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Computer numerical control (CNC) machine tools mainly use transmission elements such as
screws and gears as drive systems. To obtain better accuracy, equipment manufacturers apply
pre-pressure to the screw to reduce the occurrence of backlash errors. Backlash errors are one of
the important factors affecting positioning accuracy. When the pre-pressure fails, a backlash
error occurs. Backlash error can cause abnormal vibration or drive delays in CNC drive systems,
leading to reduced transmission efficiency and poor positioning accuracy. Therefore, in most
research, vibration sensors are installed on the fixed end of the screw or the nut to detect
abnormal phenomena and to estimate the backlash error using the algorithmic model. This
traditional method has been established on the basis of the relationship between the amount of
vibration and backlash error using an algorithmic model. The backlash can be estimated using
this traditional method. However, this traditional method cannot directly sense backlash errors,
and the accuracy of the measurement is limited by the algorithm model. Therefore, in this study,
we attempted to use a photoelectric switch sensor combined with a microcontroller unit to detect
the backlash errors of the CNC drive system. This system can detect a time change of 10 pus.
After error corrections, the gain values of each backlash amount and delay time can be used to
predict the backlash amount. Through the final verification with commercially available
instruments, the system accuracy was found to reach 0.001 mm on the linear axis and 0.001° on
the rotating axis. Owing to the streamlined sensing principle of the proposed system, in the
future, the system can be integrated into the relevant rotary table components or within the CNC
drive system.

1. Introduction

The current trend in manufacturing environments is gradually moving towards small-batch
customization. Consequently, the goal of machine tools is to produce high-precision products
rapidly. One of the challenges in maintaining precision is the lack of quick and efficient detection

of backlash errors in machine tools. When backlash errors occur, factories or end-users often
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need to summon engineers from major metrology companies to the site for measurement and
compensation. However, this process requires machine downtime while waiting for the
technician to arrive, resulting in losses that users must bear.

Commercially available instruments such as the REINSHAW XL-80 laser system can
achieve a linear resolution of 1 nm.() Unfortunately, their high cost and the need for specialized
personnel further complicate the situation. Therefore, in this research, we aim to develop a
system using low-cost photoelectric switches and microcontrollers that will allow end-users to
independently perform fast measurements and compensations for backlash errors, reducing the
reliance on external engineers and expensive instruments.

In the past, many scholars and researchers have conducted various studies on the issue of
backlash. There are research studies focused on the measurement and compensation of backlash.
Some of the studies resulted in a solution with built-in sensors. Plapper and Weck proposed a
backlash detection method in which the motor encoder’s position is compared with the encoder
of the direct position during the reversal of axis movement under the designed equipment.?)
Their result showed that the detection of backlash with 10 pm accuracy can be achieved.®) Gan
et al. introduced an adaptive method that dynamically estimates and compensates for backlash
effects using a servo system without prior knowledge of the backlash magnitude.®) It uses real-
time detection and compensation techniques and lessens the limitations in traditional methods
by removing the need for initial calibration or additional sensors. This emphasizes the real-time
estimation of the load position affected by backlash and adjusts servo commands to correct these
errors effectively.(®)

