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Abstract   We investigated the characteristics of consecutive adjustment focusing on the 
phase before relaxing completely compared to discrete adjustment that involves just relaxing 
completely. Eleven participants were instructed to produce an isometric knee extension force 
based on their maximum voluntary force (MVF), as quickly and accurately as possible. They 
conducted discrete and consecutive tasks. For the discrete task, they were asked to relax their 
force completely from a starting level of 20% or 60% MVF. And for the consecutive task, they 
were asked to match the target level of 20%, 40%, or 60% MVF after they completely relaxed 
their force from the starting level of 20% or 60% MVF. Produced force was recorded, and the 
parameters of quickness (onset time, relaxation time, and rate of force development) were ana-
lyzed. Relaxation time was slower in consecutive adjustment than in discrete adjustment in the 
case of the 20% starting level. On the other hand, the onset time was constant irrespective of 
the process of adjustment. Our results indicated that the process of consecutive adjustment af-
fects the relaxation time in the case of force control.
Keywords : consecutive adjustment, discrete adjustment, quickness, accuracy

Introduction

   A wide variety of voluntary movements are made by 
changing their amplitudes and velocities. To move as 
intended in response to changing external conditions, it 
is essential to control both the generation and relaxation 
of the force quickly and accurately, which is considered 
a basic and key element of movement1-3). Regarding the 
quickness and accuracy of performance, studies have re-
ported the characteristics of force control by utilizing iso-
metric motor tasks or joint movement tasks and recording 
electromyographically (EMG). Almost all motor tasks in 
these previous studies were discrete adjustment tasks4-8) or 
periodic adjustment tasks3,9-11).
   However, in daily life or the sports scene, we often per-
form consecutive adjustment that includes switching the 
force control direction; for example, increasing the force 
after it decreases or decreasing the force after it increases, 
and not only discrete adjustment to a certain target level 
or periodic adjustment by a certain magnitude. More-
over, regarding adjustment to a certain target level, for 
instance, the characteristics of force control would be dif-
ferent between the adjustment from 0% directly and the 
adjustment from 0% after relaxing completely. Therefore, 
it is necessary to elucidate a characteristic difference be-
tween discrete adjustment and consecutive adjustment. 

Regarding consecutive adjustment, studies have reported 
a difference in the quickness and accuracy by utilizing 
isometric motor tasks when comparing consecutive ad-
justment, that includes the process of relaxing completely, 
and discrete adjustment from 0% directly or just relaxing 
completely12,13). Ohtaka12) investigated the characteristics 
of consecutive adjustment compared to discrete adjust-
ment, focusing on the phase after relaxing completely, and 
found that in case of adjustment to a lower target level, 
consecutive adjustment was less inaccurate than discrete 
adjustment. On the other hand, consecutive adjustment 
was quicker than discrete adjustment.
   Moreover, for consecutive adjustment, a duration of 
zero-velocity existed after relaxing completely and before 
re-adjusting to the target level14-17). However, these stud-
ies did not elucidate the factor that affected the length of 
the duration of zero-velocity, which is the starting level 
or the target level of force control. Based on this, Ohtaka 
and Fujiwara13) investigated the characteristics of con-
secutive adjustment to clarify the relationship between 
the duration of zero-velocity and the magnitudes of start-
ing level or target level. Utilizing the grading tasks with 
several magnitudes of starting level and target level, they 
reported the following results. Regarding quickness, the 
duration of zero-velocity was longer with a higher start-
ing level, irrespective of the magnitude of the target level. 
Re-adjustment time after the duration of zero-velocity 
was longer with a higher starting level rather than a lower *Correspondence: ohtaka@cc.nara-wu.ac.jp
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one. Regarding accuracy, the error was greater with a 
higher starting level and lower target level. Based on 
these factors, it is clear that the quickness after relaxing 
completely and accuracy of consecutive adjustment were 
influenced by a higher starting level, irrespective of the 
magnitude of the target level. However, the characteris-
tics of consecutive adjustment before relaxing completely 
have not been clarified yet. It is considered that the char-
acteristics focusing on the phase before switching force 
control direction would be different between consecutive 
and discrete adjustments. Therefore, the purpose of this 
study was to investigate the characteristics of consecutive 
adjustment focusing on the phase before relaxing com-
pletely compared to discrete adjustment that just involves 
relaxing completely.
   In this study, we defined discrete adjustment as just 
relaxing completely; and consecutive adjustment is de-
fined as matching a target level after relaxing completely. 
Based on the previous studies of force control7,8,13) and 
movement sequences18-23), we hypothesized the following.
   Hypothesis 1: Onset time will be longer in consecutive 
adjustment than in discrete adjustment, irrespective of the 
magnitude of starting level and target level. 
   Hypothesis 2: Relaxation time will be longer in consec-
utive adjustment than in discrete adjustment; moreover, 
it will be longer at a higher starting level irrespective of 
target level.

