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Abstract 1 

Objectives: Falls in older adults generally occur during unpredictable situations. Controlling posture 2 

through fine-tuned muscle force before and after falls is necessary to avoid serious injuries. 3 

However, details regarding force control among older adults during unpredictable situations are 4 

unclear. This study determined the features of force control in a random force-tracking task among 5 

older adults. 6 

Methods: Ten healthy older adults (67–76 years) and eight healthy young adults (20–23 years) 7 

participated in three force-tracking tasks with ankle plantar flexion: low-range (LR), high-range 8 

(HR), and pseudo-random (PR) force tasks. Force control ability was assessed using the root mean 9 

square error (RMSE) between the target and muscle forces produced by the participants. Muscle 10 

activities from the lateral head of the gastrocnemius and the tibialis anterior during each task were 11 

measured using surface electromyography to calculate the co-contraction index (CCI).  12 

Results: In all tasks, older adults (RMSEs: 1.09–3.70, CCIs: 29.4–56.4) had a significantly greater 13 

RMSEs and CCIs than young adults (RMSEs: 0.49–1.83, CCIs: 11.7–20.6; all, p < 0.05). The 14 

RMSEs during force generation were significantly greater than those during force release (LR: p < 15 

0.01, HR: p < 0.05), except for the random force-tracking task in older adults. CCIs during the force 16 

release phase in both groups (older adults: 27.8–56.4, young adults: 15.0–20.6) were consistently 17 

greater than those during force generation (older adults: 24.5–50.4, young adults: 11.7–17.2). CCIs 18 

in force-tracing tasks differed in older adults, whereas those in the random force-tracing task 19 

increased. RMSEs and CCIs in the random and LR force-tracing tasks were significantly negatively 20 

correlated with the functional reach test (all: r > 0.5, p < 0.05). 21 

Conclusion: Force control in older adults declines in low-band and random muscle force output. 22 

Moreover, increased CCIs in older adults are particularly pronounced during unpredictable 23 

situations. 24 
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1. Introduction 1 

When performing daily activities and work, physical movement is achieved by fine-tuned 2 

muscle strength (i.e., muscle output) and coordinated muscle contractions between agonists and 3 

antagonists. Postural and motor control requires continually fluctuating force levels because most 4 

functional activities are performed in varying situations (Perraton et al., 2017; Ward et al., 2019; 5 

Williams et al., 2003). However, the sensorimotor system gradually degenerates with advancing age, 6 

and motor errors increase (Hortobágyi et al., 2001; Park et al., 2016).  7 

The decline in motor performance with aging is mainly attributed to changes in muscle 8 

strength, muscle structure, and muscle mass (i.e., sarcopenia, which is a peripheral change). However, 9 

maximal strength is not necessary for daily activities (Ward et al., 2019). It has been reported that 10 

improvement in maximal strength does not always lead to improvements in functional capacity 11 

(Hortobágyi et al., 2001). Recently, in addition to peripheral factors, age-related changes in the neuro-12 

muscle-skeletal system (i.e., dynapenia in the central and peripheral nervous system) have been 13 

suggested to influence the accuracy and error of force control in response to task requirements (Knol 14 

et al., 2019; Manini and Clark, 2012). The variability of motor output under submaximal force 15 

increased in older adults compared to that in young adults, suggesting that the decline in the 16 

sensorimotor system with advancing age influences the feedback mechanism, which is important for 17 

muscle strength control (Hortobágyi et al., 2001). 18 

The force control task is often used to assess coordination among muscles of motor control 19 

in the central nervous system (Knol et al., 2019). In most previous studies, the force control tasks were 20 

discrete movements that match pinch or grip force to a certain target force; thus, information regarding 21 

the ability to control muscle strength in the lower limbs is limited (Ward et al., 2019). Considering 22 

daily activities (i.e., gait and stair lifts) and postural maintenance (i.e., standing balance), force control 23 

of the lower limbs is important, particularly the ankle joint, which plays a key role in postural control 24 
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(i.e., the ankle strategy) (Kasahara et al., 2015). Previous force tasks comprise a constant or fixed 1 

isometric task and make the participants perform those tasks randomly (Lauzière et al., 2012; Marchini 2 

et al., 2017; Yang et al., 2019). In addition, traditional force-tracking tasks with a ramp (Choi et al., 3 

2019; Park et al., 2016; Patel et al., 2020; Spiegel et al., 1996) or sinusoidal (Berger et al., 2020; Knol 4 

et al., 2019; Perraton et al., 2017; Telianidis et al., 2014; Ward et al., 2019) waves comprise force 5 

repetition with similar constant amplitude. However, the risk of falls in older adults increases during 6 

unpredictable situations (Gerards et al., 2021).  7 

This study aimed to investigate the deficits in force control in unpredictable situations with 8 

plantar flexors (PFs) in older adults. Thus, we divided the force control into two controls (generation 9 

and release) using a force-tracking task and compared them between young adults and older adults. 10 

Concurrently, age-related changes in muscle coordination (i.e., increased co-contraction) were 11 

examined using electromyography. Furthermore, we examined whether the ability of force control is 12 

related to individual balance ability. We hypothesized that: force control would decline in older adults 13 

compared to young adults, the co-contraction index (CCI) would significantly increase in older adults, 14 

and the balance ability would be associated with force control and CCI in the ankle joint, particularly 15 

in unpredictable situations. 16 

 17 

2. Methods 18 

2.1. Participants 19 

Eighteen healthy adults—specifically, eight young men (21.8 ± 1.0 [standard deviation] 20 

years, 174.4 ± 3.6 cm, 68.5 ± 7.0 kg) and 10 older men (70.6 ± 2.9 years; 166.7 ± 5.4 cm; 64.4 ± 10.0 21 

kg)—participated in this study (Table 1). A dominant foot was defined as the leg kicking a ball; all 22 

participants reported the right foot as their dominant foot. Young adults were college students who 23 

volunteered, and older adults aged >65 years were randomly selected from the community-dwelling 24 
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elderly who were registered in an employment agency. All participants independently lived without 1 

problems regarding activities of daily living in their community and had no disorders or injuries as 2 

well as any neurological, vestibular, orthopedic, or cognitive conditions that could interfere with their 3 

balance. Additionally, older adults experienced no falls for at least six months prior to their enrollment 4 

in this study. Participants were excluded if their visual acuity was below 1.0, as determined using the 5 

Landolt ring chart (Kasahara and Saito, 2015). All participants provided written informed consent for 6 

their participation, and the procedures were approved by the ethics committee of Hokkaido University 7 

