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Abstract

This study sought to investigate whether force perceptual bias was affected by differences

in posture while steering an automobile using a psychophysical experiment to examine

the relationship with muscle activity. The human perceptual characteristics of weight

and force are known to be nonlinear, and a perceptual bias can occur, that is, bias that

causes a perception of something that is larger or smaller than the actual scale. This is con-

sidered to be caused by physical and/or psychological conditions. Sense of effort is

believed to be one influential factor. It is known to correlate with muscle activity intensity,

and bias may be caused by muscle activity changes. In the current study, we hypothesized

that force perceptual bias would depend on posture due to the intensity of muscle activity

changes caused by changing postures during steering operation. By investigating this

hypothesis, we can clarify the relationship between sense of effort and muscle activity. To

investigate this issue, we conducted a psychophysical experiment to confirm postural

dependence, and estimated muscle activity using a three-dimensional musculoskeletal

model simulation with postural and arm force data during the experiment. In addition, pre-

diction of bias was conducted based on a simulation in the psychophysical experiment

using these data. The results revealed that bias existed, as measured by differences in

postures. Additionally, a significant moderate correlation was found between the predicted

bias and the actual bias, indicating the existence of a relationship between muscle activity

and bias.

Introduction

The accurate performance of human movement involves the ability to sense force/heaviness.

Human perceptual characteristics are known to be nonlinear; that is, there are differences

between actual force and perceived force [1, 2]. Perceived force/heaviness has traditionally

been believed to depend on physical (e.g., colors, and surface condition of lifted objects) and/

or psychological (e.g., fatigue of muscle) factors, as reported by Jones et al. [3]. De Camp [4]

demonstrated that perceived weight is affected by object’s color, reporting that darker-colored
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objects are perceived to weigh less than lighter-colored objects. Additionally, it is well known

that fatigue affects sense of force/heaviness [5–7].

In daily life, an automobile is an example of a system involving a human-machine

interaction based on sense of force. Sense of force is thought to be important when driving

an automobile, and perceived force changes while driving. Newberry et al. [8] found that

the sensation of the force exerted by the steering wheel increases with a power of 1.39,

according to Stevens’ power law [9] for steering wheel reaction forces ranging from 5.25–21

N and power of 0.93 for a steering wheel angles ranging from 4–16˚. These parameters of

power represent the ratio of the intensity of the subject’s perceived exertion of force to the

actual exertion. Takemura et al. [10] investigated the perceived force characteristics for a

wide range of steering angles using psychophysical experiments and reported that the char-

acteristics followed Weber-Fechner’s law [11]. This law states that perceptual intensity is

proportional to the logarithm of the stimulus. It has also been reported that muscle activity

changes according to the steering posture of the automobile, which changes sense of force

[12].

To investigate perceptual bias, which creates a perception that is larger or smaller than

the actual scale, psychophysical experiments have been conducted. Using a psychophysical

experiment, van Polanen et al. [13] revealed that bias that overestimates actual weight occurs

when there is a visual delay in lifting an object in a virtual reality environment. They investi-

gated the multisensory effect (lifting an object with a visual delay) on the perceived weight

[13]. Flanagan et al. [14] found that when lifting an object using a precision grip with the dis-

tal pads of the thumb and index finger, bias changed depending on the object’s surface tex-

ture. When the surface texture of the lifted object is smooth, the perceived weight increase.

Additionally, Sakajiri et al. [15] report that perceptual bias is generated by a difference in the

reaction force direction while steering an automobile. Flanagan et al. and Sakajiri et al.

report that regarding sense of effort, bias can be affected by whether muscle force function-

ally acts on movement. This indicates that muscle is one key factor of force/weight

perception.

It has previously been reported that sense of effort and perception of force/heaviness are

linked because during muscle fatigue or paralysis, we perceive both a sense of increased force/

heaviness and an increase in effort [16–19]. Sense of effort is a motor command generated by

the central nervous system, and it refers to a signal sent from the brain to a peripheral system.

The larger the motor command, the more power a human can exert, and the size of the motor

command relates to the sense of effort size. Cafarelli et al. [20] used the intensity of muscle

activity as a sense of effort to investigate the relationship between muscle length and sense of

force. Moreover, Morree et al. [21] provide neurophysiological evidence that movement-

related cortical potential amplitude is correlated with sense of effort. Thus, previous studies

have indicated that sense of force/heaviness can be evaluated based on muscle activity, which

can be interpreted as sense of effort. The findings described above suggest that bias could

potentially be caused by changes in muscle activity with changing postures. However, no pre-

vious studies have investigated changes in force perceptual bias caused by changes in postures.

It may be possible to explain the generation mechanisms of postural dependence of force per-

ceptual bias by comparing muscle activity intensity, which reflects sense of effort. To investi-

gate this issue, we conducted a psychophysical experiment to confirm postural dependence,

and estimated muscle activity using a three-dimensional musculoskeletal model simulation

with postural and arm force data during the experiment. Additionally, the prediction of bias

was carried out by the simulation in the psychophysical experiment using these data. Overall,

in this study, we attempt to clarify human force discrimination in the experiment based on dif-

ferences in muscle activity.

