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Abstract—The interaction of anticipatory and reflexive changes in the grip force of the right hand was tested
for the effect on the grip force developed by the thumb and index finger of the left hand. The test task for the
right hand was the same in all test variants, to hold a cup where a weight fell (with the thumb and index fin-
ger). Three different tasks were chosen for the left hand. In the first task, the left fingers touched a sensor with
a negligible grip force. In the second task, the subject had to hold a force sensor loaded with a 200-g load. In
the third task, the subject was instructed to slowly increase the grip force by fingers of both hands. In response
to the impact of the falling weight, an involuntary increase was observed in the grip force of the right-hand
fingers, depending on the available visual information of the falling weight and being independent of the
motor task performed by left hand. When the subject’s eyes were closed, the grip force increased in all tasks
as a response to the impact of the weight fall. When the subject’s eyes were open, an automatic increase in the
right-hand grip force occurred 200–300 ms before the impact. The left-hand grip force changed in different
ways. In the first and second tasks, the grip force of the left hand did not change despite the changes in the
grip force of the right hand in response to the impact of the falling weight. In case of a coordinated slow
increase in the grip forces of both hands, an increase in the grip force was observed in the unaffected left hand
before the impact and during the response to the impact, like in the right hand. Thus, a common motor task
for both hands led to similar changes in grip force, which were recorded in both right and left hands not only
during the response to an external stimulus, but also during anticipation. Movement planning was assumed
to involve the organization of left–right interaction at the supraspinal level, probably, at the level of motor
cortex interactions between the left and right hemispheres.
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INTRODUCTION
Movements of right and left limbs may be coordi-

nated at different levels. As early as 1910, Sherrington
[1] described a cross reflex where unilateral stimula-
tion of peripheral nerves causes a contralateral
response due to interactions of neurons from different
sides of the spine. Bilateral neuronal activity coordi-
nation probably plays an important role in the func-
tions of the postural control and locomotor system.
Voluntary movements of hands and fingers are mostly
governed by the contralateral cortex. However, the
ipsilateral cortex also shows changes in activity [2].
Bilateral interactions of neurons are therefore possible
at the cortical level as well. It is still unclear to what
extent changes in activity of the ipsilateral cortex are
associated with the planning and execution of a move-
ment or are a sensory reflection of the movement. We
studied the grip force of the thumb and index finger for
both left and right hands while one hand hold an
object and experienced a unilateral external influence.
Anticipation to an external influence is known to
increase the grip force to prevent the object from slid-
ing from the hand [3]. When an object is held with two

hands, muscular activity increases in both of them [4].
The response to a unilateral external influence during
a bimanual movement is known to differ depending on
how well the hand movements are coordinated [5, 6].
In particular, when both of the hands control the posi-
tion of one object, a unilateral influence on one hand
quickly induces a response in the other, unaffected
hand. When the hands control the objects that are not
related to each other, a rapid adjustment is observed
only in the affected hand. The quick response of the
unaffected hand may result from both facilitation of
afferent cross feedbacks at a local level and the inter-
action of motor centers at a higher level.

We have studied how the grip force changes in left-
and right-hand fingers when two different objects are
held by different hands and a unilateral influence is
applied to the object held with the right hand. To exert
the external effect, a weight was dropped in a cap held
with the right hand [7]. When a subject observes the
weight falling, the right-hand fingers that hold the cap
increase the grip force both before the impact and
during the response to the impact [3, 7]. In this work,
the effect of an anticipated unilateral influence was
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studied in conditions where the left- and right-hand
efforts were coordinated to different extents. Changes
in left-hand grip force were studied in conditions
where changes in left- and right-hand grip forces were
not associated with each other and where left- and
right-hand fingers acted synchronously to slowly
increase the grip force. We assumed that a common
motor task performed with both of the hands may
induce changes in left-hand grip force not only during
the response to a weight impact, but also during its
anticipation. We discuss the mechanisms that may
sustain the cross effects while the hands interact
during a unilateral external influence.

