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Abstract: This study aimed to identify the effects of different approaches to a motion control interface
(MCI) in tele-operated crane handling tasks. In this study, due to the difficulty of applying the
actual equipment to the experiment, we presented a prototype system of a tele-operated overhead
handling (TOH) crane. Specifically, we investigated participants’ task performance including the
accuracy of task completion during unloading, heart rate variation, workload, and the relationships
between these factors when four motion control approaches were used: pointing (P), keyboard
(K), orientation (O), hand-free gesture (HG). Experiments were conducted with two groups of
participants: 21 university students and 11 crane operators used each of the four control methods. A
task condition for handling iron blocks was tested. The efficacy of each motion control approach for
task performance was evaluated by a within-subject experiment with a novice group. The expert
group was used for comparing the task performance and satisfaction in the prototype system with
the novices, evaluating whether the prototype system was reproducible for a real setting in the
construction site. The results showed that the task completion time, the weight of physical demand,
and the overall scores for workload were significantly impacted by the type of motion control: when
HG was used, the task completion time increased. Particularly, using HG had the potential to
increase the overall workload score, while physical laboriousness was also potentially increased by
HG. Conversely, unloading accuracy, heart rate, and mental demand were not affected by motion
control approaches. Generally, the expert group spent more time completing the tasks, but they
performed better unloading accuracy than the novices in all methods. Ninety-one percent of the
experts gave positive feedback on the reproducibility of the prototype system.

Keywords: teleoperation; human factors; overhead handling crane operation

1. Introduction

To reduce the hazardous operation of having human operators in the factory or on
the construction site, tele-operated equipment was frequently studied in recent decades.
This equipment assists human operators in remotely finishing heavy engineering tasks in
hostile environments [1], such as construction-use tower cranes [2], mining machines [3],
excavators [4,5], and stacking cranes [6–8]. The electric overhead travelling (EOT) cranes
are the most widely used mechanical aids for handling large and heavy objects over a
limited distance on the shopfloor [9]. Each EOT crane has three-axial movements, following
the X, Y, and Z-axis [10]. The EOT crane requires human operators to manually control each
movement in the mid-air cabin. Each EOT crane has three main controls: for the Y-axial
longitudinal travelling (LT) of the crane itself, the X-axial cross-traveling (CT) of the trolly,
and the Z-axial hoisting control (HC) of the spreader [9,10]. A trolly-mounted electromagnet
spreader (ES) is often used to attract ferromagnetic materials. Although improvements
in the mechanical performance and productivity of cranes were frequently developed in
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previous studies, for example, cable swing prevention [11], hoist stabilization [12], body
stabilization [13], the safety issue of human operators involved in hazardous operations in
dusty, toxic, and hostile environments remains. Thus, the development of a teleoperation
system of EOT cranes, namely the tele-operated overhead handling (TOH) crane system,
is necessary.

The improvements in the experience and task performance regarding human factors,
were addressed in previous research [14–16]. The concept of a human-centered design has
become an essential aspect that must be addressed in teleoperation [17–19]. It is valuable
for researchers and designers to consider these aspects in the manufacturing and service
industries [20,21]. The issue of visualization was widely addressed in previous studies.
Human operators have a limited perception of the operation process and environment
through the visual display interface (VDI) due to the visual limitations [2]. In this re-
gard, previous research suggested that increasing the vision of human operators assisted
them and prevented blind lifting [22]. Additionally, some studies focused on providing
available visual information such as telepresence [23], or the augmentation of human
perception [24,25]. As for tele-operated tower crane operations, Chi et al. proposed an
effective VDI to improve task performance and relieve workload by using an augmented
path planning process [26,27]. As for the approaches to the motion control interface (MCI)
specific to tele-operated crane operation, Abdulla et al. revealed the physical laborious-
ness of human operators when using a conventional joysticks interface [28]. Since the
approaches to MCI in teleoperation are not restricted by the cabin setting, the consistency
of the conventional joystick is controversial. However, the evaluation and comparison of
different approaches regarding the specific TOH crane operation, were rarely discussed
in previous studies. To offer valuable references to MCI development in the future, the
investigation of the effects of task performance and experience on the broader possibilities
of applied approaches, is the main motivation of this study.

