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Abstract In the machinery field, drilling is one of the most important machining methods. Real-
time monitoring of drill wear can effectively prevent the part quality from not meeting the
specifications due to drill failure. This paper proposes a tool wear assessment and life prediction
model based on image processing and deep learning methods, which shows great performance for
small sample datasets and for low quality images. We construct an image database of drill bits and
extract the normal areas and worn areas of the drill bits using the U-Net network and traditional
image processing methods, respectively. Moreover, the original dataset is classified using the
migration learning technique. The wear level of a drill bit can be accurately evaluated through
experimental tests. Testing results show that the proposed method is more convenient and efficient
than the previous methods that used manual measurements; the results can be applied to real-time
drill wear monitoring, thereby reducing part damage caused by tool wear.

Keywords: Drill bit wear; Wear assessment; Image processing; U-Net; Migration learning

1 Introduction

In the current industry 4.0 era, hole machining is currently one of the most crucial machining
methods (1. Tn aircraft machining, in particular, there are nearly 1.5 million connections on a modern
large aircraft, which means that a large number of holes need to be drilled [?). When drilling, with
the rotation and feed movement of the tool, the surface temperature of the tool increases
continuously, and the drill bit is prone to wear during this process. In the actual machining process,
the conservative method is to replace the tool based on experience. This method will misjudge the
wear condition of the tool in many cases and replace it when the tool still has a certain service life
or when the tool has been severely worn. Replacement is not conducive to production efficiency
improvements and product competitiveness. Therefore, the evaluation of the wear condition of the
tool can provide a certain reference for the production personnel and effectively improve the quality
of the machined parts.

At present, the image processing method is a noncontact method mainly used to detect tool
wear conditions. It can extract the area of interest without contact, thus helping scholars to establish
a series of wear characteristics. Zhou et al. [l used image processing to obtain the worn area of a
tool and improved the accuracy of the subpixel edge detection algorithm based on Zernike moments.
Huang et al. [ used image projection and edge detection algorithms to calculate tool geometry.
Sukeri et al. Bl used an image preprocessing operation to obtain edge images of the drill bits and
then compared worn to nonworn drill edges.

In the past few years, due to the development of hardware technology, machine learning
technology has become one of the important methods of current research. Therefore, scholars have
studied extracting features of the tool image to classify or regress the wear degree of the tool through
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machine learning technology. Gu et al. [°! proposed inputting the wear features extracted from the
preprocessed images into the support vector machine (SVM) to predict the wear degree of the drill
bit. The literature [’ used the B-ORCHIZ shape-based feature descriptor and used SVM to classify
the degree of tool wear. Some scholars also use deep learning algorithms to assist in evaluating the
wear condition of the tool. Zhang et al. ¥ used YOLOV3 to locate the defective part of the tool, and
then used the traditional image processing method to evaluate the width and length of the tool defect.

In general, a tool wear assessment method mainly consists of two steps, feature extraction and
wear degree classification or regression [> 1%, These methods often have a good effect on a tool wear
evaluation because they construct a perfect eigenvector to characterize the wear condition of the
drill bit ('], However, at the same time, the previous research also has some shortcomings. In the
feature extraction part, these methods often require certain prior knowledge, and some algorithms
cannot evaluate tools with complex defect shapes. In research using image processing methods
when extracting the wear and nonworn areas of the tool, the background of the grayscale image
needs to have a strong contrast with the target. For grayscale images with low contrast, threshold
segmentation or edge detection algorithms cannot achieve effective results. Therefore, it is
necessary to propose a method that can still extract the tool contour when the contrast between the
tool background and the target is not high and establish a highly robust wear quality evaluation
system.

In this paper we establish an automatic tool wear assessment and life prediction model. The
main research contributions of this article are as follows: (1) We established an image dataset of
drill wear, which is divided into six categories according to the number of holes drilled by the drill;
(2) For the problem that the contrast between the foreground and background of the captured drill
image is not obvious, the U-Net semantic segmentation network [1?] is used to segment the nonworn
area of the drill bit; (3) Aiming at the problem of overfitting caused by the convolutional neural
network (CNN) on a small sample dataset, the transfer learning method is used to train and test the
drill wear image dataset.