METHODS

Ten healthy subjects were involved in the study. A
subject sat in an armchair during tests. The subject’s
right forearm rested horizontally on a comfortable
support, the arm was vertical, and the angle at the
elbow joint was approximately 90°. The thumb and
index finger of the subject’s right hand hold a rigid
metal bracket, which was connected through a f lexible
cable to a 60-cm beam. The beam could freely rotate
about the axis located in the center (see the scheme of
experiments in [7]). Strain gauge sensors were built in
the bracket to measure the grip force of right-hand fin-
gers and the vertical force acting on the bracket. The
distance between the fingers was 40 mm. The beam
was balanced with a counterweight so that a minimal
effort (approximately 1 N) was enough to hold it hori-
zontally. A cap with the bottom covered with plasticine
was placed on the beam. A cylindrical weight (1.8 cm
in diameter, 5 cm in height) was held with an electro-
magnet 70 cm above the cap and fell into the cap when
the electromagnet circuit was broken.

The subject’s left hand rested on a comfortable
support and held a force sensor with its fingers to mea-
sure their grip force. Three different test variants were
used for the left hand. First, the subject’s left-hand
fingers touched the force sensor placed on a desk with
a negligible force. Second, the subject’s left fingers
held the sensor loaded with a 2-N load. In either vari-
ant, the subject’s right hand held a sensor connected
with the cap where the weight fell. In the third variant,
the subject was instructed to synchronously increase
the grip forces of both of the hands from approxi-
mately 0.5 to 6–8 N over 5–8 s. The subjects moni-
tored the changes in grip force on a monitor screen
several times during training tasks. After training, the
subjects were able to increase the grip force as neces-
sary with the eyes closed or open without monitoring
the changes. The weight was dropped into the cap held
with the right hand at various time points while the
subject slowly increased the grip forces of the two
hands; the weight fall was accompanied by an involun-
tary increase in right-hand grip force. All test variants
were performed with the subject’s eyes open or closed.
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The mean grip force was measured over four differ-
ent time intervals before and after the fall of the
weight, and the measurements were used as parame-
ters to characterize the motor task performance. The
time point where the falling weight hit the cap was
used as a reference point. The time intervals to obtain
the mean grip force before and after the weight fall are
shown in Fig. 1a. The first interval was used to mea-
sure the baseline grip force before a weight fall; the
grip force was averaged over the interval from –500 to
–400 ms of the impact (Baseline1). The second inter-
val was chosen to precede the period of time when the
subject might start increasing the grip force in antici-
pation of a weight impact, observing the falling weight.
The grip force before an anticipatory increase was
averaged over the interval from –300 to –200 ms
(Baseline2). The average grip force immediately pre-
ceding an impact of the falling weight in tests with
visual control corresponded to an anticipatory
increase in grip force. The anticipatory increase
was measured over the interval from –20 to –5 ms
(Anticipation). The impact response (Impact) was
measured as a maximal force observed in the interval
100–300 ms after a impact. In tests performed with
eyes closed, a comparison of the Baseline1, Baseline2,
and Anticipation values characterized the stability of
maintaining the grip force in variants 1 and 2. In vari-
ant 3, the values made it possible to estimate the rate
at which the grip forces were increased synchronously.
In tests with eyes open, Anticipation characterized the
preparation to an impact of the falling weight. The
anticipatory increase in force and the response to a
weight impact overlapped the voluntary increase in
grip force. A comparison of the grip force between the
third and fourth intervals in the presence or absence of
visual control made it possible to estimate the effect of
a voluntary increase in force on the parameters. An
additional analysis was therefore performed for the
difference in grip force between tasks with and without
visual control over the motor task.

To analyze the changes in grip force for each hand
and each visual control condition, two-way ANOVA
was carried out with two factors, grip force at different
time points of a motor task performed with or without
visual control (Baseline1, Baseline2, Anticipation,
and Impact) and motor task variant (variants 1, 2,
and 3).

