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Abstract

Characteristics and motor strategies for force generation and force relaxation were

examined using graded tasks during isometric force control. Ten female college stu-

dents (M age¼ 20.2 yr., SD¼ 1.1) were instructed to accurately control the force

of isometric elbow flexion using their right arm to match a target force level as

quickly as possible. They performed: (1) a generation task, wherein they increased

their force from 0% maximum voluntary force to 20% maximum voluntary force

(0%–20%), 40% maximum voluntary force (0%–40%), or 60% maximum voluntary

force (0%–60%) and (2) and a relaxation task, in which they decreased their force

from 60% maximum voluntary force to 40% maximum voluntary force (60%–40%),

20% maximum voluntary force (60%–20%), or to 0% maximum voluntary force

(60%–0%). Produced force parameters of point of accuracy (force level, error),

quickness (reaction time, adjustment time, rate of force development), and strategy

(force wave, rate of force development) were analyzed. Errors of force relaxation

were all greater, and reaction times shorter, than those of force generation.

Adjustment time depended on the magnitude of force and peak rates of force devel-

opment and force relaxation differed. Controlled relaxation of force is more difficult

with low magnitude of force control.

Keywords

Motor strategy, voluntary force control

Perceptual and Motor Skills

2016, Vol. 123(2) 489–507

! The Author(s) 2016

Reprints and permissions:

sagepub.com/journalsPermissions.nav

DOI: 10.1177/0031512516664778

pms.sagepub.com

Corresponding Author:

Chiaki Ohtaka, Graduate School of Humanities and Sciences, Nara Women’s University,

Kitauoyanishi-machi, Nara City, Nara, 630-8506, Japan.

Email: chiakiohtaka0606@gmail.com



Introduction

All movements consist of coordinated muscle contractions and relaxations,
and intentional movement is made possible by changing their amplitudes and
velocities. To move as intended, it is essential to accurately control both the
generation and relaxation of the force, which is considered a basic and key
element of the movement (Kato, Muraoka, Higuchi, Mizuguchi, & Kanosue,
2014; Li, 2013; Spraker, Corcos, & Vaillancourt, 2009).

Regarding a comparison of force generation and force relaxation, a previous
study that used functional magnetic resonance imaging showed that different
neural substrates were activated for muscle contraction and relaxation
(Spraker et al., 2009). Buccolieri, Avanzino, Trompetto, and Abbruzzese
(2003) showed that the reaction time for relaxation was shorter than that of
contraction in the proximal arm muscles (biceps brachii and triceps brachii).
However, force relaxation is more difficult to control accurately when compared
with force generation, and several studies have demonstrated that the control of
force relaxation produced higher variability than the control of force generation
(Harbst, Lazarus, & Whitall, 2000; Masumoto & Inui, 2010; Moritou, Inui, &
Masumoto, 2009; Spiegel, Stratton, Burke, Glendinning, & Enoka, 1996). These
studies indicated that force relaxation is controlled by a different process than
force generation. The reasons for the difference of the performance between
force generation and relaxation are not yet clear. Therefore, it is necessary to
study why force relaxation is more difficult to control accurately, and whether
the difficulty depends on the magnitude of force controlled. Previous studies on
force control have been conducted utilizing the isometric task by manipulating
the magnitude of force controlled. The characteristics of force control have
been demonstrated using the indices of accuracy and quickness because of
the performance.

Previous studies have reported functional relationships between subjective
and physical magnitudes of generated force, utilizing a graded handgrip task
(Stevens & Mack, 1959), or distance jumping (Sadamoto & Ohtsuki, 1977).
Kawabe (1987) reported that premotor reaction time was positively correlated
with load, while Haagh, Spijkers, Boogaart, and Boxtel (1987) showed that
premotor reaction time was negatively correlated with the peak force amplitude.
Other studies have noted that adjustment time was positively correlated to the
magnitude of force control (Ono, Okada, Kizuka, & Tanii, 1997). Results
could indicate that motor strategies are involved. The relationships between
such strategies and the magnitude of force control have been evaluated.
Several studies have evoked a strategy involving the speed of controlled force
(“pulse height”; Freund & Büdingen, 1978; Ghez, 1979; Gordon & Ghez, 1987):
when force increased, the strategy changed to one of controlling the force pulse
width so that the force is controlled by increasing the time of applied control
(Bahill, Clark, & Stark, 1975). As an extension of these results, Gottlieb,
Corcos, and Agarwal (1989) proposed a hypothesis that included two strategies

490 Perceptual and Motor Skills 123(2)



of how force is controlled in single joint movements that differ in inertial load,
distance, and width. One strategy is sensitive to pulse height and the other to
pulse width.

