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ABSTRACT

Bilateral force control and coordination in upper and lower limbs are important functions for executing activities
of daily living. Although upper and lower limbs may reveal distinct bilateral motor control patterns because of
different motor networks involvements, no one has examined the possibility that upper and lower limbs reveal
distinct bilateral force control and coordination patterns. This study investigated bilateral force control and coor-
dination patterns between upper and lower limbs in healthy young adults. Thirty-two healthy young adults
(mean+SD of age = 23.2+2.2 years; 16 Females) performed bilateral hand-grip and ankle-dorsiflexion force con-
trol tasks at 10 % and 40 % of maximal voluntary contraction. Bilateral force control performances were evaluated
by calculating mean force, force symmetry, force accuracy, and force variability. To estimate bilateral force coor-
dination, we used cross-correlation with time lag. Further, we examined the relationship between bilateral force
control and coordination patterns of upper and lower limbs by conducting Pearson’s correlation analysis. Bilateral
maximal and mean forces of lower limbs were significantly less than those for upper limbs. At higher targeted
force level, force accuracy and variability in lower limbs were significantly lower than those for upper limbs. More
negative correlation coefficient values appeared in lower limbs as compared with upper limbs. Finally, bilateral
force control performances in upper limbs were related to those in lower limbs although no significant correlation
was observed for interlimb coordination patterns. These findings suggest that bilateral motor control and coordi-
nation patterns were different between upper and lower limbs although the level of bilateral upper and lower motor
control capabilities was presumably influenced by shared motor control processes for each individual.
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Figure 1: Graphical abstract

INTRODUCTION

Bilateral force control in upper and lower extremities is a critical motor function for per-
forming various activities of daily living (Kang and Cauraugh, 2015a, Lee et al., 2024). For
example, bilateral hand-grip force control is frequently required for typing on a keyboard, driv-
ing a vehicle, and opening a water bottle (Kim et al., 2021). Controlling ankle-dorsiflexion
forces between feet 1s often used for walking, running, and ascending stairs (He et al., 2007).
Importantly, successful interlimb force control may be related to advanced sensorimotor pro-
cessing to generate interactive motor commands from the central nervous system to the periph-
eral nervous systems (Enoka and Duchateau, 2017, Jin et al., 2019, Walsh et al., 2008).

Potentially, neural activations patterns across key brain areas such as the primary motor
cortex (M1), premotor cortex, supplementary motor area, posterior parietal cortex, basal gan-
glia, and cerebellum may be different between bilateral upper and lower movement executions
(Archer et al., 2018, Rueda-Delgado et al., 2014, Walsh et al., 2008). Specifically, a prior study
reported that the arm areas of M1 may be connected to the premotor area, while the leg areas
of M1 may be linked to spinal cord circuits so that these differences may reflect distinct func-
tional roles in daily activities between upper and lower limbs (Volz et al., 2015). In addition,
posterior parts within the basal ganglia and cerebellum were activated for upper limb move-
ments, whereas lower limb regions were associated with activation of anterior parts (Errante et
al., 2023). Further, neural communications between hemispheres through the corpus callosum
contribute to executing improved interlimb force coordination (Kaminski et al., 2016, Long et
al., 2016). Interestingly, interhemispheric connectivity levels of corticospinal tract (CST) fibers
from the leg areas of M1 were greater than those from the arm areas of M1 (Yeo and Jang,
2012). These neural connections may facilitate more cortical activation between hemispheres
during lower limb movements than upper limb movements (Kapreli et al., 2006, Noble et al.,
2014). Moreover, the properties of motor units may be different between upper and lower
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extremities (Dideriksen et al., 2012, Kim et al., 2001). For instance, knee extensors with a
greater number of motor units, a larger range of motor unit recruitment, and weaker synchroni-
zation patterns showed a reduction of force variability as compared with the first dorsal inter-
osseus muscle (Kim et al., 2001, Tracy et al., 2007). Potentially, different motor networks in-
volved in upper and lower limb movements are associated with functional specificity in daily
activities (Christou et al., 2003, Goel and Paloski, 2016). Upper limbs often perform bilateral
fine motor tasks, such as buttoning a shirt and playing instruments, whereas lower limbs are
bilaterally used for gross and repetitive movements such as locomotion and postural control
(Pérez, 2023, Volz et al., 2015). Taken together, these findings raised a possibility that upper
and lower limbs may reveal distinct bilateral force control and coordination patterns.