Some researchers applied external sensors or instruments to measure the backlash error of
the computer numerical control (CNC) drive system. Papageorgiou et al. effectively
demonstrated a robust and adaptive method for estimating and compensating backlash in an
industrial drive-train system, which enhanced the machine accuracy and facilitated proactive
maintenance.”) By modeling the drive-train system with a slide-mode observer, convergence
was achieved in approximately 40 s with precision on the order of 107> rad.® Liu et al. utilized
external measurement equipment, the HEIDENHAIN VM101 Comparator System, which has
an accuracy grade of £1 um, to obtain the 3-axes displacement and backlash data separately.®)
They constructed a polynomial model to achieve online compensation. By calculating the
backlash error from the nominal position of axes, the maximum residual errors on the X, Y, and
Z axes were found to be 10, 10, and 25 pm, respectively.®) Feng et al. presented a method to
reduce contouring errors in semi-closed-loop CNC machines, focusing on backlash
compensation.®© With a simulated backlash model and an open CNC system, the method
effectively minimizes errors, as validated by simulations and experiments.© Li e al. introduced
a novel deep-belief-network-based system for predicting backlash errors in machining centers,
focusing on diagnosis and prognosis using an energy-based hierarchical approach.(”) The method
outperforms traditional models in forecasting errors beyond training data.”) Yonezawa et al.
designed an experimental device to study the effects of backlash while maintaining the basic
structure of a drive system.® A control mode switching algorithm was proposed to pre-reduce
backlash to 65 ms before the target value and to apply anti-windup to prevent error accumulation.
They demonstrated the effective mitigation of vibrations caused by backlash.®) Farouki and
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Swett proposed the use of localized feed rate modulation at turning points of the tool path to
mitigate backlash errors.”) By adjusting the feed rate, the method helps maintain positional
accuracy, especially in critical sections of the machining process. The technique is unique as it
focuses on software-based solutions rather than mechanical adjustments or upgrades, providing
a cost-effective and less intrusive solution. The above-mentioned method specifically targets the
positional errors caused by backlash during path transitions, where traditional methods might
struggle without impacting the overall machining speed.®) Yang et al. proposed a mathematical
model of a machine tool rotary table with backlash to describe the dynamic behavior of the
mechanical system.(!9 The exploration of the causes and variations of steady-state vibration
under different conditions revealed how control gains and motion directions affect the stability
of the machine tool rotary table, highlighting the impact of load and backlash magnitude.!”) For
further application, several researchers focused on the effect of backlash on the performance of
equipment. In 2013, Huang and Wang proposed an identification method for steering backlash in
ground vehicles. The backlash model that relates the hand-wheel steering angle to the road-
wheel steering angle was established by the identification method.!) Static measurement
showed large steering backlash nonlinearity in the system. An algorithm was developed to
recursively identify the four parameters that characterize the backlash model, using the
estimated and measured hand-wheel angles. The identified backlash model matches
experimental data well and compensates offsets compared with using a fixed gear ratio. Ma and
Miao utilized edge computing and machine learning to implement a smart manufacturing
system.('?) By monitoring the cutting vibration and axis temperature, data were collected and
analyzed using an edge computing unit. Optimized processing parameters resulted in a 15%
increase in production efficiency for the GTW-1500Y machine, along with improved cutting
quality and backlash error detection. Their research findings were verified by a third-party
organization, demonstrating the potential of smart manufacturing in enhancing production
processes.1? Lee and Lee developed a virtual feed drive system that uses particle swarm
optimization to optimize servo parameters and diagnose system behaviors, including the effects
of aging that can exacerbate backlash issues.!?) The system uses virtual models to predict and
correct the system performance degradation owing to backlash over time. While the primary
focus is on the broader system diagnostics and tuning, the approach includes considerations for
compensating mechanical slack or backlash as part of maintaining the optimal performance.(!¥)
In our previous research, we discovered the high relativity between the time difference and
backlash in the worm and gear,!¥) so this relativity method might be suitable for detecting
backlash along the linear axes. Each article contributes to an understanding of the nuances of
how backlash can be addressed in CNC machining, focusing on both the mechanical and control
system aspects to enhance accuracy and performance.
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2. Research Principles, Framework, and Methods
2.1 Relationship between the working time of a machine tool and backlash errors

In the machine tool, the linear axes are composed of a ball screw, line guide, and motor. The
rotary table is realized with a worm, gear, and drive motor. These mechanisms have reserved
backlash when they are manufactured, as shown in Fig. 1.0%) Backlash errors occur during the
reciprocating motion of the machine tool. Backlash error increases due to thermal expansion and
contraction of the mechanisms. Backlash also causes wear and tear on the mechanism over long-
term use, which in turn causes the backlash to change. The change in the backlash amount will
cause the mechanism to perform reciprocating motion because the transmission will spend part
of the time in backlash. The middle movement causes transmission error. We convert the change
of backlash error by measuring the time for the measuring mechanism movement during
backlash.