Method

Participants.   Eleven healthy women (Median age = 
21.3 years, SD = 1.0) participated in the present study. All 
of them were right-handed according to the Edinburgh 
Inventory24) (Score: 90.0 ± 14.8) and right-footed accord-
ing to the Chapman Inventory25) (Score: 13.9 ± 3.8). The 
procedures were approved by the Academic Ethics Com-
mittee in Nara Women’s University (approval number: 
17-27), Japan. Prior to the experiment, all participants 
were fully informed about the purpose of the study and its 
procedures, and written informed consent was obtained.

Apparatus.   Fig. 1 shows the experimental setup. The 
output force of the participants was measured using a 
force-measuring device (Takei Inc., Japan). The partici-
pants were seated in the force-measuring device, with 
the right knee at 120° extension (180° is full knee exten-
sion) and the foot placed on the force plate. The left leg 
was kept in a relaxed position, with the foot resting on a 
cylindrical bar, and the arms were held along each side of 
the body. The output of the force-plate and the target line 
of the force level were displayed on a personal computer 
(NEC, VJ22LL-D). The target level lines, along with 
light-emitting diodes (LED) used to indicate the warning 
and ‘go’ signals, were controlled by a time-programmer 
(Takei Inc., Japan). The display of force levels was placed 
at a distance of approximately 1.5 m from participants, 

providing visual feedback for knowledge of performance.

Experimental conditions and tasks.   Participants were 
instructed to produce an isometric force to match the tar-
get level, based on their maximum voluntary force (MVF), 
as quickly and accurately as possible by knee extension 
without planter flexion and hip extension. The force level 
before the beginning of each trial is defined as the ‘starting 
level’, and the force level of the target is named the ‘target 
level’. They performed the tasks and conditions in simple 
reaction, as shown (Fig. 2A). 
1) Conditions: Two magnitudes for the starting level were 

established.
 Small magnitude condition: to perform tasks from a 

starting level of 20% MVF
 Large magnitude condition: to perform tasks from a 

starting level of 60% MVF
2) Tasks: Four magnitudes of the target level were held.
 [Discrete adjustment] Participants were asked to just 

relax their force completely from the starting level in 
both conditions.

 0% task: not to match the target level after completely 
relaxed their force

 [Consecutive adjustment] Participants were asked to 
match the following target levels after they completely 
relaxed their force from the starting level in both con-
ditions.

 20% task: to match a target level of 20% MVF after 
completely relaxing their force

 40% task: to match a target level of 40% MVF after 
completely relaxing their force

 60% task: to match a target level of 60% MVF after 
completely relaxing their force

   The participants were instructed to maintain a starting 
level of 20% or 60% MVF prior to the warning signal, 
with visual feedback of the force level presented. After 
maintaining the starting level for 1s, the participants were 
informed to turn their eyes toward the LED signal. Each 
trial began with a 500 ms visual warning signal, with the 
500 ms ‘go’ signal presented 2 s following the warning 
signal. Participants were informed of the magnitude of 
the target level before the beginning of each trial along 

Fig. 1   Experimental setup.
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with the visual warning signal, and instructed to control 
their force in response to the go signal as quickly and ac-
curately as possible. 

Procedure.   Prior to the test conditions, participants were 
instructed to produce three maximum isometric force ef-
forts, with the MVF held for 1 s, and the maximum value 
obtained used as the reference MVF for each participant. 
Participants then practiced controlling their force to the 
target level (20%, 40%, 60% MVF), with visual feedback 
provided to facilitate learning10). Up to 8 trials were of-
fered at each target level. One practice session using the 
warning and ‘go’ signals was conducted.
   For the test trials, all participants conducted the task of 
discrete adjustment first. After that, under each condition, 
a set of trials consisted of 8 trials, and three tasks of con-
secutive adjustment were randomly arranged. Three sets 
were conducted in all. Participants did not receive visual 
feedback of their performance during the trials, but did re-
ceived knowledge of their performance using a summary 
of their force waves after completion of the 8 trials (1 set 
of trials). A 5-min rest interval was provided between the 
two conditions (small and large magnitude). The order of 
the conditions was counterbalanced among participants. 
After completion of the two conditions, participants again 
produced three MVFs to excluded effects of fatigue.

