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ABSTRACT Appropriate reaction force design is essential to improve the lever operability of a hydraulic
excavator that is difficult to operate. However, the force characteristics a human perceives when operating
these levers are unknown. It is unclear whether the reaction force characteristics of the conventional lever
are optimum for humans. Thus, this study aims to clarify the perceived force characteristics during the
lever operation and verify the effectiveness of the lever reaction force design. In this study, a perceived
force prediction method was proposed based on a musculoskeletal simulation for the lever operation. Also,
it was confirmed that the perceived force could be estimated within a 7.8%–14.3% root mean square error.
Furthermore, we developed the lever with the reaction force characteristics in which the perceived force
varied linearly with the lever angle and confirmed that the proposed lever significantly improved operability
when performing the leveling task with the excavator.

INDEX TERMS Sense of force, muscle activity, user interface, hydraulic excavator.

I. INTRODUCTION
In construction fields, the number of industrial workers
continuously decreases and productivity improvement has
become a problem. Enhancing the work efficiency of a
hydraulic excavator, which is a typical construction machine,
is necessary for productivity improvement. The excavator is
operated using two levers located at the left and right sides
of the operator’s seat. Fig. 1 shows the operation pattern of
an excavator based on the ISO standard (ISO 10968:2020).
To operate the excavator efficiently, the operator needs
advanced skills. Sekizuka et al. developed a system aimed
to increase the efficiency of operational training for the
excavator and constructed evaluation indices for the operation
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skills [1], [2]. This system easily enables training and is
realized using a remote-controlled excavator and virtual
reality technology.

Furthermore, it is essential to improve the excavator’s
operability. The feedback design of the operational interface
of a tool or machine is directly linked to its operability.
Conventional studies have shown that appropriate feedback
design using graphics, sound, and vibration improves oper-
ability [3]–[5]. Ito et al. upgraded the operability of a
teleoperated excavator by presenting the machine instability
during excavation with visual information [6], [7]. The
reaction force design of the operator interface also increases
operability. Various studies have been conducted on force
feedback devices to improve the operability of construction
machinery by compensating for the lack of information when
operating the excavator [8]–[10]. Some recent studies have
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logically dealt with the force feedback control to present
stable forces under the influence of external factors [11]–[13].
However, the force characteristics a human perceives when
operating these levers are unknown. It is unclear whether
the reaction force characteristics of the conventional lever
without active force feedback and devices that present the
machine’s physical information in terms of force sensors are
optimal for humans.

The operability of a vehicle’s steering wheel changes
when the reaction force characteristics vary. Takemura et al.
reported that the subjective perceptual force obtained by
psychophysical experiments correlated more with the steer-
ing wheel operability than the quantitative physical force
measured by sensors [14]. Jones reported that the perceived
force is affected by the physical characteristics of an
object and the human psychophysical characteristics [15].
Furthermore, Takemura et al. reported that the perceptual
force bias was affected by differences in posture while
steering a vehicle [16]. McCloskey et al. revealed that the
magnitude of effort is strongly correlated with the judgment
of force and heaviness [17]. Cafarelli and Bigland-Ritchie
discovered that the muscle activity could be used to estimate
the effort [18]. Morree et al. provided neurophysiological
evidence of the correlation between muscle activity and
effort sensing [19]. These studies propose that the sense of
effort can be predicted by estimating the muscle activity
intensity. Kishishita et al. constructed a perceived force
prediction model for steering operations by estimating the
muscle activity based on posture, external force, and a three-
dimensional (3D) musculoskeletal model [20]. They also
explained the postural bias in the perception of the steering
reaction force [21]. Thus, these previous studies advocate
that the appropriate design of the perceived force can also
enhance the operability of operational interfaces other than
the steering wheel.

Our study aims to clarify the perceived force characteristics
during the lever operation and verify the effectiveness of
the lever reaction force design. Based on a musculoskeletal
simulation, a perceived force prediction method is proposed
for the lever operation. Moreover, the lever is adopted such
that the perceived force varies linearly with the lever angle
and verifies the effect of the proposed lever reaction force on
the operability when performing the leveling task with the
excavator. The problems dealt with in this study and their
proposed solutions are presented below.

1) The force characteristics a human perceives when
operating the lever are unknown, and no reaction force
design method optimized for human senses has been
proposed. We proposed a method for predicting the
perceived force during the lever operation based on
the muscle activity estimation by a musculoskeletal
simulation.

