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Integrating object detection 
and image segmentation 
for detecting the tool wear area 
on stitched image
Wan‑Ju Lin1,2, Jian‑Wen Chen2,3, Jian‑Ping Jhuang1, Meng‑Shiun Tsai1, Che‑Lun Hung2,4*, 
Kuan‑Ming Li1* & Hong‑Tsu Young1

Flank wear is the most common wear that happens in the end milling process. However, the process 
of detecting the flank wear is cumbersome. To achieve comprehensively automatic detecting the flank 
wear area of the spiral end milling cutter, this study proposed a novel flank wear detection method of 
combining the template matching and deep learning techniques to expand the curved surface images 
into panorama images, which is more available to detect the flank wear areas without choosing a 
specific position of cutting tool image. You Only Look Once v4 model was employed to automatically 
detect the range of cutting tips. Then, popular segmentation models, namely, U‑Net, Segnet and 
Autoencoder were used to extract the areas of the tool flank wear. To evaluate the segmenting 
performance among these models, U‑Net model obtained the best maximum dice coefficient score 
with 0.93. Moreover, the predicting wear areas of the U‑Net model is presented in the trend figure, 
which can determine the times of the tool change depend on the curve of the tool wear. Overall, the 
experiments have shown that the proposed methods can effectively extract the tool wear regions of 
the spiral cutting tool. With the developed system, users can obtain detailed information about the 
cutting tool before being worn severely to change the cutting tools in advance.

The most important part used in the manufacturing industries consists of machine tools and workpieces. The 
continuous reaction between the cutting tool and workpiece would generate the phenomenon of tool wear, which 
is the primary limitation during the machining process. According to the  researches1, the statistics show that 
the tool failure would affect approximately 6.8% downtime. With the boosting of the automation industries, the 
proportion of downtime would increase to 20%2. It is important to evaluate the changing time of the cutting 
tool. When the cutting tool is being worn severely, the cutting tool needs to be changed. However, early replacing 
the unworn cutting tool will lead to extra costs of waste tools; changing the extremely worn tools too late will 
take a risk of poor quality of machining products, becoming a waste product. Either the cutting tool is replaced 
too early or too late increases the waste of resources and industrial costs. A reliable and accurate cutting tool 
monitoring system could effectively replace the cutting tools, reduce the downtime of tool change, and increase 
the machining quality. Therefore, evaluating the condition of the machine tool wear in real-time is a critical task 
in the manufacturing process. To raise productivity, more effective and flexible tool monitoring systems have 
higher requirements on cutting tools. Recently, monitoring cutting tool technology used to assess the properties 
of the cutting tool materials, which has been developed to examine how difficult material of cutting tool could be 
 machined3,4. Generally, tool wear occurs when the cutting forces and temperature continuously executing on the 
cutting tool during the machining processing. Hence, the tool wear would further affect the surface quality of the 
machining workpieces. It is vital to obtain the higher quality of the surface workpiece, which could bring more 
economical productivity. Reliable tool wear value could be used to effectively schedule the replacement of the 
cutting tools, and providing the optimum conditions of the machining parameter to avoid tool wear. Therefore, 
developing the tool wear monitoring system has gained a great deal of emphasis.
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There is a considerable body of studies on tool wear monitoring. The technologies of cutting tool monitoring 
can usually be achieved directly or indirectly based on the cutting tool, workpiece, motor spindles, or machine 
body. Indirect methods usually measure the signals from various sensors mounting on the machine to indirectly 
determine the condition of the tool wear, such as cutting  force5,6,  vibration7,8, acoustic  emissions9,10, spindle 
 speed11,12. The direct approach of cutting tool monitoring usually uses optical inspection with vision images to 
directly measure the tool wear geometry in a noncontact  process13–15. Although a large amount of research work 
has achieved the successful results in the tool monitoring technique with indirect methods, the challenge of the 
sensors is generally huge, expensive, and difficult to install, which restricts the convenience of installation. Using 
the image processing technique can visualize figure out the tool wear condition, which is more available and 
flexible to confirm the chipped of the cutting tool, the statement of the workpiece, and position of the tool wear 
area. The earliest image processing technique is based on different grayscale images to set the proper thresholds 
for selecting the features of tool wear  areas16–19. However, the traditional methods of image processing highly 
depend on the parameter setting with complex algorisms and involve expert knowledge to select the appropriate 
algorism. To minimize the above challenge, lots of researchers have applied artificial intelligence (AI) techniques 
to overcome the drawbacks of traditional image processing approaches.