The remainder of this paper is organized as follows: Section 2 defines the experimental
equipment and experimental process. Section 3 introduces the theoretical method of the tool wear
assessment model and transfer learning model used in this paper. Section 4 conducts related
experiments to verify the accuracy and reliability of the proposed method. Finally, Section 5 is the

conclusion.

2 Image library of tool wear

2.1 Experimental equipment

The benchtop drilling machine for drilling is the Z516, the maximum drilling diameter is 16
mm, and the maximum spindle speed is 3100 rpm. The feed rate is kept as consistent as possible
while drilling. The equipment used to take images of drill wear is shown in Fig. 1, which includes
a light source, an industrial microscope and a laptop. The pixel size of the original image collected
by the visual device is 1920x1080.
2.2 Experimental process

We use a bench-top drilling machine and 10 high-speed steel (HSS) drills with a diameter of
2.9 mm as the main tools for the experiment. The material to be drilled is mainly 20-gauge
steel, and the feed required to drill a hole is 8 mm. We set the spindle speed of the bench drill to
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700 rpm and keep the feed rate as consistent as possible during the drilling process. We use the
number of holes drilled as a classification standard for the drill wear. The first category is new drills,
the second category is 10 holes drilled, the third category is 20 holes drilled, and the fourth category
is drilling 30 holes, the fifth category is drilling 40 holes and the sixth category is drilling 50 holes.

Photos of drill bits correspondmg to these six categories are shown in Fig. 2.
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Fig. 1. Experimental setup used for obtaining tool wear images: (a) shooting equipment; (b)

processing equipment.

No wear tool Drill ten holes Drill twenty holes

Drill thirty holes Dnll forty holes Drill fifiy holes

Fig. 2. Drill Wear Category Chart.

During the experiment, a fracture occurred when the drill bit reached the 57th hole. To be on
the safe side, we define the drill to fail at 50 holes. Finally, we obtain a drill bit wear image dataset
with 10 images per category. Each image corresponds to a drill bit, and a total of 60 images. When
evaluating the wear condition of the tool, the nonworn area of the tool cannot be segmented by the
traditional image processing method due to the unclear outline of the tool, therefore the U-Net
network is used in this paper, and 35 belt parts are used in the literature. Annotated training images
11230 images consisting of 5 drills are used as the training set, and the remaining 30 images are
used as the testing set. The distribution of the datasets is shown in Fig. 3(a), while Fig. 3(b) shows
the distribution of the training and test sets for predicting bit life. The reason for the ratio being set
as 8:2 will be discussed in Section 4.2.

3 Theoretical approach
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Based on the collected tool wear image dataset, we first use the deep learning model to extract

the tool surface contour. The worn areas are then extracted using image processing techniques. The

intersection between these two binary images constitutes the final worn area. The flow chart of the

wear evaluation method is shown in Fig. 4. Then, we apply transfer learning techniques to classify

the extent of tool wear.
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Fig. 3. Assignment of tool datasets: (a) tool wear evaluation model; (b) tool life prediction model.
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3.1 U-Net

Due to the influence of light and the shooting angle, the background and foreground areas of
the obtained original image of the tool are not obvious. Therefore, it is difficult to segment the
nonworn area of the tool using traditional processing methods. The classic image segmentation
network U-Net is used in this study, which was originally designed for use in the medical field 131,

CNNs are widely used in many studies, such as VGG ', GoogLeNet ['*] and ResNet [1°], The
last layer of the CNN is a fully connected layer, which compresses the feature map obtained by the
original image through the convolution layer, pooling layer and activation function into a vector,
and the output result is only the label of the image. Compared with CNN, U-Net is a pixel-level
classification. The network is mainly composed of two parts, namely the feature extraction part and
the upsampling part. The feature extraction part mainly uses the convolutional layer, the pooling
layer, and the ReLU nonlinear activation function. The sampling part mainly uses the transposed
convolution layer and the convolution layer.

As we only need to divide each pixel in the tool image into two categories, foreground and
background, that is, the background and the nonworn area of the tool, the number of channels finally
output by the network is 2, and the structure diagram of the network is shown in Fig. 5.
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Fig. 5. U-Net structure diagram.