Force perceptual bias caused by muscle activity in unimanual steering
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Materials and methods

Participants

The participants included nine healthy, right-handed subjects (nine males; mean [SD]: 21.8

[1.6] years old; 1.75 [0.06] m; 69.5 [6.7] kg). Of the nine participants, eight have official driver’s

licenses, and two drove on a regular basis. All participants gave written informed consent

before participating in the study. Participants were paid for their time. The experimental pro-

cedures were previously approved by the local research ethics committee (Nagoya Institute of

Technology).

Apparatus

We used a simulated steering device in the experiment, as shown in Fig 1. It was the system

used in [15]. A six-axis force sensor (BL Autotec, Ltd., Micro 5/50-S09) was attached at the

base of each handgrip to obtain the exerted force from the hand, and the torque presentation

was generated by two servomotors (maxon motor, RE40) attached to one end of the main

driveshaft. Each servomotor was attached to a 21:1 reduction gear (Harmonic Drive Systems

Inc., HPG-14A-21) and a rotary encoder (Microtech Laboratory Inc., ME-20) in order to

apply the desired reaction force and obtain the angle. The curved handgrips were made of

acrylic plastic and formed two arcs of a circle 350 millimeters in diameter.

Procedure

Psychophysical experiments were performed using the staircase method, which included

downward step and upward step, in which the test stimuli deviates from the reference stimulus

(very large and very small, respectively). In this case, very large/small means the subjects could

definitely perceive the difference from the reference stimulus. These test stimuli were con-

firmed before the experiment. The subjects were asked to compare the magnitude of the reac-

tion force in the reference posture and the experimental posture. They grasped the handgrip

with the right hand only. Each experimental posture is shown in Fig 2. The reference posture

was the initial position of the steering (0˚), and the experimental postures were static postures

of 30˚, 60˚, −30˚ and −60˚ from the reference. The reference stimulus was 2.0 Nm, and the

Fig 1. The simulated steering wheel device. The device included two servo motors to generate steering wheel torque

and a six-axis force sensor was attached at the base of each handgrip to obtain the exerted force from the hand.

However, we only used the right side grip in this experiment. It was the system used in [15].

https://doi.org/10.1371/journal.pone.0223930.g001
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experimental stimuli were changed in ascending or descending stepwise increments of 0.2 Nm

between 1.1–2.9 Nm. The experimental postures and magnitude of each test stimulus were

decided from the realistic condition [12]. The direction of the force was the same between the

reference and the test stimuli. The steering wheel rotated to the left at the experimental pos-

tures of 30˚ and 60˚, and the steering wheel rotated to the right at −30˚ and −60˚ because the

direction of the steering reaction force was the same as that of the actual steering reaction

force. The experimental tasks were as follows.

1. The participant grasped the handgrip with the right hand and memorized the magnitude of

the reference stimulus presented in the reference position for 3 seconds. The participant

maintained the posture while the stimulus was presented.

2. After changing to the experimental posture, the participant memorized the magnitude of

the test stimulus presented for 3 seconds. The participant maintained the experimental pos-

ture while the stimulus was presented.

3. The participant was asked which side was larger.

4. The subsequent test stimulus was modified based on the participant’s response.

According to the response of each trial, the test stimulus of the next trial for downward step

and upward step was changed as follows.

• Answer that the test stimulus was larger than the reference stimulus: reduce the test stimulus

by 0.2 Nm.

Fig 2. Experimental conditions. The subject grasped the right side of the steering wheel device and memorized the reference stimulus in the reference posture(0˚).

Afterward, the posture changed to the experimental postures(30˚, 60˚, −30, −60˚) and memorized the test stimuli (1.1–2.9 Nm, staircase method including upward

step and downward step). Then, the subject was asked about the larger stimulus. The tasks were repeated 50 times(25 upward step and 25 downward steps) in each

experimental posture.

https://doi.org/10.1371/journal.pone.0223930.g002
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• Answer that the test stimulus was smaller than the test stimulus: increase the test stimulus by

0.2 Nm.

These procedures were used in both downward and upward step. The downward and

upward step were conducted alternately. The test stimulus was repeated at the comparative

stimulus of the chance level that is, near the subjective equivalence value. To avoid the effect of

fatigue, a break was provided for each posture. To avoid the order effect, the order of the

experimental posture was randomized for each participant. A complete experimental session

for each participant consisted of 200 steering trials, with 25 upward and 25 downward steps in

each posture.

