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Introduction: Accurate speed measurement is crucial for improving the efficiency and reliability of the transmission system in hydraulic excavators. However, traditional M and T methods have their own limitations in speed measurement, especially in terms of measurement accuracy over a wide speed range.Methods: A M/T velocity measurement algorithm combining the advantages of M and T methods was proposed to address this issue, and dynamic errors were obtained. The kinetic energy theorem can also be used.Results: The experimental results show that under the normal load of unit tooth width F, the change rate of transmission error is less than 5% and less than 2% nM > 100N/mm.Discussion: The monitoring method of hydraulic excavating mechanical transmission error has the advantages of high accuracy and strong adaptability, which can provide a new highway bureau for mechanical transmission error monitoring.Keywords: M/T algorithm, hydraulic, excavating machinery, transmission error, monitoring
1 INTRODUCTION
Hydraulic excavator is one of the main types of construction machinery, and also the main mechanical equipment for earth rock excavation. It is widely used in industrial and civil buildings, water conservancy and power engineering, transportation, open-pit mining, farmland transformation and mechanized construction of modern military engineering (Kan et al., 2019). Since the soil quality of excavator changes greatly during operation, including loose sandy soil, soft clay, compact sandy soil, compact gravel mixed soil, gravel raw stone and soft rock, the system must improve the energy conversion utilization rate to solve the problems of frequent load change, high amplitude and large energy consumption (Barmaki and Ehghaghi, 2019). In the working process of hydraulic excavator rotary transmission mechanism, there are a lot of vibration phenomena, which seriously affect the safe and reliable operation of hydraulic excavator.
Domestic research on excavator working device has made the following achievements. By analyzing the structural characteristics of excavator working device, a single open chain programming is developed. With this method, the parameters of speed, acceleration and displacement of each part of excavator working device can be quickly calculated when three hydraulic cylinders work together (Valentín et al., 2018). The digital model of excavator working device is constructed and imported into the simulation software to verify whether the model is accurate. The equivalent substitution method is invented. By using the virtual components equivalent to the working device of hydraulic excavator, the kinematics and dynamics simulation are carried out, and the performance parameters are obtained to confirm whether the designed product is reasonable. At home and abroad, the research of excavator working device is mainly in the aspect of finite element analysis, which mainly optimizes the structural stiffness and strength of the excavator, and some are the exploration of motion analysis and optimization, most of which are analyzed by computer-aided software.
Foreign research on the working device of hydraulic excavator is relatively early, and advanced auxiliary softwares, such as Adams, ANSYS and fatigue analysis software, are used in the product development and design stage (Lin et al., 2022). Rezazadeh N et al. proposed a classifier and clustering algorithm for supervised machine learning, including using SFS to reduce the number of features. The results showed that although the supervision method had high accuracy (97.7% in the validation stage). The clustering algorithm had its advantage in monitoring the unknown damage situation in real time (Rezazadeh et al., 2023). Tan X proposed a real-time prediction model based on Structural Health Monitoring (SHM) data to address the issues of incomplete consideration of factors and rough time scales in existing research for predicting structural mechanical behavior. This model couples spatiotemporal correlations with external loads through an autoencoder network (ATENet). The results showed that the ATENet model performed the best in predicting the real-time evolution trend of tunnel structures (Tan et al., 2023). Han L proposed a strain monitoring based method for diagnosing and predicting fatigue damage. This method detects the occurrence of cracks through threshold method and uses data-driven Gaussian Process Regression (GPR) algorithm to establish the relationship between crack length and strain characteristic parameters. The experimental results show that the threshold method can effectively detect fatigue cracks, and the GPR algorithm can accurately identify crack length with higher recognition accuracy than other algorithms. The crack propagation prediction error and time consumption of DBN are much smaller than those of mechanics based crack growth analysis (Han et al., 2023).
The above research has made significant progress in the health monitoring of hydraulic excavator working devices and structures, but there are also some shortcomings. Firstly, although the supervised learning method proposed by Rezazadeh N et al. has high accuracy in the verification stage, its real-time monitoring ability for unknown damage situations is limited, making it difficult to adapt to complex and changing practical working conditions. Secondly, although Tan X’s real-time prediction model based on SHM data performs well in tunnel structure prediction, its applicability and model generalization ability need further verification, especially in different types of construction machinery. Overall, existing research still needs to improve the universality, real-time performance, and cost-effectiveness of the model.