The purpose of this study was to determine whether bilateral force control and coordination
patterns were different between upper and lower limbs in healthy young adults. We used bilat-
eral hand-grip and ankle-dorsiflexion force control tasks at two submaximal targeted force lev-
els (i.e., 10 and 40 % of maximal voluntary contraction: MVC) because bilateral force control
can be affected by factors of neuromuscular organization such as force level (Hu et al., 2011).
Based on previous findings (Christou et al., 2003, Ohtaka and Fujiwara, 2019), we hypothesized
that bilateral force control performances and coordination in upper limbs would be better than
those in lower limbs at lower targeted force level, whereas at higher targeted force level, lower
limbs would show advanced bilateral force control performances and coordination than those
in upper limbs.

METHODS

Participants

Thirty-two healthy young adults (mean+standard deviation of age = 23.2+2.2 years; 16 fe-
males and 16 males) participated in this study. To identify the sample size, we performed a
priori power analysis based on pilot data using G*Power software (version 3.1.9.6) (Faul et al.,
2007). The analysis confirmed that a minimum of 32 participants were required for a within-
subjects design (power > 0.9 and alpha = 0.05). Participants were recruited from the community
using flyers. The participants who met the inclusion criteria including age between 18 and 35
years, right-handed, and right-foot dominant, as measured by Edinburgh Handedness Question-
naire (Oldfield, 1971) and ball-kicking tests (Sarabon et al., 2013). We excluded participants
who had musculoskeletal impairments across upper and lower limbs and cognitive deficits
(Mini-Mental State Examination score < 28). Before starting the test, all participants read study
protocols and signed an informed consent, approved by the Incheon National University’s In-
stitutional Review Board.

Apparatus

To perform bilateral isometric force control tasks with upper and lower limbs, we used a
customized isometric hand-grip and ankle-dorsiflexion force control measurement devices
(SEED TECH CO., Ltd., Bucheon, Republic of Korea), respectively. Participants were seated
in front of a 54.6 cm LED monitor positioned 80 cm away. For bilateral hand-grip force control
tasks, we instructed participants to place both arms on the table with comfortable positions
(shoulder flexion 15-30° and elbow flexion 20-45°; Figure 2A), and participants grabbed the
left and right handles embedded with two force transducers (Micro Load Cell-CZL635-3135,
range = 330 Ibs, Phidgets Inc., Calgary, Canada). During the task, bilateral isometric forces
were generated by grasping left and right handles. To prevent unexpected force production from
other part of the upper limbs (e.g., elbow, shoulder, and trunk), we instructed them to keep their
forearms fixed on the table during the task.
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For bilateral ankle-dorsiflexion force control tasks, participants were required to put their
feet on the customized platform equipped with a force transducer for each size (Micro Load
Cell-CZL635-3135, range = 330 lbs, Phidgets Inc., Calgary, Canada) in a comfortable position
(knee flexion 90-100°, hip flexion 90-95°, and ankle dorsiflexion 90°; Figure 2B). To avoid
unwanted movement caused by other lower limbs joints, we fastened the participant’s metatar-
sals using metal straps modified to foot length and metatarsal height of each individual, and
experimental shoes adjusted to the foot size of individuals were used. During the task, partici-
pants executed ankle-dorsiflexion movements with feet against the straps to generate isometric
forces.

=

Figure 2: Experimental setup. (A) Bilateral isometric hand-grip force control task position. (B) Bilat-
eral isometric ankle-dorsiflexion force control task position. (C) Visual information during force control
tasks.

Experimental procedures

Initially, participants conducted two consecutive maximum voluntary contraction (MVC)
trials for upper and lower limbs (a duration of MVC trial = 5 s and 60 s rest between trials) to
determine submaximal targeted force levels (i.e., 10 % and 40 % of MVC). We set four exper-
imental blocks reflecting two limb conditions and two force levels, and randomly assigned the
order of experimental blocks (1 block = 10 trials). For each force control trial, we provided
three types of visual feedback on the screen (Figure 2C): (a) the red trajectory line = bilateral
forces generated by left and right limbs, (b) the white horizontal line = targeted force level, and
(c) two green dotted lines = £10 % of threshold from targeted force level. The aim of force
control trial was to generate and match bilateral isometric forces near a targeted force level for
20 s. We set a 30 s rest period between trials and a 60 s rest period between experimental
conditions to minimize the impact of potential fatigue.