School of Medicine (approval no. 11-03). 8 

 9 

 10 

 Young group Older group p-value 

Age (years) 21.8 ± 1.0 70.6 ± 2.9 <0.001 

Height (cm) 174.4 ± 3.6 166.7 ± 5.4 <0.01 

Weight (kg) 68.5 ± 7.0 64.4 ± 10.0 0.364 

ROM of ankle dorsiflexion (degree) 16.4 ± 6.0 13.0 ± 4.0 0.192 

PFmax (Nm) 106.2 ± 51.0 59.5 ± 16.3 <0.01 

FRT (cm) 41.6 ± 3.2 32.9 ± 4.5 <0.01 

Table 1 Participant characteristics. 11 

Values are presented as mean ± standard deviation. ROM, range of motion; PF, plantar flexion; PFmax, 12 

maximum force of plantar flexors (PF) during maximum voluntary isometric contraction; FRT, 13 

functional reach test. 14 

 15 

2.2. Experimental approach 16 

Prior to the experiment, two experienced physical therapists conducted a functional reach 17 
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test (FRT) (Robinovitch and Cronin, 1999) to assess the equilibrium ability of dynamic balance. The 1 

FRT was performed with both hands and without knee flexion using a reach test device (TKK5802; 2 

Takei Scientific Instruments, Niigata, Japan). The range of motion (ROM) of the ankle dorsiflexion 3 

during the knee extension was measured to assess flexibility. The maximum force of PFs during 4 

maximum voluntary isometric contraction (PFmax) was measured using a Biodex dynamometer (model 5 

3 dynamometer; Biodex Medical Systems Inc., Shirley, NY, USA) before the force-tracking tasks. All 6 

the tests were performed in triplicate.  7 

All force-tracking tasks were performed with the dominant leg on the Biodex, and the sitting 8 

position on the Biodex was fixed in 90° hip flexion, 0° knee extension, and the neutral position of the 9 

ankle joint by the strap over the pelvis and chest through all tasks (Fig. 1A). The computer monitor 10 

was placed 60 cm in front of the participants to provide visual information regarding both the target 11 

force and the force produced by pushing the attachment in the ankle plantarflexion direction at the 12 

neutral ankle position (Fig. 1A). If the participants pushed the attachment strongly, the actual force 13 

line on the monitor moved upward. The visual gain across the three tasks was always constant. 14 

Participants were instructed to match their produced forces to the onscreen target force line as precisely 15 

and rapidly as possible and were not given specific instructions about how to perform the ankle 16 

movement. 17 

 18 

(Figure 1) 19 
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 2 

The sinusoidal motion of the target force was controlled with a customized program using the LabView 3 

software (LabView 2009; National Instruments, Austin, TX, USA). The following three tasks, which 4 

comprised two constant tasks and one random task, were performed (Fig. 1B–D): (1) low-range (LR) 5 
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task (Fig. 1B), with velocity at 0.2 Hz (12.6%/s), LR from 10% to 30% (Perraton et al., 2017) of PFmax, 1 

and amplitude of 10% PFmax; (2) high-range (HR) task (Fig. 1C), with velocity at 0.2 Hz, HR from 2 

40% to 60% of PFmax, and amplitude of 10% PFmax; and (3) pseudo-random (PR) force task (Fig. 1D), 3 

with a middle range between 20% and 50% of PFmax and PR amplitude of 5%, 10%, and 20% PFmax. 4 

The maximum target velocity was constant at 0.2 Hz for all tasks because force variability is dependent 5 

on speed (Christou and Carlton, 2002; Park et al., 2016), and this sinusoidal frequency (approximately 6 

0.2 Hz) was used for the tracking task in a previous study (Kasahara and Saito, 2015). Note that the 7 

PR task used several amplitudes with a planned random order and that the maximum velocity during 8 

each cycle in the PR task was dependent on each amplitude. Three practice trials were performed to 9 

familiarize the participants with the force-tracking task (Perraton et al., 2017; Telianidis et al., 2014). 10 

Participants were not provided with information regarding the random order of the target force in the 11 

PR task. The order of the force-tracking tasks was random across all participants. Each task time was 12 

60 s, and rest was allowed between the tasks, if necessary. 13 

Muscle activities of the tibialis anterior (TA) and the medial head of the gastrocnemius (GA) 14 

were concurrently recorded using a surface electromyography system (sEMG) (Bagnoli-2EMG 15 

System; DELSYS, Boston, MA, USA) for the force-tracking task (Fig. 1A). The electrodes were 16 

placed in line with each muscle fiber, and an indifferent electrode was placed on the head of the fibula 17 

according to our previous study (Kasahara et al., 2015). The sEMG signal was rectified after 18 

amplification (×1,000) and bandpass filtered from 10 to 500 Hz with a fourth-order Butterworth filter 19 

(Kasahara et al., 2015).  20 

 21 

2.3. Data processing and analysis 22 

All data processing and analysis were performed with a customized program using 23 

MATLAB (MathWorks Inc., Natick, Massachusetts, USA). The force signal from the Biodex was low-24 
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pass filtered with a zero-lag, second-order Butterworth filter at a cut-off frequency of 10 Hz, and 1 

sEMG signals were low-pass filtered in the same way at 6 Hz (Kasahara et al., 2015). For the constant 2 

force-tracking task, the force signal was divided for each cycle except for the first force trajectory; 3 

subsequently, using the MATLAB customized program, three randomly selected force trajectories 4 

were signal-averaged to obtain a representative force trajectory for each subject. For the random force-5 

tracking task, three comparable force trajectory data at 10% amplitude, except for the first force 6 

trajectory, were chosen, and signal-averaging was used as representative data for each subject. 7 

Similarly, sEMG data were processed for each task, for each subject. Furthermore, data were divided 8 

into the force generation phase (i.e., increasing phase) and force release phase (i.e., decreasing phase). 9 

The force-tracking performance was estimated as the temporal and spatial error, and the root 10 

mean square error (RMSE) between the actual and target forces was computed for every task using 11 

the following equation (1) (Knol et al., 2019): 12 

  RMSE = � 1
𝑛𝑛−1

∑ (𝑇𝑇𝑖𝑖 − 𝐹𝐹𝑖𝑖)2𝑛𝑛
𝑘𝑘=1       (1) 13 

where n is the number of data points in the time series, Ti is the force target, and Fi is the actual force. 14 

The CCI between the TA and GA was assessed to estimate the ability of muscle coordination during 15 

the force-tracking task using the following equation (2) (Falconer and Winter, 1985): 16 

CCI = 2 ×∫𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝐺𝐺
∫𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝐺𝐺+∫𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇

