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SHORT ABSTRACT: 
Here, we present a standardized method for measurement of the hand transmitted vibration from handles of a single-axle tractor with special reference to changes in grip force and vibration frequency.

LONG ABSTRACT: 
Operators of hand tractors are exposed to high levels of hand transmitted vibration (HTV). This vibration, which can be both irksome and hazardous to human health, is imparted to the operator via his or her hands and arms. However, a standardized method for measuring HTV of hand tractors has yet to be defined. The aim of the study was to present an experimental method for the investigation of the biodynamic response and vibration transmissibility of the hand-arm system during the operation of a hand tractor in a stationary mode. Measurements were performed with ten subjects using three grip forces and three handle vibration levels to examine the influences of the hand pressure and frequency on hand transmitted vibration (HTV). The results indicate that the tightness of grip on the handle influences the vibration response of the hand-arm system, especially at frequencies between 20 and 100 Hz. The transmission of lower frequencies in the hand-arm system was relatively unattenuated. In comparison, attenuation was found to be quite marked for higher frequencies during the operation of the hand tractor. The vibration transmissibility to different parts of the hand-arm system decreased with the increase of the distance from the vibration source. The proposed methodology contributes to the collection of consistent data for the evaluation of operator vibration exposure and the ergonomics development of hand tractors.

INTRODUCTION:
Hand tractors, also known as power tillers, are widely used in developing countries for the land preparation of small fields. The field operation of a hand tractor involves walking behind the machine and holding its handles to control its movement. The operators of hand tractors are exposed to high levels of vibration, which could be attributed to the small single cylinder engine and lack of suspension system of hand tractors1. The hand-arm vibration syndrome (HAVS)2 can be caused by long-period endurance from the vibration, named hand transmitted vibration (HTV), which generated by the hand tractor and received by the operator’s hands. To assess the health risks derived by operators’ exposure to the HTV of hand tractors, it is necessary to establish a method for the measurement of the vibration response of the hand-arm system.

The hand-arm system is composed of bones, muscles, tissues, veins and arteries, tendons and skin3, and the direct measurement of HTV poses many problems. The relevant international standards4,5 provide guidelines pertaining to the measurement of the severity of vibration generated in the immediate vicinity of the hand, including the coordinate system for the hand, the location and mounting of accelerometers, the measurement duration, cable connector problems, etc. However, the standards do not take into consideration intrinsic variables, such as the grip force, the posture of the hand and arm, individual factors, etc. These factors have been examined extensively under a wide range of vibration excitations and test conditions6-13, but the results of different investigators are not in good agreement. Many of these factors have not been sufficiently understood to be incorporated into standard methods. This restriction is partially attributable to the complexities of the human hand-arm system, the test conditions, and the differences in the experimental and measurement techniques employed.

Moreover, most of the earlier measurements of HTV were performed under carefully controlled conditions with idealized vibration excitations, grip force, and postural conditions. The findings and experimental procedures of these measurements, therefore, may not truly replicate real-world conditions, such as the operating conditions of hand tractors. Moreover, only limited efforts have been undertaken to study the HTV of hand tractors with field measurements. These measurements were performed using accelerometers attached to the operator’s wrist, arm, chest, and head to measure the whole body vibration under the tractor’s transportation conditions1, or under the conditions of tilling in an untilled field and puddling in a submerged field with different levels of engine speeds14. The effect of the grip force, which could be a crucial factor of HTV7,8, was not isolated. These methods are therefore unsuitable as standardized measurement procedures due to the operator’s various forced postures during farming ascribed to the harsh environmental conditions.

The present research was undertaken to contribute to the establishment of reliable and repeatable procedures for the HTV measurement of hand tractors in a stationary mode. Figure 1 presents the schematic diagram of the experimental design. A hand tractor manufactured in China and commonly used by Chinese farmers was employed, and ten research workers were chosen as subjects for the study. Seven lightweight piezoelectric accelerometers attached to the tractor-hand-arm system were used to measure the vibration. One tachometer and two thin-film pressure sensors monitored the engine speed and grip force during testing. The subjects were required to sequentially operate the hand tractor at specified engine speeds and with specified grip forces to obtain the vibration characteristics in various operational modes. This manuscript provides a detailed protocol for the HTV measurement of the tractor-hand-arm system with unique consideration of changes in the grip force and vibration frequency.

PROTOCOL:

All procedures were approved by the Ethics Committee of Chongqing University of Technology and each subject provided written informed consent prior to participation in this study.