Data analyses

Bidirectional fourth-order Butterworth filter with a 30 Hz of cutoff frequency was used for
low-pass filter on all force data. To minimize potential initial adjustment and early termination
effects, the middle 16 s of force data for each trial was analyzed after removing the first 3 s and
the final 1s of force data. All offline data analysis processes were conducted using the
MATLAB programs (Math Works TM Inc., Natick, USA).

Bilateral force control performances were evaluated by calculating force production (i.e.,
MVC and mean force), symmetry, accuracy, and variability. Force symmetry was estimated by
calculating a proportion of left mean force relative to right mean force for each trial so that
values of force symmetry close to 1 indicate more symmetric force output between limbs,
whereas values of force symmetry close to 0 denote more dependence on the dominant side of
upper and lower limb (i.e., right hand and foot) (Lee et al., 2022). To normalize potential effects
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of different force production between upper and lower limbs on force control patterns, we used
relative root-mean-square error (rRMSE = RMSE / targeted force) for force accuracy and co-
efficient of variation ( %CV = standard deviation / mean forcex100) for force variability. In
addition, interlimb force coordination patterns were estimated by calculating cross-correlation
coefficient and time-lag (Patel et al., 2019). More positive values of cross-correlation coeffi-
cient (e.g., 0 <r < 1) indicate in-phase coordination patterns, whereas more negative values
(e.g., -1 <r <0) denote anti-phase coordination patterns. We calculated time-lag between the
left and right limbs at the peak correlation to determine whether one force output preceded the
other. More positive values of time-lag indicate that the force output of right limb leads the
force output of left limb, whereas more native values denote that left limb force lead the right
limb force.

Statistical analyses

For statistical analyses, the Shapiro-Wilk test was conducted to confirm the normality of all
dependent variables (Field, 2024). An independent 7-test was used for comparing MVC values
between upper and lower limbs, and force control dependent variables were analyzed using
two-way repeated measures ANOVA (Limb x Force Level; 2 x 2). Post-hoc analysis was per-
formed using Bonferroni pairwise comparisons. Further, we conducted Pearson’s correlation
analyses to identify potential relationships between bilateral force control and interlimb coor-
dination patterns in the upper and lower limbs. IBM SPSS Statistics version 28 (IBM Corp.,
Armonk, NY, USA) was applied for all statistical procedures and the alpha level was set at
0.05.

RESULTS

Bilateral force control performances between upper and lower limbs

An independent two-tailed #-test showed greater MVC values in bilateral hand-grip force
control tasks than those in bilateral ankle-dorsiflexion force control tasks (¢3;=2.497; P=0.015;
Figure 3A). For mean force during submaximal force control tasks, a two-way repeated
ANOVA revealed a significant Limb % Force Level interaction [F(1, 31) =23.090; P < 0.001;
partial n>=0.427; Figure 3B]. Post-hoc analyses demonstrated that mean bilateral hand-grip
forces was higher than those in bilateral ankle-dorsiflexion forces for both submaximal targeted
force levels. A two-way repeated ANOVA on the force symmetry showed no significant inter-
action [F(1, 31) = 0.019; P = 0.892; partial n>=0.001; Figure 3C] and main effects: (a) Limb
[F(1, 31) = 1.614; P = 0.213; partial n?=0.049] and (b) Force Level [F(1, 31) = 0.047; P =
0.830; partial n°=0.002].
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Figure 3: Bilateral force control performances findings. (A) Maximal voluntary contraction (MVC).
(B) Mean force. (C) Force symmetry. Asterisk (*) shows a significant difference between the upper and
lower limbs. Number sign (#) indicates a significant difference between 10 % and 40 % of MVC condition
(P < 0.05).
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A two-way repeated measures ANOVA on rRMSE revealed a significant Limb x Force
Level interaction [F(1, 31) = 14.329; P <0.001; partial n?=0.316; Figure 4A]. Post-hoc analyses
showed that rRMSE values in bilateral hand-grip force control tasks were higher than those in
bilateral ankle-dorsiflexion force control tasks at 40 % of MVC (P = 0.006). For CV, the anal-
ysis showed a significant Limb % Force Level interaction [F(1, 31) =22.986; P <0.001; partial
1n%=0.426; Figure 4B]. Specifically, CV values in bilateral hand-grip force control tasks were
greater than those in bilateral ankle-dorsiflexion force control tasks at 40 % of MVC (P <
0.001).
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Figure 4: Bilateral force control performances findings. (A) Force accuracy (rRMSE). (B) Force
variability (CV). Asterisk (*) shows a significant difference between the upper and lower limbs. Number
sign (#) indicates a significant difference between 10 % and 40 % of MVC condition (P < 0.05).