 × 100     (2) 17 

 18 

2.4. Statistical analysis 19 

The adequacy of the sample size and significance level was confirmed by G*Power, with 20 

the effect size set at 0.6, the alpha at 0.05, and the power at 0.8 (Faul et al., 2007), according to Cohen’s 21 

criteria (Cohen, 1988). Statistical analysis was conducted using SPSS version 18.0 (IBM Ireland Ltd., 22 

Dublin, Ireland). All data are shown as mean ± standard deviation. Normality of distribution was 23 
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examined using the Shapiro-Wilk test. For unpaired comparisons between groups (i.e., demographic 1 

data, RMSE, and CCI), Student’s t-test or the Mann-Whitney U test was performed. A repeated-2 

measures two-way analysis of variance (ANOVA) (phase × task) was used to assess the differences in 3 

the RMSE and CCI in each phase. Mauchly’s test of sphericity was used to test sphericity, and the 4 

Greenhouse-Geisser correction was used in the case of lack of sphericity (Pradhan et al., 2010). In 5 

addition, if there was a significant interaction, a simple effects analysis was performed with Bonferroni 6 

adjustment. The effect size was calculated as partial eta squared values (η2) (Cohen, 1988). The 7 

correlation analysis between the RMSE or CCI and balance ability (i.e., FRT) was performed using 8 

Spearman’s rank-correlation coefficient (ρ). All significance levels were set at p < 0.05. 9 

 10 

3. Results 11 

Participant characteristics are shown in Table 1. Height in the young group was significantly 12 

higher than that in the older group (p = 0.003). Measurements of PFmax and FRT were significantly 13 

greater than those in the older group (all p < 0.01). There was no significant difference in the ROM of 14 

the PF between the groups. 15 

 16 

3.1. Force-tracking performance 17 

In all the tasks, RMSEs were significantly greater in the older group than in the young group 18 

(Table 2). On the ANOVA (phase × task) analysis, in the young group, there was no significant 19 

interactive effect for the RMSE (F (1.15, 8.12) = 0.661, p = 0.463, η2 = 0.086), whereas significant main 20 

effects for phase (F (1, 7) = 14.212, p = 0.007, η2 = 0.670) and task (F (2, 14) = 54.007, p < 0.001, η2 = 21 

0.885) were observed. The post hoc test showed that in the young group, RMSEs during the force 22 

generation phase were significantly greater than those during the force release phase across all tasks 23 

(all, p < 0.01); furthermore, RMSEs in the PR task were significantly greater than those in the LR (p 24 
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< 0.01) and HR (p = 0.001) tasks (Fig. 2A). In the older group, a significant interactive effect between 1 

phases and tasks for RMSE (F (2, 18) = 8.647, p = 0.002, η2 = 0.490) and a significant main effect for 2 

task (F (1.12, 10.14) = 8.162, p = 0.015, η2 = 0.476) were observed. There was no main effect for phase (F 3 

(1, 9) = 4.864, p = 0.055, η2 = 0.351) in the older group. Additionally, in the older group, the RMSEs 4 

during the force generation phase were significantly greater than those during the force release phase 5 

in the LR (p = 0.001) and HR (p = 0.017) tasks; however, no significant difference was identified 6 

between the force generation and release phases in the PR task (p = 0.407) (Fig. 2B). Furthermore, the 7 

post hoc test showed that only in the force release phase, the RMSE in the PR task was significantly 8 

greater than that in the LR (p = 0.041) and HR (p = 0.032) tasks (Fig. 2B). 9 

 10 

 11 

Task Force phase Young group Older group T value p-value 

Low-range task  Generation 0.84 ± 0.31 2.12 ± 0.34 8.149 <0.001 

 Release 0.45 ± 0.17 1.09 ± 0.45 3.788 0.002 

High-range task  Generation 1.10 ± 0.27 2.54 ± 1.46 2.746 0.014 

 Release 0.49 ± 0.23 1.20 ± 0.64 3.268 0.007 

Pseudo-random task Generation 1.83 ± 0.66 3.30 ± 1.84 2.349 0.037 

 Release 1.12 ± 0.54 3.70 ± 2.81 2.838 0.018 

Table 2 Comparisons of RMSEs between the groups. 12 

Values are presented as mean ± standard deviation. 13 

 14 

(Figure 2) 15 

 16 
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 2 

 3 

3.2. CCI between the TA and GA 4 

Except for the HR task, the CCI values in the LR and PR tasks were significantly greater in 5 

the older group than in the young group (Table 3). ANOVA for the young group indicated no significant 6 

interaction effect between phase and task for the CCIs (F (2, 14) = 3.621, p = 0.054, η2 = 0.341) or main 7 

effects for task (F (1.12, 7.81) = 0.632, p = 0.468, η2 = 0.083). There was a significant main effect for 8 

phase (F (1, 7) = 10.662, p = 0.014, η2 = 0.604). The post hoc test showed that the CCI during the force 9 

release phase was significantly greater than that during the force generation phase in the young group 10 
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(Fig. 2C). In the older group, there was no significant interaction effect between phase and task for the 1 

CCIs (F (2, 18) = 2.469, p = 0.113, η2 = 0.215), and a significant main effect for both task (F (1.27, 11.45) = 2 

17.172, p = 0.001, η2 = 0.656) and phase (F (1, 9) = 23.657, p = 0.001, η2 = 0.724) in the older group. 3 

The post hoc test showed that in the older group, there were significant differences among all tasks, 4 

and CCIs were significantly greater in the order of LR, HR, and PR tasks (Fig. 2D). In addition, the 5 

CCIs during the force release phase were significantly greater than those during the force generation 6 

phase in all tasks.  7 

 8 

 9 

Task Force phase Young group Older group T value p-value 

Low-range task  Generation 17.2 ± 11.7 50.4 ± 27.5 3.184 0.006 

 Release 20.6 ± 14.0 56.4 ± 27.8 3.312 0.004 

High-range task  Generation 16.4 ± 16.0 24.5 ± 14.5 1.155 0.265 

 Release 18.4 ± 16.8 27.8 ± 15.2 1.284 0.217 

Pseudo-random task Generation 11.7 ± 7.9 29.4 ± 17.0 2.713 0.015 

 Release 15.0 ± 11.2 37.5 ± 23.9 2.446 0.026 

Table 3 Comparisons of CCIs between the groups 10 

Values are presented as mean ± standard deviation. 11 

 12 

3.3. Relationship between the FRT and the RMSE or CCI 13 

Correlation analysis indicated a significantly negative correlation between the FRT and the 14 