Innovatively combining time-domain and frequency-domain analysis to comprehensively analyze transmission error signals, in order to more accurately evaluate gear transmission accuracy and provide a foundation for gear fault diagnosis. Secondly, the introduction of the M/T algorithm enables effective monitoring of the rate of change in transmission error at different gears, which plays an important role in improving the transmission efficiency and reliability of hydraulic excavators. In addition, by using digital counting measurement methods, the transmission error is converted into corresponding pulse comparisons, further improving the accuracy and real-time performance of the measurement. The application of M/T algorithm in monitoring transmission errors of hydraulic excavators not only improves measurement accuracy and real-time performance, but also provides powerful tools for fault diagnosis and system optimization, which has important practical application value and theoretical significance.
The purpose of the research is to effectively monitor the transmission error of hydraulic excavating machinery, achieve early warning and precise maintenance. In view of this, an innovative method for monitoring transmission errors in hydraulic excavating machinery based on the M/T algorithm was proposed in this study. The M/T speed measurement algorithm combines the advantages of the M method and the T method to provide high accuracy speed values over a large speed range and obtain dynamic errors. The gear transmission system was modeled and analyzed in Romax, and a mechanical model of the rotating transmission mechanism was established. The kinetic energy theorem was used to calculate the motion speed of planetary gears. Comparing and analyzing actual test data through Discrete Fourier Transform (DFT) analysis, the frequency domain signal of transmission error can be obtained, and the sampled transmission error can be calculated.
2 M/T ALGORITHM INTRODUCTION
There are many kinds of digital velocity measurement algorithms, which are developed by M and T methods. The measurement principle of M method is to use a counter to count the number of feedback pulses generated by the target rotation to express the speed of the target (He et al., 2020). The principle of T method is to count the number of clock pulses between two feedback pulses, and its reciprocal reflects the measured value of rotational speed. M method is suitable for high speed measurement, and it is easy to produce error of about two feedback pulses at low speed (Park et al., 2018). On the contrary, the error of one clock pulse unit is easy to be produced when measuring speed. M/T velocity measurement algorithm combines the advantages of M method and T method, which can provide high precision speed value in a wide speed range. Therefore, an improved M/T velocity measurement algorithm is used to detect the starting element speed.
The measurement principle is: in one sampling period, [image: image] sensor feedback pulses are collected, and [image: image] high-frequency clock signals within [image: image] feedback pulse intervals are collected to measure the speed. Then the target speed [image: image] is as Equation 1:
[image: image]
Where [image: image] is the pulse equivalent of the feedback signal and [image: image] is the high frequency clock frequency (Figure 1).
[image: Figure 1]FIGURE 1 | Velocity measurement principle of M/T method.
Figure 1 illustrates the speed measurement principle of the M/T method. Among them, CNA and CNB represent the two output signals of the encoder, usually used to determine the direction and position of rotation. Clk is a high-frequency clock signal used to provide an accurate time reference. N (i) is the number of feedback pulses collected during the sampling period, while M (i) is the number of clock pulses collected between two feedback pulse intervals. The M/T algorithm requires sensors to measure speed. The sensor used in this study is a photoelectric encoder. The M/T algorithm requires the sensor to measure the speed. The sensor used in the study is a photoelectric encoder. For the velocity measurement algorithm based on the photoelectric encoder pulse and time, the measurement principle is to use the timer to calculate the number of clock pulses between the two feedback pulses, and its reciprocal reflects the measured value of the rotational speed. The M method uses the counter to calculate the number of feedback pulses generated by the target rotation to express the speed of the target, but it is easy to produce the error of about two feedback pulses, so it is more applicable when measuring the high speed. The T method is to calculate the number of clock pulses between two feedback pulses, whose reciprocal reflects the measured value of the rotation speed. This method is suitable for low speed measurement, but it is easy to produce the error of a clock pulse unit when measuring the speed. For the velocity measurement algorithm based on the pulse and time of photoelectric encoder, the refresh rate of algorithm velocity is approximately equal to the algorithm period [image: image]. The velocity equation of [image: image] cycle in M/T method is as Equation 2:
[image: image]
Where [image: image] is the high frequency pulse frequency of the timer, [image: image] is the number of encoder lines, [image: image] is the number of pulses sent by the encoder in the ith cycle, and [image: image] is the number of high-frequency clock pulses obtained by the high-frequency counter in this time.