Related Works

Four widely applied approaches, namely input modalities [29] for MCI in teleoper-
ations, were studied in previous research. Commonly used approaches are pointing (P),
keyboard (K), orientation (O), and hand-free gesture (HG). The first approach, P, described
in [30,31], was used for completing teleoperation by a point-and-click on the interface
menu of displays. A second approach using K, developed in [32], remotely activated the
equipment’s movements through the comprehensive keys. P and K are considered classical
control methods for human-to-equipment interaction, which were originally developed
for teleoperation. A third approach, O, described in [33,34], normally compared to the
joystick, is the most widely used approach for controlling the general crane movements by
orientation [35]. The fourth approach of HG, studied in [36], presented the new possibility
to control the end-effectors of mechanical equipment through body movements. Instead of
using complex hand actions to remotely operate equipment, HG provides a natural and
intuitive method of manipulation through hand gestures. Based on the previous research,
we developed new control methods for P, K, O, and HG, specified with the TOH crane
execution in this study.

In related studies, Chi et al. [2] developed a new VDI assisting human operators
in precisely controlling crane movements in teleoperation. A 6 DoF robotic arm was
modified for simulation [27]. The effectiveness of the developed VDI on handling tasks
was evaluated by task performance and workload. Task performances indicated by the
completion time [28] and workload indicated by the six weights of the dimension of NASA-
TLX between a novice group and an expert group, were compared. The reproducibility
of the prototype was subjectively assessed by the experts through a standard 7-point
Likert questionnaire. However, other factors related to the task performance such as
unloading accuracy were not discussed; human-related indicators such as heart rate were
not considered. Doisy et al. [37] investigated the effects of different approaches for camera
and motion control on tele-operated robot maze travelling. The iRobot Create program
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was used for the experiments. The comparison of three techniques for robot control was
conducted with a novice group. The efficacy of each approach was evaluated by the
travelling performance, defined as the parameters of time spent and number of collisions.
The workload of participants was assessed by the weight of mental demand and physical
demand through a raw NASA-TLX questionnaire. The heart rate variation was used as a
measure. Mower et al. compared joystick control modes and investigated the most intuitive
control spaces for tele-operated constrained tasks with a 7DoF KUKA LWR, by conducting a
21-participant experiment [38]. However, the subjective responses of participants were not
collected and evaluated; the comparison of proficiency was not conducted; the weighted
score of workload indicating overall workload, which was multiplied by the scale score for
each dimension and then divided by 15 [39], was not applied. Both of these studies used a
teleoperation room.

Compared with the related studies, this study mainly aimed to investigate the effects
of approaches to MCI on the TOH crane handling task. Specifically, the use of P, K, O, and
HG, were evaluated and compared by the task performance and workload.

Based on the methodologies introduced by the previous studies, we modified a
classical Cartesian 3D printer named MK3S+ [40,41] as a prototype to reproduce the crane
mechanism. We conducted the experiments with a novice group and an expert group in
a separated teleoperation room. The task performances of the experts were compared
with the novices’. In this study, the TOH crane handling tasks were evaluated through
the following factors: task performance, which comprised completion time and unloading
accuracy; heart rate variation, which could be used as an indication of the phycological state
and workload level of the participants [42–44]; and the weights of physical demand, mental
demand (0–5), and the weighted score of workload (0–100), which were assessed and
collected through a computerized NASA-TLX test [45]. Additionally, the reproducibility of
the prototype was evaluated by the experts through a 7-point Likert questionnaire.

2. Materials and Methods
2.1. Prototype TOH Crane System

It is difficult to directly operate a real crane for experimental use due to the production
requirements and safety protocol in factories. An MK3S+ [40,41], which has a highly
matched mechanism to the original EOT crane, was modified [41,46], reproducing the
three-axial mechanical movements and the ES attraction, which is shown in Figure 1. The
axial movements were translated accordingly. The TOH crane prototype was essentially
driven by a programmed Raspberry Pi 4B [47]: The operating system on the PC was
Microsoft Windows 10 professional 64 bit. OctoPrint [48], an open-source API, was used
to send the G-code to control the equipment, retrieving data such as the coordinate of the
trolly, and two levels of speed of the movements. The original SuperPINDA distance sensor
sensed the spatial position during the handling process. A PC-based controller software
was designed. Intuitive menus using iconic indications were presented in software UI.
The screen capture of the controller software is shown in Figure 2. There were two main
functions of the software: control and record. As for the function of control, operators
were able to control the crane movements directly. Movements, speed, and ES activation
menus were shown on the right side of the interface. Researchers on another monitoring
PC were in charge of the recording function, which proposedly enabled researchers to
record performance-related parameters. In addition, when an error occurred, such as a
severe collision, researchers could remotely stop the handling task on the monitoring PC.