RMSE (LR: ρ = -0.583 and p = 0.011, Fig. 3A; PR: ρ = -0.531 and p = 0.023, Fig. 3C, respectively) 15 

and CCI (LR: ρ = -0.551 and p = 0.018, Fig. 3D; PR: ρ = -0.519 and p = 0.027, Fig. 3F, respectively) 16 

in the LR and PR tasks. There was no significant correlation between the FRT (ρ = -0.409, p = 0.092, 17 



15 

Fig. 3B) and the RMSE or CCI (ρ = -0.346 and p = 0.159, Fig. 3E) in the HR task. 1 

 2 

(Figure 3) 3 

 4 

 6 
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4. Discussion 1 

As expected, in the current study, an increase in motor error was identified across tasks in 2 

the older group compared to those in the young group, and our results are in accordance with previous 3 

findings with the pinch (Knol et al., 2019) or hand grip tests (Berger et al., 2020). Although poor 4 

visibility or impaired vision in older adults may influence the force accuracy in the force-matching 5 

task using visual feedback, it is confirmed that visual acuity is not related to the amplitude of force 6 

errors or lower performance because the participants were within the normal range of visual acuity 7 

(Hortobágyi et al., 2001; Kasahara and Saito, 2019). An interesting finding in this study was that the 8 

decline in force control in the random force-tracking task differed between the young and older groups 9 

from intragroup comparisons of RMSE. This finding may provide evidence that older adults are not 10 

able to relax their force well in unpredicted situations. Furthermore, the co-contraction between 11 

agonist and antagonist muscles in the LR and PR force tasks increased in the older group compared to 12 

that in the young group. Finally, this study indicated the relationship between balance and force control, 13 

particularly in the LR or PR force tasks under submaximal force. 14 

 15 

4.1. Force control in predictable and unpredictable situations 16 

Previous studies on force control have reported that force errors increased during force 17 

release (Lindberg et al., 2012; Ohtaka and Fujiwara, 2019, 2016; Park et al., 2016; Voelcker-Rehage 18 

and Alberts, 2005). Contrary to expectations, in this study, the RMSE of force tracking through plantar 19 

flexion was always greater during force generation than during force release in the HR and LR tasks 20 

(i.e., the constant task) in both groups. One of the possible explanations for this difference may be the 21 

different methods used, for example, the joint used. Most previous studies used the pinch, grip, or 22 

elbow flexion to assess the force control (Choi et al., 2019; Lindberg et al., 2012; Naik et al., 2011; 23 

Ohtaka and Fujiwara, 2016; Park et al., 2016; Voelcker-Rehage and Alberts, 2005). We assessed the 24 
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force control using the ankle plantar flexion because we were interested in the postural and motor 1 

control during standing. Ohtaka (2016, 2019) examined the accuracy of force control with both upper 2 

and lower limbs at several force levels. Their results with the upper limb were consistent with those 3 

in previous studies; however, those with the lower limb were not. Conversely, their results with the 4 

lower limb were close to our results. Vaillancourt (2003) suggested that the difference in force 5 

control between the upper and lower limbs was based on the use and disuse of the neuromuscular 6 

system at different joints in daily activities. Therefore, the difference in the body part (or joint) 7 

used could explain why our results regarding force errors differed from those of previous studies. 8 

Another difference in task parameters from previous studies (Knol et al., 2019; Lindberg et 9 

al., 2012; Naik et al., 2011; Ohtaka and Fujiwara, 2019, 2016; Park et al., 2016; Pedão et al., 2013; 10 

Vaillancourt and Newell, 2003; Vieluf et al., 2017; Voelcker-Rehage and Alberts, 2005) was the shape 11 

of the force target signal. In the ramp force tracking task (Lindberg et al., 2012; Naik et al., 2011; 12 

Ohtaka and Fujiwara, 2019, 2016) or step (Park et al., 2016), the force generation was started from 13 

approximately 0, while the force release was started from the maintained constant force level. These 14 

studies (Lindberg et al., 2012; Ohtaka and Fujiwara, 2019, 2016) have reported increased force error 15 

during the force release, while it is possible that the difficulty during the force release is not always 16 

consistent with that during the force generation. Since additional force control (i.e., force maintenance 17 

or braking) is required to avoid a rapid force release, the force release may be more challenging 18 

compared with the force generation (Knol et al., 2019; Lindberg et al., 2012; Pedão et al., 2013; 19 

Vaillancourt and Newell, 2003; Vieluf et al., 2017). In our study, we used the sinusoidal force tracking 20 

task, and our force generation started from 10%, 30%, and 50% of the maximum force, not from 0%. 21 

Therefore, our force tracking task required both force maintenance and modulation during the force 22 

generation, and it was speculated that the challenging level was the same between both phases and our 23 

force generation would be more challenging compared with force generations used in previous studies. 24 
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Finally, results of force errors in previous studies in healthy individuals may reflect the features or 1 

aspects of each methodology. 2 

Compared with the other two tasks, the young group in this study had increased force errors 3 

during both generation and release phases in the random task, and the older group had increased force 4 

errors during the release phase. Traditional force control tasks required a stable force or holding and 5 

were randomly performed at several force amplitudes (Lauzière et al., 2012; Marchini et al., 2017; 6 

Yang et al., 2019). In addition, previous force-tracking tasks with a ramp (Choi et al., 2019; Park et 7 

al., 2016; Patel and Lodha, 2020; Spiegel et al., 1996) or sinusoidal (Berger et al., 2020; Knol et al., 8 

2019; Perraton et al., 2017; Telianidis et al., 2014; Ward et al., 2019) waves comprised force repetition 9 

with the same constant amplitude and frequency. It was not necessary to predict the motion of the 10 

target force in force-maintaining tasks, and participants were able to predict the target position or 11 

motion easily through a pre-practice (i.e., familiarization) in force-tracking tasks. The random force 12 

task in the current study always changed the target force amplitude of the sinusoidal wave in every 13 

trial for our participants. Although the order in the random task in this study was pseudo-random, its 14 

order was an unexperienced event. Unpredictable behavior increases activation of cortical areas 15 

responsible for movement planning compared to predictable behavior (Dassonville et al., 1998; Legon 16 

and Staines, 2006), and more sustained attention to the unpredictable sensory input (i.e., the visual 17 

input) is necessary to properly execute the motor task (Legon and Staines, 2006). Therefore, it is 18 

necessary for participants to attend to the target motion frequently; the random task appears to be a 19 

challenging task with more loads regardless of age (Legon and Staines, 2006).  20 

Our finding that the force accuracy during the random task declined in older adults compared 21 

with young adults is consistent with that of a previous study with an irregular sine wave pattern 22 

(Hübner et al., 2018). Furthermore, we found that the aspect of force errors differed between groups. 23 