Muscle activity estimation using a 3D musculoskeletal model

We used OpenSim [22] to calculate the muscle activity in each experimental condition. Muscle

strength was calculated using a combination of elastic and contractile elements based on Hill’s

muscle model reported by Thelen [23]. The muscle parameters, such as the maximum isomet-

ric muscle strength FM, optimum muscle fiber length lM, and pennation angle of the muscle,

were determined according to a previous study [24]. In the muscle activity calculation, we

measured the reference posture (0˚) and the experimental posture (30, 60, −30, −60 ˚) using

six motion capture systems (Optitrack, Optitrack Flex3), and joint angle and joint torque were

calculated using inverse kinematics and inverse dynamics. The reflex marker was attached to

the shoulder, elbow, wrist, and hand, as shown in Fig 2. Muscle strength was determined by

optimizing the muscle activity to balance the joint torque. The m-th muscle was calculated to

satisfy the following Eq 1.

Xn

m¼1

ðamF
0

mÞrm;j ¼ tj: ð1Þ

F0
m is the isometric maximum muscle strength, τj is the joint torque at the j-th joint, and rm,j is

the moment arm. α represents muscle activity and is a continuous function of αm(0� αm� 1),

which can be regarded as a control signal in the musculoskeletal system [22]. Based on the rela-

tionship between the motor unit firing frequency and muscle activity, the higher the motor

unit firing frequency, the greater the muscle activity [25]. The moment arm was determined

by the m-th muscle length lm and the j-th joint angle [26, 27].

rm;j ¼
dlm
dyj

: ð2Þ

The following shows the relationship between muscle strength Fm and muscle activity αm.

Fm ¼ amF0
m
�f lð�lmÞ þ F0

m
�FPEð�lmÞ: ð3Þ

�lm is the normalized muscle fiber length, and �f lð�lmÞ is the normalized muscle strength-length

relationship. We used the parameter of �f lð�lmÞ and �FPEð�lmÞ from a previous study [24].

Data analysis

Perceptual bias. In the psychophysical experiment, we calculated the perceptual bias to

determine whether a perceived force with an experimental posture was perceived differently

when compared with a reference posture. The percentage of responses indicating that the test

stimulus was “larger” were calculated for each presented comparison. The percentages were

Force perceptual bias caused by muscle activity in unimanual steering
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plotted, and a psychometric curve was fitted to the points with a cumulative Gaussian distribu-

tion:

f ðxÞ ¼
1

2
1þ erf

x � ð2:0þ mÞ
s
ffiffiffi
2
p

� �� �

; ð4Þ

where μ and σ are the fitted parameters representing the mean and SD of the curve, respec-

tively. Because some experimental stimuli were presented more often than others, a weighted

least squares fit was used [28]. The value of μ represents the perceptual bias and 2.0 + μ repre-

sents the points of subjective equality for a specific session. A positive value represents an over-

estimate (i.e., the reference stimulus was perceived to be larger than it actually was in the

experimental posture). In contrast, a negative value represents an underestimate (i.e., the refer-

ence stimulus felt lighter in the experimental posture). The average bias for all subjects was cal-

culated from the experimental results, and the comparison was carried out using Student’s t-

tests (significance level: 5%) between the reference and experimental postures. Additionally,

analysis of variance (ANOVA) was performed between the experimental postures, and pair-

wise comparisons using the Holm method were performed (significance level: 5%).

Prediction of perceptual bias from muscle activity. In the muscle activity estimation,

postural data that were obtained using a motion capture system and force data during each

trial were used. In operation of the steering wheel, the previous study reported that the arm

and shoulder move to make the positive tangential steering force by moving with forward ele-

vation. For the negative tangential steering force, the arm and shoulder move in a downward

direction [29]. These movements are created from the deltoid muscle (anterior, medial, and

posterior), the pectoralis major muscle (upper and medial portion), the biceps brachii(long

and short), and the triceps brachii (long head and lateral part). Therefore, we used these mus-

cles as representative muscles. In this study, we used the average of the above-mentioned four

muscles. The muscle activity differences between the experimental postures were compared

using ANOVA, and pairwise comparisons were performed using the Holm method (signifi-

cance level: 5%). In a previous study, we proposed an estimation model of the force percep-

tion-change ratio using muscle activity during steering [12]. It is possible to estimate the

perceived force using this model. In this model, the magnitude of perceived force was mea-

sured using the psychophysical experiment, and logarithmic fitting was performed based on

Weber-Fechner’s law:

Fp ¼ alogFa þ b: ð5Þ

where Fp is the perceived force, Fa is the applied force, and a and b are coefficients obtained

using the least square method. In addition, muscle activity against the force magnitude Fa was

estimated using a three-dimensional musculoskeletal model. The muscles used in the muscle

activity estimation were the same as those described above. We obtained the linear relationship

between the Fa and the muscle activity.

a ¼ kFa þm; ð6Þ

where α is the muscle activity, and k and m are the coefficients obtained using the least-square

method. By substituting Eq 6 into Eq 5, we obtained the following equation:

Fp ¼ alogð
a � m

k
Þ þ b: ð7Þ

Table 1 lists the coefficient values in Eq 7. This equation can be expressed as a function of

Force perceptual bias caused by muscle activity in unimanual steering
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the muscle activity. Using Eq 7, the perceived force Fp can be predicted from the muscle

activity.

