf. [17]) and no difference in retrieving memory has been reported for the
index or little finger. Furthermore, it is unlikely that changes in force generating capabilities
[2] would contribute to present results. Force generating capability remained the same in
matching tasks (index-index, or little-little matching). The results that matching errors
increased with the number of simultaneously activated fingers during little finger tasks, but
not during index finger tasks suggest that simultaneous activation of adjacent fingers could
alter perception of little finger force, but not index finger force during multi-finger force
production.

It’s well known that a single-finger movement can lead to widespread activation of the M1
hand area [20,22]. The CNS has the ability with certain constraints [23] to selectively partition
and direct descending motor commands to target muscles. In a recent TMS study [13], when
asked to imagine flexion force production at the fingertips without actual execution (lack of
peripheral inputs), subjects were able to distinguish one vs. four-finger imagined force
production and selectively modulate the corticospinal excitability. This ability, however, is
different among fingers. Within the distributed network of highly interconnected finger
representations in the M1 hand area, the thumb and index have greater representations with
relatively selective gradients, as compared to the ring and little fingers [21,22]. Furthermore,
the index finger demonstrates a high degree of neuromuscular compartmentalization among
muscle compartments in the multitendoned FDP and FDS [1,9]. For example, selective
activation of middle finger component at about 25% MVC in FDP and about 50% MVC in
FDS started to recruit neighboring index finger motor units. Recruitment thresholds for little
finger motor units, by contrast, were low in both FDS and FDP during ring finger voluntary
activation, at about only 5% MVC [1,9].

Based on these findings, it could be reasonably inferred that each finger could produce force
independently, when the level of voluntary activation of adjacent fingers is lower than the level
for motor unit recruitment threshold. Conceivably, mediated by the central mechanism via the
efferent copy, the ability to reproduce its own force by the index finger is not likely to be
significantly disturbed when activation of adjacent fingers is around or below the recruitment
threshold, resulting in no significant changes in matching errors during multi-finger reference
force production as compared to single-finger force matching. The opposite, however, is
expected for the little finger in this study. Furthermore, during reference force production
involving the same fingers (IMRL), the significantly higher errors in IMRL/L tasks than in
IMRLY/I tasks suggests that the descending motor command is better partitioned and directed
for the index finger than for the little finger. The proposed mechanism, however, needs to be
further tested by examining matching behaviors at higher levels of reference force, especially
higher than the motor unit recruitment threshold for the index finger.

The observed matching behaviors could be mediated through peripheral mechanisms [10,14].
FDS exhibits ‘reflex partitioning’, i.e., each of its motoneuron sub-pools has a distinct pattern
of cutaneomuscular reflexes. Cutaneomuscular reflexes of the index finger are facilitatory,
leading to an increased perceived heaviness after index finger anaesthesia, while the
corresponding effect is inhibitory in the little finger [10]. This mechanism is unlikely to explain
the current results. The effect of cutaneomuscular reflexes remains the same for each finger
(index and little) during reference and matching force production. If the central motor
commands are modified by the inhibitory effect of cuteneomuscular reflexes in the little finger
during multi-finger reference force production (e.g., IMRL), the little finger is expected to
produce smaller force during subsequent force matching. Similarly, the index finger is expected
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to produce greater matching force, resulting in matching errors. In a recent study aiming to
investigate the accuracy of the sense of tension [16], subjects were asked to estimate and

reproduce the peak forces in the wrist extensors induced by transcranial magnetic stimulation
(TMS) and magnetic stimulation of the radial nerve. The accuracy of force perception by this
non-voluntary, non-reflex contraction with either cortical or peripheral stimulation was poor.
This observation thus implies that the sense of tension is not likely to provide a reliable source
of information for perception of muscle force, such as in tasks of multi-finger force production.

The present results of no significant change in matching errors in the index finger tasks are not
consistent with a previous report [8], in which errors of perceived heaviness increased when
the magnitude of concurrently lifted weight increased. The contrasting results may be related
to different tasks. In the weight estimation study [8], the level of activation for the adjacent
finger was managed by increasing the magnitude of the concurrently lifted weight. For
example, the index finger lifted 200g while the ring concurrently lifted 300g. This procedure
may alter the normal force sharing pattern between the index finger and the ring finger when
these two fingers voluntarily produce forces. The level of index finger activation may increase
when the magnitude of concurrently lifted weight increased, resulting in increased errors in
perceived heaviness of the weight lifted by the index finger. In this study, the level of activation
for the index finger remained relatively the same, about 30% MVC, irregardless of the number
of fingers involved in the task.

The results suggest that the index finger force is more accurately estimated than the little finger
force during multi-finger force production. The disparity in perception of individual finger
force is likely due to the ability of the CNS to partition and direct descending motor commands
to the index finger. This digit-specific finger force perception might contribute to the
preferential use of the more independent fingers, e.g., index finger, during multi-finger tasks
[4], such as grasping with the thumb and the index finger.
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Figure 1.

Typical force traces of IMRL/I and IMRL/L trials from the same subject. The subject matched
the reference force of the index finger (A) but overestimated that of the little finger (B) during
the same multi-finger (IMRL) force production. I: index finger; M: middle finger; R: ring
finger; L: little finger.
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Absolute reference (Frgr) and matching (Fpmatcr) forces for index and little finger tasks. In
tasks with multi-finger reference force production (e.g. IM in IM/I tasks), forces from the
finger (in bold letter) were measured as Frgr. Forces were averaged across trials and subjects.
Standard error bars are shown.
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Absolute errors (A) and relative errors (B) for index and little finger tasks. Means and standard

error bars are presented.
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