Under normal operation of the gear mechanism, because backlash is unchanged, the
reciprocating motion is not affected by the backlash error. However, as mentioned earlier, the
size of backlash will change as a result of wear when the mechanism is used for a long time. For
the linear axes of the machine tool, we take the ball screw feed system as an example. The
mechanical structure of the ball screw drive system is shown in Figs. 2 and 3. When there is a
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Fig. 2. (Color online) Ball screw feed system.(19)
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Fig. 3.  (Color online) Mechanical structure of ball screw feed system.(7)
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gap between the screw and the nut in a ball screw system, backlash error occurs during the
reverse movement of the drive system. The drive system experiences positioning inaccuracies
owing to backlash error. When the drive system moves from the origin to 10 mm and then
reverses backward 10 mm, it cannot return to the original position because of the backlash error
in the system, as shown in Fig. 4.

The worm and gear feed system (as shown in Fig. 5) of the rotating axis of the machine tool is
in the same situation.(!”) When the controller is rotating towards 90°, the worm and gear are
engaged during forward rotation, so it is not affected by the backlash error. When it reaches 90°,
the worm and gear remain engaged. When reversing the movement, owing to backlash, the
worm experiences backlash before driving the worm wheel to rotate, resulting in the reversal
being unable to reach the target position, as shown in Fig. 6.

We used the changes in the movement time of the linear screw and worm and gear in backlash
during the reciprocating motion to collect the time change data and established a conversion
formula between backlash error and time change through linear regression analysis.
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Fig. 4. (Color online) The linear screw experiences backlash.
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Fig. 6. (Color online) Worm and gear experience backlash.
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2.2 Time lag relationship of backlash errors between linear and rotary axes

The time sequence diagram of a linear screw moving forward and backward is shown in Fig.
7. The forward time is shown as Eq. (1), backward time as Eq. (2), and total movement time
without backlash as Eq. (3).

Tforward = TZ - Tl (1)
Tbackward =T 4 T3 (2)
T;otal =T. 4 Ti (3)

When the backlash amount changes, it will affect the backward time. At this time, the
backward time with backlash is as shown by Eq. (4), and the total movement time with backlash
is as shown by Eq. (5). Therefore, the delay time value of backlash can be obtained from Eq. (6)
to calculate the total movement time without backlash and with backlash.

NewTyqciwara = Ta =13 = Tapacktash @)
NeWT;otal = T4 - Tl - TAbacklash (5)
T, Abacklash = Ttotal — N eWTtotal (6)

Equation (7) is a general formula that expresses the relationship among speed, distance, and
time. By bringing the backlash time into the expression, the expression of the backlash amount
can be obtained as Eq. (8). Finally, the relationship between backlash and time can be derived as

Eq. (9).
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Fig. 7. (Color online) Linear screw motion sequence diagram.
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displacement =velocity x time @)
Vbacklash xT, Abacklash = g backlash (8)
Thbacklash
5backlash = # (9)
gain

Backlash of the rotating axis can be expressed in the same way. Equation (10) is a general
formula that expresses the relationship between the angular velocity and time. By bringing the
backlash time into the expression of the backlash amount, as shown in Eq. (11), the relationship
between the backlash of the rotating shaft and time can finally be derived as Eq. (12).

wxT =0 (10)
Opackiash * Iavackiash = Obackiash Q)
T, backlash
ebacklash = u (12)
gain

2.3 Building a linear regression model

Finally, a linear regression model was applied to establish a conversion formula for the
collected time and backlash,(!?) as shown in Egs. (10)—(12), and it is applied to Egs. (9)—(12) to
obtain gain.

m_NZ(xy)—Zny (10)
NE(x*)=(Z5%)
poXy—mux (11)
N
y=mx+b (12)

2.4 Positioning reference calculation method

The total movement time with backlash will be affected by the total movement range and the
backlash amount. Different total movement time can be obtained with different backlash
amounts in the same movement range. Therefore, we need to first collect the delay times and
gain values for each backlash amount under different movement ranges and establish the base
database in the software system. During measurement, the measurement results can be
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compared with the base database in order to calculate the corresponding backlash amounts. The
backlash amounts can then be converted into the correct compensation value and input into the
controller.