For force generation, several characteristics of accuracy or quickness and
the associated strategies have been studied by focusing on differences in the
magnitude of force control. However, the above experiments have assessed
motor control as it affected widely different motor tasks. They focused on
various muscle groups (ranging from small muscle groups such as the fingers
to large muscle groups such as the femoral region) and used different types and
magnitudes of force control. Accordingly, it is difficult to compare the results of
previous studies systematically.

Although previous studies suggested that force relaxation is more difficult
to accurately control than force generation, these studies compared force
generation and relaxation by one magnitude of force control (Harbst et al.,
2000; Masumoto & Inui, 2010; Moritou et al., 2009; Spiegel et al., 1996).
Thus, there are no reports of the characteristics of force relaxation related to
accuracy or quickness utilizing an isometric task by focusing on the difference
among the several magnitudes of force control. Previous studies have evaluated
the relaxation phase of periodic task control force generation and relaxation
(Harbst et al., 2000; Masumoto & Inui, 2010; Moritou et al., 2009). Thus,
there are no studies of the characteristics of force relaxation evaluated by the
discrete task.

Based on the details of the previous studies, it is necessary to reconfirm the
characteristics for force generation by comparing several magnitudes of force
control, and to clarify the characteristics of force relaxation. Moreover, it would
be helpful to elucidate differences in these characteristics between force gener-
ation and relaxation by comparing equal magnitudes of force control during
force generation and relaxation. It will be necessary to use the same participants,
administering the motor tasks of both force generation and relaxation, and using
several set magnitudes of force control. Moreover, it is necessary to utilize
discrete tasks in order to consider accuracy against the target force level and
quickness of reaction and adjustment. Using accuracy and quickness as results
of the performance, we would be able to indicate the characteristics of force
generation and relaxation comprehensively by comparing the differences of
the several magnitudes for force generation and relaxation, respectively, and
comparing the differences of the same magnitude between force generation
and relaxation.

Therefore, the purpose of this study was to investigate the characteristics and
motor strategies for force generation and force relaxation systematically.
Studying the difference of several magnitudes of force control, the present
study investigated accuracy and quickness as results of performance. Based on
the characteristics of force control, strategies for force generation and relaxation
would be discovered by focusing on the force control process. Finally,
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comparing the strategies for force generation and relaxation systematically
would show the factors leading to inaccuracy of force relaxation.

Hypothesis 1(a). A lower accuracy of force generation will be observed in condi-

tions of low magnitude forces. (b) Reaction time of force generation will be shorter

for higher magnitudes and adjustment time will depend on force magnitudes. (c)

There will be two patterns of strategy for achieving specific force generation: pulse

width and pulse height.

Hypothesis 2(a). Errors of force relaxation will be significantly higher than those of

force generation, and the relationship between errors of force generation and relax-

ation will differ in conditions of high or low force magnitudes. (b) The reaction time

of force relaxation will be significantly shorter than that of force generation. (c)

Motor strategies of attaining force control will differ between force generation and

force relaxation.

Research goals. There were no reports of the characteristics and strategies compar-

ing the differences of the several magnitudes. This study will elucidate the charac-

teristics and strategies for force relaxation, as well as the characteristics of the

adjustment times comparing force generation and force relaxation.

Method

Participants

Ten healthy right-handed women (M age¼ 20.2, SD¼ 1.1) participated in the
present study. The procedures were approved by the Academic Ethics
Committee in Nara Women’s University, Japan. Prior to the experiment, all
participants were fully informed about the purpose of the study and its proced-
ures, and written informed consent was obtained.