RESULTS
Figure 1 shows the changes in grip force that were

observed for the left and right hands of a typical sub-
ject while the subject held the beam with the cap and
the weight fell. The pattern detected for the right hand
depended on whether the subject received visual feed-
back and was similar in all test variants in each of the
visual control conditions. When a subject observed the
weight falling, the right-hand grip force started
increasing 100–200 ms before the impact. When a
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Fig. 1. Changes in the grip forces of the (1) right and (2) left hands during an external influence (an impact by a falling weight)
on a cap held with the right hand (3). The subject had to hold the cap with the right hand when the weight fell and hit it. The left-
hand grip force was different in different tasks: (a) the left hand touched a force sensor, (b) the left hand held a 200-g object, or
(c) the left and right hands slowly and synchronously increased the grip force. The results were averaged over several tests per-
formed by one subject. The task was performed with the eyes (a) open (the subject observed the weight falling) or (b) closed (the
subject did not observe the weight falling). The intervals where the grip forces Baseline1, Baseline2, Anticipation, and Impact
were measured are shown in Fig. 1a at the bottom of the upper plot. Force bar, 4 N for right-hand grip force and loading and 2N
for left-hand grip force. Time bar, 500 ms. 
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subject’s eyes were closed, the grip force increased
60–80 ms after the impact. As for the left hand,
changes in grip force depended on the task conditions.
Changes in grip force in response to a weight fall were
not observed in variant 1, when the left-hand fingers
only touched the force sensor, regardless of whether
the subject’s eyes were open or closed (Fig. 1a). Non-
significant changes in grip force were detected in vari-
ant 2, when the left hand held a load (Fig. 1b). When
the grip force was synchronously linearly modulated in
both of the hands with eyes closed, a reflex increase in
grip force after the impact was observed for the left
hand, like for the right one. When the subject’s eyes
were open, an increase in left-hand grip force
occurred before the impact, like in the case of the right
hand. Thus, both reflex and anticipatory changes in
grip force were observed for the left hand as well when
a common motor task was performed by the two
hands, while such changes were usually restricted to
the right hand.

Group-averaged grip forces observed for the right
and left hands in different test variants are shown in
Fig. 2. The changes in grip force were analyzed for
each hand and each visual control condition by two-
way ANOVA. The first factor was grip force at differ-
ent time points of the motor task (Baseline1, Base-
line2, Anticipation, and Impact); the second factor
was motor task variant (variants 1, 2, and 3).

In the case of the right hand and eyes closed,
ANOVA revealed significant difference between dif-
ferent test variances and different time points of the
motor task. A significant interaction was shown for the
two factors (F(6, 48) = 7.71, p < 0.00001). Thus, the
grip force changed differently in different conditions.
A post-hoc analysis showed that the Baseline1, Base-
line2, Anticipation, and Impact values did not differ
between variants 1 and 2 (Figs. 2a, 2b) and were lower
than Impact. The average grip force in variant 3 was
higher than in variants 1 and 2 (Fig. 2c). This could be
explained by the fact that the subjects slowly increased
the grip force as instructed in variant 3. Baseline1 was
lower than Baseline2 and Baseline2 was lower than
Anticipation in these test conditions (p < 0.05, Tukey’s
test). The grip force after an impact was higher than
Baseline1, Baseline2, and Anticipation in variant 3. In
addition, Impact in variant 3 was higher than in vari-
ants 1 and 2 (p < 0.05, Tukey’s test).

When the subject’s eyes were open, an increase in
right-hand grip force was observed not only after the
impact, but before the impact as well. ANOVA showed
that changes in right-hand grip force differed in differ-
ent conditions (F(6, 54) = 4.11, p < 0.002). Like in the
tests with eyes closed, the average grip force in variant
3 was higher than in variants 1 and 2 (F(2, 18) = 10.53,
p < 0.001). The grip forces detected before (Anticipa-
tion) and after (Impact) the impact were higher than
Baseline1 and Baseline2 in all test conditions
(Figs. 2a–2c). The right-hand grip force before
(Anticipation) and after (Impact) the weight fall in
variant 3 was higher than in variants 1 and 2 because
the subjects increased the grip force in variant 3 as
instructed. Because the average grip force in variant 3
was higher than in the other variants, ANOVA was car-
ried out for the difference in grip force between the
motor tasks performed with or without visual control.
The difference in grip force in different time intervals
was used as the first factor, and test conditions were
the second factor. Differences between the time points
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019
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Fig. 2. Group-averaged changes in (a–c) right- and (d–f) left-hand grip forces at different time points of the task where a weight
fell into a cap held with the right hand. Ordinate, grip force (N). The grip force was measured before the weight fell (и1 for Base-
line1), before the grip force started to increase in preparation to a impact (и2 for Baseline2), at the moment of impact (и3 for
Anticipation), and during a response to the impact (и4 for Impact) (see Methods). The task was performed with the eyes (a) open
(the subject observed the weight falling) or (b) closed (the subject did not observe the weight falling). (*) A significant difference
was detected between the tasks performed with or without visual control. 
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did not significantly differ between the test variants
(F(6, 48) = 0.99, p > 0.44). In all test variants, the dif-
ference in grip force was significantly higher only
before the fall, while nonsignificant differences were
observed at the other time intervals during the motor
task (Figs. 2a–2c, p < 0.05, Tukey’s test). This, the
right-hand grip force similarly increased during
preparation for the impact in different test conditions
(Table 1). The instruction to slowly increase the grip
force did not change the anticipatory increase in grip
force.