3. System Configurations
3.1 System architecture diagram

This system simulates variations in the backlash error by modifying the controller’s backlash
parameters. This system consists of the hardware devices and the software developed in C#. The
hardware devices consist of the measurement head and the cylinder standard bar. This hardware
device has two main functions including measurement signal sampling and reference origin
triggering from the cylinder standard bar. The software supports both wired and wireless signal
transmission methods to establish a connection between the microcontroller and the computer.
Additionally, the system can directly compensate for the backlash error to the controller using
the same method. The system architecture is shown in Fig. 8.

3.2 Firmware design

An 18650 battery is used as the power supply for the microcontroller and photoelectric
switch, as shown in Fig. 9. The firmware architecture diagram is shown in Fig. 10. In the
firmware system design, a microcontroller is used as the core computing unit of the system. The
signal of the photoelectric switch is processed first by the microcontroller. Then, it is sent to the
computer or laptop through wired or wireless signal transmission.

Measurement head and cylinder standard bar

Adjust machine tool
Controller backlash

Machine Tool

Transmit signals
via wireless or wired

~—
0

L

Software

# Backlash Error Detection Syrtem - x

Compensation
machine tool controller

Fig. 8. (Color online) System architecture diagram.
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Fig. 9.  (Color online) Photoelectric switch (Tyep:EE-SX670-WR).C%)
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Fig. 10. (Color online) System firmware architecture diagram.
3.3 Hardware design

The system hardware design is divided into two parts: the first part is the measurement head,
and the second part is the cylinder standard bar.

3.3.1 Measurement head

The measurement head is designed for portability and quick set up on the spindle of the CNC
machine tool. Therefore, the mechanism box of the measurement head is designed and fixed on a
tool holder that can be directly set up on the spindle of the CNC machine tool. The mechanism
box contains a microcontroller unit, signal processor, and wireless Wi-Fi networking. To
maintain a smooth surface of the mechanism box, countersunk holes are used for the screw fixed
positions. The assembled measurement head is shown in Fig. 11.

3.3.2 Cylinder standard bar
The function of the cylinder standard bar is to trigger the on and off signals of the

photoelectric switch. To reduce trigger error, a positioning pin of 1 mm diameter is used as the
trigger element. At the same time, to reduce the radius error of the rotation axis when measuring
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Fig. 11. (Color online) Mechanism box (left) connected to the BT40 tool holder (right).

the rotation axis, the height of the cylinder standard bar is designed to be about 140 mm. Finally,
the cylinder standard bar is fixed on the working table, and M10 headless hex socket cap screws
and T-slot are used as the fixing devices at the bottom. The cylinder standard bar is installed on
the working table, as shown in Fig. 12.

3.4 Software development

The software of this system has three functions: calibration, measurement, and compensation.
The functions can be selected in the initial interface, as shown in Fig. 13, where the connection
mode and operation function can be selected from the drop-down menu.

3.4.1 Calibration function

There are two functions in the calibration function interface. The first is real-time data
processing, whereby the current measured value is stored and displayed. The interface is as
shown in Fig. 14. The second is data linear regression calculation, where linear regression is
performed on the measured data. This software has a built-in linear regression calculation
formula, so the results can be directly generated with one click, and the calculation results can be
stored for use by the compensation software. The calculation function interface is shown in Fig.
15.

3.4.2 Measurement and compensation function

The interface of the measurement and compensation function is shown in Fig. 16. When the
compensation function is started, it will load the results previously calculated in the calibration
function and provide operating steps in the software. Measurement personnel only need to
follow the operating instructions to complete the measurement and compensation processes. At
the same time, the interface of the measurement and compensation function can be connected to
the machine tool controller via wireless Wi-Fi networking. The compensation process is
completed by entering compensatory values of backlash error into the CNC controller through
the compensation function software.
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Fig. 13. (Color online) Initial interface of backlash detection software.