Bilateral force coordination patterns between upper and lower limbs

A two-way repeated measures ANOVA on cross-correlation coefficient revealed a signifi-
cant two main effects: (a) Limb [F(1, 31) = 5.260; P = 0.029; partial n°=0.145; Figure 5A] and
(b) Force Level [F(1, 31) = 6.097; P = 0.019; partial n>=0.164]. Specifically, values of cross-
coefficient in bilateral ankle-dorsiflexion force control tasks were more negative than those in
bilateral hand-grip force control tasks collapsed across two targeted force levels. Further, values
of cross-correlation coefficient were more negative from lower to higher targeted force levels
collapsed across two limb conditions. The analysis on time-lag revealed no significant interac-
tion [F(1,31) =1.296; P = 0.264; partial n°=0.040; Figure 5B] and main effects: (a) Limb [F(1,
31) = 0.673; P = 0.418; partial 1=0.021] and (b) Force Level [F(1, 31) = 1.581; P = 0.218;
partial n>=0.049].

Correlations findings on bilateral force control between upper and lower limbs

Pearson’s correlation analyses revealed that bilateral force control performances at 10 % of
MVC between hand-grip and ankle-dorsiflexion force control tasks were significantly corre-
lated (Figure 6; Table 1): MVC (r = 0.887; P <0.001), mean force (» = 0.888; P <0.001), and
rRMSE (= 0.452; P=0.009). Moreover, bilateral force control performances at 40 % of MVC
were significantly correlated between hand-grip and ankle-dorsiflexion force control tasks (Fig-
ure 6; Table 1): mean force (» = 0.888; P <0.001), rRMSE (r=0.457; P =0.008), and CV (r =
0.416; P = 0.018). However, interlimb force coordination patterns show no significant correla-
tion between bilateral hand-grip and bilateral ankle-dorsiflexion force control tasks.
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Figure 5: Bilateral force coordination findings. (A) Cross-correlation coefficient. (B) Time lag. Aster-
isk (*) shows a significant difference between the upper and lower limbs. Number sign (#) indicates a
significant difference between 10 % and 40 % of MVC condition (P < 0.05).
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Figure 6: Correlation findings between upper and lower limbs. (A) MVC in upper versus lower limbs
at 10 % of MVC. (B) Mean force in upper versus lower limbs at 10 % of MVC. (C) rRMSE in upper
versus lower limbs at 10 % of MVC. (D) Mean force in upper versus lower limbs at 40 % of MVC. (E)
rRMSE in upper versus lower limbs at 40 % of MVC. (F) CV in upper versus lower limbs at 40 % of
MVC.

1341



EXCLI Journal 2025;24:1335-1346 — ISSN 1611-2156
Received: June 23, 2025, accepted: August 15, 2025, published: October 07, 2025

Table 1: Correlation findings on bilateral force control between upper and lower limbs

10 % of MVC MvC Mean Force rRMSE
r P r P r P
0.887* < 0.001 0.888* < 0.001 0.452* 0.009
40 % of MVC Mean Force rRMSE cv
r P r P r P
0.888* <0.001 0.457* 0.008 0.416* 0.018

Abbreviations: CV=coefficient of variation; MVC= maximum voluntary contraction; rRMSE=relative root-
mean square error. * P < 0.05

DISCUSSION

We examined bilateral force control and coordination patterns between upper and lower
limbs in healthy young adults. Maximal and mean bilateral ankle-dorsiflexion forces were sig-
nificantly less than those for bilateral hand-grip forces. Consistent with our hypothesis, relative
force error and variability during bilateral ankle-dorsiflexion force control tasks were signifi-
cantly lower than those during bilateral hand-grip force control tasks at higher targeted force
level. Collapsed across two targeted levels, more negative interlimb coordination patterns ap-
peared during bilateral ankle-dorsiflexion force control tasks as compared with bilateral hand-
grip force control tasks. However, we found no significant differences in bilateral force accu-
racy and variability between upper and lower limbs at lower targeted force level. Finally, force
accuracy and variability were correlated between bilateral hand-grip and ankle-dorsiflexion
force control tasks although no significant correlation of interlimb coordination patterns was
observed.

