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Abstract

:

Reducing cumbersome mechanical control components is one of the trends of modern agricultural machinery towards a high degree of automation. Whether the control components of sugarcane harvesters can gradually be replaced by central control screens, similar to car cabins, is an unresolved question. At the level of human machine interaction, this involves comparing the efficiency between joystick and touch screen control. This paper conducts a simulated experiment to compare and study the efficiency and user experience of joystick and touch screen control in adjusting the topper and base cutter heights of sugarcane harvesters, aiming to provide a reasonable basis for the design of control interfaces in sugarcane harvester cabins. The electromyographic signals, experiment duration, and subjective cognitive evaluations of participants in both the topper and base cutter groups were analyzed. The results showed that the efficiency, learnability, and ease of use of different control methods varied under different operational tasks. For the topper that corresponds to the operating behavior and height transformation in real time, joystick control demonstrated superior ease of use and operational efficiency compared to touch screen control, with weaker learnability. There was no discernible difference in muscle activation levels between the two control methods. Consequently, joystick control is deemed more suitable for the height adjustment of the topper. Regarding the base cutter with non-real-time mapping of operating behavior and height changes, no significant disparity in ease of use and learnability was observed between the two control methods. Touch screen control yielded lower muscle activation levels and garners higher overall subjective cognitive scale ratings. Thus, touch screen control is considered more suitable for base cutter height adjustment. Lastly, the paper proposes the optimal combination of software and hardware for control components in sugarcane harvester cabins, and provides an objective and multidimensional experimental analysis method for future research on similar human machine interaction interfaces.
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1. Introduction


The sugarcane industry is an important sector in the Chinese national economy, and achieving automated production is fundamental to its development. The sugarcane harvester plays a crucial role in the automation of the sugarcane industry. The future development direction of sugarcane harvesters lies in informatization, precision, and intelligence [1]. By relying on information technologies such as sensors, remote control, and GPS, dynamic coordination and management of sugarcane harvesting operations can be achieved, thereby improving harvesting efficiency [2,3]. The newly introduced sugarcane harvesters in the market are equipped with a central control display in the driver’s cabin, primarily used to display various parameter indicators and vehicle condition information of the harvester, as well as to set and adjust certain mechanical parameters. Technical progress has resulted in a heightened level of complexity in agricultural machines and devices [4]. During the sugarcane harvesting process, the control of the harvester, including driving maneuvering, operation regulation, and adjustment of entertainment facilities, is still conducted through physical means. In the course of field visits, it was observed that the sugarcane harvester has complex functions, cumbersome operations, multiple controllers, and unclear operational logic, often resulting in high cognitive load for the driver, increased learning costs, and work fatigue.



In traditional agricultural machinery, the operation parameters are displayed on the instrument panel in the driver’s cabin. However, an increasing number of agricultural machinery cabins are now equipped with touch screens to display relevant parameter information. With this new type of human machine interface, operators can simply touch the screen menu to select various terminal information within the unit [5], effectively reducing manual labor and improving operational efficiency [6]. Against the backdrop of global development in agricultural machinery automation, the shift from fully mechanical interaction to more intuitive and effortless touch screen interaction in sugarcane harvesters’ cabins is an inevitable trend. However, current research on the interaction in agricultural machinery cabins primarily focuses on the physical interface, such as the arrangement and size of displays and controllers, the relationship between human body dimensions and structural points, as well as the design of form features, such as shape, graphics, materials, and colors [7,8,9,10,11]. For instance, Zhang Jianmin and Fu Jun combined human machine interaction cognition with the driver’s operational habits and used JACK simulation analysis software to optimize the layout of instruments, buttons, and steering wheels in tractor cabins [12]. Currently, there is limited attention given to new interactive methods for operating large and medium-sized agricultural machinery cabins, both domestically and internationally.



In the field of intelligent vehicles, there has been extensive research on the control methods of utilizing a central control screen for partial secondary driving tasks, and these methods are gradually being applied [13]. Compared to methods of mechanical manipulation that require direct touch, touch screen control loses the tactile feedback and familiarity delivered through the sense of touch, and in a moving car driving environment, the driver’s attention must be focused on driving the car safely with limited visual resources allocated to secondary tasks, so touch screen control has to reduce the driver’s visual dependence [14]. Studies by Holmen and Zadeh indicated that haptic feedback can replace visual feedback to some extent by studying the effect of different haptic feedback on the driver’s accuracy in adjusting the window height during car window adjustment [15]. Similar research was done by Rümelin and Butz, who concluded that a programmable touch sense might increase the efficiency of driver tasks connected to the touch screen while driving, reducing driver distraction and enhancing driving safety [16]. Some studies have shown that the interaction will take up a significant amount of the driver’s visual attention and the accurate click rate on the touch screen will fall significantly in poor road conditions. The operation time will also increase [17,18]. Ahmad et al. evaluated the ease of use and input performance of automotive touch screens under different road conditions [19]. It was shown that the ease of use of the car’s in-vehicle interactive display will be affected when driving is disturbed by road inequalities. Stein et al. suggested the effects of parameters such as frequency, amplitude, rhythm, roughness, and duration on the effect of haptic feedback and made design recommendations for the setting of relevant parameters in touch screen design [20].



On the other hand, research on user experience based human machine interfaces in intelligent automotive driving cabins also provides references for the study of new interaction methods in agricultural machinery cabins. Hao et al. explored the design principles of modeling forms of instrument panels to shared vehicles and demonstrated that SD-AIO panels (the panel of symmetrical driver-oriented layout with an all-in-one type screen) are effective in reducing user tension while performing driving tasks and secondary tasks, promoting sustainable interactions with high traffic efficiency and good user experience [21]. Li et al. investigated the interface layout of two types of in-vehicle information systems and found that hierarchical and checkerboard layouts have different effects on ease of use and driving safety at different speeds [22].