We predicted the perceptual bias in each posture using these equations. First, muscle activ-

ity was estimated using the stimulus force data and posture (reference and experimental,

respectively). The Fp values were then estimated in both conditions, and a comparison was car-

ried out. In cases where the Fp of the test stimulus was larger than that of the reference stimu-

lus, we recorded the response as “larger”. The calculation method of the force perceptual bias

followed the technique described in the “Perceptual Bias” chapter, and the predicted force per-

ceptual bias μpredict was calculated. The accuracy was verified by obtaining the correlation coef-

ficient between the true value and the predicted value.

Results

Force perceptual bias

In this experiment, we investigated the perceptual bias in driving posture using a psycho-

physical experiment. Fig 3 shows the results of the psychophysical experiments on the

representative subjects. Fig 3(a) shows the trajectory of a given test stimulus during the exper-

iment. It is predicted that the subject overestimated the reference stimulus because the plots

are mostly located at positions larger than 2.0. In Fig 3(b), a psychophysical curve was calcu-

lated using the results of Fig 3(a). A positive perceptual bias existed because the center of the

“larger steering force”(PSE = 0.5) shifted to greater than the reference stimulus. Fig 4 shows

the average of the perceptual bias calculated from the results of the psychophysical experi-

ment. The bias for each posture was compared with the reference posture using Student’s t-

tests (significance level: 5%). Significant differences were found at 30˚ (t = 2.7, p = 0.03), −30˚

(t = −9.0, p< 0.001), and −60˚ (t = −6.5, p< 0.001). No significant differences were observed

at 60˚ (t = 0.16, p = 0.9). An ANOVA revealed significant differences (F1,8 = 28.3, p< 0.001)

between each experimental posture. In pairwise comparisons, significant differences were

observed at 30˚ versus −30˚(t = 9.4, p< 0.001), 30˚ versus −60˚(t = 7.2, p< 0.001), 60˚ versus

−30˚(t = 4.7, p = 0.002), and 60˚ versus −60˚(t = 4.1, p = 0.01). No significant differences

were observed at 30˚ versus 60˚(t = 2.6, p = 0.06) and −30˚ versus −60˚(t = 1.3, p = 0.2). The

results show that perceptual bias existed in each experimental posture except for 60˚. Addi-

tionally, it was shown that there is a significant difference in the size of the bias based on the

posture.

Muscle activity estimation and bias prediction from muscle activity

The psychophysical experiment showed that perceptual biases existed in the experimental

postures (except for 60˚). To further investigate the perceptual bias, we estimated the muscle

activity in the experimental postures. Fig 5 shows the representative results of the muscle

activity estimation. As a representative results, 1.9 was chosen because it was found most

Table 1. Model coefficients.

Coefficient Value

a 11.74

b −14.91

k 0.0015

m 0.00059

https://doi.org/10.1371/journal.pone.0223930.t001
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frequently among all subjects in the experiment. An ANOVA revealed significant differences

(F = 1.2 � 103, p< 0.001) between each experimental posture. In pairwise comparisons, signifi-

cant differences were observed at 30˚ versus 60˚(t = −3.35, p< 0.001), 30˚ versus −30˚(t =

−52.2, p< 0.001), 30˚ versus −60˚(t = −27.1, p< 0.001), 60˚ versus −30˚(t = −49.7, p< 0.001),

60˚ versus −60˚(t = −24.3, p< 0.001), and −30˚ versus −60˚(t = 25.0, p< 0.001). Fig 6 shows

the muscle activity estimation result of the reference angle. These muscle activities are com-

pared using Welch’s t-tests (significance level: 5%). The result showed a significant difference

between the directions of the force(t = −1.93 � 102, p< 0.001). Fig 7 shows the plots between

the predicted bias μpredicted and the measured bias. We obtained a significant, moderate corre-

lation (r = 0.56, p = 0.0028). These results indicate that muscle activity varied with posture,

suggesting that muscle activity affected differences in the perceptual bias.

Fig 3. A typical result from the psychophysical experiment. (a) shows the trajectory of a given test stimulus during

the experiment on the representative subject. Each step was given 25 times. In (b), each data point shows the

percentage of responses in which the test stimulus was reported as “larger”, calculated for each presented comparison.

The solid line shows the psychometric curve fitted to the answer plot with a cumulative Gaussian distribution using the

weighted least-squares method.

https://doi.org/10.1371/journal.pone.0223930.g003
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Fig 4. The result of the psychophysical experiment. A positive value represents an overestimate (i.e., the reference

stimulus was perceived to be larger than it actually was in the experimental posture). A negative value represents an

underestimate (i.e., the reference stimulus felt lighter in the experimental posture).

https://doi.org/10.1371/journal.pone.0223930.g004

Fig 5. Mean muscle activity for each angle in all participants (with a stimulus of 1.9 Nm). The 1.9 Nm test stimulus

was used as a force value in the muscle activity estimation because this stimulus trial was the most common across all

participants and postures.