There were four views used for aiding operators in precepting environment, which
are shown in Figures 2 and 3: (a) global view, which provided general environment infor-
mation to the operators, including the equipment, shopfloor, and objects; (b) cabin view,
reproducing the observing position in the conventional EOT crane’s cabin; (c) bird view,
which provided general positioning information at the top; and (d) top view, which moved
along with trolly. Detailed positioning information between objects and the shopfloor, was
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provided by the top view. Four views were displayed in the main area. Real-time trolly
positions were shown next to the video streams.

The finished prototype is shown in Figure 3. The system set-up diagram is shown
in Figure 4. The human operators controlled the EOT crane prototype via MCI, while the
environment information was displayed through VDI in a teleoperation room (TR). The
lifting and handling field (LHF) was where the actual crane operation and environment
sensing was carried out.
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2.2. Approaches for Motion Control Interface (MCI)

In this study, four commercially available input devices were developed and used as
approaches to MCI following P, K, O, and HG, which are shown in Figure 5. They were
connected to the PC via USB 2.0.
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Each modality indicated a certain trial of task completion. In each trial, one of the
most widely acclaimed devices was selected from Microsoft and Logitech.

Table 1 shows the information and main control methods of input devices. The
ergonomic-friendly design of the Microsoft Ergonomic series and Logitech G X56 was
suggested [49]. Leap motion was the most widely used input device for hands-free inter-
action in previous research [50]. Devices of O and HG were programmed to adapt to the
software: O was programmed by Logitech G X56 H.O.T.A.S. [51], HG was programmed by
using Leap motion developer Kit [52]. In trial P, participants could simply point-and-click
interactive buttons on the interface menu to control every crane movement. In trial K,
the participants used “W, A, S, D” keys to control the CT and the LT, using the upward
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and downward key to control the HC, while the ES was activated by pressing the “space”
key. The participants controlled the crane movements at full speed by simultaneously
pressing the “Shift” key. The CT and the LT were intuitively translated into the joystick’s
orientation in the trial O. The HC was controlled by the “up and down” orientation of the
POV, while the ES was activated by the C stick. The participants could control the speed of
crane movements by fully orienting. Additionally, the cursor could be hidden by “pinky”.
In the trial HG, the CT, LT, and HC were controlled by the “right fist movement” while
the activation of ES was controlled by the “left fist releasing” gesture. The speed of the
crane movement followed the speed of the “right fist movement”. Specifically, there were
no fixed positions to place input devices. The placement was based on the participants’
preferences and comfort.

Table 1. Main control methods of input devices.

P K O HG

Device name Microsoft ergonomic mouse Microsoft ergonomic keyboard Logitech G X56 Leap motion
Platform PC-driven PC-driven PC-driven PC-driven

Hand action Pointing and clicking Pressing Orienting Gestures
CT control ←,→ button in X axis A, D keys Stick←,→ Right fist moves in X axis
LT control ↑, ↓ button in Y axis W, S keys Stick ↑, ↓ Right fist moves in Y axis
HC control ↑, ↓ button in Z axis ↑, ↓ keys POV ↑, ↓ Right fist moves in Z axis
ES control On/off button Space key C stick Left fist releasing
Full speed Full speed button Shift key Fully orienting Faster moving

Hide cursor N/A N/A Pinky N/A

2.3. Tele-Operated Handling Tasks

The TR was performed in a semi-anechoic room at the University of Tsukuba, which
was located 15 m from the LHF. Participants used four motion control methods, remotely
operating the handling tasks through the MCI in the TR. The LHF was located in a standard
lab environment where mechanical interference and another distractions were not present.
The participants and the LHF were in two separate rooms. In this case, the participants
had no chance to directly see the operations other than through the video feeds of VDI
during the tasks. Figure 6 shows the experiment set-up.
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The tele-operated handling task is shown in Figure 6. The goal of the task was to lift
five iron blocks from the shopfloor using the ES and remotely handle them to the loading
area. Since the dimension of the loading area was limited, participants were supposed to
stack blocks in at least two layers, similar to the real unloading process. The boundary
of the loading area was highlighted in white, which was used for judging whether the
block was released outside the boundary. The operation was judged as a failed unloading
when the iron block was released out of or on the boundary. The participants could slightly
adjust the position of the iron blocks in the loading area. However, the participants could
not make adjustments if their operation resulted in the collapse of the stacked blocks. The
interspace of the holder was covered by blinds, in this case, the participants were not
distracted by the lab environment.