In conclusion, the majority of research in the field of human machine interfaces for automotive driving cabins currently focuses on aspects such as the interaction efficiency and user experience of in-vehicle displays and interfaces. The question of whether touch screen virtual buttons can replace mechanical control components is primarily based on experience and subjective judgment, with a lack of experimental studies comparing the efficiency of mechanical control components and touch screen in adjusting mechanical structures and controlling switches. The existing research on the driving and ergonomic comfort of sugarcane harvesters primarily focuses on the range of joint angles of the human body, without exploring the possibility of replacing operational control components with touch screen interfaces. The latter has the potential to effectively reduce superfluous physical control components, streamline the control interface, and likely make the sugarcane harvesting process more intuitive and efficient. Therefore, this study aims to conduct a multidimensional comparison through simulation experiments, evaluating the efficiency, muscle fatigue levels, and user experience of manipulating the height of the sugarcane harvester topper and base cutter using both joystick control and touch screen control. The research intends to explore the feasibility of future operations where all agricultural machine operations are taken over by a central control screen interface.



Surface electromyography (sEMG) is bioelectrical signals emitted by neuromuscular activity in the human body during spontaneous movement and can be seen as a composite of bioelectrical signals generated by subepidermal muscle activity superimposed in time and space in that epidermis [23]. EMG signal, commonly utilized for measuring and assessing muscle activity, is a reliable and convenient method for fatigue detection at present [24,25]. It has been widely employed in evaluating the comfort of operators and assessing fatigue levels in different postures or conditions. Liu et al. conducted a relevant analysis of the steering comfort of automobiles in a virtual driving environment based on upper limb EMG signals of drivers, establishing an evaluation model for objective assessment of steering comfort [26]. Mi et al. designed an 8-channel sEMG acquisition system, which automatically detects muscle fatigue states based on collected sEMG signals, indicating a proportional relationship between effective sEMG amplitude and muscle fatigue level [27]. In this study, EMG testing will be employed to compare the fatigue levels of different control methods through simulated operational experiments. The experimental research design process is illustrated in Figure 1.




2. Materials and Methods


2.1. Participants


This experiment involves the issue of learnability regarding two control methods: touch screen and joystick. Therefore, participants who have never been exposed to sugarcane harvester driving tasks are required. Considering the current situation where there are hardly any female drivers of sugarcane harvesters, this experiment ultimately selected 18 male university students between the ages of 18 and 28 as participants. None of the participants had experience with driving sugarcane harvesters. They did not report any vision problems that interfered with normal driving.




2.2. Equipment


The harvesting process of a sugarcane harvester consists of several steps: cutting the top, lifting the fallen sugarcane, cutting the roots, segmenting, separating, and loading. These steps involve the sequential utilization of height adjustment control joysticks for the topper, sugarcane lifter, and base cutter. Each mechanism is adjusted to the appropriate height for the current operation before initiating the harvesting process by activating the start switch. Real-time adjustments are necessary during sugarcane harvesting to accommodate varying field conditions, degree of lodging, and cane height. The base cutter and topper height adjustment joysticks are the most commonly used of these changes. As a result, to build the experimental platform for this investigation, the control mechanisms for the base cutter and topper were chosen as typical simulation objects.



Firstly, an experimental setup was constructed to simulate the control process of the base cutter and topper. In actual production, the height of the base cutter outside the cabin cannot be directly observed. Therefore, a visual feedback device called the base cutter height display tube was installed inside the cabin to provide real-time feedback to the driver regarding the current distance of the base cutter above the ground. The base cutter height display tube, a calibrated cylindrical tube equipped with markings, enables real-time feedback on the distance between the base cutter and the ground by detecting variations in the liquid level. To streamline the simulation experiment, a vertically oriented wooden board with calibrated stickers was employed as a simplified alternative. The vertical motion of the internal liquid was emulated using a DC-brushed electric push rod. The structure of the topper can be deconstructed into three primary components: a rotational motor, a supporting rod, and a blade. Due to its exceptional deformation resistance and low weight, the KT board, which is 5 mm thick, is used to manufacture both the blade and the supporting rod. The rotational motion of the swing arm is precisely controlled by a servo motor.



Through observation and calculation, it was found that the height adjustment of the topper can quickly rise or fall to the desired position in real-time correspondence. Therefore, the corresponding simulation mechanism for the topper height adjustment needs to rotate rapidly to the specified position. The motor’s rotation and adjustment have a real-time mapping relationship. On the other hand, the height adjustment of the base cutter involves a slower ascent and descent to the desired position. This is because the range of height adjustment for the base cutter is smaller compared to the topper, requiring greater precision. As a result, the adjustment speed is relatively slower. The corresponding simulation mechanism for the base cutter height display tube needs to raise or lower at a slower speed to the specified height. In this case, the motor’s rotation and adjustment do not adopt a real-time mapping relationship.



A 12-inch Android tablet, which is comparable in size to commonly used central control LCD screens, was selected for the touch screen control. Since the simulation mechanisms for the topper and base cutter of the sugarcane harvester operate in an up-and-down motion, the experimental setup followed the principles of human operating habits and interface design consistency. The touch screen control interface for the topper and base cutter height display tube on the experimental platform was designed as a vertical sliding bar. Sliding upwards corresponds to the upward movement of the mechanical structure, while sliding downwards corresponds to the downward movement. Additionally, flat icon designs were chosen to enhance the efficiency of user information processing. The joystick chosen is an XY two-axis Hall industrial joystick that closely resembles the appearance of sugarcane combine harvesters.