1.	Hand tractor preparation

1.1.	Ensure the hand tractor is subjected to proper test conditions with a full fuel tank, without looseness of bolts, and without other mechanical defects that would result in abnormal vibration.

NOTE: The specifications of the hand tractor used in this experiment are given in Table 1.

1.2.	Place the hand tractor in a test site with a dry, firm, and level ground surface.

NOTE: If this experiment was conducted in an indoor laboratory, the laboratory must be well-ventilated to prevent any injurious effects of the exhaust gas from the hand tractor.

1.3.	Remove the dust cover of the engine pulley to conveniently calibrate the engine speed with a speedometer during the experiment.

1.4.	Remove the elastomeric materials of the handles according to ISO 5349-2 standard5. 

2.	Subject preparation

2.1.	Ensure that all subjects are healthy with no physical ailment and are above the age of 18 years3. Inform each subject about the study objectives and test procedures. Obtain written informed consent from all subjects.

2.1.1.	Exclude subjects with the following diseases: primary Raynaud’s disease or secondary Raynaud’s phenomenon, impairment of blood circulation to the hands, deformity of bones and joints, disorders of the peripheral nervous system or musculoskeletal system3. 

2.2.	Ask subjects to wear sleeveless or short-sleeved clothing, and to remove watches, bracelets, rings, etc. 

2.3.	Warn each subject not to touch the gear shift lever of the hand tractor during operation. Warn each subject to stay away from the engine pulley when the hand tractor is running.

2.4.	Provide subjects with speed regulation training on the hand tractor. Inform each subject to shut down the engine at the end of the experiment by pressing down on the engine switch button.

NOTE: Generally, the engine speed regulation is controlled by the throttle switch located on the right handle, and subjects are trained to regulate the engine speed by turning the throttle switch to the left (speed decrease) or to the right (speed increase) with their right hands. 

2.5.	Instruct each subject how to operate the hand tractor and how to regulate the engine speed from 1500 rpm to 3500 rpm.

2.6.	Measure each subject’s body dimensions (standing height, mass, forearm length, upper arm length, hand length). 

NOTE: Table 2 summarizes the physical characteristics of ten healthy subjects in this experiment.

2.7.	Wrap the accelerometer adapters tightly on the hand and arm of each subject at the locations indicated in Figure 2. 

NOTE: Each adapter was fabricated using a nylon strap and a piece of the galvanized iron sheet (0.3 mm) to provide a rigid and light attachment. 

3.	Measurement system setup 

3.1.	Acceleration measurement system setup 

NOTE: The present steps aim to collect the vibration acceleration signals from the handle of the hand tractor and six locations of operator’s hand-arm system. The proposed approach employs a compact Data Acquisition (DAQ) system composed of seven accelerometers, three data acquisition cards, a DAQ chassis, a laptop computer, and some associated cables (Figure 3). Other types of DAQ systems with proper characteristics for the involved application can be similarly applied.

3.1.1.	Before initiating a measurement, gather all the components of the measurement system (accelerometers, data acquisition system, thin-film pressure sensing system, tachometer, digital goniometer, and other relevant components).

3.1.2.	To set up the acceleration measurement system, connect the accelerometer with the data acquisition cards using the accelerometer cables. Using an Ethernet cable, connect the chassis with the computer.

NOTE: Two tri-axial accelerometers and five single-axis accelerometers fixed with magnetic mounting base were used in this experiment. 

3.1.3.	Attach one tri-axial accelerometer on the left handle of the hand tractor and attach the other one on the accelerometer adapter of the subject’s hand. Attach single-axis accelerometers, one by one, on the accelerometer adapters of the subject’s arm and shoulder.

NOTE: The locations of the accelerometers are as shown in Figure 1. The location selection of the tri-axial accelerometer on the left handle of the hand tractor should be as close to the operator’s left hand as possible. 

3.1.4.	Adjust the orientation of the tri-axial accelerometers on the hand to be consistent with the basicentric coordinate system (Figure 4) for measurement of hand-arm vibration refer to ISO 5349-1 standard4. Using adhesive tape, secure the accelerometer cables on the skin surface of the subject’s arm and the tractor’s handlebar.

3.2.	Grip force measurement setup 

NOTE: A thin-film pressure sensing system15,16 was designed with two resistive pressure sensitive sensors, a single-chip controller, and an LED display, and was calibrated before measurement, as shown in Figure 5.

3.2.1.	Attach two thin-film sensors symmetrically on opposite sides around the central axis of the handle using double-sided adhesive tape.