A side-to-side handling task condition where iron blocks were handled from the fixed
position to the loading area, which is one of the most typical tasks in the real factory, was
tested with four trials.

The experiment set-up was performed in a LAN environment with the peak download
speed of 432.47 Mbps, while the peak network latency was 3 ms. This meant that the
participants could barely sense the unsynchronized movements.

2.4. Experiment

A within-subject experiment was conducted with a novice group comprised of 21 uni-
versity students (Mage = 24.3 ± 2.7 years old), who were familiar with the four types of
motion control: P, K, O, and HG. An expert (compared) group comprised 11 professional
EOT crane operators (Mage = 39.5 ± 4.5 years old), who had over five years of experi-
ence in crane handling operation, and was used for comparing the task performance and
satisfaction with the prototype system with those of the novices. In addition, subjective
responses from the expert group were available as evidence, and could be used for eval-
uating whether the prototype TOH crane system was reproducible compared with real
applications, judging whether functions of the prototype system met the needs in the field.
Participants received compensation of JPY 1000 (about USD 10), and they were told prior
to the experiment that they could potentially win a bonus of JPY 2000 (about USD 20)
depending on their performance.

The procedure of the experiment was divided into the following steps (Figure 7).
First, each participant filled in a questionnaire of personal information, and was orally
introduced to the prototype TOH crane system by researchers. The procedure of the
experiment was assigned to each participant through a document-based introduction.
Then, each participant watched a 5 min peaceful video unrelated to the experiment to
relax. These five minutes of relaxation were used for collecting the resting heartrate of
participants (baseline). After that, in order to help participants get familiar with the
teleoperation, researchers gave a more specific oral introduction regarding the control
methods of each approach, and 15 min of practice time was allocated to each participant.
Next, each participant individually started tele-operated handling tasks by using each
control method. Following this, the participants completed the NASA-TLX test [45]. The
experts were invited to complete a 7-point Likert questionnaire for subjective feedback on
the reproducibility of the prototype when the tasks were finished. Those participants who
missed some of the tasks were required to finish the rest. The experiment was finished
when each step had been checked for completeness. Considering the COVID-19 protocol
at the university, the health condition of all participants was checked, including body
temperature measurement and symptom assessment. Additionally, all participants were
required to wear a mask during the entire process. Moreover, all apparatus were strictly
disinfected before they were used.
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2.5. Performance and Workload Measures

The performance and workload of the participants during the handling tasks were
assessed by four measures. First, the completion time was defined as the time spent on
completing a trial for each participant, in seconds. Second, unloading accuracy, which
was the number of times when iron blocks were accurately unloaded in the loading
area, was measured. Those blocks, which were released in the loading area, were not
judged as accurate unloading. Third, the heart rate of the participants in the rest state
(baseline), and during each trial, was calculated and applied as a measure by using the
XOSS Heart rate armband. Measures were based on the heart rate variation in percentage
between baseline and each trial, similar to the previous study [37]. Last, the weight
(0–5) and the weighted score (0–100) of the workload of the participants, were assessed
and collected after each trial through a computerized NASA-TLX test [45]. Particularly,
two dimensions of NASA-TLX were extracted as measures: the weight of the physical
and mental demand of the participants, which were directly related to their physical
laboriousness, and physiological circumstances.

2.6. After-Tasks Survey

After the tasks, to evaluate whether the prototype system was reproducible to the real
setting in the field, a 7-point Likert questionnaire with the question of “Generally, I think
this prototype system is reproducible to the reality”, was assigned to the experts.

2.7. Data Analysis and Data Visualization

Licensed SPSS 28.0 was used for data input and data analysis. The level of significance
was set at p < 0.05. Box plots were used for visualizing the distribution of data, similar to
the visualization in previous research [2].