The complete experimental setup is shown in Figure 2. The setup can be divided into two parts: the simulation mechanism for the topper and the simulation mechanism for the base cutter height display tube. Both parts can be adjusted in height using two control methods: a joystick and a touch screen. The touch screen control utilizes a tablet connected to a WiFi sensor, and the Arduino board is used to control the mechanical simulation mechanism. The joystick control employs a Hall joystick and the Arduino board to control the mechanical simulation mechanism [28]. After adjusting the height, the experimental setup can be automatically reset for repeated experiments.



The use of joysticks and touch screens for height control requires individuals to have precise control over finger movements. The ability of an individual to accomplish a given task primarily by the movement of the hand as well as the muscle groups of the fingers with a combination of perceptual, tactile, and attentional abilities is known as the delicate operation ability of the human hand [29]. During fine handing movements, the main force-emitting muscles are the flexor carpi radialis, flexor carpi ulnaris, extensor digitorum, and flexor digitorum superficialis [30,31]. Therefore, in this study, the flexor carpi radialis was chosen as the target for EMG measurements. The subjects’ EMG signals were continuously recorded during the experiment, and the signal acquisition instrument was the BioLab Mental and Behavioral Simultaneous Recording System produced by MindWare, Inc. To avoid interference with EMG signals acquisition due to oil on the skin surface, the subjects’ skin was cleaned thoroughly and prepared before electrode placement. The potential difference between the two electrodes over time is EMG signals [32]. The electrode sheet may become loose during the experiment due to hand movements, so the electrode sheet and the wire should be fixed at the body surface of the measured muscle with medical rubber tape [33], as shown in Figure 3, to avoid affecting the experimental results.



In the field of human machine interaction, NASA-TLX is commonly used to assess the cognitive load experienced by participants after completing operational tasks. As this study aims to explore the learnability and ease of use of two control methods, touch screen and joystick, it is necessary to optimize the relevant questions based on the characteristics and objectives of the research. This will result in subjective evaluation scales that are easier to comprehend and have clearer indicators. This questionnaire intends to examine whether there are differences in the cognitive evaluations made by participants regarding the experimental tasks across different control methods. Specifically, a one-way analysis of variance (ANOVA) will be conducted, with the control methods (touch screen and joystick) as the independent variable, and the subjective evaluations of the participants’ experiences with the two control methods in the questionnaire as the dependent variable.




2.3. Experimental Design


The study employed a 2 × 2 factorial design, with two independent variables representing two types of control structures and two control methods. The dependent variables included EMG signal characteristics (E), task completion time (T), and subjective cognitive assessment values (P). The two types of control components were the height adjustment for the topper and the base cutter height display tube. Two sets of comparative experiments were conducted for each type, using touch screen control and joystick control. To eliminate the learning and adaptation effects of initial operations, participants were evenly divided into two groups for each type, with one group starting with touch screen control and the other with joystick control. Finally, one-way ANOVA was used for statistical inference of the experimental data.



The experimental design consists of two operational tasks as follows:




	
For the Topper Group: The task involves adjusting the height of the topper using both the joystick and touch screen. The adjustment is made from position 35 to 55 on the scale. This task is repeated three times.



	
For the Base Cutter Group: The task involves adjusting the height of the base cutter display tube using both the joystick and touch screen. The pointer is initially moved from position 45 to 55 or from 55 to 45 on the scale. This task is also repeated three times.









2.4. Procedures


Prior to the experiment, the participants were randomly assigned to two groups. Subsequently, the participants were instructed to sit in the designated position and adjust the chair to a comfortable and convenient position for operation. They were then briefed on the general nature of the experiment and given instructions to connect the electrode pads to the BioLab system. After a two-minute rest period, the experiment commenced. Under the guidance of the experimenters, the participants sequentially completed four operational tasks: adjusting the topper height using the joystick and touch screen, each repeated three times, and adjusting the base cutter height display tube using the joystick and touch screen, also repeated three times, resulting in a total of 12 trials. The order of tasks was reversed for the other group. Following each task, the participants rested for two minutes before proceeding to the next task, during which time the experimenters reset the equipment. The operational time for each task and the electromyographic response signals during the participants’ performance were recorded and displayed in real time on a computer screen via the BioLab system. Upon completion of the operational tasks, the participants filled out a questionnaire based on their experiences and perceptions during the experiment, providing subjective feedback on their impressions of the two control methods.





3. Results Analysis


3.1. EMG Data


The root-mean-square (RMS) values of EMG signals from the flexor carpi radialis were used as statistical features (EMG_RMS) to conduct a one-way ANOVA for different control methods within the same operational task. The RMS value is closely related to factors such as the magnitude of muscle contraction force [34]. The results indicated that there was no significant difference in EMG signals between the two control methods for the topper, suggesting that the muscle activation level did not differ significantly between the two control methods. However, for the base cutter, there was a significant difference in the EMG signals between the two control methods (F (1,82) = 4.43; p < 0.05). The mean value of the statistical feature corresponding to joystick control was significantly higher than that of touch screen control, indicating that during the adjustment of the base cutter height, joystick control resulted in greater muscle activation compared to touch screen control (Figure 4). Although the duration of this experiment was relatively short and insufficient to induce muscle fatigue, it is expected that under prolonged exposure, muscle fatigue would be more pronounced with joystick control compared to touch screen control.