2) It may be possible to improve the hydraulic excavator’s
operability by optimizing the lever reaction force for
human force perception characteristics. The lever is
developed such that the perceived force varies linearly

FIGURE 1. Conventional lever of a hydraulic excavator.

with the lever angle. Furthermore, we confirmed that
the proposed reaction force characteristics improve
the operability when performing the leveling task
with the excavator. This finding suggests the superior
effectiveness of considering the humanly perceived
force than the physical force in the lever reaction force
design.

The rest of this paper is organized as follows: Section II
describes the construction of a perceived force prediction
model for the lever operation. Next, Section III describes the
verification of the designed lever’s operability. Furthermore,
Section IV discusses the results, and Section V concludes the
study and presents future works.

II. CONSTRUCTION OF PERCEIVED FORCE PREDICTION
MODEL DURING LEVER OPERATION
A. METHODOLOGY
In this study, a perceived force prediction model was
constructed for the lever operation following the perceived
force prediction method for the steering operation of a
car, as proposed by Kishishita et al. [20]. Their estimation
method is explained below. The perceived force when a
reaction force is applied while holding the steering wheel is
measured. The relationship between the applied force Fa and
the perceived force Fp follows the Weber–Fechner law [22]
and is approximated by the following equation:

Fp = a0 logFa + b0, (1)

where a0 and b0 are coefficients when the steering angle is
0◦. Here, the force perception-change ratio P is defined as
follows:

P =
Fp
Fa
=
a0 logFa + b0

Fa
. (2)

Here, P is determined uniquely using Fa. However,
Takemura et al. reported that the perceived force changes
depending on the body posture [16]. As described in the
Introduction, a human judges the force based on the sense
of effort [17]. The applied muscle varies according to
posture, even when the hand outputs the force in the same
direction and with identical magnitudes. Therefore, the sense
of effort also changes when the posture varies. Cafarelli
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and Bigland-Ritchie revealed that the muscle activity could
be used to estimate the effort [18]. This fact suggests that
describing the change in the perceived force depending
on the posture can be actualized by expressing the force
perception-change ratio using the muscle activity instead
of the applied force. Kishishita et al. explained the force
perception-change ratio using the muscle activity estimated
by a 3D musculoskeletal simulation. They confirmed the
linear relationship between the applied force Fa and muscle
activity α in the steering posture. α is expressed by the
following equation:

α = kjFa + mj, (3)

where kj and mj are coefficients when the steering angle
is j. (3) expresses the relationship between Fa and α when
the reaction force is applied while the steering angle is
maintained at j. kj and mj are determined according to the
posture in which the muscle activity is estimated because
they change depending on the steering angle j. Furthermore,
(3) shows that the postural effect on the muscle activity
varies according to the steering angle and correlates with the
human sense of force. The following equation is obtained by
rearranging (3):

Fa =
α − mj
kj

. (4)

Then, the following equation is obtained by substituting (4)
into (2):

P =
Fp
Fa
=

kj
(
a0 log

(
α−mj
kj

)
+ b0

)
α − mj

. (5)

This equation demonstrates that the force perception-change
ratio can be expressed as a function of the muscle activity
based on the posture when the steering angle is j. The muscle
activity can be obtained via optimization calculations using
a musculoskeletal model with the posture and external force
as inputs. Thus, P for a particular posture can be computed
from the representative value of α. Finally, Fp is given as a
function of Fa by the following equation:

Fp = P · Fa. (6)

In this study, we constructed a perceived force prediction
model for the lever following the above method. However,
it was unconfirmed whether (1) and (3) are satisfied during
the lever operation. Therefore, we investigated the perceived
force and muscle activity characteristics for the applied force
during the lever operation.

B. MUSCLE ACTIVITY ESTIMATION BY
MUSCULOSKELETAL SIMULATION
in this study, we estimated the muscle activity using Open-
Sim, an open-source software for biomechanical modeling,
simulation, and analysis [23]. The 3D musculoskeletal model
was developed based on the previously reported body
model [24]. Moreover, the muscle force was calculated using

the muscle contraction model based on the Hill-type muscle
model with elastic and contractile components proposed by
Thelen [25]. The maximum isometric force FM , optimal
muscle-fiber length lM , and pennation angle of the muscles
were determined based on the parameters reported by
Holzbaur et al. [26]. The muscle activity was obtained
from the motion and external force data via optimization
computations in OpenSim. First, the joint angle and torque
were estimated by inverse kinematics and inverse dynamics
calculations from the external force and marker position
data measured using the motion capture system. Then, the
muscle force that balances the joint torque was determined
by optimizing the muscle activity. Here the muscle activity
of the m-th muscle satisfies the following equation:

n∑
m=1

(αmF0
m)rm,j = τj, (7)

where F0
m is the maximum isometric force, τj is the joint

torque of the j-th joint, and rm,j is the moment arm parameter.
α is a continuous variable bounded by αm(0 ≤ αm ≤ 1); it can
be viewed as the controls to the musculoskeletal system [23].
By using the relationship between the motor unit firing rate
and muscle activity, the muscle activity (muscle excitation)
is increased by increasing the motor unit firing rate [27]. The
moment arm parameters were determined using the muscle
length of the m-th muscle lm and joint angle of the j-th
joint θj [28], [29]:

rm,j =
dlm
dθj

. (8)