https://doi.org/10.1371/journal.pone.0223930.g005
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Fig 6. Mean muscle activity of reference angle in all participants. In 30˚ and 60˚, the anti-gravitational force is given

for the reference force in the 0˚ posture, and the gravitational force is given for the reference force in the 0˚ posture in

−30˚ and −60˚. The Welch’s t-test showed a significant difference between the directions of the force(t = −1.93 � 102,

p< 0.001).

https://doi.org/10.1371/journal.pone.0223930.g006

Fig 7. The scatter plots show the predicted bias from the calculation and the measured bias from the

psychophysical experiment. The solid line is the line of equality, where the predicted bias and measured bias exactly

matched. We obtained a significant moderate correlation (r = 0.56, p = 0.0028).

https://doi.org/10.1371/journal.pone.0223930.g007
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Discussion

Bias and muscle activity

The results revealed significant differences when compared with the reference posture (i.e.,

force perceptual bias was caused by changing the posture) in all positions except for 60˚.

Additionally, the muscle activity estimation was also carried out in each trial. As shown in

Fig 5, muscle activity varied depending on the posture, even when the same stimulus was

presented to participants. Jones reported that when the weight of an object is discriminated,

the relative size is perceived and scaled by the range of muscle activities involved in motion

[3, 30]. This finding indicates that high muscle activity could potentially cause perceptual

bias.

The results of the psychopsysical experiment revealed a significant difference between pos-

tures, as shown in Fig 4. Additionally, significant differences existed between the anti-gravita-

tional and gravitational directions, as shown in Fig 6. These results suggest that the force

direction during the trials affected the perceptual characteristics, similar to the results of Saka-

jiri et al., who reported an effect of whether the force direction was in the gravitational direc-

tion or not [15].

Human somatic sensation is known to change depending on whether the direction of the

force is in the gravitational direction or not, and many studies have examined the effects of

gravity. In the field of developmental psychology, Hood et al. report that infants learn the effect

of gravity on objects as they age [31]. People move on the assumption that there is gravity [32],

and the weight discrimination threshold rises in zero-gravity space [33]. In addition, Young

et al. report that the positional sense of the body is lost, and motor skill decreases, when sub-

jects operate in the absence of vision under zero-gravity space conditions [34]. The direction

of the reaction force changes depending on the rotating direction in steering and becomes the

anti-gravitational direction depending on the position of the arm. In the 30˚ and 60˚ condi-

tions, the force direction is anti-gravitational because only the right hand gripped the steering

wheel in this experiment. The reaction force can be offset by the arm’s own weight in the anti-

gravitational direction. Therefore, the muscle activity becomes low at 30˚ and 60˚. Perceptual

bias would also be expected to be affected by the difference in muscle activity with the direc-

tion of force.

Bias prediction

We conducted a psychophysical simulation experiment to predict bias using estimated muscle

activity from postures and arm force data during the experimental tasks. The results revealed a

significant moderate correlation between the predicted bias and the actual bias, indicating that

human force discrimination could be predicted relatively accurately based on the psychophysi-

cal experimental simulation. Since only the estimated muscle activity was used, the prediction

made it easier to examine the bias, compared with the experimentally determined muscle

activity. Additionally, from the perspective of the force perception mechanisms of the body, it

is possible to explain the bias based on muscle activity. Consideration of perceptual bias in

steering is useful for designing steering reaction force, and the improvement of operability

could play an important role in preventing operational error.

In recent years, however, it has been reported that afferent signals from muscle spindles

and skin receptors in the periphery are also important factors in determining sense of force/

heaviness [19, 35, 36]. Although it has been confirmed that the sense of effort can be used for

judging force/heaviness, an influential current hypothesis predicts that judgments of force/

heaviness are based not only on sense of effort but also on feedback of afferent signals
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returning from the periphery [37]. Monjo et al. propose that humans do not perceive signals of

only efferent or afferent signals as sense of effort but can perceive effort by changes in weight

between both signals according to the experimental conditions [38]. The present experiment

did not include conditions such as paralysis of muscle spindles. However, as Proske et al.

report, it is necessary to provide participants with proper instructions when examining either

efferent or afferent signals alone [19]. Since the prediction is carried out only by the muscle

activity interpreted as the efferent signal, the afferent signals, such as sensing information from

the muscle spindle and cutaneous sensation, which can be considered afferent feedback,

appear to affect the prediction accuracy.

Additionally, although the range of steering reaction force is the same in the estimation

model, the model was based on psychophysical experiments using both hands. Therefore, the

current model cannot be completely applied in this case.

The accuracy of predicting perceptual bias depends on the accuracy of estimating the mus-

cle activity using the musculoskeletal model. In this estimation, muscle co-contraction is

neglected in the estimation of muscle activity using our method. Humans are known to per-

form stable movements by increasing joint stiffness through muscle co-contraction [39–41].