Data analysis.   Force measurements were acquired using 
a Biopac MP150 data acquisition system (1000 Hz sam-
pling rate; Biopac Systems, United States). The force data 
were low-pass filtered (cutoff, 100 Hz) and a mean force 
curve calculated from which the variables of interest were 
measured and described as follows. As for the phase from 
starting level to 0%, the magnitude is defined as “magni-
tude of relaxation” and the duration is defined as “relax-
ation time”. On the other hand, as for the phase from 0% 
after relaxing completely to target level, the magnitude is 
defined as “magnitude of re-adjustment” (Fig. 2B).
   The calculation of times was performed as follows. 
Baseline force was calculated as the average force pro-
duced over a 300 ms (millisecond) period prior to the 
‘go’ signal. The average rate of force development (N/s) 
was then calculated over a 10 ms period following the 
‘go’ signal. Subsequently, the force onset was defined as 
the first time point within this first 10 ms period during 
which the average rate of force development exceeded 
50% of baseline force8), and the force offset was defined 
as the first time point within this first 10 ms period during 
which the average rate of force development decreased 
below 200 N/s13). The onset time was defined as the time 
interval between the ‘go’ signal and the force onset. The 
relaxation time could then be defined as the time between 
the force onset and the force offset.

Statistical analysis.   Differences in measured variables 
between the conditions (small and large magnitudes) and 

tasks (0%, 20%, 40%, and 60%) were evaluated using 
two-way repeated measures analysis of variance (ANO-
VA). When significant effects were identified, the post-
hoc tests were conducted to evaluate differences among 
conditions (Small and large magnitudes) with the paired 
t-test, and among tasks (0%, 20%, 40%, and 60%) with 
Bonferroni multiple comparison. In addition, in order to 
check the difference between small and large magnitude 
conditions, one-way repeated measures ANOVA using 
tasks (0%, 20%, 40%, and 60%) were performed. The 
level of statistical significance was set at p < .05. All 
analyses were performed using SPSS for Windows (SPSS 
Inc.). 

Results

Onset time.   The means and standard deviations of the 
onset time are shown for all participants in Fig. 3A. The 
interaction was not significant, but the main effect of the 
condition was significant (F1,40 = 11.015, p < .05). The 
post-hoc test for conditions showed that the onset time 
was significantly longer for the small magnitude com-
pared to the large magnitude condition in the 0% and 60% 
tasks (p < .05, respectively). 
   Moreover, when comparing differences between the 
conditions under each task (Fig. 3B), there were no differ-
ences among the tasks.

Relaxation time.   The means and standard deviations of 
the relaxation time are shown for all participants in Fig. 
4A. The interaction and main effects of the task and con-
dition were significant (Interaction: F1,3 = 6.471, p < .01; 
Task: F1,40 = 82.613, p < .001). Further analysis showed 
that the relaxation times were significantly longer for the 
large magnitude than small magnitude condition in all 
tasks (0%: p < .001, 20%, 60%: p < .01, 40%: p < .05). 
For the small magnitude condition, the relaxation times 
were significantly longer for the 20%, 40%, and 60% 
tasks than for the 0% task (0% and 20%, 60%: p < .05; 
0% and 40%: p < .01), but for the large magnitude condi-
tion, no differences were observed across tasks.
   Moreover, comparing the differences among the condi-
tions for each task (Fig. 4B), it was shown that the task 
was the main influence (F3,40 = 6.295, p < .01), with a sig-
nificantly longer time for the 0% task than for the 20%, 
40%, and 60% tasks (0% and 20%: p < .05, 0% and 40%, 
60%: p < .01).

Rate of force development.   The means and standard 
deviations of the rate of force development are shown for 
all participants in Fig. 5A. The interaction was significant 
(F1,3 = 17.597, p < .001), and there were significant main 
effects of the conditions (F1,40 =52.199, p < .001). Further 
analysis showed that the rates of force development were 
significantly greater for the large magnitude than small 
magnitude condition in the 20%, 40%, and 60% tasks (p 
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< .001, respectively). For the small magnitude condition, 
the rates of force development were significantly greater 
in the 0% task than in the 20%, 40%, and 60% tasks (p < 
.01, respectively), but for the large magnitude condition, 
no differences were observed across the tasks. 
   Moreover, comparing the difference between the condi-
tions for each task (Fig. 5B), it was shown that the task 
was the main influence (F3,40 = 10.711, p < .001), with a 
significantly greater rate in the 20%, 40%, and 60% tasks 
than in the 0% task (0% and 20%: p < .01; 0% and 40%, 
60%: p < .001).