The relationship between the muscle force Fm and the muscle
activity αm are given as follows:

Fm = αmF0
mf l(lm)+ F

0
mF

PE
(lm), (9)

where lm is the normalized fiber length, f l(lm) is the
normalized active force–length relationship, and F

PE
(lm) is

the normalized passive force–length relationship; for this
study, f l(lm) and F

PE
(lm) were obtained from a previous

study [25].

C. PERCEIVED FORCE CHARACTERISTICS FOR APPLIED
FORCE
When the applied force was applied in the posture of holding
the lever at the neutral position, the perceived force was
measured to investigate the perceived force characteristics
for the applied force in the lever operation. Fig. 2 shows
the force presentation lever used in the experiment. This
equipment has three components: a commercially available
force feedback steering controller (Thrustmaster, T500RS),
a grip part of the lever of an excavator, and a 3D printed
part for attaching the grip to the steering shaft. The operation
direction was switched by rotating the mounting direction
of the grip 90◦ and rotating the sitting orientation with
respect to the equipment 90◦ in the opposite direction. The
game engine Unity was used to control the equipment’s
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FIGURE 2. Force presentation lever.

FIGURE 3. Measurement experiment of perceived force characteristics for
the applied force. The image shows the subject with force applied while
looking at the lever angle gauge displayed on the laptop. Informed
consent was obtained from the individual for publishing this image.

applied force and perform the experiment. It was confirmed
in advance that the equipment accurately outputs the force
using the force sensor. Fig. 3 shows an image taken while
measuring the perceived force characteristics for the applied
force. The subjectively perceived force was measured using
the magnitude estimation method [30]. The experimental
procedure is as follows:

1) The subjects sit on the seat and hold the lever at
the neutral position with their left hand. Afterward,
a standard stimulus is given through the lever. The
subjects hold the lever stationarily and memorize the
standard stimulus.

2) Next, a comparison stimulus is given through the lever.
Subsequently, the subjects report the magnification
of the comparison stimulus relative to the standard
stimulus.

3) The standard stimulus is 9 N, and the comparison
stimuli range from 6 to 13 N with a 1-N increment. The
comparison stimuli are presented at random, and steps
1) and 2) are repeated until each comparison stimulus
is presented five times.

The above experimental tasks were conducted in four
directions following the operation directions of the lever:

FIGURE 4. Perceived force characteristics for the applied force in each
postural direction when the lever angle is 0◦.

TABLE 1. Coefficients a0 and b0, and the coefficients of
determination R2.

forward, backward, outward, and inward. The applied force
was gradually increased for 4 s and afterward for 5 s more
with a fixed force to avoid habituation error [31]. Three
male subjects (average age: 22.7 ± 0.5 years) participated
in the experiment. Informed consent was obtained from the
subjects, and their health conditions were verbally enquired.
The subjects practiced the experimental task for about 5 min
before the experiment.

Fig. 4 shows the perceived force characteristics with
respect to the applied force for each operating direction. Here,
the applied force acts opposite to the operation direction. The
error bar represents the standard deviation of the perceived
force of all subjects, and the dotted line represents the
approximate curve. These results show that the perceived
force is proportional to the logarithm of the applied force.
The characteristics shown in this figure indicate that the
relationship between the applied and perceived forces follows
the Weber–Fechner law [22] and that (1) is satisfied even
in the lever operation. The slope a0 and intercept b0 of the
following equation that replaced (1) were calculated by the
least-squares method from the measured perceived force for
each applied force:

Fp = a0F ′a + b0, (10)
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FIGURE 5. Motion-capturing system and model postural conditions.
Informed consent was obtained from the individual for publishing this
image.

where

F ′a = logFa. (11)

The coefficient of determination R2 was calculated employ-
ing the following equation:

R2 = 1−

∑n
i=1(yi − ŷi)

2∑n
i=1(yi − ȳ)2

. (12)

Here, yi is the i-th measured value, ȳ is the average value of
the measured values, and ŷi is the i-th calculated value using
the regression equation. Table 1 lists the coefficients a0 and
b0, and the coefficient of determination R2.