3. Results
3.1. Task Completion Time

Figure 8 shows the time that the novice group and the expert group spent on com-
pleting each trial, in seconds. We found that the average completion time using HG
was (Mnovice = 1006.67 ± 365.15); where (Mexpert = 1374.91 ± 377.18) spent the most
time using HG, while, on average, the least time for both groups was spent on trial
O (Mnovice = 553.76 ± 238.94); (Mexpert = 798.00 ± 135.06). Notably, the average task comple-
tion time of the expert group was significantly higher than the novice group in each trial.
A one-way repeated measures ANOVA was conducted with the novice group to compare
the effects of approaches to MCI on task completion time in P (M = 635.48 ± 169.64), K
(M = 634.24 ± 198.29), O, and HG trials. There was a significant effect of the approaches,
F(3,18) = 9.588, p < 0.001. Six paired-samples t-tests were used to make post hoc compar-
isons between trials. There were significant differences between P and HG; t(20) = −4.456,
p < 0.001, K and HG; t(20) = −5.246, p < 0.001, and O and HG; t(20) = −5.482, p < 0.001.
Contrarily, there were no statistical differences in the scores for the P and K, P and O, and
K and O. The descriptive statistics of completion time are shown in Table 2. The results of
post hoc comparisons are shown in Table 3.
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Table 2. Descriptive statistics of task completion time, accuracy, heart rate variation, the weight of workload, and the
weighted score of the workload for each trial.

Trial Completion Time 1 Accuracy Heart Rate
Variation 2

Weight of
Physical
Demand

Weight of
Mental

Demand

Weighted
Score of

Workload

Novice Expert Novice Expert Novice Novice Novice Novice

P 635.48 ± 169.64 1132.73 ± 295.48 3.76 ± 1.24 4.00 ± 1.10 6.79 ± 8.21 2.10 ± 1.51 2.24 ± 1.45 47.09 ± 10.78
K 634.24 ± 198.29 1038.55 ± 233.53 3.76 ± 0.89 4.45 ± 0.94 8.16 ± 7.13 1.86 ± 1.65 2.29 ± 1.27 51.86 ± 9.34
O 553.76 ± 238.94 798.00 ± 135.06 3.81 ± 1.21 5.00 ± 0.00 6.92 ± 5.41 2.10 ± 1.67 2.33 ± 1.43 49.81 ± 13.22

HG 1006.67 ± 365.15 1374.91 ± 377.18 3.14 ± 1.32 3.64 ± 1.43 9.17 ± 5.97 3.71 ± 1.42 2.05 ± 1.53 72.73 ± 11.32
1 Unit: Second. 2 Unit: %.

Table 3. The results of post hoc comparisons of completion time, the weight of physical demand, and the weighted score of
workload between trials.

Trials Completion Time Weight of Physical Demand Weighted Score of Workload

t-Value p-Value z-Value p-Value t-Value p-Value

P-K 0.036 0.972 −0.476 0.634 −1.983 0.061
P-O 1.709 0.103 −0.103 0.918 −0.899 0.379

P-HG −4.456 0.000 1 −3.590 0.000 1 −8.526 0.000 1

K-O 2.068 0.052 −0.682 0.495 1.065 0.299
K-HG −5.246 0.000 1 −3.405 0.000 1 −9.565 0.000 1

O-HG −5.482 0.000 1 −3.375 0.000 1 −6.803 0.000 1

1 p < 0.001.

3.2. Accuracy

The accuracy that the novice group and the expert group performed in each trial is
shown in Figure 9. The best accuracy was performed in trial O (Mnovice = 3.81 ± 1.21);
(Mexpert = 5.00 ± 0.00), while the worst was found in trial HG (Mnovice = 3.14 ± 1.32);
(Mexpert = 3.64 ± 1.43). Moreover, we found that, on average, the expert group had a better
accuracy than the novice group in each trial. Specifically, all participants from the expert
group achieved five out of five accurate unloadings using O. The descriptive statistics are
shown in Table 2. However, no significant effect of the approaches on unloading accuracy
was found in a Friedman’s test, χ2 (3) = 4.170, p = 0.244.
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Figure 9. Distribution of unloading accuracy (number of times) by each approach to MCI.