With the advancement of technology, the increase of hardware performance and computing speed brings 
the AI technique explosive growth in the manufacturing industries. AI technology has the characteristics of 
automatically extracting the important features from raw images and predicting the features based on unlearned 
images that applying AI technology in the field of image recognition has become a hot  topic20–22. D. Tabernik 
et al.20 proposed a segmentation-based of deep learning model to detect the surface defect region. Liu et al.21 
presented a U-shaped deep residual neural network for detecting the quality of conductive particles on the pro-
cess of TFT-LCD manufacturing. The results gave been shown that the proposed model can detect the particle 
features from the complex background noise, and obtaining a high recall rate. Lin et al.22. utilized CNN model 
to inspect and localize the defect of LED chip. A large amount of AI-based approaches have been utilized image 
analysis for tool wear monitoring. Mikołajczyk et al.23 implemented a Single Category-Based Classifier neural 
network to process tool image data and estimated rate of tool wear for cutting edge’s flank surface. D’Addona 
et al.24 integrated DNA-based computing (DBC) and artificial neural network (ANN) for managing the tool wear. 
The experiment demonstrated that the ANN can predict the degree of tool wear from a set of tool wear images 
processed under a given procedure whereas the DBC can identify the degree of similarity among the processed 
images. Kilickap et al.25 integrated ANN(Artificial Neural Network) and RSM(Response Surface Methodology) 
models to predict cutting force, surface roughness, and tool wear. The result indicated the proposed method can 
be used to predict the cutting force and surface roughness effectively. Mikołajczyk et al.26 proposed a method 
based on ANN model for automatic prediction of tool life in turning operations. The results indicated that the 
combination of image recognition software and ANN modeling could potentially be developed into a useful 
industrial tool for low cost estimation of tool life in turning operations.

The above reviews of the literature have been shown that the feasibility of applying AI techniques for assess-
ing tool wear. Although lots of researches discuss AI-based methodologies on the topic of tool wear evaluation, 
very little has considered the deep learning techniques for recognizing the flank wear of spiral tool. Tool wear 
detection is a task of texture recognition. In recent research, Bergs et al.27 utilized the deep learning method 
to detect the tool wear condition of ball end mill, end mill, drill, and insets based on cutting tool images. The 
experiments result revealed that the deep learning model of U-net could achieve 0.7 the Intersect over Union 
(IOU). However, this paper only discussed the detection of single sided cutting tool images. Yet, seldom research 
has investigated the spiral tool flank wear image based on deep learning technique. It could mainly be attributed 
to difficulty choose the particular angle of the tool image when measuring the wear of the spiral cutting tool in 
end milling. Flank wear is the most common wear that happens in the end milling process. It is more important 
and meaningful to detect the flank wear of the spiral cutting tool. In this paper, deep learning approaches are 
employed to detect the flank wear for the spiral cutting tool. The current method of detecting spiral cutting tool 
is to place the cutting tool below the lens and select the specific images of tool wear area perpendicular to the lens 
for analysis. However, a major challenge in detecting the flank wear area of the spiral cutting tool is that different 
tool position angles have different values of tool wear area, resulting in difficulty to analyze the curved surface 
of the spiral cutting tool. To address the above problems, this paper presents an efficient and automatic method 
for recognizing the tool wear area by using the image stitching method based on pattern match algorithm. The 
pattern match technique has been widely studied and utilized to solve pattern recognition, which combines 
multiple images based on point-to-point matching to generate a high resolution image. This method has advan-
tages of high efficiency to achieve wide range of image that several researchers utilized image stitching to merge 
several scattered images into a complete panorama, which could analyze the features in the panorama image. 
Gong et al.28 developed the template matching algorithm for retina images, which can be used in remote retina 
health monitoring with affordable imaging devices. Meanwhile, the method solved image quality degradations 
due to the small field of view (FOV). Generally, a baseline of the cutting tool is used as the criterion of detect-
ing the tool wear area. To effectively find the basic line, this paper proposes a novel detecting method, which 
stitches the continuous images of the cutting tool images into a panorama image to convert the spiral tool line 
into a straight line. Furthermore, deep learning techniques are employed to automatically detect the tool wear 
area. The proposed method is able to capture the tool wear area without the step as selecting the specific area in 
traditional methods, which can achieve the on-site usage requirements. The developed system could improve 
the machining efficiency and reduce the frequency of changing the cutting tool.