Apparatus

Figure 1 shows the experimental setup. The output force of the participants was
measured using a force-measuring device (Takei Inc., Japan). The participants
were seated in the force-measuring device, with the right arm fixed to an arm
holder that was connected to a force-plate with the elbow joint fixed at 90�.
The left arm was held on the left side of the body. Both legs were straightened
and positioned on the cylindrical pole. 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 force level line, along with three light-emitting diode (LED) lights,
controlled by the time-programmer (Takei Inc., Japan), were placed at a distance
of approximately 1.5m from the participants’ eyes to act as visual stimuli.
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Experimental tasks

The participants were instructed to produce an isometric elbow flexion force to
match the target force level as quickly as possible by using their right arm. They
were asked to perform two discrete tasks, namely the (1) generation task: to
increase their applied force and (2) relaxation task: to decrease their applied
force. Given the following target force levels: 0%, 20%, 40%, and 60% max-
imum voluntary force (MVF), they were asked to perform three magnitudes of
force control repetitions, as shown.

(1) Generation task

20% magnitude: to increase their force from 0% to 20% MVF
40% magnitude: to increase their force from 0% to 40% MVF
60% magnitude: to increase their force from 0% to 60% MVF

(2) Relaxation task

20% magnitude: to decrease their force from 60% to 40% MVF
40% magnitude: to decrease their force from 60% to 20% MVF
60% magnitude: to decrease their force from 60% to 0% MVF.

The participants performed the task under the simple reaction condition.
Each trial began with a 500-ms visual warning signal, and the subsequent go
signal was presented for 500ms. The foreperiod (i.e., the interval between the
warning signal and the go signal) was 2 s. The participants were informed of the
magnitude before the beginning of each trial along with the visual warning signal
and instructed to control their force in response to the go signal accurately and

Display of force level

LED signal

1.5m

Figure 1. Experimental setup.
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as quickly as possible. For the relaxation task, the participants were instructed to
maintain the force level of 60% MVF prior to the warning signal while looking at
the line of the 60% MVF. After keeping the 60% MVF for 1 s, the participants
were informed to turn their eyes toward the warning LED, the warning LED was
lit, and the subsequent 2-s go signal was presented.

In order to measure and contrast two tasks, the participants were instructed
to adjust the target force level as quickly as possible under both tasks. As soon
as they achieved the target force level, the participants were instructed to relax
their force under the generation task and to increase their voluntarily force
under relaxation task.

Procedure

The participants were initially instructed to produce an isometric force of max-
imum effort for 1 s, three separate times. The maximum force value of the three
trials was set as each participant’s MVF. All the participants practiced control-
ling their force by looking at the line of the target force level before the data
collection of each task. In addition, visual feedback of the force level produced
was provided during the practice trials. Thereafter, one practice session was
conducted. The participants were instructed to conduct practice trials with
visual feedback by looking at the line of the target force level so that they
could learn to control the target force levels rapidly (Masumoto & Inui,
2010). The participants were allowed to repeat the practice trial 10 times for
each magnitude before data collection for each task.

Participants then began the data collection without looking at the line of the
target force level or using any visual feedback. The participants received know-
ledge of their results after each session by looking at the summary of their force
waves in one session. They performed three sessions of 10 trials for each of the
three magnitudes in random order. Data collection was conducted with a 1-min
rest interval between each session and with a 5-min rest interval between each
task. The order of the tasks was counterbalanced. The participants were
instructed to perform the task as accurately and quickly as possible. They
were then instructed again to produce isometric force of maximum effort three
times continuously.

Data analysis

The produced force was recorded. All of the recordings were digitized at 1000Hz
using a Biopac MP150 data acquisition system (Biopac Systems, USA). Eight
trials from each magnitude were chosen by random sampling. The force data
were passed through a digital filter with a 100-Hz low-pass cutoff, producing
a mean value for further analysis. Figure 2 shows the definition and measure-
ment of force.
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Adjustment time. The average of the rate of force development (N/s) of the 10-ms
period after the go signal was calculated. The baseline was the force average
of the 300-ms period before the go signal. Subsequently, the force onset was
defined as the first time point of the first period during which the average of the
rate of force development exceeded 50% more than the generation task and was
less than �50% more than the relaxation task (Ohtaka & Fujiwara, 2013).
The reaction time was defined as the time between the go signal and the force
onset. The adjustment time was defined as the time between the force onset and
the maximum force (generation task) or the minimum force (relaxation task).
The total adjustment time was defined as the time between the go signal and the
maximum force (generation task) or the minimum force (relaxation task).

Accuracy. The force level (% MVF) was defined as the relative value of the max-
imum or minimum force of each participant’s MVF. The differences in the
accuracy of the force level between the peak force and each target force level
were evaluated by the constant error, absolute error, and variable error.