3.3. Heart Rate Variation

Figure 10 shows the heart rate variation of the novice group, in percentage. The
average heart rate variation using P (M = 6.79 ± 8.21) was the smallest, while the largest
variation was found in trial HG (M = 9.17± 5.97). The descriptive statistics are presented in
Table 2. The effect of approaches to MCI on heart rate variation in P, K (M = 8.16 ± 7.13), O
(M = 6.92 ± 5.41) and HG trials, was compared by a one-way repeated measures ANOVA.
However, the results showed that there was no significant effect of the approaches on heart
rate variation, F(3,18) = 1.590, p = 0.227.
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3.4. Weight of Workload

Figure 11 shows the weight of physical demand and mental demand of the novice
group in each trial. The average physical demand in trial HG (M = 3.71 ± 1.42) required
the most, while trial K (M = 1.86 ± 1.65) required the least physical labor. Table 2 shows the
descriptive statistics. A Friedman’s test was conducted to compare the effect of approaches
to MCI on the weight of physical demand in P (M = 2.10 ± 1.51), K, O (M = 2.10 ± 1.67)
and HG trials. There was a significant effect of the approaches, χ2 (3) = 24.225, p = 0.827,
p < 0.001. Post hoc tests were carried out between trials using the Wilcoxon test. Significant
differences were found between P and HG (z = −3.590, p < 0.001), K and HG (z = −3.405,
p < 0.001), and O and HG (z = −3.375, p < 0.001) after Bonferroni adjustment. However, no
significant statistical differences were found in the scores for the P and K, P and O, and K
and O. Table 3 shows the results of the post hoc tests.
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The average metal demand in P (M = 2.24± 1.45), K(M = 2.29± 1.27), O (M = 2.33± 1.43),
and HG (M = 2.05 ± 1.53) trials showed similar weights. The descriptive statistics are
presented in Table 2. A comparison of the effect of approaches on the weight of mental
demand in P, K, O, and HG trials, was also made using a Friedman’s test. However, no
significant effect of the approaches was found, χ2 (3) = 0.892, p = 0.827.

3.5. Weighted Score of Workload

The weighted score of the workload of the novice group in each trial is shown in
Figure 12. The lowest average weighted score was in trial P (M = 47.09 ± 10.78), while
the average weighted score of trial HG (M = 72.73 ± 11.32) was the highest. Notably, the
average weighted scores of P, K (M = 51.86 ± 9.34), and O (M = 49.81 ± 13.22) trials were
close. The descriptive statistics are presented in Table 2. The effects of the approaches to the
weighted score of workload in P, K, O, and HG trials, were compared by a one-way repeated
measures ANOVA. A significant effect of the approaches was found, F(3,18) = 33.064,
p < 0.001. Post hoc comparisons between trials using six paired-sample t-tests, were
conducted. Significant differences were found between P and HG; t(20) = −8.526, p < 0.001,
K and HG; t(20) = −9.565, p < 0.001, and O and HG; t(20) = −6.803, p < 0.001. Conversely,
there were no statistical differences in the scores for the P and K, P and O, and K and O.
Table 3 shows the results of post hoc comparisons.
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3.6. Reproducibility

According to the response to the question: “Overall, I think this system is reproducible
to the reality”, 91% of the experts gave positive feedback on the reproducibility of the pro-
totype system (46% strongly agree; 36% agree; 9% slightly agree; 9% slightly disagree). The
responses above “neither agree nor degree” were defined as positive, while the responses
below “neither agree nor degree” were defined as negative.

4. Discussion

In this study, the evaluation and comparison of approaches to MCI based on a de-
signed prototype TOH crane system, were carried out. In addition, the reproducibility
of the prototype system, was surveyed. The details of the findings were discussed in the
following sections.

4.1. Approaches for Motion Control Interface (MCI)

As for approaches to MCI in TOH crane operations, this study suggested that the
task completion time, physical demand, and the overall score of workload were signifi-
cantly impacted by the approaches. Specifically, the time spent on completing the tasks
increased when HG was used, while the physical laboriousness and the overall score of the
task workload rose in trial HG. Notably, no significances were found in mechanical and
conventional approaches: P, K, and O. Following this, many researchers tried to offer the
possibility of achieving intuitive and cableless human–machine interactions through new
approaches that were able to extract human motion in controlling machine movements,
such as hand gestures [36]. However, in specific TOH crane handling tasks, although the
HG had advantages in the timesaving teaches pendant and light panel, the HG directly
resulted in the increase in the task completion time and workload, especially the physical
fatigue is potentially affected by the mid-air hand interaction. The requirements of crane
handling operation are minimum operational errors. In this case, human operators are
normally attentive to elaborate operations, which is suggested by the lack of effects of
the approaches on the unloading accuracy, heart rate variation, and the weight of mental
demand. In a TOH crane handling task, the human operators had limited perception of
the environment. In this regard, the sense of control and scale cannot be appropriately
translated between comprehensive human motion and accurate machine execution using
the HG, which might lead to hesitation and repetitive adjustments in teleoperations.