We use U-Net to segment the nonworn areas of the tool and end up with a binary image with
only black and white colors. Since the edge of the binary image output by network segmentation
has many sawtooth shapes, it is necessary to use an open operation to eliminate the image
details smaller than the structural elements and smooth the image boundary ['”1. The open operation
is expressed as follows:

SoF=(Se F)®F (1)
where S is a structure that can be set to different shapes. F' is the set of foreground pixels. First,
structural element F' corrodes S, and then the result after the corrosion of structural element F
expands.

Denote the binary image as f{x, y), where (x, y) is a plane coordinate. The size of the image is
MxN. As the gray value of the binary image we obtained is not in the interval [0,1], we need to

normalize the binary image, as shown in

fe,y)= min _ f(x,y)

ﬁ'l(x, y) — 0<x<M ,0<y<N : (2)
OSXSI‘}{/IliaO)S(.vSN f(x’ y) h OSXSI}},I(Q}'SN f(x’ y)
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After normalization, the gray value of the white area of the binary image is 1, and the gray
value of the black area is 0, so we can count the number of pixels in the nonworn area of the tool.
The number of pixels in the nonworn area of the tool is defined as

NON =Y"%" fu(i, ) )

i=1 j=1

3.2 Segmentation of tool worn area

Through the deep learning network U-Net, we can segment the nonworn area from the original
tool image. Grayscale original tool images can convert the three-channel image into a one-channel
image, the calculation amount can be reduced, and the computational efficiency can be effectively
improved. The grayscale value of each pixel can be calculated by

gx,y)=aR+ pG+yB; x=1,2,3.M andy=1,2,3...N @
In Eq. (4), g(x, y) represents the gray value of the image at point (x, y), and «, § and y are all

constants. According to the research, the values of the three are 0.2989, 0.5870 and 0.1140,
respectively. R, G and B are the values at point (x, y) for each channel of the original tool image:

R=F(x,y,1)
G=F(x,y,2) (5)
B=F(x,y,3)

In the process of acquiring the image, due to the sensor element or the external environment,
the image transmitted to the computer usually has noise ['®], so we use the mean filter to filter the
grayscale tool, and the expression of the mean filter is shown follows:

ey =— 3 g(s.0) (©)
q (s.n)es,,
where g(s, f) represents the grayscale image of the original image of the tool; A(x, y) represents the
filtered image of the grayscale image; Sy, represents the mean filter whose center is (x, y), and the
size is pxq; and s and ¢ are the row and column coordinates of the pixel contained in the filter when
the filter slides to the specified position.

After preprocessing, an appropriate threshold should be selected to classify the image at the
pixel level. In this study, the wo area of the tool needs to be extracted using a threshold segmentation
method, so only the pixels need to be assigned to two categories.

For grayscale images, an appropriate threshold can be selected by observing the grayscale
histogram, as shown in Fig. 6. This method can always find a suitable threshold after many attempts
for a single image, but for a large number of images, it will drastically increase our workload. The
Otsu method is an adaptive threshold segmentation method 1%, that is completely based on the
histogram of the image, and separates an optimal threshold according to the gray value to segment
the image into two parts, the background and target. Using {0,1,2...Q-1} to represent the Q gray
levels in the image, by selecting the threshold t, the input image is divided into two categories, C1
and C2. The gray pixel value of category C1 is in the range of [0, t], and the gray pixel value of
category C2 is in within the range [t+1, Q-1].

By counting the gray value of the gray image of the tool, let n; represent the number of pixels
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of gray level i, so we can normalize the histogram:
n
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Fig. 6. Grayscale histogram.
The between-class variance can be expressed by
[mg F.(t) —m@®)]
F®O[1-F()]
where m, is the average grayscale of the image, which can be represented by Eq. (9); m(t) is

op ()=

®)

the cumulative average value when the threshold is #, expressed by Eq. (10); the probability that an
image pixel is assigned to class C1 can be represented by P, (t), represented by Eq. (11).