Calibrate System Backlash Parameters

Setting and MeasureiDat Processing Res

’ Connect Status(Wireless or Wired) Real-time Time Chart
) 1.2E-0 Dtahiame
Port Name : v T —— Backlash Time s)
- BE-07
— Find Port - 4E07
DisConnect
2E-07
Connect DisConnect 0 1 2

Parameter Settings 5
Real-time Data
Axis:  X-axis ~ Time Display: ~ NoData

~ Save | Clear
Time Count Backlash value Path Feed Rate Result (us)
Feed Rate : 3000 mm/min ‘
Path : 30 mm
Backlash : 0 mm
Interval : 0.001 mm
Sampling : 1 time

Fig. 14. (Color online) Calibration function interface - page one.'¥)
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Setting and Measurs Data Processing Rest

Measurement Results Linear Regression Analysis
Counis Backlash Value Backlash Time (s) Equation : y = (GAIN)x +b
GAIN: NoData B: NoData R-squared : NoData

DataName
=== Equation
—— Backlash Time

Residual chart

Datahlame
=+ Residual

Result Display
Axis: X-axis GAIN: 0 Total Count: 0

Data Process Data Save Clean
Maxzimum residual : 0 Result Save Result Clean

Fig. 15. (Color online) Calibration function interface - page two.(¥
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Fig. 16. (Color online) Interface of measurement and compensation function.(14)

3.5 Measurement procedure flowchart

The measurement flowchart of this system is shown in Fig. 17. First, the user sets up the jig
and measuring instrument on the spindle and the work platform to be tested. The second step is
to confirm that there is no collision on the measured path. Next, we open the measurement
software, select calibration or measurement mode, and follow the instruction manual of the
software to operate the measurement process. Finally, the backlash conversion gain value can be
established through this software and the controller’s value can be directly compensated.
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Fig. 17.  Measurement flowchart.

4. Experiment Results and Discussion
4.1 Relationship between backlash amount and delay time

The controller was manipulated to change the backlash amount to simulate the situation when
backlash occurs in a machine tool and to measure the changes in the backlash time of five axial
movements under different backlashes. The linear axes measurement range is from 0 to 0.01 mm
with a sampling pitch of 0.001 mm, and each sample data is measured five times. The
measurement range of the rotation axis is from 0 to 0.01° with a sampling pitch of 0.001°, and
each sample data is measured five times. Finally, the results are averaged, reset to zero, and
processed as absolute values. The results are shown in Figs. 18 and 19. It can be seen that as the
backlash amount changes, the working time shows a linear upward trend.
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Fig. 18. (Color online) Relationship between Fig. 19. (Color online) Relationship between
backlash amount and delay time in linear axes. backlash amount and delay time in rotary axes.

We used the controller to change the backlash amount to simulate the situation when backlash
occurs in a machine tool and to measure the changes in the backlash times of five axial
movements under different backlashes. The linear axes measurement range is from 0 to 0.01 mm
with a sampling pitch of 0.001 mm. The measurement range of the rotation axis is from 0 to 0.01°
with a sampling pitch of 0.001°. The time does increase as the backlash amount increases.
Finally, after measuring the backlash time data of the five axes, the measurement results are
organized into Tables 1 and 2, and the gains are calculated using these data. The results are
shown in Table 3

4.2 Accuracy test

We used the calibrated gain value to calculate the backlash amount, subtract the calculation
result from the target to obtain the residual, and use the residual as an evaluation accuracy
indicator. The calculation results of the five axes are shown in Figs. 20 and 21. The residual of
the linear axes is within £0.005 mm, and the rotary axes are within 1.9 arcseconds.

4.3 Repeatability test

We use the same method to measure the data from the backlash amount and delay time and
conduct the three tests repeatedly. The experimental results for each axis show that the trends
are similar, and the gain values are presented in Figs. 22-26. The measurement delay time is
converted into backlash amount using the gain values of each axis. We compared the input
values from the controller with the converted backlash amounts and calculated the residual
results of the backlash amounts. The residual results are shown in Figs. 27-31. The linear axes
residuals are all within 0.0005 mm, and the rotation axis residuals are all within 2 arcseconds.