Peak rate of force development of the force control. The peak rate of force develop-
ment (peak RFD) was defined as the peak value of the rate of force development
during the adjustment time, and the time to reach the peak RFD (time to peak
RFD) was also defined.

Statistical analysis

To test the differences in the mean values for each magnitude and each task, two-
way repeated measures analyses of variance (ANOVA) were conducted for par-
ameters of error, time, and peak RFD of the force control. The intra-participant

Figure 2. Definition and measurement of force for (a) the generation task and (b) relax-

ation task.
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factors were the magnitude (20%, 40%, and 60% magnitudes) and task
(generation and relaxation tasks). When significant effects were found, pairwise
comparisons were carried out using Bonferroni post hoc tests. To test the dif-
ference in inclinations (RFD) of the force wave among the magnitudes, one-way
repeated measures ANOVA was conducted for both tasks. The data were ana-
lyzed using SPSS for Windows (SPSS Inc.).

Results

Accuracy

Force level (% MVF). Figure 3 shows the means and standard deviations of the
force level for the generation and relaxation tasks for all participants. To test
the difference between force level and the target force level, two-way repeated
measures ANOVAs were conducted for each task. The intraparticipant factors
were the magnitude (20%, 40%, and 60% magnitudes) and level (force level and
the target force level). In the generation task, the main effects of the magnitude
(F2,18¼ 832.09, p< .001) and level (F1,9¼ 6.12, p< .05) were significant. The
results showed a significantly and increasingly higher value for 20%, 40%,
60% magnitudes (p< .001), and the force level was a significantly higher value
at each target force level for all magnitudes (p< .05).
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In the relaxation task, the interaction between force level and the target force
level was significant (F2,18¼ 22.90, p< .001), and there were significant influences
by the magnitude (F2,18¼ 429.35, p< .001) and level (F1,9¼ 24.99, p< .001).
There were the simple main effects of both force level and the target force
level, showing significantly and increasingly higher value for 20%, 40%, 60%
magnitudes (40% and 60% magnitudes of the force level: p< .01, the other
pairs: p< .001). The simple main effects of the 20% (F1,9¼ 23.34, p< .01) and
40% magnitudes (F1,9¼ 31.10, p< .001) were significant, with the force level
being significantly lower in value than the target force level for the 20%
(p< .01) and 40% magnitudes (p< .001).

Therefore, in the generation task for all magnitudes, the force level was higher
than the target force level, and in the relaxation task for the 20% and 40%
magnitudes, the force level was lower than the target force level.

Error. Figure 4 shows the means and standard deviations of the constant error,
absolute error, and variable error for all of the participants for both tasks. In the
constant error, the interaction was significant (F2,18¼ 6.39, p< .01), and there
were significant main effects of the magnitude (F2,18¼ 22.51, p< .001) and task
(F1,9¼ 17.90, p< .01). There was a simple main effect of the relaxation task
(F2,8¼ 19.97, p< .01), where the 60% magnitude was significantly higher than
the 20% and 40% magnitudes in the relaxation task (20%: p< .01; 40%:
p< .001). There were simple main effects of all the magnitudes (20%: F1,9¼

21.60, p< .01, 40%: F1,9¼ 15.16, p< .01, 60%: F1,9¼ 7.66, p< .05), where the
generation task showed significantly higher values compared to the relaxation
task for all magnitudes (20% and 40%: p< .01; 60%: p< .05). In terms of the
absolute error, the interaction was significant (F2,18¼ 19.97, p< .001), as was the
main effect of magnitude (F2,18¼ 4.48, p< .05). There was a simple main effect of
the relaxation task (F2,8¼ 16.81, p< .01), and the 20% and 40% magnitudes
were significantly higher than the 60% magnitude in the relaxation task
(p< .01); and there was a simple main effect of the 60% magnitude
(F1,9¼ 13.49, p< .01), the generation task showing significantly higher values
than the relaxation task for the 60% magnitude (p< .01). In terms of the vari-
able error, the interaction was significant (F2,18¼ 15.62, p< .001), and there was
a simple main effect of the relaxation task (F2,8¼ 8.79, p< .05), the 20% mag-
nitude showing significantly higher variable error compared to the 40% and
60% magnitudes in the relaxation task (p< .01). Moreover, the simple main
effect of the 60% magnitude was significant (F1,9¼ 14.63, p< .01), and the gen-
eration task showed a significantly higher value compared to the relaxation task
for the 60% magnitude (p< .01).