In the young group, the RMSE during force generation was greater than that during force release 24 
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across all tasks. In contrast, in the older group, the RMSE in the random task was equal between the 1 

force generation and release phases; in other words, the force error increased more during the force 2 

release. As mentioned above, the sensory input is essential to adjust and stabilize the motor control 3 

immediately during the unexpected situation (Dassonville et al., 1998; Legon and Staines, 2006). 4 

However, the pattern of the sensory input (e.g., tactile sense) differs between the force generation and 5 

release. In the current study, we speculate that the sensory input gradually increases during the force 6 

generation but gradually decreases during the force release. Barbosa et al. (2018) used some force 7 

levels in the ankle plantar flexion and suggested that the greater pressure in a higher force increases 8 

somatosensory information, culminating in greater force control, and concluded that older adults 9 

required a large amount of sensory input to maintain a good force control. Ohtaka and Fujiwara (2019) 10 

suggested that the decreased proprioceptive feedback of force during the force release was related to 11 

the increased force errors. We consider that the increased force errors during the force release in the 12 

random task in older adults may arise from the sensory input during the force release and decreased 13 

sensory system with aging, but a further study is required to investigate the age-related sensory system.  14 

 15 

4.2. Co-contraction between agonists and antagonists during unpredictable situations 16 

CCIs in the force-tracking task with the sine-wave pattern were consistently greater in the 17 

force release than in the force generation in both young and older groups; these findings support that 18 

the force control strategy differed between force generation and release (Lindberg et al., 2009; Ohtaka 19 

et al., 2016). The agonist muscles (i.e., GA) are required to maintain the baseline force and increase 20 

the force during the force generation phase, but the antagonist muscles (i.e., TA) are not always needed. 21 

In contrast, in the force release phase, the agonist muscles must reduce force gradually, and the co-22 

contraction between the agonist and antagonist muscles plays a role in avoiding excessive reduction 23 

of force. Therefore, it is considered that the difference in the co-contraction between the force 24 
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generation and release phases results from the task demand. Young adults in this study may employ 1 

co-contraction to decrease the variability of force control, particularly during the force release phase, 2 

compared with the force generation phase, and older adults attempted to use the same compensatory 3 

strategy. 4 

Age-related changes in CCIs were observed in the LR and PR tasks. In general, the increased 5 

co-contraction between agonists and antagonists is a well-known feature of postural and motor control 6 

in older adults (Craig et al., 2016; Iwamoto et al., 2017; Krishnamoorthy et al., 2004; Piscitelli et al., 7 

2017; Woollacott et al., 1988). The positive effects of co-contraction are considered to contribute to 8 

sensory information (Craig et al., 2016; Lauzière et al., 2012) and joint stabilization (Benjuya et al., 9 

2004). The large amount of sensory information in older adults is important for maintaining good 10 

control of force production in the force-matching task (Abrahamová and Hlavacka, 2008), and 11 

increased CCIs have been interpreted as a compensatory strategy for age-related decline in sensory 12 

acuity, particularly proprioceptive acuity (Craig et al., 2016). In the case of tracking during the low-13 

band force level in older adults, high-level co-contractions may be required to improve sensitivity and 14 

amplify small sensory information (Christou, 2011; Christou and Carlton, 2002; Enoka et al., 2003). 15 

Moreover, older adults may increase joint stiffness and improve joint instability by increasing the co-16 

contraction level to minimize joint instabilities compared with young adults (Benjuya et al., 2004; 17 

Enoka et al., 2003; Krishnamoorthy et al., 2004; Lauzière et al., 2012; Woollacott et al., 1988). 18 

Therefore, our findings suggest that older adults control the small force in the LR task using the co-19 

contraction strategy (Choi et al., 2019; Craig et al., 2016; Voelcker-Rehage et al., 2005). In contrast 20 

to the lower force task, it seemed that greater CCIs would not be necessary because muscle 21 

contractions in the high force task were kept higher, and thus, CCIs in both groups were equal. 22 

Our results corroborate previous evidence that co-contraction in older adults 23 

(Krishnamoorthy et al., 2004; Woollacott et al., 1988) and individuals with neurological disorders 24 
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(Pradhan et al., 2010) increased during unpredicted perturbations. Activation of cortical areas 1 

responsible for movement planning increases during an unpredictable behavior compared to a 2 

predictable one (Dassonville et al., 1998; Schubotz and von Cramon, 2002), and there is evidence that 3 

the age-associated differences in the coordination between the agonist and antagonist muscles reflect 4 

an altered motor plan (Casamento-Moran et al., 2017). The unpredictable (i.e., random) task requires 5 

both the execution of the motor task and the continuance of attention at equal and more than that 6 

during the prediction of the stimulus, and the feedback information from sensory input is important to 7 

guide the tracking task successfully during unpredictable situations (Abrahamová and Hlavacka, 2008; 8 

Legon and Staines, 2006). Older adults may compensate for age-related deficits in the sensorimotor 9 

system by increasing muscle contraction (Christou, 2011; Christou and Carlton, 2002; Enoka et al., 10 

2003; Lauzière et al., 2012); therefore, increased CCIs in the random task in older adults may be the 11 

age-related change in the force control strategy. The deficit of force control in older adults is 12 

considered to be attributable to the age-related decline in the central and peripheral sensorimotor 13 

system or information processing in the central nervous system (Hübner et al., 2018). We provide new 14 

evidence that the force strategy in older adults is influenced by the ability to predict.  15 

 16 

4.3. Relationship between balance and force control during unpredictable situations  17 

The FRT was shown to be an effective assessment for detecting fall risk in older adults and 18 

patients, and this study used the FRT as the balance ability during standing posture (Robinovitch and 19 

Cronin, 1999). Recent studies have shown that maximum muscle strength was not associated with 20 

force control (Perraton et al., 2017) and that the variability of the force generation was not related to 21 

postural sway (Barbosa et al., 2018). Our findings indicated that the RMSE and CCI in the low-band 22 

and random force-tracking tasks were associated with the FRT, suggesting that motor performance 23 

during these tasks may become a clinical marker for motor control in older adults or patients with 24 
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motor disorders.  1 

 2 

4.4. Limitations  3 

The present study has several limitations. The sample size of this study was relatively small 4 

and comprised only male patients, although we recruited patients regardless of sex. Nonetheless, our 5 

results are partially consistent with those of previous studies, although they require considerable 6 

attention before generalizing to the entire older generation. There are several complex factors that 7 

cause falls in older adults (i.e., biological, behavioral, environmental, and socioeconomic factors). 8 