4.4 Reproducibility test

In the reproducibility result of this experiment, the previously calibrated gain will be used for
measurement. The system will be reset in accordance with the measurement step to measure the
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Table 1
Backlash time measurement results of linear axes.
Backlash (mm) X-axis time (s) Y-axis time () Z-axis time (s)
0.001 3.2956156 3.2889678 6.4399458
0.002 3.2955954 3.2889418 6.4399714
0.003 3.2955706 3.2889198 6.4400554
0.004 3.2955502 3.2888938 6.4401064
0.005 3.2955302 3.2888748 6.4401354
0.006 3.295507 3.2888476 6.44019
0.007 3.2954818 3.2888262 6.4402366
0.008 3.2954636 3.2887982 6.4402784
0.009 3.2954492 3.2887748 6.4403742
0.01 3.2954266 3.2887516 6.4404016
Table 2
Backlash time measurement results of rotary axes.
Backlash (°) C-axis time (s) A-axis time (s)
0.001 2.0215926 1.2851206
0.002 2.021612 1.2851426
0.003 2.0216284 1.285165
0.004 2.0216468 1.2851806
0.005 2.0216636 1.285208
0.006 2.021682 1.2852238
0.007 2.0217056 1.2852482
0.008 2.0217284 1.2852662
0.009 2.0217502 1.2852918
0.01 2.0217702 1.285309
Table 3
Results of linear regression gain calculation.
X-axis Y-axis Z-axis C-axis A-axis
Gain (s/6 or s/mm) —0.021 —0.0239 0.0502 0.0199 0.0211
0.0006 1.5
0.0004 ”\‘- ? 1
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0 0.002 0.004 0.006 0.008 0.01 0.012 0 0.002 0.004 0.006 0.008 0.01 0.012

Backlash (mm)

——X —8—Y —8—7

Fig. 20. (Color online) Residual results of linear axes
backlash.

Backlash (mm)

——C —8—A

Fig. 21. (Color online) Residual results of rotary axes
backlash.
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Fig. 22. (Color online) Repeatability results of X-axis Fig. 23. (Color online) Repeatability results of Y-axis
backlash time measurements. backlash time measurements.
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Fig. 24. (Color online) Repeatability results of Z-axis Fig. 25. (Color online) Repeatability results of C-axis
backlash time measurements. backlash time measurements.
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Fig. 26. (Color online) Repeatability results of 4-axis Fig. 27. (Color online) Residual results of X-axis
backlash time measurements. backlash from the three tests.

five-axis backlash of the same machine tool. The results for the linear axes are shown in Table 4,
and the results for the rotary axes are shown in Table 5. The residuals of the measurement results
of the X-, C-, and 4-axes are all 0, whereas the residuals of the measurement results of the Y- and
Z-axes are relatively large, but the measurement result errors are all within 0.001 mm.
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Fig. 28. (Color online) Residual results of Y-axis Fig. 29. (Color online) Residual results of Z-axis
backlash from the three tests. backlash from the three tests.
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Fig. 30. (Color online) Residual results of C-axis Fig. 31. (Color online) Residual results of A-axis
backlash from the three tests backlash from the three tests.
Table 4
Linear axes measurement results.
Backlash (mm) X-axis Y-axis Z-axis
0.001 0.001 0.001 0.002
0.002 0.002 0.002 0.002
0.003 0.003 0.003 0.003
0.004 0.004 0.004 0.005
0.005 0.005 0.005 0.005
0.006 0.006 0.005 0.006
0.007 0.007 0.006 0.006
0.008 0.008 0.007 0.007
0.009 0.009 0.008 0.009
0.01 0.01 0.009 0.009

4.5 Validation results

Both the linear and rotary axes are verified using the dial gauge. The dial gauge installation
method during verification is shown in Fig. 32. We use the developed software in the
measurement and compensation processes, as shown in Fig. 33. The verification results are
shown in Tables 6 and 7.
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Table 5

Rotary axes measurement results.