Discussion

   In this study, we obtained the following findings focus-
ing on the relationships between the “magnitude of relax-
ation” and “magnitude of re-adjustment.” focusing on the 
phase before relaxing completely. Our main findings were 
that the relaxation time was longer for the consecutive ad-

justment than for discrete adjustment. On the other hand, 
the rate of force development was greater for the discrete 
adjustment than consecutive adjustment with a small 
magnitude of relaxation, irrespective of the magnitude of 
re-adjustment. Besides, there was no difference between 
discrete and consecutive adjustment for the onset time.
   Regarding the onset time, in the 0% and 60% tasks, the 
onset time of the small magnitude condition was longer 
than that of the large magnitude condition (Fig. 3A). The 
results of the 0% task showed the onset time of relaxation 
from the starting level of 20% or 60% MVF to be simply 
0%. This result is consistent with that of a previous study 
according to the basic characteristics of force generation 
and relaxation7,8), which showed that the onset time of 
relaxation is shorter with a large magnitude of relaxation 
compared to a small magnitude. The results of the 60% 
task indicated that it has the same characteristics as the 
0% task; the onset time is shorter with a large magnitude 
of relaxation rather than a small magnitude in the case of 

Fig. 2 (A) The example of measurement of force of large magnitude condition and 40% task in consecutive adjustment and 
definition of indication. The onset time was defined as the time interval between the ‘go’ signal and force onset. The 
relaxation time was defined as the time between force onset and force offset. (B) Pattern diagram of relationship of 
tasks, conditions, and magnitudes.
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Fig. 3 Mean values and standard deviations of (A) onset time and (B) difference between the conditions. These are the values sub-
tracted from rate of force development in the large magnitude condition compared to small magnitude condition for each task.

 †: Significant difference between conditions, †: p < 0.05.
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consecutive movement, previous studies have focused on 
sequence complexity and estimated it based on the fol-
lowing two points: 1) overall sequence of chunks and 2) 
internal structure of each chunk18-23,26). Ueda et al.22) dem-
onstrated the effects of sequence length on reaction time, 
movement time, and variability using simple and choice 
reaction time tasks consisting of 1 to 6 key presses. As a 
result, although simple reaction times increased linearly 
as the number of key presses increased, choice reaction 
times were constant irrespective of the number of key 
presses. Moreover, in the studies that focused on the ef-
fects of sequence complexity, simple reaction time in-
creased as the sequence of chunks increased; on the other 
hand, it was constant irrespective of the internal structure 
of each chunk18-22). Corresponding to the tasks in the 
present study, “including or not including the switching 
of force control direction” is for the length of sequence 
of chunks. The result of the present study differed from 
previous findings concerning the comparing of discrete 
and consecutive adjustment, showing that the quickness 
of starting adjustment was constant irrespective of the 
switching of force control direction, suggesting that the 
different characteristics also apply in cases of force con-
trol. In a point of comparing the magnitude of re-adjust-

a large magnitude of re-adjustment. On the other hand, 
the onset time was constant irrespective of the magnitudes 
of relaxation in the 20% and 40% tasks. Therefore, in 
the case of a relatively large magnitude of re-adjustment, 
such as exceeding half of the MVF, the onset time was 
not influenced by the process regardless of including the 
switching of force control direction. However, different 
results were obtained for each condition and further stud-
ies are needed to clarify the relationship between onset 
time and magnitude of relaxation.
   Moreover, regarding the onset time, there were no dif-
ferences between the tasks irrespective of the condition 
(Fig. 3A). Furthermore, as for the onset time, the differ-
ence between the conditions was also calculated and there 
were no differences between the tasks (Fig. 3B). These 
results showed that the quickness of starting adjustment 
was constant regardless of including the switching of 
force control direction and irrespective of the magnitudes 
of re-adjustment. In the tasks of the present study, the 
participants were informed of the target level before the 
stimulus for starting the adjustment. Thus, the results of 
the onset time in this study showed the results of simple 
reaction time.
   As for the characteristics of quickness to adjustment in 
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0% task was longer than those in the 20%, 40%, and 60% 
tasks (Fig. 4B). Regarding the rate of force development, 
comparing the conditions, the rate of force development 
in the 20%, 40%, and 60% tasks was significantly greater 
than that in the 0% task (Fig. 5B). Therefore, the charac-
teristics of consecutive adjustment are dissimilar to those 
of discrete adjustment, irrespective of the magnitude of 
re-adjustment.
   As for the relaxation time, comparing the tasks in the 
small magnitude condition, the relaxation time for the 
20%, 40%, and 60% tasks was significantly longer than 
that for the 0% task (Fig. 4A). 
   A previous study focusing on sequence complexity 
showed that the adjustment time increased exponentially 
as the number of sequences increased22). It is considered 
that the time required for locating a motor program is 
longer when the number of sequences increases, which 
indicates that “overall sequence of chunks” influenced the 
adjustment time. Corresponding to the tasks in the present 
study, “including or not including the switching of force 
control direction” influenced the relaxation time. The re-
sults of the relaxation time in the present study are similar 