Similar to motor function, the sensory and cognitive functions are important for force control in older 9 

adults; however, the sensation (e.g., somatic sensation and equilibrium sense) and attention tests (e.g., 10 

Trail Making Test and Stroop Test) were not performed. Considering the interactions and confounders 11 

among these factors, further studies are required to determine the relationship between motor control 12 

and perceptual acuity in the sensory or cognitive-motor systems in older adults. 13 

 14 

5. Conclusion 15 

The force control was lower in the older group than in the young group for all force tracking 16 

tasks, and the CCI in the older group was greater during the LR and PR tasks. Moreover, the magnitude 17 

of the age difference was greater in the release phase of the PR task than in the other tasks. Overall, 18 

our findings provide important information on the features of motor control among older adults with 19 

regard to fall risk in unpredictable situations. Force control and co-contraction during the random task 20 

may be useful adjuncts to conventional measurements for motor control, providing greater insight into 21 

age-related changes in the neuromuscular system in older adults. Further studies should investigate 22 

the relationship between motor control and sensation or cognitive function in older adults. 23 

 24 



23 

Authors Statement 1 

Ebisu Shunsuke and Kasahara Satoshi contributed to the study concept, recruited subjects, 2 

collected data, performed data analysis, and prepared the initial manuscript. Dr. Ishida Tomoya and 3 

Saito Hiroshi contributed to the study concept, provided editorial support, and critically reviewed 4 

and revised the manuscript. 5 

 6 

Funding 7 

This work was supported by JSPS KAKENHI Grant Number JP21700518 and 8 

JP24500566. 9 

Acknowledgments 10 

The authors would like to thank Wei Yuting for proofreading this paper. 11 

 12 

Declarations of interest: none 13 

  14 



24 

References 1 

D. Abrahamová, F. Hlavacka, 2008. Age-related changes in human balance during quiet stance, 2 

Physiol. Res. 57,957–964. https://doi.org/10.33549/physiolres.931238 3 

R.N. Barbosa, N.R.S. Silva, D.P.R. Santos, R. Moraes, M.M. Gomes, 2018. The variability of the force 4 

produced by the plantar flexor muscles is not associate with postural sway in older adults during 5 

upright standing, Hum. Mov. Sci. 60,115–121. https://doi.org/10.1016/j.humov.2018.05.009. 6 

N. Benjuya, I. Melzer, J. Kaplanski, 2004. Aging-induced shifts from a reliance on sensory input to 7 

muscle contraction during balanced standing, J. Gerontol. A Biol. Sci. Med. Sci. 59,166–171. 8 

https://doi.org/10.1093/gerona/59.2.m166. 9 

A. Berger, F. Steinberg, F. Thomas, M. Doppelmayr, 2020. Neural correlates of age-related changes in 10 

precise grip force regulation: A combined EEG-fNIRS study, Front. Aging. Neurosci. 12,594810. 11 

https://doi.org/10.3389/fnagi.2020.594810. 12 

A. Casamento-Moran, Y.T. Chen, N. Lodha, B. Yacoubi, E.A. Christou, 2017. Motor plan differs for 13 

young and older adults during similar movements, J. Neurophysiol. 117,1483–1488. 14 

https://doi.org/10.1152/jn.00640.2016. 15 

J. Choi, W.L. Yeoh, P.Y. Loh, S. Muraki, 2019. Force and electromyography responses during 16 

isometric force release of different rates and step-down magnitudes, Hum. Mov. Sci. 67,102516. 17 

https://doi.org/10.1016/j.humov.2019.102516. 18 

E.A. Christou, 2011. Aging and variability of voluntary contractions, Exerc. Sport Sci. Rev. 39,77–84. 19 

https://doi.org/10.1097/JES.0b013e31820b85ab. 20 

E.A. Christou, L.G. Carlton, 2002. Age and contraction type influence motor output variability in rapid 21 

discrete tasks, J. Appl. Physiol. 93,489–498. https://doi.org/10.1152/japplphysiol.00335.2001. 22 

F. Faul, E. Erdfelder, A.G. Lang, A. Buchner, 2007. G*Power 3: a flexible statistical power analysis 23 

program for the social, behavioral, and biomedical sciences, Beha. Res. Methods. 39,175–191. 24 

https://doi.org/10.1016/j.humov.2018.05.009
https://doi.org/10.1093/gerona/59.2.m166
https://doi.org/10.3389/fnagi.2020.594810
https://doi.org/10.1152/jn.00640.2016
https://doi.org/10.1016/j.humov.2019.102516
https://doi.org/10.1097/JES.0b013e31820b85ab
https://doi.org/10.1152/japplphysiol.00335.2001


25 

https://doi.org/10.3758/BF03193146. 1 

J. Cohen, 1988. Statistical power analysis for the behavioral science, 2nd ed. L. Erlbaum Associates, 2 

Hillsdale NJ. 3 

C.E. Craig, D.J. Goble, M. Doumas, 2016. Proprioceptive acuity predicts muscle co-contraction of the 4 

tibialis anterior and gastrocnemius medialis in older adults’ dynamic postural control, Neuroscience 5 

322,251–261. https://doi.org/10.1016/j.neuroscience.2016.02.036. 6 

P. Dassonville, S.M. Lewis, X.H. Zhu, K. Uğurbil, S.G. Kim, J. Ashe, 1998. Effects of movement 7 

predictability on cortical motor activation. Neurosci. Res. 32,65–74. https://doi.org/10.1016/s0168-8 

0102(98)00064-9. 9 

R.M. Enoka, E.A Christou, S.K. Hunter, K.W. Kornatz, J.G. Semmler, A.M. Taylor, B.L. Tracy, 2003. 10 

Mechanisms that contribute to differences in motor performance between young and old adults, J. 11 

Electromyogr. Kinesiol. 13,1–12. https://doi.org/10.1016/S1050-6411(02)00084-6. 12 

K. Falconer, D.A. Winter, 1985. Quantitative assessment of co-contraction at the ankle joint in walking, 13 

Electroencephalogr. Clin. Neurophysiol. 25,135–149. 14 

M.H.G. Gerards, C. McCrum, A. Mansfield, K. Meijer, 2017. Perturbation-based balance training for 15 

fall reduction among older adults: Current evidence and implications for clinical practice, Geriatr. 16 

Gerontol. Int. 17,2294–2303. https://doi.org/10.1111/ggi.13082. 17 

T. Hortobágyi, D. Tunnel, J. Moody, S. Beam, P. DeVita, 2001. Low- or high-intensity strength 18 

training partially restores impaired quadriceps force accuracy and steadiness in aged adults, J. 19 

Gerontol. A Biol. Sci. Med. Sci. 56,B38–B47. https://doi.org/10.1093/gerona/56.1.b38. 20 