Overall, in the generation task, no differences in any of the error values were
observed among the 20%, 40%, and 60% magnitudes, whereas in the relaxation
task, the 20% and 40% magnitudes showed lower constant error and higher
absolute error values compared to the 60% magnitude. Moreover, when
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comparing generation and relaxation tasks at the same magnitude, especially for
the 20% and 40% magnitudes, the relaxation task was found to show lower
constant error values than the generation task.

Speed

Reaction time. Figure 5 shows the means and standard deviations of the reaction
time, the adjustment time, and the total adjustment time for all participants
during the two tasks. In terms of the reaction time, the main effect of the task
was significant (F1,9¼ 5.26, p< .05), and the generation task was found to have a
significantly longer reaction time compared to the relaxation task (p< .05).
Regarding the adjustment time, the main effect of the magnitude was significant
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(F2,18¼ 62.45, p< .001). Furthermore, the highlighted result was significantly
and increasingly longer for the 20%, 40%, and 60% magnitudes (p< .001).

Similarly, in terms of the total adjustment time, the main effect of the magnitude
was significant (F2,18¼ 55.39, p< .001), and the 40% and 60%magnitudes showed
significantly longer total adjustment time than the 20% magnitude (p< .001).

For both tasks, the adjustment time was longer as the magnitude increased,
whereas the reaction time tended to decrease as the magnitude increased.
Comparing the two tasks, the reaction time of the relaxation task was shorter
compared with that of the generation task for all magnitudes.

Peak rate of force development. Figure 6 shows the means and standard deviations
of the peak RFD and the time to peak RFD for all the participants during both
tasks. In terms of the peak RFD, a significant main effect of the magnitude was
observed (F2,18¼ 35.47, p< .01), and significantly increased values in the 20%,
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40%, and 60% magnitudes were noted (p< .01). Moreover, there was a signifi-
cant main effect of the task (F1,9¼ 7.58, p< .05), with the relaxation task show-
ing a significantly higher value compared to the generation task (p< .05).
In terms of the time to peak RFD, the interaction (F2,18¼ 5.76, p< .05) was
significant, as well as the main effect of the magnitude (F2,18¼ 8.34, p< .01).
There was the simple main effect of the generation task (F2,8¼ 6.88, p< .05),
with the 60% magnitude showing a significantly longer time to peak RFD than
the 20% magnitude in the generation task (p< .05). Moreover, the simple main
effect of the 60% magnitude was significant (F1,9¼ 5.28, p< .05), showing that
the generation task took significantly longer than the relaxation task for the
60% magnitude (p< .05).

For the generation task, as the magnitude increased, the peak RFD increased,
and the time to peak RFD was longer. In contrast, for the relaxation task, as the
magnitude increased, although the peak RFD increased, the time to peak RFD
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remained constant. Comparing the two tasks, the relaxation task showed greater
peak RFD than the generation task for all magnitudes, while the generation task
showed greater time to peak RFD compared to the relaxation task for the 60%
magnitude.

Force wave

Figure 7 shows the average force wave during the adjustment time for all mag-
nitudes of the two tasks in the typical participants. Each force wave was
excerpted from a different participant. We analyzed the force wave utilizing
the average of each participant without examining the outliers. Two patterns
of the force wave were observed for both tasks: (1) a pattern with different
inclinations of the force wave of the three magnitudes (Figure 7(a)) and (2)
another pattern with the same inclinations of the force wave of the three mag-
nitudes (Figure 7(b)). Based on these findings and using one-way repeated meas-
ures ANOVAs for both tasks, we classified the force waves into two patterns. In
cases where a significant difference was to be seen in the magnitudes (20%, 40%,
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and 60% magnitudes), pattern A was noted, and in cases where a significant
difference was not seen in the magnitudes, pattern B was noted.

As a result, for the generation task, 8 of 10 participants employed pattern A,
and 2 of 10 participants employed pattern B. For the relaxation task, 4 of 10
participants employed pattern A, and 6 of 10 participants employed pattern B.
Therefore, the ratios of the pattern A to pattern B were 4:1 and 2:3 for the
generation and the relaxation tasks, respectively.