D. MUSCLE ACTIVITY CHARACTERISTICS FOR THE
APPLIED FORCE
When the force was applied in the posture of holding
the lever at a certain angle, the muscle activity was
estimated to investigate the muscle activity characteristics
for the applied force during the lever operation. The muscle
activity was estimated using OpenSim, an open-source
software system for biomechanical modeling, simulation,
and analysis [23]. Moreover, the stationary postures were
obtained when holding the lever with the left hand at
0◦–25◦ forward and backward and 0◦–20◦ outward and
inward with an interval of 2.5◦. The postural data were
obtained using seven motion capture cameras (Acuity Inc.,
OptiTrack PrimeX 13 W) installed around the subject. Fig. 5
shows the posture when holding the lever at the neutral and
mounting positions of the motion capture markers. A force
ranging from 0 to 12 N with a 2-N interval was directly
applied to the capitate bone at the wrist because the muscles
from the wrist to the fingertip were not considered. Herein,
the average muscle activity was defined for the following
muscles, which were especially active for each operational
direction.
• Forward direction: the anterior head of the del-
toid (DELT1), medial head of the deltoid (DELT2),
infraspinatus (INFSP), and long head of the biceps
brachii (BIClong)

• Backward direction: the posterior head of the deltoid
(DELT3), subscapularis (SUBSC), teres major (TMAJ),
and long head of the triceps brachii (TRIlong)

FIGURE 6. Muscles applied to estimate muscle activity.

FIGURE 7. Representative estimation results of activities of muscles that
are actively involved when holding the lever. Circles and triangles indicate
the results for 0◦ and the maximum lever angle in each operation
direction, respectively.

• Outward direction: the posterior head of the del-
toid (DELT3), supraspinatus (SUPSP), infraspinatus
(INFSP), long head of the triceps brachii (TRIlong), and
extensor carpi ulnaris (ECU)

• Inward direction: the subscapularis (SUBSC), teres
major (TMAJ), sternocostal head of the pectoralis major
(PECM2), abdominal head of the pectoralis major
(PECM3), and pronator teres (PT)

Fig. 6 shows the muscles in the musculoskeletal model in
OpenSim.

Fig. 7 shows an example of the muscle activity charac-
teristics with respect to the applied force for each operating
direction. The circles indicate the result at 0◦ of the
lever angle, whereas the triangles indicate the result at the
maximum lever angle in each operation direction. The dotted
lines indicate approximate lines. These results suggest that
the muscle activity is proportional to the applied force and
that (3) is satisfied even during the lever operation. The
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TABLE 2. Coefficients kj and mj , and the coefficient of determination R2.

slope kj and intercept mj of (3) were calculated using the
least-squares method from the estimated value of the α
for each Fa value at the lever angle j. R2 was calculated
using (12). Table 2 lists the coefficients kj and mj, and the
coefficient of determination R2.

E. PERCEIVED FORCE ESTIMATION DURING LEVER
OPERATION
The muscle activity was calculated when a force of 6 N was
applied at each lever angle using (3) and the coefficients
listed in Table 2. Also, the force perception-change ratio
was determined by substituting the muscle activity at each
lever angle into (5) (j = 0). Fig. 8 shows the muscle
activity and the force perception-change ratio with respect
to the lever angle. Evidently, the muscle activity and force
perception-change ratio change slightly according to the
posture even when the same force is applied. The perceived
force can be calculated using the force perception-change
ratio and (6). Fig. 9 shows the relationship between the
calculated perceived force, lever angle, and applied force.
Evidently, the perceived force increases logarithmically as the
applied force increases. Furthermore, the posture-changing
effect according to the lever angle on the perceived force is
comparatively small. We calculated the estimated perceived
force for each angle of the conventional lever using this model
and compared it with the measured perceived force.

The perceived force was measured using the magnitude
estimation method [30]. The experimental environment was
the same as described in Section II-C and shown in Fig. 3.
However, the excavator lever was used instead of the force
presentation lever. The experimental procedure is as follows:

1) The subjects sit on the seat and hold the lever with
their left hand. Then, the subjects operate the lever to
the target angle while looking at the displayed gauge,

FIGURE 8. Muscle activity and force perception-change ratio with respect
to lever angle (6-N force is applied).

which shows the present and target angles of the lever,
and holds the lever stationarily at the target angle for
5 s. Also, the subjects memorize the magnitude of the
perceived force at that time. The first target angle is
set to a standard angle. The display position of the
target angle on the gauge is always set to the center to
prevent the subject from judging the target angle using
the gauge as much as possible.