In the velocity measurement algorithm, the velocity resolution [image: image] is used to represent the steady-state velocity measurement accuracy index, and the velocity resolution [image: image] is defined as the minimum value of two adjacent speeds that can be resolved by the velocity algorithm. The resolution of M/T algorithm is as Equation 3:
[image: image]
In this study, the dynamic error is defined as the maximum difference between the measured velocity at a certain time and the actual velocity of the system, which is recorded as [image: image] (Figure 2).
[image: Figure 2]FIGURE 2 | Dynamic error.
For the traditional M/T velocity measurement algorithm, its speed refresh rate is approximately equal to the sampling period [image: image]. At the end of the sampling period [image: image], the speed [image: image] is updated and calculated. Assuming that there is no error in the calculation of the speed, the [image: image] is actually the average value of the speed at the first [image: image]. According to the definition, the dynamic error of traditional M/T velocity measurement algorithm is as Equation 4:
[image: image]
Where [image: image] is the system acceleration and [image: image] is the actual sampling period of the M/T method.
3 TRANSMISSION ERROR MONITORING OF HYDRAULIC EXCAVATOR
The basic working characteristic of hydraulic mechanical transmission is that each stroke of the hydraulic motor continuously variable speed is matched with the appropriate transmission ratio of the reduction of the mechanical shunt stroke, and the continuously increased stepless speed change of the extended range is obtained by the confluence output of the two kinds of planetary banks of positive stroke and reverse stroke (Buhs and Wiens, 2018).
As a mature commercial software, ROMAX models the gear transmission system of ROMAX. Firstly, a digital model of the gear transmission system in Romax is created. This includes defining the geometric parameters of gears (such as number of pressure angle, etc.), material properties, meshing conditions, and shaft configuration. Next, the elastic coupling module is introduced. This module represents the flexibility of the gear transmission system, which can absorb and transmit torque fluctuations. Simultaneously, it can specify the performance parameters of the hydraulic pump. Finally, it will set up speed sensors and other measurement points in the model. The gear model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Analysis model of meshing gear based on Romax.
In the process of excavator rotation, the planetary gear rotates around its own central axis, and revolves around the rotation center planet through meshing with the inner ring gear. The planetary gear and the inner gear ring mesh with each other to generate vibration. In the dynamic analysis, the elastic sentinel deformation of planetary gear is mainly considered (Sun et al., 2019). In the process of vibration analysis of rotary transmission mechanism, it is assumed that only the radial force of the gear is considered and the axial force of the gear is ignored in the process of mutual sentinel contact between the planetary gear and the inner ring gear, and the elastic deformation between the rotary table and the rotary planetary gear shaft is not considered. The planetary gear drives the whole turntable and the working device to rotate together when the planetary gear revolves around the rotary central axis. This paper studies the vibration problem of the rotary transmission mechanism in the rotary process. Therefore, in the process of rotation, the moment of inertia of the working device and the rotary table is equivalent attached to the planetary gear (Figure 4).
[image: Figure 4]FIGURE 4 | Mechanical model of rotary transmission mechanism.
In the rotary transmission mechanism of excavators, the planetary gear system is the core component, which allows the turntable and working device to rotate relative to the chassis. The picture shows the mechanical model of the rotary transmission mechanism, which includes planetary gears, internal gear rings, and the center of rotation O. In the figure, [image: image] usually represent the velocity or displacement of various components in the planetary gear system. In dynamic analysis, these variables are used to describe the motion state of planetary gears and internal gear rings. ψ represents the rotational angular velocity of the planetary gear. θr represents the rotational angular velocity of the planetary gear around the central axis of rotation, i.e. the common angular velocity. Kf represent a stiffness or elasticity coefficient in the system, which is related to the elastic deformation of planetary gears. The planetary gear rotates around its own central axis, while revolving through meshing with the internal gear ring. [image: image] represents the unit coordinate system of the rotary transmission mechanism of the excavator, and the [image: image] axis direction is perpendicular to the paper surface and inward. Let [image: image] be the common angular displacement of planetary gear around [image: image] axis. [image: image] is the angular displacement of planetary gear around its gear shaft. [image: image] and [image: image] are the two lateral displacements of planetary gear tooth in [image: image] plane, and these two lateral displacements are expressed at node 1 (Xu et al., 2018; Geoffrey, 2019). Therefore, the generalized coordinate vector of rotary transmission mechanism can be expressed as [image: image].