Lower maximal and mean bilateral ankle-dorsiflexion forces than bilateral hand-grip forces
may be associated with different composition of muscle fibers (Reid et al., 2014). Importantly,
type I fibers (i.e., slow-twitch fibers) contribute to maintaining lower levels of force outputs for
a long-lasting period such as postural control and endurance performances, whereas type II
fibers (i.e., fast-twitch and fatigable fibers) are typically involved in producing explosive forces
such as jumping and power-grip (Wilson et al., 2012). For example, elbow flexors with more
proportion of type II fibers showed higher maximal forces than those in the first dorsal inter-
osseus (Tracy et al., 2007). Given that the tibialis anterior (TA) typically consists of lower
proportion of type II fibers (31.7 %) than forearm muscles (55.4 %) (Dahmane et al., 2005),
maximal and mean bilateral ankle-dorsiflexion forces may be less than those of bilateral hand-
grip forces.

Despite no significant differences in force accuracy and variability between upper and lower
limbs at lower targeted level, relative force error and variability during bilateral ankle-dorsi-
flexion force control tasks were lower than those for bilateral hand-grip force control tasks at
higher targeted level. Considering higher correlations between force levels and force control
performance, we used relative variables on force accuracy and variability. Nevertheless, in-
creased relative accuracy and consistency of bilateral ankle-dorsiflexion forces at 40 % of MVC
may be related to a range of submaximal forces frequently involved in performing lower limb
activities of daily living (Kern et al., 2001). Lower limb movement control such as walking,
ascending stairs, and jumping were mostly associated with relatively higher-load (17-18 % of
MVC) and long-lasting activities (Jacobs and Horak, 2007, Ohtaka and Fujiwara, 2019),
whereas upper limb movement control such as drawing and object manipulation required were
lower-load tasks (6—8 % of MVC) (Arbib et al., 2009, Christou et al., 2003). Moreover, given
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that greater proportion of type I fibers correlated with the duration of muscle activity (Wilson
et al., 2012), sustaining and modulating bilateral ankle-dorsiflexion force outputs at a higher
targeted level may be better than bilateral hand-grip force control with lower proportion of type
I fibers (Ohtaka and Fujiwara, 2019).

Interlimb coordination patterns during bilateral ankle-dorsiflexion force control tasks were
more negative than those for bilateral hand-grip force control tasks collapsed across two tar-
geted force levels. Moreover, our correlation findings indicated no significant correlation of
interlimb coordination between upper and lower limbs. Prior studies revealed that increased
negative correlation patterns during bilateral force control tasks indicated error compensatory
behaviors between left and right sides of limbs contributing to improved task performances (Hu
et al., 2011, Lee et al., 2024). Specifically, interhemispheric interactions between the primary
motor cortices may increase error compensatory actions (i.e., anti-phase coordination patterns)
and reduce mirror movements (i.e., in-phase coordination patterns) (Fling et al., 2013, Gooijers
and Swinnen, 2014). For example, older adults and patients with stroke who had lower interhe-
mispheric connectivity between motor cortical regions often showed more deficits in interlimb
force coordination (Fujiyama et al., 2012, Reis et al., 2008). Transcallosal motor fibers, crucial
for interhemispheric connections between two primary motor cortices, may be more involved
in lower limb movements as compared with upper limb movements (Luft et al., 2002) because
many daily activities of lower limbs such as walking and running are associated with negative
coordination patterns. Taken together, different interlimb coordination patterns between upper
and lower limbs may be related to altered interhemispheric communication potentially affected
by distinct motor skill specializations.

Interestingly, task performances significantly correlated between bilateral hand-grip and
ankle-dorsiflexion force control tasks. These findings indicated that a performer may have
shared motor control processes for bilateral force control capabilities across upper and lower
limbs because of the homogeneous motor system (Tracy et al., 2007). Specifically, the motor
commands originating from the upper motor neurons are transmitted to muscles via the lower
motor neurons to control movements of upper and lower limbs (Zayia and Tadi, 2020). In fact,
a prior study revealed that force variability during unilateral elbow flexion force control task
was significantly related to those during unilateral knee extension force control task (Tracy et
al., 2007). Beyond the unilateral actions, our findings confirmed general bilateral motor control
abilities between upper and lower limbs highlighting the interconnectedness of motor systems
across different body regions in healthy individuals. Further research could explore whether
similar patterns appeared in clinical populations or how task difficulty, muscle group involve-
ment, and cognitive demand may influence these correlations.