Backlash (°) C-axis A-axis
0.001 0.001 0.001
0.002 0.002 0.002
0.003 0.003 0.003
0.004 0.004 0.004
0.005 0.005 0.005
0.006 0.006 0.006
0.007 0.007 0.007
0.008 0.008 0.008
0.009 0.009 0.009
0.01 0.01 0.01

Fig. 32. (Color online) Verification of dial gauge.

| Measure Backlash and Controller Compensation - x
Connect Status(Wireless or Wired) Measurement Process
Port Name : COM17 v Step Operating method State
Baud Rate - 115200 = Select Measurement Axis Finished
Step2 Set Backlash Value Finished
Find Port Cotnect DisCoinect Step3 Measure Backlash: 0 Finished(5/5)
Stepd Measure Backlash Value Finished{5/5)
Connect Status :  Connecled I:I axis:  Y-axis backlash value : 0.003

Correction Parameters for Each Axis
Backlash backlash predict: 0.003 mm

Axis Parameter Value Clear
GAIN 0.0193 Compensation Value: 0 mm

Reference 20215900 Compensation Status

A-axis GAIN 0.0208

P 192.168.1.96 Connect

Reference 1.2851260

X-axis GAIN -0.0210 Connect Status :  Connect success
Reference  |3.2955872 . i

N axis : Y-axis

Y -axis GAIN 0.0239 Wiite
Reference 3.2888724 Compensation Value : 0 mm

Z-axis GAIN 0.0502
Reference 6.4399458

Fig. 33. (Color online) Diagram of software applications in the measurement and compensation processes.
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Table 6

Linear axes verification results.

Backlash (mm) Software result Lever dial gauge
0.001 0.001 0.001
0.002 0.002 0.002
0.005 0.005 0.003
0.004 0.004 0.004
0.007 0.006 0.007
0.008 0.007 0.008

0.01 0.01 0.01

Table 7

Rotary axes verification results.

Backlash (°) Software result Lever dial gauge
0.001 0.001 0.001
0.002 0.002 0.002
0.005 0.005 0.003
0.004 0.004 0.004
0.007 0.006 0.007
0.008 0.007 0.008

0.01 0.01 0.01

4.6 Discussion

According to the experimental results, a micron-level repeatability and residual error can be
achieved using a low-cost photointerrupter with a laser interferometer. The photointerrupter can
observe the changes in backlash and time difference of the machine tool with a resolution of
0.001 mm. The relationship between backlash and time difference is linear as the R Square score
is close to 1, making linear regression the most suitable model in machine learning. This method
can be applied to linear axis ball lead screws and rotating axis worms. The gear backlash is
measured and finally compensated directly using the software connected to the controller.

5. Conclusions

In this research, we successfully used a photoelectric sensor to develop a backlash error
measurement and compensation system for five-axis machine tools. In the past, using a laser rod
meter to detect backlash was not only expensive, but also required the purchase of a specific lens
set. However, in the proposed system, a low-cost photointerrupter and a jig were used to measure
backlash at the micron level. The accuracy and repeatability of this system in measuring linear
axes backlash can reach 0.001 mm, and the reproducibility error can be within 0.002 mm. The
accuracy and repeatability of the backlash of the rotating axis can reach 2 arcseconds, and the
reproducibility error can be within 0.001°. In addition to achieving high-precision backlash
measurement at a low cost, this system is also portable and fast.

The software machine has been developed using machine networking technology to reduce
step up and compensation time. The calibration process only takes less than one hour. End-users
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need to spend less than 10 min before each production operation to calibrate the backlash of the
five-axis machine tool.

The research results have proved that the method of measuring backlash using a
photointerrupter has a higher accuracy and correlation than that using traditional vibration
sensors. The accuracy of the proposed system reaches the micron level, and it is cheaper than
laser interferometers. In the future, this system is planned to be integrated into the machine tool
worktable as an optional intelligent module. It can be applied to the linear axis ball screw and
rotary axis worm and gear of the machine tool and is connected to the controller through
software. Backlash is directly measured and ultimately compensated. Machine tool backlash
errors can be easily accurately measured by end-users using this system during the machine tool
assembly process, equipment periodic inspections, and maintenance.
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