According to the kinetic energy theorem, the kinetic energy of the rotary transmission system of excavator is expressed as Equation 5:
[image: image]
Where, [image: image] and [image: image] represent the absolute velocity in the direction of the generalized coordinates [image: image], and [image: image], respectively. [image: image] denotes the equivalent moment of inertia of the working device and the rotational inertia of other components on the turntable. [image: image], where [image: image] represents the rotational inertia of the turntable and its auxiliary components around the [image: image] axis. [image: image] represents the rotational inertia of the planetary gear around its axis. [image: image], where [image: image] represents the indexing circle radius of the planetary gear. [image: image] represents the internal tooth circle radius. [image: image] is the mass of planetary gear.
The planetary gear drive of the rotary transmission mechanism of the excavator is driven at a low speed. Therefore, the elastic displacement of the elastomer is relatively small. During the rotation of the excavator, the items of elastic motion and rigid body motion are ignored (Yan et al., 2019). The velocity relation of planetary gear can be expressed as Equations 6, 7:
[image: image]
[image: image]
Where [image: image] is the angle of the planet gear around the [image: image] axis. [image: image] is the angular velocity of the planetary gear around the [image: image] axis. [image: image] is the angular velocity of the row gear around its self-rotating axis. [image: image] is the absolute velocity vector of the planetary gear.
According to the principle of Lagrange equation, the dynamic equation of the rotary transmission mechanism of excavator can be expressed as Equation 8:
[image: image]
Where [image: image] is the generalized external excitation force of the rotary transmission unit (Mikolajewicz et al., 2019; Ni and Bao, 2020). The self-excited inertia force of rotary transmission mechanism of hydraulic excavator can be expressed as Equation 9:
[image: image]
Where [image: image] is the mass matrix of the rotary transmission unit of the excavator. Taking the rotary transmission mechanism of hydraulic excavator as the research object, the corresponding rigid body acceleration array can be expressed as Equation 10:
[image: image]
In the equation, [image: image] represents the revolution acceleration of planetary gear around the rotation center, that is, the rotation acceleration of working device and turntable around the axis. [image: image] represents the rotation acceleration of planetary gear. [image: image] and [image: image] represent the acceleration along [image: image] and [image: image] axes at node 1 respectively.
Pressure, velocity (angular velocity) and displacement (angular displacement) are used to evaluate the dynamic characteristics of hydraulic system. They can be determined by some basic equations.
(1) Pressure equation is as Equation 11.
[image: image]
Where [image: image] is the bulk elastic modulus of the oil. [image: image] is the volume of the closed chamber. [image: image] is the sum of the flow rates in and out of the closed chamber. [image: image] is the initial pressure.
(2) Velocity and displacement equation is as Equations 12, 13.
[image: image]
[image: image]
Where [image: image] is the velocity, [image: image] is the mass, [image: image] is the resultant force, and [image: image] is the displacement.
The above equation is the basic equation for establishing dynamic model of hydraulic system. The dynamic response of hydraulic system can be described by a set of first order linear and nonlinear ordinary differential equations according to the above equation.
The engine transfers the power to the hydraulic torque converter and finally to the wheels. The economy and power of the transmission system often depend on the performance of the engine. The test data of engine static characteristics can be obtained by bench test. These data can be used as the basis of theoretical analysis and modeling. The mathematical model is established by comparing and analyzing the actual test data. The external characteristic model ofthe engine is as Equation 14.
[image: image]
Where [image: image] is the engine output torque, [image: image] is the polynomial coefficient, [image: image] is the rated engine speed, R/min, [image: image] is the rated engine speed, R/min, [image: image] is the minimum engine speed, R/min.
Due to the complexity of the transmission error signal, it is difficult to analyze the transmission error signal comprehensively by single time-domain analysis or frequency-domain analysis. Therefore, this study uses the combination of time-domain analysis and frequency-domain analysis. The analysis method is as follows.