3.2.2.	Place the screen of the sensing system at a convenient height so that the subject could monitor and adjust the grip force to the specified level during the operation of the hand tractor. 

3.3.	Engine speed measurement setup

NOTE: Engine speed refers to the revolutions per minute (RPM) of the propeller of the employed hand tractor engine, which equals to the RPM of the engine pulley. A laser tachometer was used to calibrate and monitor the engine speed during operation. 

3.3.1.	Attach a piece of retroreflective tape (approximately 10 &#215; 10 mm) to the engine pulley surface for laser tachometer measurement.

3.3.2.	Place the tachometer at a proper height and perpendicular to the retroreflective tape.

3.4.	Posture measurement

3.4.1.	Instruct the subject to hold and raise the handle to a horizontal position. Measure the subject’s hand and arm posture using a digital goniometer. 

NOTE: The five angles17 used to describe the hand and arm posture during the operation of the hand tractor are shown in Figure 6. The subjects’ posture angles measured in this experiment are presented in Table 2.

3.4.2.	Ask the subject to maintain the posture until the end of the trial. 

4.	Experiment and data acquisition

4.1.	Start the hand tractor in neutral and keep it running at a low engine speed (around 1500 rpm) for about 30 s until it stabilized. 

4.2.	Turn on the tachometer, the thin-film pressure sensing device, the laptop computer and the acceleration data acquisition system, respectively. 

4.3.	Open the DAQ software and create a new file for each subject. Set the parameters of acceleration, acquisition mode, and sampling rate for data collection.

NOTE: To obtain the accurate characterization of the HTV, the sampling rate should be no less than 1500 Hz. In this study, the sampling rate was set at 1650 Hz. If a more higher sampling rate was used for data collection, a low-pass filter with a cut-off frequency at 1500 Hz was advised to remove the noise influences such as the irrelevant high-frequency contributions.

4.4.	Click the Run and wait about 10 s until the system is stabilized. Then click Record to start recording the acceleration data.

4.5.	Adjustment of the engine speed and grip force 

NOTE: As shown in Figure 7, this experiment was conducted at three levels of engine speed (1500, 2500 and 3500 rpm) and three levels of grip force (20, 30, and 40 N) during each trial. The approximate duration of each subject’s HTV testing is 6 min.

4.5.1.	Ask the subject to monitor the tachometer and adjust the engine speed to 1500 rpm until it stabilized.

4.5.2.	Instruct the subject adjust the grip force carefully to 20 N by looking at the displayed force signals from the thin-film pressure sensing system, and keep this grip force level for about 30 s. 

NOTE: The adjustment of the grip force denotes the increase or decrease of pressure between the hand and the handlebar of the hand tractor. Subjects should perform the adjustment of the grip force through holding the handlebar more tightly or lightly. 

4.5.3.	Adjust the grip force to 30 N and keep about 30 s. Then, adjust the grip force to 40 N and keep about 30 s.

4.5.4.	Adjust the engine speed to 2500 rpm and repeat steps 4.5.2 and 4.5.3. 

4.5.5.	Adjust the engine speed to 3500 rpm and repeat steps 4.5.2 and 4.5.3.

4.6.	Ask the subject to turn the throttle switch to the lowest engine speed. Put down the handle and shut down the engine of the hand tractor.

4.7.	Save the data and shut down the DAQ system. Remove and place the accelerometers on the next subject. 

4.8.	Repeat steps 4.3 to 4.7 until the end of the data collections of all subjects.

4.9.	Export the acceleration time-series data for further analysis.

5.	Data processing and analysis

5.1.	Import the recorded vibration time domain signals to MATLAB software. Calculate the root-mean-square (RMS) values of the vibration acceleration of hand tractor’s handle, which represent the vibration exposure during the operation of the hand tractor, with the Equation (1):


 (1)




where,  is the RMS of vibration acceleration (m/s2) calculated for each 1/3rd octave band,  is the measured vibration acceleration amplitude (m/s2), and  is the duration of the measured vibration acceleration (s). 

NOTE: In ISO 5349-1 standard, it is important to use RMS acceleration to represent the magnitude of vibrations transmitted to the operator’s hands. 

5.2.	Calculate the RMS values of vibration acceleration on hand, wrist, arm and shoulder of each subject using Equation (1). Calculate the vibration transmissibility (TR) using Equation (2)1,14: 


  (2)



where,  is the handle vibration for HTV, and  is the respective vibration in the six locations of the subject's hand-arm system (see Figure 2).