Therefore, it is important to consider muscle co-contraction when estimating muscle activity,

to improve estimation accuracy. Additionally, Osu et al. report that muscle co-contraction

decreases as humans become accustomed to motor tasks [42]. In other words, it is possible to

improve accuracy by reducing the effect of co-contraction by setting experimental conditions

under which co-contraction does not occur, or by selecting subjects who are familiar with

such motor tasks.

Conclusion

In the current study, we investigated whether force perceptual bias depends on posture while

steering using a psychophysical experiment. The results revealed bias at postural angles of 30˚,

−30˚, and −60˚. These findings suggested that muscle activity increases by changing the pos-

ture and direction of the reaction force. We predicted the force perceptual bias using muscle

activity during the experimental task and obtained a significant moderate correlation between

the predicted and measured bias. The results of the prediction indicated that it is possible to

predict perceptual bias with relatively high accuracy using muscle activity, interpreted as sense

of effort. In future studies, we plan to test steering reaction force conditions considering this

perceptual bias, to investigate the relationship with the sensation of steering.

Author Contributions

Conceptualization: Yusuke Kishishita, Yoshihiro Tanaka, Yuichi Kurita.

Data curation: Yusuke Kishishita.

Formal analysis: Yusuke Kishishita.

Investigation: Yusuke Kishishita.

Methodology: Yusuke Kishishita, Yoshihiro Tanaka, Yuichi Kurita.

Project administration: Yoshihiro Tanaka, Yuichi Kurita.

Resources: Yoshihiro Tanaka.

Software: Yusuke Kishishita.

Supervision: Yoshihiro Tanaka, Yuichi Kurita.

Force perceptual bias caused by muscle activity in unimanual steering

PLOS ONE | https://doi.org/10.1371/journal.pone.0223930 October 22, 2019 12 / 14

https://doi.org/10.1371/journal.pone.0223930


Validation: Yusuke Kishishita.

Visualization: Yusuke Kishishita.

Writing – original draft: Yusuke Kishishita, Yoshihiro Tanaka, Yuichi Kurita.

Writing – review & editing: Yusuke Kishishita, Yoshihiro Tanaka, Yuichi Kurita.

References
1. Lindsay P, Norman D, editors. Human information processing: an introduction to psychology. Academic

Press; 1977.

2. Stevens S, editor. Psychophysics: introduction to its perceptual, neural, and social Prospects. John

Wiley & Sons Inc; 1975.

3. Jones L. Perception of force and weight: Theory and research. Psychol Bull. 1986; 100:29–42. https://

doi.org/10.1037/0033-2909.100.1.29 PMID: 2942958

4. De Camp J. The influence of color on apparent weight. A preliminary study. Journal of Experimental

Psychology. 1917; 2(8):347–370. https://doi.org/10.1037/h0075903

5. Gandevia S, McCloskey D. Sensations of heaviness. Brain. 1977; 100(2):345–354. https://doi.org/10.

1093/brain/100.2.345 PMID: 884488

6. Joseph M. Muscle fatigue degrades force sense at the ankle joint. International Journal of Industrial

Ergonomics. 1999; 24:223–233.

7. Nicolas V, Matthieu B. Muscular fatigue and its effects on weight perception. Gait & Posture. 2008;

28:521–524.

8. Newberry A, Griffin M, Dowson M. Driver perception of steering feel. J Automobile Engineering. 2007;

221:405–415. https://doi.org/10.1243/09544070JAUTO415

9. Steven S. On the psychophysical law. Psychological Review. 1957; 64(3):153–181. https://doi.org/10.

1037/h0046162

10. Takemura K, Yamada N, Kishi A, Nishikawa K, Nouzawa T, Kurita Y, et al. A subjective force perception

model of humans and its application to a steering operation system of a vehicle. In: IEEE International

Conference of Systems, Man, and Cybernetics; 2013;3675–3680.

11. Fechner G, editor. Elements of psychophysics. Translated by Holt Helmut E., Rinehart and Winston,

U.S.; 1966.

12. Kishishita Y, Takemura K, Yamada N, Hara T, Kishi A, Nishikawa K, et al. Prediction of perceived steer-

ing wheel operation force by muscle activity. IEEE Transactions on Haptics. 2018; 11:590–598. https://

doi.org/10.1109/TOH.2018.2828425 PMID: 29993646

13. van Polanen V, Tibold R, Nuruki A, Davare M. Visual delay affects force scaling and weight perception

during object lifting in virtual reality. Journal of Neurophysiology. 2019; 121:1398–1409. https://doi.org/

10.1152/jn.00396.2018 PMID: 30673365

14. Flanagan J, Wing A, Allison S, Spenceley A. Effects of surface texture on weight perception when lifting

objects with a precision grip. Perception & Psychophysics. 1995;282–290. https://doi.org/10.3758/

bf03213054 PMID: 7770320

15. Sakajiri T, Tanaka Y, Sano A. Relation between gravitational and arm-movement direction in the mech-

anism of perception in bimanual steering. Experimental Brain Research. 2013; 231:129–138. https://

doi.org/10.1007/s00221-013-3676-0

16. Jones L, Hunter I. Effect of fatigue on force sensation. Experimental Neurology. 1983; 81:650–650.

https://doi.org/10.1016/0014-4886(83)90332-1

17. McCloskey D, Brookhart J, Mountcastle V, Brooks V, Geiger S, editors. Corollary discharges: motor

commands and perception. American Physiological Society; 1981.