(1) The transmission error signal is filtered, amplified and statistically calculated to obtain the characteristic parameters of meshing gear in time domain.
(2) The time domain signal of transmission error is transformed into frequency domain signal, and the spectrum is analyzed. The gear transmission accuracy is analyzed by viewing the amplitude of meshing frequency and its related order, which also lays the foundation for gear fault diagnosis.
Figure 5 is the schematic diagram of transmission error measurement. The time domain signal of transmission error is obtained by comparing the angle parameters of two gears. Through DFT analysis, the frequency domain signal of transmission error is obtained. The common calculation equation of transmission error is as Equations 15, 16:
[image: image]
[image: image]
In the equation, [image: image] and [image: image] represent the rotation angular displacement of the driving wheel and driven wheel. [image: image] represents the transmission ratio. [image: image] and [image: image] represent the base circle radius of the driving wheel and the driven wheel.
[image: Figure 5]FIGURE 5 | Schematic diagram of gear transmission error measurement.
To make the signal in phase, it is necessary to design a complex circuit to realize frequency division and frequency doubling. To improve the shortcomings of phase comparison method, digital counting measurement method can be used. The digital counting measurement method is to convert the transmission error into the corresponding pulse comparison. The output signals per revolution of input and output shaft sensors are set as [image: image] and [image: image], respectively. The output shaft [image: image] is selected as the reference axis, and the sampling interval [image: image] is equal to the period of [image: image] pulse signal or its integral multiple. According to the definition of transmission error, the transmission error of [image: image] sampling is as Equation 17:
[image: image]
Based on the modeling and analysis of the gear transmission system in Romax, the transmission model between the engine output end and the hydraulic pump can be further constructed. This model can be regarded as an elastic coupling system, which converts the torque fluctuation of the engine into the pressure fluctuation of the hydraulic pump. The elastic coupling module mainly simulates the elastic coupling cooperation of the gear transmission system, and converts the torque fluctuation of the engine into the pressure fluctuation of the hydraulic pump. The speed sensor is mounted on the engine output shaft and is used to monitor the engine speed and speed. By measuring the speed and speed of the engine, the speed and acceleration of the transmission system can be calculated, thus assessing the size of the transmission error.
4 EXPERIMENTAL STUDY
The main engine used in this test is Xugong xe230 III, the hydraulic system is Kawasaki negative flow system, and the power system is electric injection engine. Engine Cummins QSB 6.7 EFI diesel engine is with rated power/rated speed of 142k W/2,200 rpm. The working medium of this test is No. 8 hydraulic transmission oil with a density of 860 kg/m³. In this test, the transmission model of the hydraulic transmission system includes the following components. Hydraulic pump (Kawasaki negative flow pump) converts mechanical energy into hydraulic energy and provides hydraulic fluid to other components of the hydraulic system. Kawasaki negative flow pump is a common type of hydraulic pump, and its working principle is based on the centrifugal or axial plunger design. The v,e are proportional valve and directional control valve. Tubing and piping, which are used to connect hydraulic components for transmitting hydraulic fluid. Hydraulic cylinder block converts hydraulic energy into mechanical energy, generating linear or rotational motion. The temperature range of the bench test shall be between 50 and 80°C (Figure 6).
[image: Figure 6]FIGURE 6 | Hydraulic transmission test bench.
The test bench consists of an electric motor, a torque and speed sensor, eddy current measurement and control equipment, and a collection and control section. Firstly, the motor converts energy into mechanical work by transmitting power, thereby driving the entire hydraulic transmission system. Secondly, the torque and speed sensor is used to measure the torque and speed on the motor output shaft. It can provide critical feedback information, including mechanical power and efficiency. Eddy current measurement and control equipment is used to measure the velocity and flow rate of liquid in hydraulic systems. This can help determine the flow characteristics of the hydraulic system. Finally, the collection and control section is responsible for receiving and processing the data obtained from the sensors and the measuring equipment, receiving the data at a frequency of 50 times per second. The system composition is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Installation of main controller and multifunction monitor. (A) Main controller; (B) Multifunction monitor.
Three phase asynchronous motor with frequency conversion and speed regulation is selected as the driving device. The parameters of the motor used in the test are shown in Table 1.