L. Hübner, B. Godde, C. Voelcker-Rehage, 2018. Older adults reveal enhanced task-related beta power 21 

decreases during a force-modulation task, Behav. Brain. Res. 345,104–113. 22 

https://doi.org/10.1016/j.bbr.2018.02.028. 23 

Y. Iwamoto, M. Takahashi, K. Shinkoda, 2017. Differences of muscle co-contraction of the ankle joint 24 

https://doi.org/10.3758/BF03193146
https://doi.org/10.1016/j.neuroscience.2016.02.036
https://doi.org/10.1016/s0168-0102(98)00064-9
https://doi.org/10.1016/s0168-0102(98)00064-9
https://doi.org/10.1016/S1050-6411(02)00084-6
https://doi.org/10.1111/ggi.13082
https://doi.org/10.1093/gerona/56.1.b38
https://doi.org/10.1016/j.bbr.2018.02.028


26 

between young and elderly adults during dynamic postural control at different speeds, J. Physiol. 1 

Anthropol. 36,32. https://doi.org/10.1186/s40101-017-0149-3. 2 

S. Kasahara, H. Saito, 2015. Effect of loading parameters on motor performance during a dynamic 3 

weight-shift tasks, Gait. Posture. 41,100–105. https://doi.org/10.1016/j.gaitpost.2014.09.009. 4 

S. Kasahara, H. Saito, 2019. The effect of aging on termination of voluntary movement while standing: 5 

A study on community-dwelling older adults, Hum. Mov. Sci. 64,347–354. 6 

https://doi.org/10.1016/j.humov.2019.03.003. 7 

S. Kasahara, H. Saito, T. Anjiki, H. Osanai, 2015. The effect of aging on vertical postural control 8 

during the forward and backward shift of the center of pressure, Gait. Posture. 42,448–454. 9 

https://doi.org/10.1016/j.gaitpost.2015.07.056. 10 

H. Knol, R. Huys, J.J. Temprado, R. Sleimen-Malkoun, 2019. Performance, complexity, and dynamics 11 

of force maintenance and modulation in young and older adults, PLoS. One. 14,e0225925. 12 

https://doi.org/10.1371/journal.pone.0225925. 13 

V. Krishnamoorthy, M.L. Latash, J.P. Scholz, V.M. Zatsiorsky, 2004. Muscle modes during shifts of 14 

the center of pressure by standing persons: Effect of instability and additional support, Exp. Brain. 15 

Res. 157,18–31. https://doi.org/10.1007/s00221-003-1812-y. 16 

S. Lauzière, B. Dubois, A. Brière, S. Nadeau, 2012. Magnitude of force perception errors during static 17 

contractions of the knee extensors in healthy young and elderly individuals, Atten. Percept. 18 

Psychophys. 74,216–224. https://doi.org/10.3758/s13414-011-0223-6. 19 

W. Legon, W.R. Staines, 2006. Predictability of the target stimulus for sensory-guided movement 20 

modulates early somatosensory cortical potentials, Clin. Neurophysiol. 117,1345–1353. 21 

https://doi.org/10.1016/j.clinph.2006.02.024. 22 

P. Lindberg, C. Ody, A. Feydy, M.A. Maier, 2009. Precision in isometric precision grip force is reduced 23 

in middle-aged adults, Exp. Brain Res. 193,213–224. https://doi.org/10.1007/s00221-008-1613-4. 24 

https://doi.org/10.1186/s40101-017-0149-3
https://doi.org/10.1016/j.gaitpost.2014.09.009
https://doi.org/10.1016/j.humov.2019.03.003
https://doi.org/10.1016/j.gaitpost.2015.07.056
https://doi.org/10.1371/journal.pone.0225925
https://doi.org/10.1007/s00221-003-1812-y
https://doi.org/10.3758/s13414-011-0223-6
https://doi.org/10.1016/j.clinph.2006.02.024
https://doi.org/10.1007/s00221-008-1613-4


27 

Lindberg, P.G., Roche, N., Robertson, J., Roby-Brami, A., Bussel, B., Maier, M.A., 2012. Affected 1 

and unaffected quantitative aspects of grip force control in hemiparetic patients after stroke. Brain Res. 2 

1452:96-107. doi: 10.1016/j.brainres.2012.03.007. 3 

T.M. Manini, B.C. Clark, 2012. Dynapenia and aging: An update, J. Gerontol. A Biol. Sci. Med. Sci. 4 

67,28–40. https://doi.org/10.1093/gerona/glr010. 5 

A. Marchini, R. Pereira, W. Pedroso, E. Christou, O.P. Neto, 2017. Age-associated differences in motor 6 

output variability and coordination during the simultaneous dorsiflexion of both feet, Somatosens. 7 

Mot. Res. 34,96–101. https://doi.org/10.1080/08990220.2017.1313220. 8 

S. K. Naik, C. Patten, N. Lodha, S. A. Coombes, J. H. Cauraugh, 2011. Force control deficits in chronic 9 

stroke: grip formation and release phases, Exp. Brain. Res. 211,1–15. https://doi.org/10.1007/s00221-10 

011-2637-8 11 

C. Ohtaka, M. Fujiwara, 2019. Force control characteristics for generation and relaxation in the   12 

lower limb, J. Mot. Behav. 51,331–341. https://doi.org/10.1080/00222895.2018.1474337. 13 

C. Ohtaka, M. Fujiwara, 2016. Control strategies for accurate force generation and relaxation, Percept. 14 

Mot. Skills. 123,489–507. https://doi.org/10.1177/0031512516664778. 15 

S.H. Park, M. Kwon, D. Solis, N. Lodha, E.A. Christou, 2016. Motor control differs for increasing 16 

and releasing force, J. Neurophysiol. 115,2924–2930. https://doi.org/10.1152/jn.00715.2015.  17 

P. Patel, N. Lodha, 2020. Functional implications of impaired bimanual force coordination in chronic 18 

stroke, Neurosci. Lett. 738,135387. https://doi.org/10.1016/j.neulet.2020.135387.  19 

S. T. Pedão, J. A. Barela, K. C. de Almeida Lima, P. B. de Freitas, 2013. Grip and load force 20 

coordination in cyclical isometric manipulation task is not affected by the feedback type, J. Neuroeng. 21 