2) The target angle is changed to the comparison angle,
and the subject operates the lever as in step 1).
Afterward, the subject reports the magnification of the
perceived force for the comparison angle relative to the
perceived force for the standard angle.

3) The standard angle is 12◦ forward and backward and
10◦ outward and inward. The comparison angles range
from 6◦ to 20◦ forward and backward and from 4◦ to
16◦ outward and inward with an interval of 2◦. The
comparison angles are randomly displayed, and steps
1) and 2) are repeated until each comparison angle is
displayed five times.

The above tasks were performed forward, backward, out-
ward, and inward. The subjects were the same three subjects
who participated in the experiment described in Section II-C,
and informed consent was obtained. The subjects practiced
the experimental task for about 5 min before the experiment.

Fig. 10 shows the estimated and measured values of the
perceived force for each lever angle. The circles indicate the
estimated perceived force, the triangles indicate the measured
perceived force, and the crosses indicate the reaction force of
the lever. The root mean square percentage error (RMSPE)
between the estimated and measured perceived force was
determined to confirm the estimation accuracy. The cubic
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FIGURE 9. Predicted perceived force with respect to lever angle and applied force.

FIGURE 10. Estimated and measured perceived forces of conventional
lever. Each value was normalized by the maximum value of the estimated
perceived force in four directions.

spline interpolation was used for the estimated values because
the ranges and intervals of the estimated and measured values
differed due to the experimental environment variation. The
following are the RMSPE values: 5.7% for 6◦–20◦ forward,
6.0% for 6◦–20◦ backward, 7.8% for 4◦–16◦ outward, and
14.3% for 4◦–16◦ inward.

III. VERIFICATION OF LEVER REACTION FORCE DESIGN
CONSIDERING FORCE PERCEPTION CHARACTERISTICS
A. DESIGN OF LEVER REACTION FORCE
The reaction force of the lever was designed considering
the force perception characteristics using the constructed
prediction model of the perceived force. Fig. 10 shows
that the conventional force perception characteristics are
nonlinear and asymmetric in all four directions: forward,
backward, outward, and inward. These unreasonable and
complicated characteristics may cause discomfort during
the lever operation and make the excavator operation more
difficult. Thus, we propose linear and symmetric reaction
force characteristics in the forward, backward, outward,
and inward directions. The reaction force characteristics
were calculated numerically from the target perceived force
using the constructed model, as described in Section II.
Furthermore, the maximum value of the target perceived
force equivalent was set to that of the conventional lever.
Fig. 11 shows the proposed target perceived force and the
calculated reaction force necessary to realize it. The circles
and crosses indicate the proposed perceived and reaction
forces, respectively.

B. OPERATING SIMULATOR OF HYDRAULIC EXCAVATOR
USED FOR OPERABILITY EVALUATION
The operability of the proposed reaction force design was
evaluated using the operating simulator of a hydraulic
excavator (Fig. 12). This simulator is similar to the simulator
used in the previous study [7] except for the lever, seat,
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FIGURE 11. Proposed perceived and calculated reaction force
characteristics. Each value was normalized by the maximum value of the
perceived force in four directions.

FIGURE 12. Operating simulator of a hydraulic excavator. The image
shows the subject performing the leveling task. Informed consent was
obtained from the individual for publishing this image.

and display. The simulator was built using the game engine
Unity, and the excavator could be operated with the force
presentation levers (Fig. 2). The system of each operated
joint of the hydraulic excavator was approximated as the
first-order lag system with the dead time in the simulator.
The 3D model of the excavator was created based on the
CAD data of the 13-ton hydraulic excavator manufactured by
Kobelco Construction Machinery Co., Ltd. The cab view of
the excavator in the simulator was displayed on the screen.
It has been reported that the results were similar to those of
the real excavator when evaluating the digging work [7].