ment in consecutive adjustment, the result of the present 
study was consistent with a previous study of the internal 
structure of chunks20). Therefore, in cases of force control, 
it indicated that “including or not including the switching 
of force control direction” doesn’t affect the time to start 
adjustment.
   Regarding the relaxation time, the relaxation time of 
the large magnitude condition was longer than that of 
the small magnitude condition in all tasks (Fig. 4A). The 
result of the 0% task showed the relaxation time of the 
adjustment from a starting level of 20% or 60% MVF to 
be simply 0%. This result is consistent with that of a pre-
vious study according to the basic characteristics of force 
generation and relaxation7,8); relaxation time is longer 
when the magnitude of relaxation increases. Although the 
results of the relaxation time in the 20%, 40%, and 60% 
tasks were the same as those in the 0% task, the rate of 
force development was significantly different. It was sig-
nificantly greater in the large magnitude condition than in 
the small magnitude condition only in the 20%, 40%, and 
60% tasks (Fig. 5A). Furthermore, as for the relaxation 
time, comparing the conditions, the relaxation time in the 

Fig. 4 Mean values and standard deviations of (A) relaxation time and (B) difference between the conditions. These are the values sub-
tracted from rate of force development in the large magnitude condition compared to small magnitude condition for each task.

 *: Significant difference between tasks, *: p < 0.05, **: p < 0.01.
 †: Significant difference between conditions, †: p < 0.05, ††: p < 0.01, †††: p < 0.001.
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Fig. 5 Mean values and standard deviations of (A) rate of force development of relaxation time and (B) difference between the 
conditions. These are the values subtracted from rate of force development in the large magnitude condition compared to 
small magnitude condition for each task.

 *: Significant difference between tasks, **: p < 0.01, ***: p < 0.001. 
 †: Significant difference between conditions, †††: p < 0.001.
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to a previous finding regarding consecutive movement22), 
suggesting that the process of consecutive adjustment af-
fects the adjustment time in cases of force control.
   It is affected by the time of searching the motor pro-
gram from motor program-buffer that the adjustment time 
increased as the number of sequences increased21,23). As 
for motor control processing in the central cortex, the 
length of the sequence of chunks by the primary motor 
cortex is related to processing (conducting) the motor 
program. Moreover, the brain regions of the supplemen-
tary motor area have been activated before conducting a 
certain series of movements27), and the pre-supplementary 
motor area is activated in the interval between one par-
ticular movement and the next28). Therefore, the motor 
program-buffer might be related to the function of the 
supplementary motor area and pre-supplementary motor 
area. It is possible that the adjustment time was longer in 
the consecutive adjustment compared to discrete adjust-
ment because of conducting a complex process of motor 
control in the present study.

   In this study, relaxation time in consecutive adjustment 
was longer in the case of switching only in the small mag-
nitude condition. This is possibly due to preparation and 
conduction of the motor program including the force con-
trol process of re-adjustment. It is necessary to prepare 
and conduct the motor program in a short period of time, 
especially in consecutive adjustment with a small magni-
tude of relaxation, as opposed to consecutive adjustment 
with a large magnitude of relaxation. Thus, relaxation 
time was longer in the case of switching force control di-
rection with a small magnitude of relaxation, as opposed 
to the case of just relaxing completely, irrespective of the 
magnitude of re-adjustment.
   Furthermore, in the small magnitude condition, the rate 
of force development in the 0% task was significantly 
greater than in the 20%, 40%, and 60% tasks (Fig. 5A). 
This result reinforced the results of adjustment time, and 
also indicated that the quickness of adjustment is slower 
in the switching of force control direction. At the same 
time, there was a lower change in force per unit of time as 
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opposed to just relaxing completely, in the case of a small 
magnitude of relaxation.
   In conclusion, focusing on the phase before relaxing 
completely, the findings of the present study indicated 
that the quickness of adjustment was slower in consecu-
tive adjustment than in discrete adjustment, especially in 
the case of switching the force control direction with a 
small magnitude of relaxation. The quickness of starting 
adjustment was comparable between the consecutive and 
discrete adjustments.
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