Rehabil. 10,34. https://doi.org/10.1186/1743-0003-10-34 22 

L. Perraton, R. Clark, K. Crossley, Y.H. Pua, T. Whitehead, H. Morris, S. Telianidis, A. Bryant, 2017. 23 

Impaired voluntary quadriceps force control following anterior cruciate ligament reconstruction: 24 

https://doi.org/10.1093/gerona/glr010
https://doi.org/10.1080/08990220.2017.1313220
https://doi.org/10.1007/s00221-011-2637-8
https://doi.org/10.1007/s00221-011-2637-8
https://doi.org/10.1080/00222895.2018.1474337
https://doi.org/10.1177/0031512516664778
https://doi.org/10.1152/jn.00715.2015
https://doi.org/10.1016/j.neulet.2020.135387
https://doi.org/10.1186/1743-0003-10-34


28 

relationship with knee function, Knee. Surg. Sports. Traumatol. Arthrosc. 25,1424–1431. 1 

https://doi.org/10.1007/s00167-015-3937-5.  2 

D. Piscitelli, A. Falaki, S. Solnik, M.L. Latash, 2017. Anticipatory postural adjustments and 3 

anticipatory synergy adjustments: preparation to a postural perturbation with predictable and 4 

unpredictable direction, Exp. Brain. Res. 235,713–730. https://doi.org/10.1007/s00221-016-4835-x.  5 

S.D. Pradhan, B.R. Brewer, G.E. Carvell, P.J. Sparto, A. Delitto, Y. Matsuoka, 2010. Assessment of 6 

fine motor control in individuals with Parkinson's disease using force tracking with a secondary 7 

cognitive task, Neurol. Phys. Ther. 34,32–40. https://doi.org/10.1097/npt.0b013e3181d055a6. 8 

S.N. Robinovitch, T. Cronin, 1999. Perception of postural limits in elderly nursing home and day care 9 

participants, J. Gerontol. A Biol. Sci. Med. Sci. 54,B124–B130. 10 

https://doi.org/10.1093/gerona/54.3.b124 11 

R.I. Schubotz, D.Y. von Cramon, 2002. Predicting perceptual events activates corresponding motor 12 

schemes in lateral premotor cortex: An fMRI study, Neuroimage. 15,787–796. 13 

https://doi.org/10.1006/nimg.2001.1043. 14 

K.M. Spiegel, J. Stratton, J.R. Burke, D.S. Glendinning, R.M. Enoka, 1996. The influence of age on 15 

the assessment of motor unit activation in a human hand muscle, Exp. Physiol. 81,805–819. 16 

https://doi.org/10.1113/expphysiol.1996.sp003978. 17 

S. Telianidis, L. Perraton, R.A Clark, Y.H. Pua, K. Fortin, A.L. Bryant, 2014. Diminished sub- maximal 18 

quadriceps force control in anterior cruciate ligament reconstructed patients is related to quadriceps 19 

and hamstring muscle dyskinesia, J. Electromyogr. Kinesiol. 24,513–519. 20 

https://doi.org/10.1016/j.jelekin.2014.04.014. 21 

D.E. Vaillancourt, K. M. Newell, 2003. Aging and the time and frequency structure of force output 22 
variability, J. Appl. Physiol. 94,903–912. https://doi.org/10.1152/japplphysiol.00166.2002 23 

S. Vieluf, R. Sleimen-Malkoun, C. Voelcker-Rehage, V. Jirsa, E.M. Reuter, B. Godde, J. J. Temprado, 24 

R. Huys, 2017. Dynamical signatures of isometric force control as a function of age, expertise, and 25 

https://doi.org/10.1007/s00167-015-3937-5
https://doi.org/10.1007/s00221-016-4835-x
https://doi.org/10.1097/npt.0b013e3181d055a6
https://doi.org/10.1006/nimg.2001.1043
https://doi.org/10.1113/expphysiol.1996.sp003978
https://doi.org/10.1016/j.jelekin.2014.04.014


29 

task constraints, J. Neurophysiol. 118,176-186.  1 

https://doi.org/10.1152/jn.00691.2016 2 

C. Voelcker-Rehage, J. L. Alberts, 2005. Age-related changes in grasping force modulation, Exp. Brain. 3 

Res. 166,61-70. https://doi.org/10.1007/s00221-005-2342-6 4 

S.H. Ward, L. Perraton, K. Bennell, B. Pietrosimone, A.L. Bryant, 2019. Deficits in quadriceps force 5 

control after anterior cruciate ligament injury: Potential central mechanisms, J. Athl. Train. 54,505–6 

512. https://doi.org/10.4085/1062-6050-414-17. 7 

G.N. Williams, P.J. Barrance, L. Snyder-Mackler, M.J. Axe, T.S. Buchanan, 2003. Specificity of 8 

muscle action after anterior cruciate ligament injury, J. Orthop. Res. 21,1131–1137. 9 

https://doi.org/10.1016/S0736-0266(03)00106-2. 10 

M. Woollacott, B. Inglin, D. Manchester, 1988. Response preparation and posture control. 11 

Neuromuscular changes in the older adult, Ann. N. Y. Acad. Sci. 515,42–53. 12 

https://doi.org/10.1111/j.1749-6632.1988.tb32964.x. 13 

Q. Yang, M. Zheng, Y. Ye, L. Li, T. Yan, S. Song, 2019. The step response in isometric grip force 14 

tracking: A model to characterize aging- and stroke-induced changes, IEEE Trans. Neural Syst. 15 

Rehabil. Eng. 27,673–681. https://doi.org/10.1109/tnsre.2019.2904251. 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

https://doi.org/10.1152/jn.00691.2016
https://doi.org/10.4085/1062-6050-414-17
https://doi.org/10.1016/S0736-0266(03)00106-2
https://doi.org/10.1111/j.1749-6632.1988.tb32964.x
https://doi.org/10.1109/tnsre.2019.2904251


30 

 1 

 2 

 3 

Figure legends 4 

Fig. 1. A schematic representation of the experimental setup (A) and Target force trajectories (B-D).          5 

TA: tibialis anterior; GA: medial head of gastrocnemius. 6 

 7 

Fig. 2. Comparisons of the RMSE (A and B) and CCI (C and D) in each group. LR: Low range task; 8 

HR: High range task; PR: Pseudo-random task. G: Generation phase; R; Release phase. Asterisk (*) 9 

represents a significant difference between phases and hash (#) represents a significant difference 10 

between tasks.  11 

 12 

Fig. 3. Correlations between FRT and RMSE (A, B, C) or CCI (D, E, F) in each task. (A) and (D) 13 

represent simple liner regressions between the FRT and the RMSE and the CCI during the low range 14 

task, respectively. (B) and (E) represent simple liner regressions between the FRT and the RMSE and 15 

the CCI during the high range task, respectively. (C) and (F) represent simple liner regressions 16 

between the FRT and the RMSE and the CCI during the pseudo-random task, respectively. 17 
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