3.2. Task Completion Time


3.2.1. Data from Three Rounds of Experiments


A one-way ANOVA was conducted with the adjustment control method as the independent variable and the completion time (T) of all tasks measured in three rounds as the dependent variable within the same operational task. The results indicated a significant difference in the completion time between the touch screen and joystick control methods for the topper (F (1,94) = 4.489, p < 0.05). The average completion time for touch screen control was higher than that for joystick control, suggesting that joystick control was more efficient for adjusting the topper height. However, there was no significant difference in the completion time between the two control methods for the base cutter.



To compare the ease of use and learnability of the two control methods, statistical analyses of the one-way variance of a single experiment and the difference in time spent on a single round of experiments with multiple participants were performed next.




3.2.2. Data from the First Round of Experiments


The duration of the first round of experiments provides a direct reflection of the ease of use, which indicates how easily the operation can be adapted. Therefore, in order to compare the issue of ease of use among different control methods, it is necessary to statistically analyze the completion time of the first trial for both control methods. Specifically, within the same operational task, with the adjustment control method as the independent variable, a one-way ANOVA was conducted on the completion time of the first trial, which served as the dependent variable for all valid participants. The results revealed a significant difference in the completion time of the first round of experiments between the touch screen and joystick control methods for the topper (F (1,30) = 6.528, p < 0.05). The average completion time for touch screen control was greater than that for joystick control, and the difference between the two exceeded the difference in average completion time observed in the three rounds of experiments (Figure 5). This indicates that in the topper group experiment, the joystick control method demonstrated a greater ease of use for adjustment compared to the touch screen control. However, for the base cutter experiment, there was no significant difference in the completion time between the touch screen and joystick control methods, suggesting that the ease of use was not differentiated between the two control methods.




3.2.3. The Difference between Two Adjacent Rounds of Experiments


In order to investigate the learnability between touch screen control and joystick control, it is necessary to compare the difference in time between the first and second rounds, as well as the second and third rounds of experiments for the two control methods to see which control method has a greater difference in time between the three rounds of experiments.



The results showed that in the topper group, the two control methods caused a significant difference in the completion time of the 1st and 2nd rounds (F (1,30) = 7.539; p < 0.05). The two control methods did not cause significant differences in the completion time of rounds 2 and 3, indicating that the experimental time of round 3 corresponding to both control methods did not change more than that of round 2, and the experimental time of round 3 had stabilized. After calculation (Table 1), the number of people who spent less time on the 1st and 2nd rounds, 2nd and 3rd rounds of touch screen control was much more than that of the joystick, and the difference between the time spent on the 1st and 2nd rounds of touch screen control was greater than that of the joystick, which means that the touch screen control of the topper experimental group has better learnability compared with the joystick control, that is, the touch screen control is easier to learn than the joystick control.



In the base cutter group (Table 1), the two control methods could not cause a significant difference in the difference between the time spent on the 1st and 2nd rounds of operation, nor could they cause a significant difference in the difference between the time spent on the 2nd and 3rd rounds of operation. After computational analysis, the learnability did not differ significantly between the two control methods of touch screen and joystick in the experimental group of the base cutter.





3.3. Cognition Scale


In the topper group, there was no significant difference between “easy to learn” and “make me feel relaxed”, indicating that the subjects considered that there was basically no difference in the learnability between the touch screen and joystick control methods, and the psychological pressure and emotions caused by the two control methods during the experiment were almost the same. By comparing the mean values of the three evaluation values with significant differences (p < 0.05) (Figure 6), it was found that in the experience process of the two control methods, the subjects believed that the joystick was easier to control and adjust the height of the topper than touch screen control, while touch screen control was more labor-saving than joystick control. In addition to the subjective evaluation scale, for the summary description of “more accustomed” operation mode in the questionnaire content, 93.75% of the subjects chose joystick control; for “preferred” operation mode, 75% of the subjects also chose joystick control. Combined with the analysis of cognitive scales before, “simple to operate” and “easy to control” are both advantages of joystick control over touch screen control. Therefore, after the experiment, more subjects still preferred joystick control.



In the base cutter group, there was no significant difference between “simple to operate”, “easy to learn” and “make me feel relaxed”, indicating that the subjects believed that there was no difference in the simplicity and learnability of the two control methods, and the psychological pressure and emotion caused by the subjects were almost the same. Comparing the two evaluation values that were significantly different (p < 0.05) revealed that the subjects found the touch screen easier to control and more effortless than the joystick (Figure 6). For the summary description of the questionnaire, 78.57% of the subjects chose joystick control, while 92.85% of the subjects chose touch screen control as their “preferred” method of operation. Combined with the analysis of the previous cognitive scales, the average value of both “effortless” and “easy to control” is higher for touch screen control than joystick control, so it shows that in the “more preferred” and “more accustomed” questions, the subjects chose the preferred control method instead of the joystick control, which they were more accustomed to before, and most of them chose the touch screen control method. It shows that in the experiment of the base cutter group, due to the longer adjustment time, the subjects preferred the touch screen control method with lower average muscle activation, which can reduce the feeling of muscle fatigue and thus bring the subjective feeling of less effort and easier control to the subjects.





4. Validation Experiment


4.1. Test Methods


Compared to indoor environments, numerous significant external factors must not be disregarded during the operation of agricultural machinery. For instance, vehicle shaking and bouncing can arise from uneven road surfaces, while the driver’s recognition and use of the touch screen may be affected by intense light exposure. Moreover, variations in operational efficiency and user experience can occur due to factors such as the driver’s age, education level, and proficiency in operating agricultural machinery. To exclude the impact of external factors (e.g., vehicle shaking, glare, noise, and the driver) on the aforementioned experimental results, a field experiment was conducted to validate the ongoing effectiveness of the indoor simulated experimental results in real operating environments of agricultural machinery. Additionally, in consideration of potential disparities between the actual usage experience and manipulation force of the joystick compared to a small-scale simulated joystick, a straight handle joystick resembling the shape and dimensions of the cabin in a sugarcane harvester was chosen for experimental validation, aiming to replicate the genuine operating environment.