0-1

mg = Zipi 9)
i=0

m(t) =Y ip, (10)
i=0

=3 p, (11)
i=0

A

Our purpose is to find an optimal threshold & that maximizes the interclass variance:

2 . _ 2
o,(1)= Mmax o ) (12)

then, we can segment the grayscale image by a global threshold & :

0, h(x, lAc
w(x,y) = oy < (13)

L, h(x,y) >k

Due to the very high temperature during tool drilling, the tool may undergo plastic deformation.
After the tool undergoes plastic deformation, we obtain the worn area through the Otsu threshold
segmentation method®, which will also segment this part of the area, which is obviously
unreasonable. Thus, we use the nonworn area of the tool extracted in Section 2.2 and the area
obtained by the Otsu threshold segmentation to take the intersection:
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W=wl fn (14)

The preliminary tool wear image can be obtained by the Eq. (14). However, the extracted wear
image has the problem of holes in the center and rough edges. Therefore, the closed operation is
used to process the preliminary obtained binary image of tool wear, which can be expressed by

SeF=(S®F)e F (15)

After the closing operation, we can obtain the final binary image of the nonworn area of the
tool. Similarly, we use Eq. (2) and Eq. (3) to count the number of pixels in the worn area of the
tool and record the number of pixels in the worn area of the tool as WEA.

3.3 Transfer learning model

As it is very difficult to obtain image datasets with large sample sizes in the mechanical field
(21, 22] " for datasets with small sample sizes, directly using CNNs without initial weights to train
small datasets will result in overfitting. However, transfer learning can first train a network on a
large dataset, such as ImageNet 23], Then, the pretrained model is used to train the small-sample
dataset. There are already initial weights in the pretrained model when training the small-sample
dataset, which can help us to fit more easily.

In this paper, we use the ResNet18 deep learning model [} after pretraining on the large dataset
ImageNet %] to tune a hyperparameter to train our tool wear dataset. The transfer learning method

is shown in Fig. 7.
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Fig. 7. Transfer learning model.
4 Experiments and Results

To verify the accuracy of the model, we conducted experiments to test its accuracy. First,
industrial microscopes and computer equipment are used to collect the original tool image. Then,

deep learning methods are used to preliminarily segment the nonworn area of the tool. Moreover,
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the tool image is processed by a computer using the method proposed in this paper to obtain the
worn and nonworn areas. The hardware and software equipment for training U-Net are shown in
Table 1. At the same time, to attain a tool life prediction, we study the influence of different
proportions of the training set and testing set and use different deep learning models for an accuracy
of life prediction.

Table 1. Experimental environment

Name Type
CPU AMD RS 4600H
GPU NVIDIA GeForce GTX1650
Python 3.6.13
Pytorch 1.10.1
CUDA 11.1.114

4.1 Validation of the Tool Wear Evaluation Model
The nonworn area of the tool is segmented by a pre-trained U-Net. For the worn area of the
tool, traditional image processing methods can be used to extract the region of interest (ROI). The

image processing process is shown in Fig. 8. All image processing operations are performed on
MATLAB 2021b.

Mean
Grayscale filter
Open Ostu
[operation method
v Filter to
remove
the
largest
pixel area
Intersection [
s ~ J

Close

operation

Fig. 8. Image processing.

To reflect the wear status of the tool, it is essential to calculate the ratio of the tool worn area
to the entire tool area. The number of pixels in the worn area of the tool and the number of pixels in
the nonworn area can be counted separately, as shown in Fig. 9. Since 5 drills are used for testing,
and each drill drilled 10 holes to take a set of photos, 30 images are considered as the testing set.

The wear rate can be calculated based on the number of pixels in the tool wear and nonworn
areas according to

_ WEA
"= Non

x100% (16)

To compare the wear ratios obtained by the manual annotation method for two of the tools with
the wear ratios obtained by the proposed method in this paper, we set the abscissa as the number of
drilled holes and the ordinate as the tool wear ratio and draw the dot-line graph of the change in the
tool wear ratio with the increase in the number of holes, as shown in Fig. 10. The comparison of the
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wear ratio obtained by manual measurement with the wear ratio obtained by the proposed method
in this paper is shown in Fig. 11, where the abscissa is the number of tools, a total of 5 tools are used
for experimental testing, and the ordinate is the wear ratio.