18. McCloskey D, Gandevia S, Potter E, Colebatch J. Muscle sense and effort: motor commands and judg-

ments about muscular contractions. Advances in Neurology. 1983; 39:151–167. PMID: 6229157

19. Proske U, Allen T. The neural basis of the senses of effort, force and heaviness. Experimental Brain

Research. 2019; 237:589–599. https://doi.org/10.1007/s00221-018-5460-7 PMID: 30604022

20. Cafarelli E, Bigland-Rilchie B. Sensation of static force in muscles of different length. Experimental Neu-

rology. 1979; 65:511–525. https://doi.org/10.1016/0014-4886(79)90040-2 PMID: 467557

21. Morree H, Klein C, Marcora S. Perception of effort reflects central motor command during movement

execution. Psychophysiology. 2012; 49:1242–1253. https://doi.org/10.1111/j.1469-8986.2012.01399.x

PMID: 22725828

Force perceptual bias caused by muscle activity in unimanual steering

PLOS ONE | https://doi.org/10.1371/journal.pone.0223930 October 22, 2019 13 / 14

https://doi.org/10.1037/0033-2909.100.1.29
https://doi.org/10.1037/0033-2909.100.1.29
http://www.ncbi.nlm.nih.gov/pubmed/2942958
https://doi.org/10.1037/h0075903
https://doi.org/10.1093/brain/100.2.345
https://doi.org/10.1093/brain/100.2.345
http://www.ncbi.nlm.nih.gov/pubmed/884488
https://doi.org/10.1243/09544070JAUTO415
https://doi.org/10.1037/h0046162
https://doi.org/10.1037/h0046162
https://doi.org/10.1109/TOH.2018.2828425
https://doi.org/10.1109/TOH.2018.2828425
http://www.ncbi.nlm.nih.gov/pubmed/29993646
https://doi.org/10.1152/jn.00396.2018
https://doi.org/10.1152/jn.00396.2018
http://www.ncbi.nlm.nih.gov/pubmed/30673365
https://doi.org/10.3758/bf03213054
https://doi.org/10.3758/bf03213054
http://www.ncbi.nlm.nih.gov/pubmed/7770320
https://doi.org/10.1007/s00221-013-3676-0
https://doi.org/10.1007/s00221-013-3676-0
https://doi.org/10.1016/0014-4886(83)90332-1
http://www.ncbi.nlm.nih.gov/pubmed/6229157
https://doi.org/10.1007/s00221-018-5460-7
http://www.ncbi.nlm.nih.gov/pubmed/30604022
https://doi.org/10.1016/0014-4886(79)90040-2
http://www.ncbi.nlm.nih.gov/pubmed/467557
https://doi.org/10.1111/j.1469-8986.2012.01399.x
http://www.ncbi.nlm.nih.gov/pubmed/22725828
https://doi.org/10.1371/journal.pone.0223930


22. Delp S, Anderson F, Arnold A, Loan P, Habib A, John C, et al. Opensim: opensource software to create

and analyze dynamic simulations of movement. IEEE Transactions on Biomedical Engineering. 2007;

54(11):1940–1950. https://doi.org/10.1109/TBME.2007.901024

23. Thelen D. Adjustment of muscle mechanics model parameters to simulate dynamic contractions in

older adults. Journal of Biomechanical Engineering. 2003; 25:70–77. https://doi.org/10.1115/1.1531112

24. Holzbaur K, Murray W, Delp S. A model of the upper extremity for simulating musculoskeletal surgery

and analyzing neuromuscular control. Annals of Biomedical Engineering. 2005; 33(6):829–840. https://

doi.org/10.1007/s10439-005-3320-7 PMID: 16078622

25. Zajac F. Muscle and tendon: properties, models, scaling, and application to biomechanics and motor

control. Critical Reviews in Biomedical Engineering. 1989; 17(4):359–411. PMID: 2676342

26. Lieber R, Bodine-Fowler S. Skeletal muscle mechanics: implications for rehabilitation. Physical Ther-

apy. 1993; 73(12):844–856. https://doi.org/10.1093/ptj/73.12.844 PMID: 8248293

27. Lanczos C, editor. The variational principles of mechanics. Dover Publications, NewYork; 1949.

28. Kahrimanovic M, Tiest W, Kappers A. The shapeweight illusion. In: EuroHaptics’10 Proceedings of the

2010 International Conference on Haptics; 2010.p.17–22.

29. Pick A, Cole D. Measurement of driver steering torque using electromyography. Journal of Dynamic

Systems Measurement and Control. 2006; 128:960–968. https://doi.org/10.1115/1.2363198

30. Jones L. Perceptual constancy and the perceived magnitude of muscle forces. Experimental Brain

Research. 2003; 151:197–203. https://doi.org/10.1007/s00221-003-1434-4 PMID: 12768260

31. Hood B. Gravity rules for 2- to 4-year olds? Cognitive Development. 1995; 10:577–598.

32. Winter J, Allen T, Proske U. Muscle spindle signals combine with the sense of effort to indicate limb

position. The Journal of Physiology. 2005; 568(Pt 3):1035–1046. https://doi.org/10.1113/jphysiol.2005.