Participants for the experiment included six experienced professional agricultural machinery operators aged between 35 and 50 years, with educational backgrounds ranging from junior high school to high school. They had normal or corrected vision and no color blindness or color weakness. The height adjustment mechanisms for the topper and base cutter were placed in Dongfanghong LX904 tractor’s cabin for this experiment (Figure 7). The participants were instructed to complete all operational tasks while the vehicle was moving at a low speed of 2 km/h in the field. The experimental design, equipment, and procedures followed the guidelines outlined in Section 2.2, Section 2.3 and Section 2.4. However, the measurement of EMG signals was omitted during the field experiments. This decision was made due to the potential decrease in quality and accuracy of EMG signal acquisition caused by the unstable contact between the electrodes and muscles during dynamic movements.




4.2. Field Test Result


The experimental data of operation time and subjective evaluation scale obtained in the field environment were subjected to one-way ANOVA. In the topper group, different control methods led to significant differences in operation time (F (1,34) = 5.324; p < 0.05). The average time for touch screen control was longer, indicating lower operational efficiency compared to the joystick. In the field environment, the average time for both control methods was higher than that in the indoor environment, possibly due to the vehicle shaking affecting the driver’s precise control of the components. In terms of the extent of average time increase, touch screen control showed an increase of 1.85 s, higher than the 1.07 s with joystick control. This suggests that compared to the joystick, touch screen control is more susceptible to changes in the external environment, possibly due to intense sunlight exposure and vehicle shaking. The experimental data in the base cutter group exhibited a similar trend to the indoor experiments, with a significant increase in overall operation time. Nevertheless, no significant difference was observed between the two control methods in terms of task completion time.



In terms of ease of use, the average operation time for touch screen control in the first round was significantly higher than that for joystick control in the topper group (F (1,10) = 8.912; p < 0.05). However, the difference in total average time between the two control methods across three rounds was noticeably reduced compared to the difference in the first round (Figure 5), indicating that touch screen control initially poses more challenges and has lower ease of use compared to joystick control. Whereas a higher number of participants using touch screen control exhibited a decreasing trend in experimental time for the first and second rounds, as well as for the second and third rounds, in comparison to joystick control. Furthermore, the difference in experimental time between the first and second rounds was significantly greater for touch screen control than for joystick control (F (1,10) = 12.674; p < 0.05), suggesting better learnability for touch screen control and a significant improvement in work efficiency with fewer repetitions. The analysis of the cognitive scale results revealed that participants in the topper group perceived touch screen control as requiring less effort (p < 0.05) while considering joystick operation as simpler (p < 0.05) (Figure 8). These findings are consistent with the previously established conclusion based on the analysis of operation time, which indicated that “joystick control offers better ease of use”. In the base cutter group, participants perceived touch screen control as easier to control (p < 0.05) and more labor-saving (p < 0.05).



Overall, the findings from both the field experiment and indoor experiment regarding the operational efficiency, ease of use, learnability, and subjective evaluations of the touch screen and joystick control methods are largely consistent. This successfully eliminates the possibility of external environmental factors leading to divergent experimental conclusions.





5. Discussion


For different work tasks, the efficiency of using different input devices may vary, but they each have their own advantages. For example, Herring et al. found that touchpads and mini joysticks are the best cursor control devices for laparoscopic tools [35]. In addition, in the interface of different input devices for manipulating wheelchair mounted robotic arms to select objects, participants performed better in the touch screen interface than in the joystick interface [36]. The results of this experiment also show that the joystick has a faster start-up action and is easier to use, while the touch screen is more labor-saving [37]. Based on a comprehensive analysis of two sets of experiments conducted in indoor and field settings, and through an examination of the operation time, it was found that for adjusting the height of the topper, the ease of use of joystick control was greater than that of touch screen control, and the learnability was less than that of touch screen control. Summarizing the task completion time of three rounds of repetition experiments, it was found that for adjusting the height of the topper, joystick control was more efficient than touch screen control; for adjusting the height of the base cutter, there was no obvious manifestation of ease of use and learnability between the two control methods, and their operating efficiency was also close. All these indicate that input devices present significant differences in work efficiency and availability due to different operation tasks. Therefore, when targeting a specific operation task, input devices should not be determined by experience but by experimental demonstration to find the best control method.



During the indoor experiment, the RMS value of the EMS signals of the main force muscle, the flexor carpi radialis, was tested. The results showed that there was no significant difference in the muscle activation level between the two control methods during the topper adjustment process. However, in the base cutter group experiment, it was found that the average muscle activation level of the flexor carpi radialis caused by joystick control was greater than that of touch screen control during the experiment. The reason is that the adjustment time for the height of the base cutter is longer and the height feedback is slower, so there is a greater difference in muscle fatigue level, which is suitable for using touch screen control instead of joystick control to adjust and reduce muscle fatigue caused by long-term continuous work for drivers. The speed of rising and falling of the topper height adjustment is relatively fast, and using the existing joystick adjustment can ensure the adjustment efficiency. Therefore, in the operation interface design process, it is recommended to cancel the joystick for adjusting the height of the base cutter and incorporate it into the touch screen control interface, while keeping the joystick for adjusting the height of the topper in its current form.