4.2. Comparison of Task Performance between Groups

The task completion time and the unloading accuracy between the novice group and
expert group were compared in this study. According to the results in Figures 8 and 9, the
expert group spent more time completing each trial than the novice group. The average
discrepancies in the completion times between the experts and the novices were 497.25 s in
trial P; 404.31 s in trial K; 244.24 s in trial O; and 368.24 s in trial HG. Additionally, even
though the experts spent, on average, 798 s on trial O, O was still the only trial where
the expert group spent less than 1000 s to complete. Contrarily, the average accuracy
performed by the expert group was better than the novice group in each trial. There was a
significant discrepancy; on average, 1.19 times of the accurate unloading in trial O. Notably,
all the participants from the expert group performed five out of five successful unloadings
in trial O.

Considering all participants had enough instructions and practice for each trial, the
results of task performance suggested that the experts tended to perform with the best
accuracy, rather than minimizing the completion time. In addition, since O has become the
most widely used approach to control the conventional EOT crane movements, the experts
normally had more experience in control crane execution when using O. Regardless of the
phenomenal accuracy performed by the experts in trial O, the subjective pre-judgement
from the expertise in using O, might discourage the experts from interacting with the other
approaches. Conversely, the performance of the novices might provide not only objective
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feedback on each approach for MCI, but also valuable evidence in evaluating whether the
MCI is novice-friendly.

4.3. Recommendation on MCI Development

The results of this study might provide the following recommendations for researchers
and designers in developing the MCI for the TOH crane system in the future. First, the
application of HG should be avoided. Compared with other approaches, the use of HG
might worsen the task performance, resulting in the increase in physical laboriousness and
overall workload, which might lead to not only the reduction in productivity, but also the
negative experience of both the experts and the beginners during the operation. Second,
to develop an MCI appropriate for both the experts and the beginners, the application
of O might be prioritized, while P and K could be integrated accordingly. In this case,
the demands of operation preferences, task performance, and experience could be met.
Lastly, compared to evaluating the MCI with the real crane in the factory, it is possible
to conduct the usability test with this type of prototype system in a more flexible and
economic technique.

5. Conclusions

This study evaluated and compared four approaches to MCI in TOH crane handling
tasks: P, K, O, and HG. Participants’ task performance, heart rate variation, workload, and
the relationships between these factors were statistically investigated in a novice group. An
expert group was used to compare task performance with the novices. The reproducibility
of the prototype system was evaluated by the expert group.

This study investigated task performance by calculating the completion time and
the unloading accuracy in each approach. The task completion time was significantly
impacted by the approaches. Specifically, the completion time increased when HG was
used. Conversely, the unloading accuracy was not affected by the approaches. In this study,
heart rate variation as a percentage was applied as a measure. The workload after each trial
was recorded by using the NASA-TLX test. The results showed that the weight of physical
demand and the overall score of workload were significantly affected by the approaches.
When HG was used, the physical laboriousness and the overall workload increased. The
comparison of the completion time and the accuracy between the novice group and the
expert group was carried out. The experts had a greater accuracy, although it took more
time to complete the tasks. In this study, 91% of the experts gave positive feedback on the
reproducibility of the prototype system.

There are four main limitations to this study. First, there is the network latency. The
unsynchronized movements had a significant effect on teleoperation [53]. However, this
study focused on the effects of approaches to MCI on the TOH crane handling tasks. In
order to control the condition of network latency, this study was performed in a LAN
environment using the wired connection. In the future, we need to increase the conditions
of latency regarding constant latency [54] and time-varying latency [55]. Second, the
prototype was not complex enough. Safety concerns such as the prevention of collisions
between existing facilities and workers on the shopfloor should be integrated into future
tests. The study should also be incorporated with practical situations for evaluation in the
future. Third, it was found that the weight of physical demand increased when HG was
used. However, the physical loading was not clearly identified and distinguished in this
study. Other potential indicators such as EMGs [56] can be used for assessing physical
laboriousness. Lastly, the number of trials and participants was still insufficient. We should
increase the number of trials and participants in the future.
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