We investigated the presence of the cab view displayed
on the screen and system usability when using the simulator
instead of a real excavator. The reaction force characteristics
of the force presentation lever were those of the conventional
lever of a hydraulic excavator. Four male subjects (average
age: 23.5 ± 1.7 years) who had experience operating a real

FIGURE 13. Lever operation during leveling task.

excavator participated in the experiment. Informed consent
was obtained from the subjects, and their health conditions
were verbally enquired. The subjects performed the leveling
tasks by the simulator and answered the questionnaire. The
leveling task entails moving the bucket tip parallel to the
ground (Fig. 13). Herein, the bucket angle was fixed, and
the leveling work was performed only by operating the
boom and arm. The leveling task, which involved pulling
and pushing, was repeated 10 times. The presence of the
cab view displayed on the screen was evaluated using four
items (‘‘presence,’’ ‘‘powerfulness,’’ ‘‘comfortableness,’’ and
‘‘depth’’) by referring to an evaluation questionnaire for the
presence of a wide-field still image [32]. Each item was
answered with a 7-point scale from 1 to 7, corresponding
to ‘‘Bad,’’ ‘‘Poor,’’ ‘‘Fairly poor,’’ ‘‘Fair,’’ ‘‘Fairly good,’’
‘‘Good,’’ and ‘‘Excellent.’’ The system usability was evalu-
ated using the System Usability Scale (SUS) [33]; a 10-item
questionnaire for measuring a system’s usability with a score
ranging from 0 to 100.

Table 3 shows the mean scores for the presence of the cab
view and system usability. Each number in parentheses repre-
sents the standard deviation. The mean scores of ‘‘presence’’
and ‘‘comfortableness’’ exceeded five points, corresponding
to ‘‘Fairly good.’’ The mean score of ‘‘powerfulness’’
exceeded four points, corresponding to ‘‘Fair,’’ and that of
‘‘depth’’ was below four points. By performing the Student’s
one-sample t-test for the SUS score, a significant difference
from the test value of 68 (the standard average of SUS score)
was confirmed. Although there was no room for improvement
in the presence of the cab view, the system usability was high
enough that the simulator could be used to evaluate the lever’s
operability instead of the real excavator.

C. EVALUATION EXPERIMENT
The operability of the excavator was evaluated using the
simulator to verify the effectiveness of the proposed reaction
force design. The leveling task, involving pulling and push-
ing, was repeated 10 times in the experiment. Fig. 12 shows
a subject performing the leveling task. Seven male subjects
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TABLE 3. Mean scores (standard deviation in parenthesis) for the
presence of the cab view and system usability.

(average age: 23.1 ± 1.4 years) who had no excavator
experience participated in the experiment. Informed consent
was obtained from the subjects, and their health conditions
were verbally enquired. Before the experiment, the subjects
underwent one training session, in which the operating
speed was controlled by reproducing the leveling operation
performed by the expert on the simulator with the gauge of the
lever operation amount assigned to the subjects. The leveling
task was practiced 10 times by each of the inexperienced
subjects. Three reaction forces were randomly applied for
each subject: the proposed, conventional, and zero reaction
forces. The conventional reaction force characteristics are the
reaction force characteristics of the conventional hydraulic
excavator’s lever (Fig. 10). Herein, the operability of an
excavator is considered from the following viewpoints:
1) how accurately the operators can operate, 2) how not tired
they are during the operation, and 3) how much they can
operate as they wish. The evaluation indices for operability
are as follows.
• Mean bucket trajectory and dispersion of bucket tra-
jectories: These indices were calculated using dynamic
time warping (DTW) [34], a method for calculating the
dissimilarity between two time-series data, and DTW
barycenter averaging [35], a method for calculating the
average time-series data.

• Time: The time required for one leveling task was
considered. This index was used to confirm whether the
operation time was controlled.

• Mean absolute error (MAE): Themean absolute distance
between the bucket tip and ground during one leveling
task was calculated using the following equation.

MAE =
1
N

N∑
i=0

|yi|, (13)

where |yi| is the absolute distance between the bucket tip
and the ground, and N is the number of samples of data
measured in one leveling task.

• Workload: The workload is the average score of six
items in the Japanese version [36] of NASA-TLX [37].
The items were measured on a 101-point scale
from 0 to 100.

• Sense of agency (SoA): The average score of 11 out
of 21 items in the SoA scale for heavy machine
operation [38], excluding items unrelated to the leveling
task of the experiment, was considered. The items were
measured on a 7-point scale from 1 to 7.

The questions for examining the workload and SoA are listed
in Tables 4 and 5, respectively.

TABLE 4. Questions for examining the workload.

TABLE 5. Questions for examining the sense of agency.

FIGURE 14. Mean bucket trajectory in leveling task for each subject
(pulling direction).