In modern car designs, there is a significant trend of replacing physical buttons with touch screen virtual buttons for various features, such as air conditioning controls and window height adjustments. This design approach not only saves space but also reduces the force required by the driver during operation. During field research, it was found that prolonged use of the switches on the control buttons of the sugarcane harvester could cause the lettering to become blurry, leading to potential operational errors by the driver. Additionally, the control buttons for the base cutter, sugarcane lifter, harvesting, and weed removal are not frequently used and do not have adjustable functions. Therefore, in the optimization of the operational interface in the sugarcane harvester’s cabin, it is possible to eliminate the control buttons for these solenoid valves and consolidate their functions into a touch screen control system. This would streamline the design and improve the ease of use of the operating interface.



The subjective cognitive scale values of the two control methods showed that the subjects in the topper group considered the touch screen control to be more effortless than the joystick control. However, there was actually no significant difference in the degree of muscle activation induced by the two in the EMG signal analysis of the indoor environment. After the experiment, 75% of the subjects chose the joystick as the preferred control method, which also confirms that the subjective perception of the touch screen control here may be based on empirical judgment, and the perception of labor-saving was not obvious during the actual experiment. Similar phenomena have been reported in previous studies. Stanton et al. found that users perceive touch screens as more usable, even in the presence of vibrations, despite sometimes inferior performance compared to mechanical devices [38]. This phenomenon may be due to differences in participants’ performance assessments of different devices, which can affect their perception of the degree of enabling power [39].



The optimal combination of different input devices tends to improve productivity, and the combination of a novel cross-shaped key keyboard and a stylus is considered the best input method for computers to meet the input rate requirements of mobile IT products [40]. Based on the above research, the best combination of hardware and software for the operational control components of sugarcane harvesters is to retain the joysticks of the topper, sugarcane lifter for height adjustment and fan steering. The base cutter height adjustment joystick and all switch control buttons are converted to touch screen control mode and centralized on the central control screen.




6. Conclusions


This study analyzes and investigates the task completion time, EMG signals during the experimental process, and subjective assessment values of the participants. Suggestions are provided for reducing the workload for drivers and optimizing the layout of the driver’s cabin. The results of the topper group experiment data showed that the ease of use of the joystick control was higher than that of the touch screen control, and the learnability was lower than that of the touch screen control. Combining the average time taken in the third round of experiments after stabilizing the experimental time and the subjective perceptions of the participants, it is considered more appropriate to use the joystick for height adjustment in the topper mechanism, which provides real-time feedback and has a fast adjustment speed. The results of the base cutter group experiment data showed that there was not much difference in the ease of use and learnability between the joystick and touch screen. However, the muscle activation level with the joystick control was significantly higher than that with the touch screen control. It is more likely to cause muscle fatigue during long work durations. Combining the subjective perceptions of the participants, it is considered more appropriate to use the touch screen control for height adjustment in the base cutter mechanism, which provides non-real-time feedback and has a slower adjustment speed.



In this experiment, the EMG signals of the flexor carpi radialis were measured using the EMG_RMS as a statistical feature to provide a comparative and intuitive explanation of the muscle activation levels between the two control methods. Furthermore, the ease of use of the two control methods was compared by analyzing the duration of the first round of experiments, and the learnability was compared by examining the differences in duration between adjacent experiments. This study presents an objective and multidimensional experimental analysis method for future research on similar human machine interaction interfaces.







Author Contributions


Conceptualization, X.W. and S.L.; methodology, X.W.; software, X.W.; validation, X.W.; formal analysis, X.W.; data curation, X.W.; writing—original draft preparation, X.W.; writing—review and editing, X.W. and S.L.; visualization, X.W.; project administration, S.L.; funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Beijing Municipal Philosophy and Social Science Planning Project, item number: 19YTB018, and co-funded by the China Society of Higher Education Educational Research Project, item number: 22SJ0402.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Fan, Q.; Huang, Q.; Wu, H.; Zhou, J.; Xie, C.; Wu, T. Prospect and Development of Sugarcane Mechanized Harvest at Home and Abroad. Sugarcane Canesugar 2020, 49, 1–11. [Google Scholar]

	



Xiao, L. Development of Foreign Sugarcane Harvester and Its Enlightenment to China. Farm Mach. 2019, 9, 121–123. [Google Scholar]

	



Wang, Y. Foreign Sugarcane Machinery Competition Pattern and Technology Development Trend. Agric. Mach. Qual. Superv. 2019, 2, 31–32. [Google Scholar]

	



Kiełbasa, P.; Juliszewski, T.; Rusnak, J.; Pikul, K. Impact of the mental activity type on the mental fatigue and degree of physiological workload. Agric. Eng. 2014, 18, 111–121. [Google Scholar] [CrossRef]

	



Han, J.; Niu, B.; Zhao, H.; Lin, M. Electronic Information Technology Development and Agricultural Machinery Technology Innovation. Agric. Equip. Veh. Eng. 2004, 9, 12–13. [Google Scholar]

	



Yang, H. Agricultural Machinery Intelligence and Development Trend. Hubei Agric. Mech. 2018, 11, 19–20. [Google Scholar]

	



Qiu, Y.; Zhu, Z.; Mao, E.; Song, Z.; Liu, H.; Xu, J.; Li, C. Virtual ergonomics design and evaluation of agricultural equipment cab. Trans. Chin. Soc. Agric. Eng. 2011, 27, 117–121. [Google Scholar]

	



Qiu, Y.; Zhu, Z.; Mao, E.; Song, Z.; Hu, W.; Zhu, X. Study on Priorities of Human-machine Interface in Combine Harvester Cab. Trans. Chin. Soc. Agric. Eng. 2009, 40, 43–47. [Google Scholar]