Discussion

Accuracy of force control

In terms of force generation, there were no differences in the error results
among the three magnitudes (Figure 4). This indicated that the difficulty of
force generation is similar and independent of the magnitude of force
control. Stevens and Mack (1959) explored the functional relationships between
subjective and physical magnitudes of mechanical forces utilizing magnitude
production. They demonstrated that the apparent magnitude of handgrip
grew exponentially, and that the exponent of the function was about 1.7.
Therefore, as the force to control increases, the sensory effort to control the
force also increases. Sadamoto and Ohtsuki (1977) also showed that the func-
tional relationships between subjective and physical magnitudes of mechanical
forces use the grade of distance jumping. On the other hand, in the present
study, the error (objective) was unaffected by the magnitude of force control
(subjective).

In terms of force relaxation, the errors for the 20% and 40% magnitudes were
significantly higher than those for the 60% magnitude (Figure 4(a) and (b)).
Moreover, the variability of the controlled force for the 20% magnitude
was higher than that for the 40% magnitude (Figure 4(c)). Furthermore, the
comparisons between force generation and relaxation for the 20% and 40%
magnitudes showed that the errors for force relaxation were significantly
higher compared to those for force generation (Figure 4(a)). In other words,
accurate control of the force relaxation with a lower magnitude was more dif-
ficult than that for force generation. Accordingly, several studies have demon-
strated that decreasing isometric force results in higher force and greater timing
variability than increasing isometric force (Harbst et al., 2000; Masumoto &
Inui, 2010; Moritou et al., 2009; Spiegel et al., 1996). Harbst et al. (2000) inves-
tigated how children and adults control force and timing. Their motor tasks
were 10%–30% MVF and 20%–40% MVF of the periodic isometric bimanual
self-paced pinch tasks. Masumoto and Inui (2010) also examined the control of
force and timing in the periodic isometric force of the right index finger. Thus,
because both motor tasks were performed using the index finger, the results of
these previous two studies were obtained using a small force level. However,
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the results of the present study were consistent with these previous findings,
suggesting that the same results apply also in cases of relatively high force levels.

Speed of force control

As for the reaction time, for both force generation and relaxation, there were no
differences between force magnitudes (Figure 5(a)). This indicated that the speed
of force control was similar, independent of the magnitude of force control, for
both force generation and relaxation. Kawabe (1987) reported that the premotor
reaction time for heavy loads was longer than that for light loads, whereas
Haagh et al. (1987) showed that the premotor reaction time was negatively
correlated with the peak force amplitude. Hence, the relationship between
the reaction time and the magnitude of force control appears to differ according
to how the force is exerted, whether it is active or passive. However, as men-
tioned above, in the present study, the reaction time remained constant across
all force magnitudes in both tasks, and further studies are needed to clarify this
relationship.

When comparing force generation and relaxation, the reaction time for force
generation was found to be longer than that for force relaxation for all magni-
tudes (Figure 5(a)). Buccolieri et al. (2003) showed that the relaxation reaction
times were shorter than the contraction reaction times in the proximal arm
muscles (biceps brachii and triceps brachii). These findings are similar to those
of the present study, and a common point is whether the exerted force was
maintained before the go signal. This seems to be one of the explanations why
the time to react was shorter for the relaxation task. In other words, the effects
of the keeping force before adjusting seem to play a role, adjusting the force
from 0%MVF for the generation task while adjusting the force from 60% MVF
for the relaxation task.

The adjustment time for force generation was positively related to the mag-
nitude of force control, that is, the adjustment time increased with an increasing
magnitude (Figure 5(b)). Previous studies reported two strategies of force con-
trol, including a strategy of pulse height control, in which the force is controlled
by changing the rate of the control level while keeping the time to control con-
stant (Freund & Büdingen, 1978; Ghez, 1979; Gordon & Ghez, 1987; Gottlieb
et al., 1989). Additionally, as the force level increases, a strategy of pulse width
control, in which the force is controlled by lengthening the time to control, has
been reported (Bahill et al., 1975). Furthermore, the shift time from the former
to the latter strategy has been demonstrated to positively correlate with the
critical force level of the % MVF electromyography magnitude unit’s time
(Ono et al., 1997). This study agrees with the strategy of pulse width control
and shows that the adjustment time depended on the magnitude of force control.