Fig. 14 shows the mean bucket trajectory and dispersion
of the trajectory during the leveling task (pulling direction)
for subjects A, B, F, and G as an example. The solid gray
lines indicate the mean trajectory with no reaction force,
and the solid blue lines indicate the mean trajectory as
per the conventional reaction force. Furthermore, the solid
red lines indicate the mean trajectory as per the proposed
reaction force. The semitransparent areas indicate the bucket
trajectory dispersion. Also, the black dotted lines indicate the
ground level. The results show that the trajectories achieved
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FIGURE 15. Dispersion of bucket trajectories in leveling task for each
subject (pulling direction, *: p < 0.05, **: p < 0.01).

FIGURE 16. Evaluation results for each reaction force characteristics in
the leveling task.

by applying the proposed reaction force are smooth curves
and tend to be the closest to the ground. Fig. 15 shows the
dispersion of the bucket trajectories in the pulling direction
of the leveling task for each subject and the mean dispersion
for all subjects. The asterisks on the graph indicate significant
differences (*: p < 0.05, **: p < 0.01, one-way analysis
of variance [ANOVA] followed by the Student’s t-test with
adjusted p values by the Holm method [39]). The dispersion
for the proposed reaction force was the smallest though there
was no significant difference between the three conditions in
the mean dispersion of the trajectories of all subjects.

Fig. 16 shows the averages of the time, MAE, workload,
and SoA for all the subjects. The error bar represents the
standard deviation of the values for all subjects. The p values
on the graph indicate significant differences at the 5% level
(one-way ANOVA followed by the Student’s t-test with
adjusted p values by the Holm method [39]). There was no
significant difference in the time between the three conditions
because the operating speedwas controlled in the experiment.
It was confirmed that the MAE for the proposed reaction
force was significantly less than that for the other. There was
no significant difference in the workload between the three
conditions, but the workload for the proposed reaction force
was the least. Furthermore, the SoA for the proposed reaction
force was significantly lower than that for the other. These
results suggest that the linear and symmetric reaction force
design improves the working accuracy and SoA.

IV. DISCUSSION
In this study, we conducted an experiment in which subjects
answered their perceived force during the lever operation.
We also constructed a model to predict the perceived force
from the muscle activity estimated based on the posture
and reaction force during the lever operation. This method
has been proposed to estimate the perceived steering wheel
operation force [20]. It has also been shown to be capable
of explaining the force perception bias during the steering
wheel operation [21]. We considered that this method
could be applied to estimate the perceived force during
the lever operation and designed the experiment for this
study.

The perceived force differs depending on the operating
direction, even for identical magnitudes of the lever reaction
force (Fig. 4). Meanwhile, Fig. 9 shows that the perceived
force is less affected by the lever angle in all operating
directions. Fig. 7 indicates that muscle activity has the
same tendency as the perceived force. These results are
supported by the fact that the magnitude of effort is
strongly correlated with the judgment of force, as reported
by McCloskey et al. [17], and by the neurophysiological
evidence that muscle activity and sense of effort are
correlated, as reported by Morree et al. [19]. Fig. 10 shows
the estimated and measured values of the perceived force for
each lever angle. The perceived force can be estimated with
RMSPE values of 5.7% and 6.0% in the range of 6◦–20◦

forward and backward, respectively, and 7.8% and 14.3% in
the range of 4◦–16◦ outward and inward, respectively. This
result indicates that the subjectively perceived force during
the lever operation can be predicted computationally. When
using conventional techniques, it is necessary to conduct an
experiment in which the subjects report the perceived forces
for all lever angles to conventionally obtain the force percep-
tion characteristics during the lever operation. Furthermore,
the perceived force can be computationally estimated from
musculoskeletal simulation without subject experimentation
using the proposed method. The proposed method allows
us to obtain the force perception quantity at a lower
experimental cost than the conventional method. Fig. 11
shows the proposed perceived and calculated reaction forces.
Asmentioned above, the perceived force characteristics differ
depending on the operating direction. The reaction force
characteristics vary directionally when the force perception
characteristics are identical in all directions. Furthermore,
the relationship between the reaction and perceived forces
can be roughly explained by the Weber–Fechner law [22],
regardless of the lever angle because the effect of the
lever angle on force the perception is small. Therefore, the
calculated reaction force is approximately proportional to
the exponential function of the lever angle. In this study,
we hypothesized that the reaction force design in which the
perceived force varies linearly with the lever angle improved
the operability of the leveling operation of the excavator.
Indeed, our results verify this hypothesis. Fig. 14 shows an
example of the bucket trajectory. As per the proposed force
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perception characteristics, the trajectory is the closest to the
ground and is a smooth curve. The results in Fig. 16 indicate
that the linear and symmetric reaction force design improves
the working accuracy and SoA in the leveling operation.
These results may be attributed to the proper design of the
force perception characteristics of the lever. Consequently,
this finding supports the study’s hypothesis.