092619 PMID: 16109730

33. Ross H, Brodie E, Benson A. Mass-discrimination in weightlessness and readaptation to earth’s gravity.

Experimental Brain Research. 1986; 65:358–366.

34. Young L, Oman C, Merfeld C, Watt D, Roy S, DeLuca C, et al. Spatial orientation and posture during

and following weightlessness: human experiments in Spacelab Life Sciences 1. Journal of Vestibular

Research. 1993; 3:231–239. PMID: 8275259

35. Luu B, Day B, Cole J, Fitzpatrick R. The fusimotor and reafferent origin of the sense of force and weight.

Journal of Physiology. 2011; 589(13):3135–3147. https://doi.org/10.1113/jphysiol.2011.208447 PMID:

21521756

36. Brooks J, Allen T, Proske U. The senses of force and heaviness at the human elbow joint. Experimental

Brain Research. 2013; 226:617–629. https://doi.org/10.1007/s00221-013-3476-6 PMID: 23525562

37. Phillips D, Kosek P, Karduna A. Force perception at the shoulder after a unilateral suprascapular nerve

block. Experimental Brain Research. 2019. https://doi.org/10.1007/s00221-019-05530-1 PMID:

30929033

38. Monjo F, Shemmell J, Forestier N. The sensory origin of the sense of effort is context-dependent.

Experimental Brain Research. 2018; 236:1997–2008. https://doi.org/10.1007/s00221-018-5280-9

PMID: 29730751

39. Hogan N. Adaptive control of mechanical impedance by coactivation of antagonist muscles. IEEE

Transactions on Automatic Control. 1984;681–690. https://doi.org/10.1109/TAC.1984.1103644

40. Baratta R, Solomonow M, Zhou B, Letson D, Chuinard R. Muscular coactivation: The role of the antago-

nist musculature in maintaining knee stability. The American Journal of Sports Medicine. 1988; 16:113–

122. https://doi.org/10.1177/036354658801600205

41. Gribble P, Mullin L, Cothros N, Mattar A. Role of cocontraction in arm movement accuracy. Journal of

Neurophysiology. 2003; 89(5):2396–2405. https://doi.org/10.1152/jn.01020.2002 PMID: 12611935

42. Osu R, Franklin D, Kato H, Gomi H, Domen K, Yoshioka T, et al. Short- and long-term changes in joint

co-contraction associated with motor learning as revealed from surface EMG. Journal of Neurophysiol-

ogy. 2002; 88(2):991–1004. https://doi.org/10.1152/jn.2002.88.2.991 PMID: 12163548

Force perceptual bias caused by muscle activity in unimanual steering

PLOS ONE | https://doi.org/10.1371/journal.pone.0223930 October 22, 2019 14 / 14

https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1115/1.1531112
https://doi.org/10.1007/s10439-005-3320-7
https://doi.org/10.1007/s10439-005-3320-7
http://www.ncbi.nlm.nih.gov/pubmed/16078622
http://www.ncbi.nlm.nih.gov/pubmed/2676342
https://doi.org/10.1093/ptj/73.12.844
http://www.ncbi.nlm.nih.gov/pubmed/8248293
https://doi.org/10.1115/1.2363198
https://doi.org/10.1007/s00221-003-1434-4
http://www.ncbi.nlm.nih.gov/pubmed/12768260
https://doi.org/10.1113/jphysiol.2005.092619
https://doi.org/10.1113/jphysiol.2005.092619
http://www.ncbi.nlm.nih.gov/pubmed/16109730
http://www.ncbi.nlm.nih.gov/pubmed/8275259
https://doi.org/10.1113/jphysiol.2011.208447
http://www.ncbi.nlm.nih.gov/pubmed/21521756
https://doi.org/10.1007/s00221-013-3476-6
http://www.ncbi.nlm.nih.gov/pubmed/23525562
https://doi.org/10.1007/s00221-019-05530-1
http://www.ncbi.nlm.nih.gov/pubmed/30929033
https://doi.org/10.1007/s00221-018-5280-9
http://www.ncbi.nlm.nih.gov/pubmed/29730751
https://doi.org/10.1109/TAC.1984.1103644
https://doi.org/10.1177/036354658801600205
https://doi.org/10.1152/jn.01020.2002
http://www.ncbi.nlm.nih.gov/pubmed/12611935
https://doi.org/10.1152/jn.2002.88.2.991
http://www.ncbi.nlm.nih.gov/pubmed/12163548
https://doi.org/10.1371/journal.pone.0223930