NOTE: According to ISO 5349-1, the factors (except for grip force and vibration frequency) may influence the results of hand transmitted vibration measurement include: the operator’s skill, body posture, climatic conditions, noise, etc. To decrease these random factors, the TR values of all the measurement locations of the ten subjects in this study were averaged.

5.3.	Convert the time domain signals of the handle to frequency domain signals by fast Fourier transform (FFT) algorithm using MATLAB program to examine the input vibration.

REPRESENTATIVE RESULTS: 
The experiment was carried out in the laboratory (air temperature 22.0 &#176;C &plusmn; 1.5 &#176;C) on ten healthy subjects (Table 2) during the operation of a hand tractor in a stationary condition. 

Following the protocol, vibration acceleration data were collected from the handle of the hand tractor, as well as the back of the hand, the wrist, the arm, and the shoulder of each subject. The spectrum of the vibration acceleration occurring at the handle (input to the hand) was obtained. Figure 8 displays samples of the time domain and RMS frequency domain accelerations on the handle at the engine speed level of 3500 rpm for a given time duration. It is evident that the vibration acceleration was the highest along the Y-axis and the lowest along the X-axis. The maximum accelerations of the X and Z directions occurred at the frequency of 58 Hz (which is the working frequency of the engine corresponding to the rotational speed of 3500 rpm). Most of the vibration energy was found to be centralized in the frequency range from 50 to 200 Hz. With the same analytical process, the characteristics of both the time domain and frequency domain signals could be obtained, such as the vibration amplitude, peak, dominant frequency, etc.

The influences of the grip force and engine speed on the vibration response of the hand-arm system were also examined. As shown in Figure 9, it was observed that the increase in the grip force increased the vibration acceleration notably at frequencies between 20 and 100 Hz, and three resonance frequencies (20, 40, and 80 Hz) were found to increase almost linearly with the increase of the grip force. This is attributed to the increase of the contact stiffness and joint stiffness18,19. These findings indicate that the presented measurement and adjustment methods of the grip force could be effectively applied to HTV measurement.

As shown in Figure 10, this experiment examined the effect of the input frequency on HTV via engine speed adjustment at three levels (1500, 2500, and 3500 rpm). At the location of the back of the hand (Figure 10A), a higher value of acceleration was obtained at 3500 rpm compared to lower engine speeds. In contrast, at the upper arm and shoulder (Figure 10D, E, and F), the peak acceleration occurred at 1500 rpm. Through the comprehensive comparison of both the locations and exciting frequencies, it is reasonable to conclude that lower frequencies were transmitted relatively unattenuated in the hand-arm system, while attenuation was quite marked for higher frequencies. Thus, most of the vibration energy was dissipated in the hand and forearm.

Figure 11 presents the averaged transmissibility to the back of the hand, forearm, upper arm and shoulder from the ten subjects that are with engine speed of 2500 rpm and grip force of 30 N. It was found that the transmissibility to the different parts of the hand-arm system decreased with the increase of the distance from the vibration source. The highest transmissibility was observed at the back of the hand (location 1), with a peak value of 5.1 at around 80 Hz. The amplification of vibration may be due to the resonance of the skin at the metacarpal20,21. Consistent with the findings of previous studies22,23, the resonant frequency of the wrist (location 2) and elbow (location 4) transmissibility was around 20 Hz, with a magnitude of approximately 3.0. Additionally, the shoulder (location 6) transmissibility peak was 1.1 at around 10 Hz. It was also found that only vibrations of less than 25 Hz were effectively transmitted to the forearm, upper arm, and shoulder. With Equation (2) in section 5.2 and following the analytical process of the transmissibility, it is feasible to examine the influences on transmissibility with different exciting frequencies and changing grip force, and a reasonable suggestion of operating hand tractor for farmers could be made.

Table 1 Specifications of the hand tractor.

Table 2. Subject physical characteristics.

Figure 1. The experimental protocol and data acquisition set up. This example depicts a single trial (from right to left) for the measurement of a subject’s body dimensions, the wearing of 6 accelerometer adapters, the operating posture of the hand tractor, and the data acquisition set up for the acceleration, grip force, and engine speed.

Figure 2. The locations of the accelerometer adapters. 6 accelerometer adapters were wrapped in the locations of back of the hand, distal end of the forearm, proximal end of the forearm, distal end of the upper arm, proximal end of the upper arm and the acromion along the hand-arm system. 