	



Kang, H.; Wang, Y.; Dai, L.; Wang, J.; Li, J. The Present Situation and Progress of the Painting of Agricultural Machinery Cab. Mod. Paint. Finish. 2018, 21, 27–32. [Google Scholar]

	



Nag, P.; Gite, L. Ergonomics Application in Design of Workplace of Tractors and Power Tillers. In Human-Centered Agriculture: Ergonomics and Human Factors Applied; Springer: Berlin/Heidelberg, Germany, 2020; pp. 333–351. [Google Scholar] [CrossRef]

	



Ou, J.; Zheng, Y.s.; Yi, J.; Guo, B. Study of Forklift Cab Shape Design Based on Behavior Analysis. In Proceedings of the Advances in Physical Ergonomics and Human Factors: Proceedings of the AHFE 2019 International Conference on Physical Ergonomics and Human Factors, Washington, DC, USA, 24–28 July 2019; Springer: Berlin/Heidelberg, Germany, 2020; pp. 296–308. [Google Scholar] [CrossRef]

	



Zhang, J.; Fu, J. Human-computer Analysis of Tractor User Interface and Jack Simulation Optimization. J. Agric. Mech. Res. 2022, 44, 244–250. [Google Scholar]

	



Pitts, M.J.; Skrypchuk, L.; Attridge, A.; Williams, M.A. Comparing the User Experience of Touchscreen Technologies in an Automotive Application. In Proceedings of the 6th International Conference on Automotive User Interfaces and Interactive Vehicular Applications, Seattle, WA, USA, 17–19 September 2014; AutomotiveUI ’14. Association for Computing Machinery: New York, NY, USA, 2014; pp. 1–8. [Google Scholar] [CrossRef]

	



Li, Z.; Zhou, X.; Zheng, Y. Design and Research of Vehicle Driving Auxiliary System Based on AR-HUD. J. Wuhan Univ. Technol. Sci. Eng. 2017, 41, 924–928. [Google Scholar]

	



Holmen, J.K.; Zadeh, M.H. Effects of Varying Haptic Feedback on Driver Distraction during Vehicular Window Adjustment. In Proceedings of the 2nd International Conference on Automotive User Interfaces and Interactive Vehicular Applications, Pittsburgh, PA, USA, 11–12 November 2010; AutomotiveUI ’10. Association for Computing Machinery: New York, NY, USA, 2010; pp. 88–91. [Google Scholar] [CrossRef]

	



Rümelin, S.; Butz, A. How to Make Large Touch Screens Usable While Driving. In Proceedings of the 5th International Conference on Automotive User Interfaces and Interactive Vehicular Applications, Eindhoven, The Netherlands, 28–30 October 2013; AutomotiveUI ’13. Association for Computing Machinery: New York, NY, USA, 2013; pp. 48–55. [Google Scholar] [CrossRef]

	



Wang, J.; Luo, W.; Cao, B.; Jia, L.; Ma, X. Design of the Human-machine Interface for Automobile HUD. Process. Autom. Instrum. 2015, 36, 85–87. [Google Scholar]

	



Tangmanee, K.; Teeravarunyou, S. Effects of Guided Arrows on Head-Up Display Towards the Vehicle Windshield. In Proceedings of the 2012 Southeast Asian Network of Ergonomics Societies Conference (SEANES), Langkawi, Malaysia, 9–12 July 2012; pp. 1–6. [Google Scholar] [CrossRef]

	



Ahmad, B.I.; Langdon, P.M.; Godsill, S.J.; Hardy, R.; Skrypchuk, L.; Donkor, R. Touchscreen Usability and Input Performance in Vehicles under Different Road Conditions: An Evaluative Study. In Proceedings of the 7th International Conference on Automotive User Interfaces and Interactive Vehicular Applications, Nottingham, UK, 1–3 September 2015; AutomotiveUI ’15. Association for Computing Machinery: New York, NY, USA, 2015; pp. 47–54. [Google Scholar] [CrossRef]

	



Stein, T.; Seeger, M.; Borys, B.B.; Schmidt, L. Suitable Parameters for Tacton Design in Touch Screen Interaction. In Proceedings of the International Conference Interfaces and Human Computer Interaction 2017: Part of the Multi Conference on Computer Science and Information Systems 2017, Lisbon, Portugal, 20–23 July 2017; pp. 77–85. [Google Scholar]

	



Yang, H.; Zhao, Y.; Wang, Y. Identifying modeling forms of instrument panel system in intelligent shared cars: A study for perceptual preference and in-vehicle behaviors. Environ. Sci. Pollut. Res. 2020, 27, 1009–1023. [Google Scholar] [CrossRef]

	



Li, R.; Chen, Y.V.; Sha, C.; Lu, Z. Effects of interface layout on the usability of In-Vehicle Information Systems and driving safety. Displays 2017, 49, 124–132. [Google Scholar] [CrossRef]

	



Boyas, S.; Guevel, A. Neuromuscular fatigue in healthy muscle: Underlying factors and adaptation mechanisms. Ann. Phys. Rehabil. Med. 2011, 54, 88–108. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.; Hou, W.; Xu, W. The Research For sEMG Processing Used For Biological Model. J. North China Univ. Sci. Technol. (Nat. Sci. Ed.) 2014, 36, 61–65. [Google Scholar]

	