Importantly, the relationship between the adjustment time and the magnitude
of force control for force relaxation was found to be the same as for force

Ohtaka and Fujiwara 503



generation, with the adjustment time becoming longer as the magnitude of force
control increases for force relaxation (Figure 5(b)). Furthermore, when compar-
ing the results of force generation with those of force relaxation, no remarkable
differences were observed between the conditions for each force magnitude. This
result suggests that the time to the controlled force depends on the magnitude of
force control, regardless of whether the condition is generation or relaxation.

Force control strategy

We indicated that the errors for force relaxation were significantly higher com-
pared to those for force generation, especially at the 20% magnitude. Besides
this characteristic, we showed the strategies for force generation and relaxation
by observing the force control process and peak rate of force development.
At last, from comparing the strategies for force generation and relaxation sys-
tematically, we suggested one factor related to inaccuracy of force relaxation
compared to force generation.

The present study suggested two motor strategies for force control in gener-
ation and relaxation, respectively, based on the force wave and RFD (Figure 8).
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Figure 8. Motor strategies for force generation and relaxation focused on the force wave

and peak RFD of (a) a strategy to control both the time and RFD and (b) a strategy to

control only the time.
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For both generation and relaxation of force, two patterns were observed, one of
different inclinations of the force wave of every magnitude, and one of the same
inclinations. The former pattern is a strategy to control both the time and RFD
by the magnitudes (Figure 8(a); pattern A). Different motor programs can
be prepared for each magnitude before the go signal, and the force can be
controlled by changing the RFD from the beginning of the adjustment.
On the other hand, the latter pattern is a strategy to control the time only,
irrespective of the magnitude (Figure 8(b); pattern B). In other words, the
force is controlled by a fixed RFD from the beginning of the adjustment for
each magnitude. These strategies are similar to the strategy of pulse height con-
trol (Freund & Büdingen, 1978; Ghez, 1979; Gordon & Ghez, 1987; Gottlieb
et al., 1989), which controls movement speed and the strategy of controlling the
pulse width (Bahill et al., 1975; Gottlieb et al., 1989), which controls movement
time. The above strategies focus on force generation or single-joint movement.
In the present study, however, the important finding is that a strategy involving
two patterns was observed for force relaxation.

This study showed that the strategy taken by the participants was different
between force generation and relaxation. The result of this study showed that the
participants mainly employed a strategy to control both time and RFD for force
generation, while the participants use a strategy to control only time slightly
more often than those who use a strategy to control both time and RFD for
force relaxation. However, it is not clear why the participants mainly employed
the different strategies between force generation and relaxation.

In the present study, the peak RFD of force relaxation was higher than
that for force generation. Moreover, a difference was found in the relation of
peak RFD and time to peak RFD between force generation and relaxation
(Figure 6(c)). A comparison showed that, for force generation, the peak RFD
occurred in the latter half of the adjustment time for every magnitude, while for
force relaxation, the peak RFD occurred during the early stage of the adjust-
ment time and was greater than that of force generation. It is postulated that
the accuracy of force relaxation decreases as the timing of higher peak
RFD becomes earlier.

There have been reports of a speed-accuracy trade-off, which explains the
negative relationship between speed and accuracy (Fitts, 1954). Moreover,
Buchanan, Park, and Shea (2006) showed that quickness of the task was
lower when the index of difficulty increased. Thus, the accuracy of force relax-
ation would be lower because the peak RFD occurred during the early stage of
the adjustment time. The timing to peak RFD relates to the difficulty of the force
relaxation. Several studies have indicated that when assessing force and timing
variability, force relaxation proves more difficult as opposed to force generation
(Harbst et al., 2000; Masumoto & Inui, 2010; Moritou et al., 2009). The results
of the present study indicated the difficulty of force relaxation via a force control
process, which involves peak RFD and magnitude of force control.
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Limitations of this study include the fact that we could not consider the effect
of having (or not having) feedback and the line of the target force levels on
the characteristics and strategies of force generation and relaxation. In future
studies, we also should consider the characteristics and strategies using discrete
tasks while controlling the force for a period of time because it requires different
control mechanisms compared to the task of controlling the force briefly.
Moreover, future research should investigate the reason that the participants
utilized different strategies of force generation and relaxation.

In conclusion, the findings of the present study indicated that the strategy
employed for force relaxation differs from that employed for force generation,
and the size of peak RFD and the timing of its occurrence can affect the diffi-
culty of control of the force has been suggested.
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