Figure 3. Vibration measurement instrumentation. The components of the measurement system including accelerometers, data acquisition system, thin-film pressure sensing system, a tachometer, a digital goniometer and other relevant components (computer, accelerometer adapters, cables, tape measure, thermometer).

Figure 4. The basicentric coordinate system for hand-arm vibration measurement. The X-axis is defined parallel to the longitudinal axis of the grip. The Y-axis is directed along the third metacarpus bone of the hand. The Z-axis is perpendicular to the palm surface area.

Figure 5. The thin-film pressure sensing system. This system consists of two thin-film sensors, a single-chip controller, and an LED display to show the real time grip force. The test data can also be exported to a computer by the serial communication.

Figure 6. The five angles used to describe the hand and arm posture. &#945; describes the shoulder horizontal abduction, &#946; describes the shoulder vertical abduction, &#947; identifies the elbow extension, θ characterizes the wrist extension, and ω identifies the wrist deviation. 

Figure 7. Adjustment of the engine speed and grip force during the experiment. The blue bars represent different grip forces of 20, 30, and 40 N. The red lines indicate adjustment of engine speed from 1500, 2500 to 3500 rpm. Therefore, there are 9 test cases from 1500 rpm, 20 N to 3500 rpm, 40 N. The duration of each test case is about 30 s.

Figure 8. Samples of the time domain wave and amplitude spectra of the accelerations on handle at the engine speed of 3500 rpm. (A) The time domain wave and (B) amplitude spectra in the X direction; (C) the time domain wave and (D) amplitude spectra in the Y direction; (E) the time domain wave and (F) amplitude spectra in the Z direction.

Figure 9. The mean relationship between the grip force and RMS vibration acceleration measured at six locations of the hand-arm system of ten subjects: (A) back of the hand; (B) distal end of the forearm; (C) proximal end of the forearm; (D) distal end of the upper arm; (E) proximal end of the upper arm; (F) acromion.

Figure 10. The mean relationship between the engine speed (frequency) and RMS vibration acceleration measured at six locations of the hand-arm system of ten subjects: (A) back of the hand; (B) distal end of the forearm; (C) proximal end of the forearm; (D) distal end of the upper arm; (E) proximal end of the upper arm; (F) acromion.

Figure 11. Vibration transmissibility at the 1/3rd octave band at different locations in the hand-arm system at the engine speed of 2500 rpm and grip force of 30 N. The 6 curves represent the TR values from back of the hand (location 1) to the acromion (location 6) as shown in the legend. The dashed line is a dividing line of vibration amplification (above this line) and vibration attenuation (below this line). 

DISCUSSION:
The protocol presented in this study was established based on HTV standards4,5,24, and was developed as the standard steps for the measurement of the HTV of the human hand-arm system during the operation of a hand tractor in a stationary condition. This condition is the most stable state of the hand tractor to help ensure the reliable measurement of the vibration actually transmitted to the hand and arm. The range of variables considered to perform the test, via the adjustment of the engine speed and grip force, covers the normal and safe operating range of the hand tractor. Considering the complexity of the hand-arm system, the experimental results yielded from this protocol were found to agree well with data reported in articles on the characteristics of vibration sources25, vibration transmissibility1,26, and the essential factors8,27 that affect the response of the hand-arm system during the operation of hand tractors.

The results are dependent on some critical components of this setup within the protocol. First, because the weight of the accelerometer affects the magnitude of the vibration of the hand-arm system20, the total weight of the accelerometer and adapter should be as light as possible to reduce measurement errors. Second, each accelerometer adapter should be tightly secured on the hand-arm system to prevent any relative motion between the measurement point and the accelerometer. Third, the test trial of each subject should be completed without interruption to reduce the effect of the operating posture.

The main limitation of this study is that the vibration transmissibility to the hand-arm system was only measured and analyzed in the Z-axis direction (Figure 4) due to the use of single-axis accelerometers at the locations of arm and shoulder. Although flexible and thin-film sensors were used to measure grip force during the test, further measurement efforts along the shear direction are expected to provide considerable insights into the characterization and assessment of HTV, which represents another limitation of the present study. Additionally, the intrinsic factors of operators, such as their body size, body posture, and hand and arm size, influence HTV. As a subsequent step, more data will be collected to examine these factors using the presented protocol.

This protocol will be helpful for the understanding of the vibration transmission characteristics of the hand tractor-hand-arm system. The main potential applications of the proposed methodology are the estimation of human-tractor interaction phenomena, the ergonomics development of hand tractors, and the development of protective devices such as isolators and gloves.
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