However, the perceived force estimation method used
for the reaction force design in this study has some
limitations. First, the proposed method does not consider
individual differences, such as the operator’s physique and
operational proficiency. The perceived force was estimated
in the fixed posture using a standard human musculoskeletal
model. However, the parameters, such as bone length and
origin of each muscle, differ per person, and the operating
posture also changes depending on the physique. Since the
method adopted in this study depends on the simulation
accuracy of the muscle activity, if the human body model is
hugely different from the operator’s physique, the estimation
accuracy of the perceived force may decrease. Moreover,
we did not verify the effectiveness of the proposed reaction
force characteristics for operators who are accustomed to the
lever of the conventional reaction force characteristics. The
skilled and nonskilled operators may operate the same lever
in different postures and with varying usages of muscles.
Muscle co-contraction controls the joint stiffness [40]
and helps humans realize accurate movements [41], [42].
Osu et al. showed that co-contraction gradually decreases
during the learning process of a new motor task [43].
This finding suggests that the skilled operator operates the
lever with less muscle force. Since co-contraction is not
considered in the musculoskeletal simulation used in the
proposed method, the estimation accuracy of muscle activity
may decrease, especially for operators who are unaccustomed
to operating excavators. Using a musculoskeletal model
suitable for the operator’s physique and considering muscle
co-contraction is essential for improving the estimation
accuracy of muscle activity. Also, it is necessary to verify the
effectiveness of the proposed perceived force characteristics
for an operator who is sufficiently accustomed to the lever
of the conventional perceived force characteristics. Second,
only static musculoskeletal simulations were performed in
this study. However, in reality, the lever operation involves
dynamic postural changes. Mitchell et al. reported that
dynamic exercises involve changes in muscle length and
joint movement with rhythmic contractions, resulting in
reduced intramuscular forces compared to those involved in
static exercises [44]. Muscle activity characteristics differ
depending on whether the movement is dynamic or static.
Dynamic musculoskeletal simulations require sophisticated
algorithms. Third, although the results of efferent signals,
i.e., muscle activity, were used to estimate the force
perception in this study, afferent signals frommuscle spindles
and peripheral skin receptors are also essential factors in
determining a sense of force [45]–[47]. As described in
Section I, muscle activity as a sense of effort can be

used to predict the sense of force. However, Phillips et al.
proposed that the sense of force should be predicted based
on the sense of effort and the afferent feedback from the
periphery [48]. Monjo et al. proposed that humans do not
perceive only efferent or afferent signals as a sense of effort;
in fact, the sense of effort is perceived by changes in the
balance of the two signals according to the experimental
conditions [49]. The sense of force may be altered by the
influence of afferent signals from peripheral skin receptors
due to skin vibration and deformation in the case of a lever
in the cab to which the engine vibration transmits, or a
lever implemented with vibration feedback [50], [51] or skin
deformation feedback [52]–[54]. Hence, it is essential to
consider afferent signals frommuscle spindles and peripheral
skin receptors to improve the estimation accuracy of force
perception. Fourth, the force perception in the combined
operation of the longitudinal and lateral directions remains
unverified. It may be difficult to perceive the reaction force
in the longitudinal and lateral directions independently due
to the duplication between the active muscles when operating
the lever in these directions. Building a lever corresponding
to two axes is necessary because the force presentation
lever used in this study has only one axis. A lever reaction
force design more suitable for determining the human force
perception characteristics can be realized by solving these
problems.

Moreover, in this study, only the simulator was used to
verify the operability of the proposed reaction force lever, and
it is uncertain whether the same results can be obtained in the
real excavator. The verification using a real excavator will be
included in future work.

V. CONCLUSION
In this study, we proposed a lever reaction force design
considering human force perception characteristics. We esti-
mated the force perception characteristics in operating a
lever of an excavator by muscle activity estimation using
musculoskeletal simulation. The results showed that the per-
ceived force in the lever operation could be computationally
predicted. We evaluated the lever reaction force charac-
teristics designed based on the clarified force perception
characteristics. Furthermore, we confirmed that the reaction
force design in which the force perception characteristics
are linear and symmetric in each direction improved the
operability of the excavator’s leveling operation. In the
future, we will estimate the perceived force considering
the combined operation of the longitudinal and lateral
directions of the lever and evaluate the operability in other
tasks, such as excavation work. Furthermore, we will verify
the operability of the proposed reaction force lever with a real
excavator.
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