The left-hand grip force did not change during the
test in variants 1 and 2 regardless of whether the sub-
ject’s eyes were open or closed. In variant 3, changes in
grip force depended on whether the subject observed
the weight falling. When the eyes were closed while
performing the motor task, the left-hand grip force
changed differently in different test conditions by
ANOVA (F(6, 54) = 22.11, p < 0.0001). The grip force
in variant 1 was lower than in variants 2 and 3 accord-
ing to the instructions given to the subject (Fig. 2d).
Changes in grip force during the test were nonsignifi-
cant in variants 1 and 2 (p > 0.05, Tukey’s test;
Figs. 2d, 2e) both before and after the weight fall. In
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019
variant 3, the grip force gradually increased before the
impact (p < 0.05, Tukey’s test). Baseline1 was lower
than Baseline2; Baseline2 was lower than Anticipation
(Fig. 2f, p < 0.05, Tukey’s test) the grip force after the
fall was higher than Baseline1, Baseline2, and Antici-
pation (p < 0.05, Tukey’s test).

When the subject’s eyes were open, the left-hand
grip force again changed differently in different test
conditions (F(6, 48) = 13.69, p < 0.0001). The grip
force in variant 1 was lower than in variants 2 and 3.
Variants 2 and 3 did not significantly differ in mean
grip force (p > 0.05, Tukey’s test). Nonsignificant
changes in grip force were observed in different time
intervals in variants 1 and 2. The Anticipation value
increased in variant 2 by 0.21 ± 0.07 N as compared
with Baseline2; the change was nonsignificant (p >
0.05, Tukey’s test; Fig. 2e). The grip force increased
during motor test performance in variant 3. Baseline1
was higher than Baseline2, and Anticipation increased
significantly relative to Baseline2 (p < 0.05, Tukey’s
test). A response to the weight fall was higher than
Anticipation, Baseline1, and Baseline2 in variant 3.
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Table 1. Difference in grip force (N) at different time points
of a motor task in tasks performed in different conditions
with or without visual control

* The difference was significant at p < 0.05.

Task parameter Right hand Left hand

Variant 1
Baseline1 –0.28 ± 0.16 0.01 ± 0.06
Baseline2 –0.33 ± 0.19 –0.01 ± 0.06
Anticipation 1.69 ± 0.37* 0.03 ± 0.07
Impact 0.50 ± 0.59 0.01 ± 0.08

Variant 2
Baseline1 0.24 ± 0.27 0.45 ± 0.21
Baseline2 –0.29 ± 0.27 0.45 ± 0.21
Anticipation 1.32 ± 0.35* 0.63 ± 0.21
Impact 0.27 ± 0.77 0.58 ± 0.21

Variant 3
Baseline1 0.28 ± 0.33 0.28 ± 0.26
Baseline2 0.25 ± 0.40 0.35 ± 0.36
Anticipation 2.99 ± 0.87* 0.99 ± 0.41*
Impact 1.40 ± 0.62 1.17 ± 0.51*
Because the mean grip force in variant 1 was lower
than in the other test variants, ANOVA was carried out
for the difference in left-hand grip force in different
time intervals of the motor task performed with or
without visual control (grip force in a particular inter-
val was the first factor; test conditions were the
second factor). ANOVA showed that the difference in
left-hand grip force differed between the variants
(F(6, 48) = 4.81, p < 0.001). In variants 1 and 2, the
difference in grip force did not significantly differ
between different time points during the task per-
formed with or without visual control (Table 1). In
variant 3, the difference observed before the impact
and in response to the impact was higher than Base-
line1 and Baseline2 (p > 0.05, Tukey’s test). Thus, an
external influence on the right hand did not affect the
grip force of the left hand when independent move-
ments were performed by the two hands. When a com-
mon motor task was performed by the two hands, the
reflex and anticipatory changes in grip force were
observed in the left hand as well, while the latter was
usually restricted to the right hand.