Potentially, clinicians and physical therapists may consider the current findings when they
apply bilateral movement rehabilitation programs. For example, given that no better bilateral
force control at 10 % and 40 % of MVC appeared in the study, the intensity of bimanual move-
ment rehabilitation protocols would be wide ranges for improving various daily activities in-
cluding typing on a keyboard, manipulating objects, and carrying heavy items. For lower limbs,
bimanual movement training may target improvements in lower force control such as walking,
accelerator pedal control, and postural control. Moreover, considering the findings that older
adults and neurological patients typically revealed impaired force control capabilities in upper
limbs at lower and higher targeted force levels (Kang and Cauraugh, 2015b, Vaillancourt and
Newell, 2003) and deficits in lower limbs at lower targeted force level (Skinner et al., 2019),
these rehabilitation strategies may be suggested for various populations.

Despite different bilateral force control and coordination patterns between upper and lower
limbs, these findings should be carefully interpreted. First, given that we focused on hand-grip
and ankle-dorsiflexion force control, the current findings may not appear in other comparisons
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including different parts of upper (e.g., wrists and fingers) versus lower limbs (e.g., knee and
ankle-plantarflexion). Second, contrary to our hypothesis we found no better bilateral force
accuracy and variability in upper limbs than lower limbs at 10 % of MVC. Potentially, given
that ankle dorsiflexion is often involved in static and dynamic balance control requiring modu-
lation of lower force outputs (Ohtaka and Fujiwara, 2019, Sarabon et al., 2013), the motor sys-
tem successfully performed bilateral ankle dorsiflexion force control tasks at lower targeted
levels. Moreover, bilateral motor control patterns between upper and lower limbs may be af-
fected by altered central and peripheral nervous systems so that future studies should determine
whether distinct bilateral force control patterns between upper and lower limbs increase in pa-
tients with neurological diseases such as stroke and Parkinson’s disease (Chung et al., 2023,
Desrosiers et al., 2003).

CONCLUSION

In conclusion, the current study found that improved bilateral force control performances
were observed in lower limbs as compared with upper limbs at higher targeted force level.
Lower limb showed more negative coordination patterns than those for upper limbs collapsed
across two targeted force levels. However, bilateral force control performances significantly
correlated between upper and lower limbs. These findings suggest that bilateral motor control
and coordination patterns may be different between upper and lower limbs across participants
although the level of bilateral upper and lower motor control capabilities was presumably in-
fluenced by shared motor control processes for each individual. Future studies should investi-
gate how altered bilateral force control performances and coordination patterns between upper
and lower limbs are related to structural and functional changes in brain regions and motor
neuron pools.

Ethics statement Acknowledgments

The studies involving human participants
were approved by the Incheon National Uni-
versity Institutional Review Board. Prior to
the study, all participants read and signed a
written informed consent.

Data availability statement
Correspondence and requests for materi-
als should be addressed to NK.

Authorship contribution statement

N.K. provided the idea of the research.
T.L.L. conducted the experiments and data
analysis. N.K. and T.L.L. contributed to data
interpretation and manuscript drafts. Finally,
N.K. reviewed the manuscript. All the authors
read and approved the final manuscripts.

The authors sincerely thank the study par-
ticipants. This study is developed from Mas-
ter Thesis of Tea Lee Lee completed at In-
cheon National University.

Confflict of interest
The authors declare that they have no
competing interests.

Artificial Intelligence (Al) - Assisted Tech-
nology

The authors declare that they have not
used artificial intelligence for the writing of
the manuscript and for the creation of
graphics, figures, and tables.

Funding
None.

1344



EXCLI Journal 2025;24:1335-1346 — ISSN 1611-2156

Received: June 23, 2025, accepted: August 15, 2025, published: October 07, 2025

REFERENCES

Arbib MA, Bonaiuto JB, Jacobs S, Frey SH. Tool use
and the distalization of the end-effector. Psychol Res.
2009;73(4):441-62.

Archer DB, Kang N, Misra G, Marble S, Patten C,
Coombes SA. Visual feedback alters force control and
functional activity in the visuomotor network after
stroke. Neuroimage Clin. 2018;17:505-17.

Christou EA, Zelent M, Carlton LG. Force control is
greater in the upper compared with the lower extrem-
ity. J Mot Behav. 2003;35(4):322-4.