To evaluate the error between the manual measurement and the experimental measurement of
the wear ratio, the error is defined as Eq. (17).

error = M x100%

(17)
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3.2LE+05 6L+03
—a— (rill | —a— drill |
\ —e— drill 2 SE+03 ~—e— drill 2
3.()EH)51- —a—drill 3 QBT e drill 3
‘ —v—drill 4 ——drill 4
3 0\ s drill 5 Z4E+03 { o+ drill 5
. »
gz.xtfos - i 208
a S 3E+03 - el
) S . B
£ 265405 | E P, ——,
Z Z 2E+03 //;'.;' e "
: F 111/
2 L
paic 1E+03 / )/
b f/
22[4_05 1 i i 1 'l L 0r+00 1 3 3 \ 3
0 10 20 30 40 50 10 20 a0 40 50
Number of drilled holes Number of drilled holes
(a) (b)

Fig. 9. Counts of the number of pixels of ROI in an image: (a) the number of pixels in the nonworn

area of the tool; (b) the number of pixels in the tool worn area.
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where 77, is the wear ratio using the tool wear assessment method and 77, is the wear ratio

using the manual measurement method.
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A maximum error of 16% between the experimental and manual measurements can be
observed through the tool wear evaluation model experiment. There are 76% of the sample
errors less than 10% and 40% of the sample errors less than 5%.

4.2 Validation of the transfer learning model

In the life prediction step, the transfer learning model is established to classify the wear degree
of the tool to attain a life prediction of the tool. Transfer learning training is easier than directly
training a new deep learning model because it uses a pretrained weight model 24 231, A deep learning
model from ten years ago usually increased the number of network layers, while the more modern
ResNet uses a residual structure to fuse the shallow features of the network with the deep features,
which greatly improves the accuracy of image classification.

Given the small sample size of the tool wear dataset constructed in this paper, the ResNet18
network is used, as a ResNet with more layers will be more difficult to train and prone to overfitting.
The main settings for training the transferred residual network are shown in Table 2. Moreover, data
augmentation methods such as horizontal zoom, vertical zoom, reflection and translation are used.

Table 2. Experimental environment

Name Type
Batch size 32
Epoch 200
Learning rate 1073
Momentum 0.9
Optimizer SGDM

The R ratio of the training set and testing set is set to 9:1, 8:2, 7:3, 6:4, and 5:5 in the experiment.
The experimental results obtained are shown in Fig. 12. It can be seen from the results that when
the ratio is selected as 9:1, the highest accuracy is obtained in the experiment the most times, but
the fluctuation is large, and the accuracy of one experiment decreases below 70%. When the ratio
is selected as 8:2, although the number of times that the highest accuracy is obtained in the
experiment is few, the result is relatively stable, and the average accuracy of 10 experiments can
reach 91.67%, which is more than 90%.
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Fig. 12. Assign different weights to the training set and the testing set.
In image classification problems, using classification accuracy alone does not fully reflect the
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effect of the deep learning models. Therefore, the confusion matrix is used to further evaluate the
performance of the model. The confusion matrix is a #xn matrix, where n represents the number of
categories of the classification, the elements on the diagonal of the matrix represent the number of
correct predictions, and the elements on Row i and Column j represent the correct category but
classify it as j. For the case where the proportion of the training set is 0.8, we obtain a confusion
matrix diagram through several experiments, as shown in Fig. 13. It can be seen that the errors are
mainly concentrated in the middle categories. The average classification accuracy exceeds 90%, and
the minimum classification accuracy is also higher than 80%. Through experimental comparative
research, it can be asserted that the migration model used in this paper accurately and effectively

predicts tool life.
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Fig. 13. Tool wear image classification results.
S Conclusions

This article presents a novel tool wear assessment and life prediction method. First, the full
contour of the tool is segmented using the semantic segmentation network U-Net. For the worn area
in the tool, the Otsu threshold segmentation and morphological image processing methods were
used. The transfer of the pretrained residual network helps us predict the number of holes that can
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be made by the tool, thereby indirectly attaining a life prediction of the tool. The wear ratio
calculated by the ratio of the extracted two parts of the tool is no more than 17% different from the
manual measurement, and the error of more than half of the samples is no more than 10%. The tool
life prediction model also has high accuracy, with an average accuracy of over 90%.

Based on the above characteristics of the tool wear assessment and life prediction model, we
conclude that the proposed method can be used in real-time monitoring of machining tools. However,
there are still some limitations in this study. On the one hand, the shooting angle, brightness of the
surrounding environment and outside temperature still need to be considered in the model. On the
other hand, the plastic deformation of the tool affects the accuracy of extracting the worn area.
Therefore, it is necessary to develop a more general and robust model. We will report these studies
in future publications.
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