Rogers, D.R.; MacIsaac, D.T. EMG-based muscle fatigue assessment during dynamic contractions using principal component analysis. J. Electromyogr. Kinesiol. 2011, 21, 811–818. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, Q.; Lv, C.; Zheng, M.; Ji, X. A Study on Objective Evaluation of Vehicle Steering Comfort Based on Driver’s Electromyogram and Movement Trajectory. IEEE Trans.-Hum.-Mach. Syst. 2018, 48, 41–49. [Google Scholar] [CrossRef]

	



Mi, C.; Chen, Y.; Zou, L. Research on muscle fatigue detection system based on sEMG. Mod. Electron. Tech. 2018, 41, 78–82. [Google Scholar]

	



Damci, E.; Åžekerci, Ã. Development of a Low-Cost Single-Axis Shake Table Based on Arduino. Exp. Tech. 2018, 43, 179–198. [Google Scholar] [CrossRef]

	



Poston, B.; Danna-Dos Santos, A.; Jesunathadas, M.; Hamm, T.M.; Santello, M. Force-Independent Distribution of Correlated Neural Inputs to Hand Muscles During Three-Digit Grasping. J. Neurophysiol. 2010, 104, 1141–1154. [Google Scholar] [CrossRef]

	



Almeida, P.; Cruz, D.; Magna, L.; Ferrigno, I. An electromyographic analysis of two handwriting grasp patterns. J. Electromyogr. Kinesiol. 2013, 23, 838–843. [Google Scholar] [CrossRef] [PubMed]

	



Na, Y.; Choi, C.; Lee, H.; Kim, J. A Study on Estimation of Joint Force Through Isometric Index Finger Abduction With the Help of SEMG Peaks for Biomedical Applications. IEEE Trans. Cybern. 2015, 46, 2–8. [Google Scholar] [CrossRef] [PubMed]

	



Heuer, H. Control of the dominant and nondominant hand: Exploitation and taming of nonmuscular forces. Exp. Brain Res. 2007, 178, 363–373. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B. Surface Electromyography Analysis of Quadriceps Muscle with Heel Pads Squatting at Different Bending Angles. Master’s Thesis, Capital Institute of Physical Education, Beijing, China, 2017. [Google Scholar]

	



Zhang, Y. Analysisof Muscle Activation Characteristicsof Different Grades of College Students. Master’s Thesis, Hangzhou Normal University, Hangzhou, China, 2018. [Google Scholar]

	



Herring, S.; Trejo, A.; Hallbeck, M. Evaluation of four cursor control devices during a target acquisition task for laparoscopic tool control. Appl. Ergon. 2010, 41, 47–57. [Google Scholar] [CrossRef]

	



Tsui, K.M.; Yanco, H.A.; Kontak, D.; Beliveau, L. Development and Evaluation of a Flexible Interface for a Wheelchair Mounted Robotic Arm. In Proceedings of the 2008 3rd ACM/IEEE International Conference on Human-Robot Interaction (HRI), Amsterdam, The Netherlands, 12–15 March 2008; pp. 105–112. [Google Scholar] [CrossRef]

	



Sutter, C.; Oehl, M.; Armbruster, C. Practice and carryover effects when using small interaction devices. Appl. Ergon. 2011, 42, 437–444. [Google Scholar] [CrossRef] [PubMed]

	



Stanton, N.A.; Harvey, C.; Plant, K.L.; Bolton, L. To twist, roll, stroke or poke? A study of input devices for menu navigation in the cockpit. Ergonomics 2013, 56, 590–611. [Google Scholar] [CrossRef]

	



Charles-Antoine Lanoix, S.R.; Doyon-Poulin, P. Mechanical Device or Touchscreen Widget: The Effects of Input Device and Task Size on Data Entry on the Primary Flight Display. Int. J. Hum.–Comput. Interact. 2023, 40, 1–17. [Google Scholar] [CrossRef]

	



Shi, W.Z.; Wu, F.G. An investigation of the performance of novel chorded keyboards in combination with pointing input devices. Appl. Ergon. 2014, 46, 1–7. [Google Scholar] [CrossRef]








[image: Agriculture 14 00601 g001] 





Figure 1. Research design flowchart. 
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Figure 2. Experimental equipment and scene of indoor environment. 
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Figure 3. Placement and fixation of electrodes. 
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Figure 4. Mean values of EMG_RMS across conditions of control methods and tasks. Values are means ± SEM. 
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Figure 5. Mean value of task completion time (T) in indoor and field environments across conditions of control methods and rounds in the topper group. Values are means ± SEM. 
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Figure 6. Mean scores of the Subjective evaluation scale across different operation tasks in the indoor environment under conditions of control methods and items.Values are means ± SEM, * p < 0.05, *** p < 0.001. 
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Figure 7. Experimental equipment and scene of field environment. The scale can be moved to the left side when the base cutter group is tested. 
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Figure 8. Mean scores of the Subjective evaluation scale across different operation tasks in the field environment under conditions of control methods and items.Values are means ± SEM, * p < 0.05. 
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Table 1. Percentage of reduction in the number of people in two adjacent rounds and p-value for two control methods under different operational tasks.
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Oprational Task

	
Control Method

	
t2 − t1

	
p-Value

	
t3 − t2

	
p-Value




	
Mean

	
<0 (%)

	
Mean

	
<0 (%)






	
Topper

	
Joystick

	
−1.125

	
56.25

	
0.01

	
−0.625

	
37.5

	
>0.05




	
Touch screen

	
−4.063

	
81.25

	
−0.75

	
50




	
Base cutter

	
Joystick

	
−0.714

	
57.1

	
>0.05

	
0.286

	
28.6

	
>0.05




	
Touch screen

	
0.143

	
28.6

	
−0.143

	
50