Chung JW, Knight CA, Bower AE, Martello JP, Jeka
1], Burciu RG. Rate control deficits during pinch grip
and ankle dorsiflexion in early-stage Parkinson's dis-
ease. PLoS One. 2023;18(3):e0282203.

Dahmane R, Djordjevic S, Simunic B, Valencic V.
Spatial fiber type distribution in normal human muscle
histochemical and tensiomyographical evaluation. J
Biomech. 2005;38(12):2451-9.

Desrosiers J, Malouin F, Richards C, Bourbonnais D,
Rochette A, Bravo G. Comparison of changes in upper
and lower extremity impairments and disabilities after
stroke. Int J Rehabil Res. 2003;26(2):109-16.

Dideriksen JL, Negro F, Enoka RM, Farina D. Motor
unit recruitment strategies and muscle properties deter-
mine the influence of synaptic noise on force steadi-
ness. J Neurophysiol. 2012;107(12):3357-69.

Enoka RM, Duchateau J. Rate coding and the control
of muscle force. Cold Spring Harbor Perspect Med.
2017;7(10):a029702.

Errante A, Gerbella M, Mingolla GP, Fogassi L. Acti-
vation of cerebellum, basal ganglia and thalamus dur-
ing observation and execution of mouth, hand, and foot
actions. Brain Topogr. 2023;36(4):476-99.

Faul F, Erdfelder E, Lang AG, Buchner A. G¥Power 3:
a flexible statistical power analysis program for the so-
cial, behavioral, and biomedical sciences. Behav Res
Methods. 2007;39(2):175-91.

Field A. Discovering statistics using IBM SPSS statis-
tics. Thousand Oaks, CA: Sage, 2024.

Fling BW, Benson BL, Seidler RD. Transcallosal sen-
sorimotor fiber tract structure-function relationships.
Hum Brain Mapp. 2013;34(2):384-95.

Fujiyama H, Hinder MR, Schmidt MW, Garry MI,
Summers JJ. Age-related differences in corticospinal
excitability and inhibition during coordination of upper
and lower limbs. Neurobiol Aging. 2012;33(7):
1484.e1-14.

Goel R, Paloski WH. Motor control performance dur-
ing rapid voluntary movements of elbow and knee. J
Mot Behav. 2016;48(4):348-56.

Gooijers J, Swinnen SP. Interactions between brain
structure and behavior: the corpus callosum and biman-
ual coordination. Neurosci Biobehav Rev. 2014;43:1-
19.

He H, Kiguchi K, Horikawa E. A study on lower-limb
muscle activities during daily lower-limb motions. Int
J Bioelectromagn. 2007;9(2):79-84.

Hu X, Loncharich M, Newell KM. Visual information
interacts with neuromuscular factors in the coordina-
tion of bimanual isometric force. Exp Brain Res.
2011;209(1):129-38.

Jacobs JV, Horak FB. External postural perturbations
induce multiple anticipatory postural adjustments
when subjects cannot pre-select their stepping foot.
Exp Brain Res. 2007;179(1):29-42.

Jin Y, Kim M, Oh S, Yoon B. Motor control strategies
during bimanual isometric force control among healthy
individuals. Adapt Behav. 2019;27(2):127-36.

Kaminski E, Steele CJ, Hoff M, Gundlach C, Rjosk V,
Sehm B, et al. Transcranial direct current stimulation
(tDCS) over primary motor cortex leg area promotes
dynamic balance task performance. Clin Neurophysiol.
2016;127(6):2455-62.

Kang N, Cauraugh JH. Bimanual force variability in
chronic stroke: with and without visual information.
Neurosci Lett. 2015a;587:41-5.

Kang N, Cauraugh JH. Force control in chronic stroke.
Neurosci Biobehav Rev. 2015b;52:38-48.

Kapreli E, Athanasopoulos S, Papathanasiou M, Van
Hecke P, Strimpakos N, Gouliamos A, et al. Laterali-
zation of brain activity during lower limb joints move-
ment. An fMRI study. Neuroimage. 2006;32(4):1709-
21.

Kern DS, Semmler JG, Enoka RM. Long-term activity
in upper- and lower-limb muscles of humans. J Appl
Physiol (1985). 2001;91(5):2224-32.

Kim HJ, Lee JH, Kang N, Cauraugh JH. Visual feed-
back improves bimanual force control performances at
planning and execution levels. Sci Rep. 2021;11(1):
21149.