DISCUSSION
In the task of holding a cap where a weight fell, the

involuntary increase in the grip force of right-hand
fingers depended on whether visual information about
the weight falling was available, but was independent
of the motor task variant. When the subject’ eyes were
closed, the grip force increased in response to the
weight impact in all test variants. When the subject’s
eyes were open, an involuntary increase in right-hand
grip force was observed 200–300 ms before the weight
hit the cap. The involuntary increase in right-hand
grip force was not affected when the subjects were
additionally instructed to slowly and synchronously
increase the grip force of both right and left hands,
regardless of whether the subject’s eyes were open or
closed. The left-hand grip force changed differently in
different conditions. When the grip forces produced by
the two hands were independent of each other,
changes induced by a weight fall in the right-hand grip
force did not affect the left-hand grip force. When the
grip forces of the two hands were increased in a coor-
dinated manner, the unaffected left hand increased
the grip force both before the weight impact and in
response to the impact.

When the two hands are involved in holding an
object, a response to an external factor is known to
occur not only in the affected hand, but also in the
unaffected contralateral hand [8, 9]. The latency that
precedes an increase in grip force in response to an
external disturbing factor indicates that the response
may be associated not only with activation of local
neuronal mechanisms, but also with activation of spi-
nal–brainstem and spinal–cortical connections. The
response of the hand that was not affected by an exter-
nal factor may accordingly arise because afferent feed-
backs excite cross influences at various nervous system
levels, including the level of intercortical interactions
[5]. An increase in the grip force of the unaffected
hand was additionally observed during preparation to
a weight impact in our study, that is, in the period
when afferent signals of exposure to a disturbing factor
were still absent. The finding therefore indicates that
the facilitation of cross influences is associated with
interactions at the level of motor centers responsible
for the movement. A similar conclusion has been
made in a study where the two hands manipulate a
common object [5]. Activity of the primary motor cor-
tex is known to determine the anticipatory changes
[10, 11]. Preparation to an anticipated external influ-
ence is known to develop with age, as motor skills are
acquired by children [12]. Our findings make it possi-
ble to assume that cross interactions of the left and
right hands occur at the level of transcallosal influ-
ences from the left and right motor cortical areas
during movement planning [13].

CONCLUSIONS
When the right and left hands hold different objects

with the thumb and index finger and a unilateral exter-
nal influence is applied to the right hand, the changes
in grip forces depend on the extent to which the motor
tasks of the two hands are associated. An external
influence on the object held by the right hand did not
change the left-hand grip force when uncoordinated
motor tasks were performed by the two hands. The
right-hand grip force changed depending on whether
the external influence was anticipated or not. A weight
HUMAN PHYSIOLOGY  Vol. 45  No. 6  2019
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falling in a cap held with the right hand was used as an
external influence in our study. The fall was unex-
pected when the subject’s eyes were closed. When the
subject observed the weight falling, preparation to the
weight impact was detectable. The right-hand grip
force started to increase 200 ms before the weight hit
the cap when the fall was anticipated and only 60–80
ms after the impact when the fall was unexpected. The
left-hand grip force did not change in the tasks where
the left hand touched a force sensor or held a 200-g
object.

When the left and right hand slowly and synchro-
nously increased the finger grip force, an external
influence on the right hand changed the grip force not
only in the right, but also in the left hand. In the case
of an unexpected external influence, an increase in
right- and left-hand grip forces occurred in response
to the weight impact. In the case where the weight fall-
ing was observed by the subject, an increase in right-
and left-hand grip forces was detected not only in
response to the impact, but also before the impact.
Thus, cross effects occurred not only in response to an
external influence, but also during preparation to the
influence. It is possible to assume that, while a move-
ment is planned, cross influences are organized at the
supraspinal level and, probably, at the level of interac-
tions between the motor cortical areas of the left and
right hemispheres.
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