TABLE 1 | Technical parameters of motor.
[image: Table 1]In the transmission error test, because the data sampling frequency is 100 MHz, when the speed is too high, it will result in signal distortion. Therefore, the transmission error test is conducted at low speed conditions, using the incremental grating sensor with the sensor model Kistler 4045A, which is connected to the digital input channel of the data acquisition system through the output interface (such as EnDat). A pressure sensor is utilized to measure the outlet pressure of the pump. The pressure sensor is installed at the pump outlet position in the hydraulic system to accurately measure hydraulic pressure. The measurement method can include the following steps. Firstly, a pressure sensor is installed on the outlet pipeline of the pump with a strain gauge pressure sensor. This type of sensor utilizes the principle of a strain gauge to measure pressure. It contains an elastic element (usually metal) that undergoes small deformation when subjected to pressure, resulting in changes in physical quantities such as resistance, capacitance, or inductance. Then the sensor is connected to the data acquisition system. The pressure sensor is needed to be calibrated before the experiment to ensure accurate pressure measurement. The data of the pump outlet pressure over time should be recorded during the engine start under the fault condition of the hydraulic press. The experimental results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Variation curve of pump outlet pressure.
From Figure 8, the pump outlet pressure fluctuates between the interval [200,400]. Then the pump is severely affected when the engine starts to start. At this time, the pump outlet pressure increases rapidly and reaches the peak value instantly. After 0.4 s fluctuation, it reaches a stable state. At this time, the pump outlet pressure maintains at a stable value. When the first second, the valve core of the main control valve starts to move, and the outlet pressure of the pump fluctuates accordingly. During the period of 1–1.5 s, the outlet pressure of the pump also increases continuously. After 1.6 s, the excavator run at a constant speed. At 2.5 s, as the valve core of the main control valve begins to close, the excavator gradually decelerates, and the outlet pressure of the pump also decreases. When at the third second, the main control valve is completely closed, and the pump outlet pressure oscillates. After 0.2 s, the pump outlet pressure is equal to the overflow pressure (Figure 9).
[image: Figure 9]FIGURE 9 | Transmission error of spur and helical gears.
With the increase of modification, the deformation of gear teeth is gradually increased, but the change of gear stiffness tends to be gentle. At this time, although the tooth deformation is large, the transmission system is stable, and there is no obvious impact of meshing in and meshing out. From this point of view, the large modification is conducive to reducing the transmission error, but on the other hand, the gear tooth deformation is large, indicating that the gear unit tooth the gear is easy to cause fatigue damage due to its large load. Therefore, the influence on the tooth deformation and service life should be considered comprehensively when selecting the gear profile modification. The experimental results of monitoring the transmission error of hydraulic excavating machinery using the M/T algorithm proposed in the study are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Change rate of transmission error ratio of different gear pairs.
From the above figure, the change rate of transmission error is less than 5%, and the change rate of transmission error is less than 2% when the normal load of unit tooth width FnM > 100N/mm.
5 CONCLUSION
This study proposed a transmission error monitoring method for hydraulic excavating machinery based on the M/T algorithm. The experimental results showed that under normal load of unit tooth width F, the change rate of transmission error was less than 5%, and the change rate of transmission error was less than 2% nM > 100N/mm. Under hydraulic failure conditions, the pump outlet pressure fluctuated between the range of [20,400]. When the hydraulic system was in a healthy working state, the pump was severely affected when the engine starts. At this point, the outlet pressure of the pump rapidly increased and immediately reached its peak. At this point, the outlet pressure of the pump remained at a stable value. During the period of 1–1.5 s, the outlet pressure of the pump also increased continuously, and after 1.6 s, the excavator ran at a constant speed. At 2.5 s, as the valve core of the main control valve began to close, the excavator gradually slowed down, and the outlet pressure of the pump also gradually decreased. As the modification amount increased, the deformation of gear teeth gradually increased, but the change in gear stiffness tended to be gradual. At this point, although the tooth shape deformation was significant, the transmission system was relatively stable and the impact of meshing in and out was not significant. In summary, the mechanical transmission error monitoring method proposed in the study has good stability and accuracy. However, relevant research has not yet been widely applied to various types of mechanical error detection, which is also an area that needs to be followed up in subsequent research.
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