Kim MS, Masakado Y, Tomita Y, Chino N, Pae YS,
Lee KE. Synchronization of single motor units during
voluntary contractions in the upper and lower extremi-
ties. Clin Neurophysiol. 2001;112(7):1243-9.

1345



EXCLI Journal 2025;24:1335-1346 — ISSN 1611-2156

Received: June 23, 2025, accepted: August 15, 2025, published: October 07, 2025

Lee H, Lee TL, Kang N. Effects of visual feedback and
force level on bilateral ankle-dorsiflexion force con-
trol. Neurosci Lett. 2024;824:137671.

Lee TL, Lee H, Kang N, Cauraugh JH. Higher visual
gain contributions to bilateral motor synergies and
force control. Sci Rep. 2022;12(1):18271.

Long J, Tazoe T, Soteropoulos DS, Perez MA. Interhe-
mispheric connectivity during bimanual isometric
force generation. J Neurophysiol. 2016;115(3):1196-
207.

Luft AR, Smith GV, Forrester L, Whitall J, Macko RF,
Hauser TK, et al. Comparing brain activation associ-
ated with isolated upper and lower limb movement

across corresponding joints. Hum Brain Mapp. 2002;
17(2):131-40.

Noble JW, Eng JJ, Boyd LA. Bilateral motor tasks in-
volve more brain regions and higher neural activation
than unilateral tasks: an fMRI study. Exp Brain Res.
2014;232(9):2785-95.

Ohtaka C, Fujiwara M. Force control characteristics for
generation and relaxation in the lower limb. J Mot Be-
hav. 2019;51(3):331-41.

Oldfield RC. The assessment and analysis of handed-
ness: the Edinburgh inventory. Neuropsychologia.
1971;9(1):97-113.

Patel P, Zablocki V, Lodha N. Bimanual force control
differs between increment and decrement. Neurosci
Lett. 2019;701:218-25.

Pérez NP. Bimanual interaction in virtually and me-
chanically coupled tasks. Thesis. London: Queen Mary
University of London, 2023.

Reid KF, Pasha E, Doros G, Clark DJ, Patten C, Phil-
lips EM, et al. Longitudinal decline of lower extremity
muscle power in healthy and mobility-limited older
adults: influence of muscle mass, strength, composi-
tion, neuromuscular activation and single fiber contrac-
tile properties. Eur J Appl Physiol. 2014;114(1):29-39.

Reis J, Swayne OB, Vandermeeren Y, Camus M,
Dimyan MA, Harris-Love M, et al. Contribution of
transcranial magnetic stimulation to the understanding
of cortical mechanisms involved in motor control. J
Physiol. 2008;586(2):325-51.

Rueda-Delgado LM, Solesio-Jofre E, Serrien DJ, Man-
tini D, Daffertshofer A, Swinnen SP. Understanding
bimanual coordination across small time scales from an
electrophysiological perspective. Neurosci Biobehav
Rev. 2014;47:614-35.

Sarabon N, Markovic G, Mikulic P, Latash ML. Bilat-
eral synergies in foot force production tasks. Exp Brain
Res. 2013;227(1):121-30.

Skinner JW, Christou EA, Hass CJ. Lower extremity
muscle strength and force variability in persons with
Parkinson disease. J Neurol Phys Ther. 2019;43(1):56-
62.

Tracy BL, Mehoudar PD, Ortega JD. The amplitude of
force variability is correlated in the knee extensor and
elbow flexor muscles. Exp Brain Res. 2007;176(3):
448-64.

Vaillancourt DE, Newell KM. Aging and the time and
frequency structure of force output variability. J Appl
Physiol (1985). 2003;94(3):903-12.

Volz LJ, Eickhoff SB, Pool EM, Fink GR, Grefkes C.
Differential modulation of motor network connectivity

during movements of the upper and lower limbs. Neu-
roimage. 2015;119:44-53.

Walsh RR, Small SL, Chen EE, Solodkin A. Network
activation during bimanual movements in humans.
Neuroimage. 2008;43(3):540-53.

Wilson JM, Loenneke JP, Jo E, Wilson GJ, Zourdos
MC, Kim JS. The effects of endurance, strength, and
power training on muscle fiber type shifting. J Strength
Cond Res. 2012;26(6):1724-9.

Yeo SS, Jang SH. Differences between the somatotopic
corticospinal tract for the fingers and toes in the human
brain. NeuroRehabilitation. 2012;31(4):395-9.

Zayia LC, Tadi P. Neuroanatomy, Motor Neuron. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing, 2020.

1346