Tool wear forecasting approach. An approach of tool wear forecasting is proposed in this study. Image 
stitching is a mature approach to computer vision, which allows the broader field of vision. Combining image 
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stitching with deep learning techniques can open the new wide of tool wear monitoring. This study aims to use 
template matching with deep learning techniques to identify and calculate the wear value of the spiral cutting 
tool. An overview of the developed tool wear detecting system in this study is shown in Fig. 1. The methodol-
ogy employed in this study mainly contains five stages. Firstly, the tool wear images of the spiral cutting tools 
were collected for analysis. In the second step, using template matching of image stitching technique to expand 
the tool images into panorama images. To detect the region of tool wear area more efficiently, deep learning-
based object detection and segmentation techniques, instead of traditional computer vision methods, automati-
cally identify the texture of the panorama tool wear images. In the third step, the YOLOv4 model was used for 
automatically detecting the range of cutting tips based on the panorama images. U-Net was utilized to identify 
the tool wear texture based on the cutting tips in the fourth stage. And in the final step, the trend of the tool 
wear areas was visualizing to evaluate the condition of the tool wear in real-time. The employed methods are 
described in more detail in the following sections.

Template matching. Template matching is a typical method of image stitching algorithm, which uses a 
simple machine vision approach to identify the expected  template29–31. The template matching method is utilized 
to recognize the locations and characteristics of the reference image from the inspected images. The procedure 
of template matching mainly included two steps. Firstly, an initial image of the spiral cutting tool is selected as 
the reference image. Secondly, template comparison is used to extract the features of the overlapping areas by 

Figure 1.  An overview of the developed tool wear detecting system.
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sliding scanning. And then the best correlation area is calculated with the highest similarity of the overlapping 
area based on the predefined template. In the template matching process, a metric of Normalized Cross Correla-
tion (NCC) value is the metric for matching performance between the template and inspected  image32,33. The 
equation of the NCC algorithm is described as follows:

where t
(

i, j
)

 represents the template image on the 
(

i, j
)

 plane, s
(

i, j
)

 is the inspected image on the 
(

i, j
)

 plane, m ∗ n 
means the image size, µs is the mean gray value of the inspected image, and µt is the mean gray value of the 
template image. The mean gray value of inspected image and template image are defined as follows:

You Only Look Once v4 (YOLO v4). In this study, owing to the larger of the panorama images, the YOLO 
v4 model is employed to automatically detect the range of cutting tips based on the panorama images, which 
makes the tasks of segmenting the tool wear texture more efficient. YOLO (You Only Look Once)34 is a classical 
object detection model with the one-stage framework. CNN model can be trained to predict the object with mul-
tiple positions and categories at once. The state-of-the-art of YOLO v4 is proposed recently, which can achieve 
high accuracy in real-time35,36. The architecture of YOLO v4 consists of three elements, namely, backbone, neck, 
and head. The backbone of the YOLO v4 is using the architecture of Darknet53 and Cross Stage Partial Network 
(CSPNet), named CSPDarknet53 to train the object detection model. Because CSPDarknet53 can achieve high 
detection accuracy that CSPDarknet53 is utilized to be the backbone of the YOLO v4 model. The neck of the 
YOLO v4 model is integrated SPP (Spatial Pyramid Pooling) and PANet (Path Aggregation Network) to have 
a better feature fusion for combining feature maps with different scales. Moreover, the head of the YOLO v4 
model is used YOLOv3 head The YOLO v4 model can not only improve the problem of computation time but 
also enhance the accuracy of model recognition with the above elements. The structure of YOLO v4 is shown 
as Fig. 2.
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Figure 2.  The structure of YOLO  v434.
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U‑Net. Segmentation is one of the image processing methods, which separates the objects with different 
textures out of the background. Traditional segmentation approaches usually use morphological, thresholding, 
edge detection to divide the objects, which requires a lot of experiments and experts to perform the tasks. An 
alternative method, named U-Net model, which employs a convolutional neural network structure to predict the 
position of the texture, is the latest approach to improve the traditional ways for segmenting the  texture37–39. This 
study utilized U-Net model to automatically learn and predict the tool wear areas. The shape of U-Net model 
is like the letter u, which is shown in Fig. 3. The architecture of U-Net model is composed of two parts: the left 
side and the right side. The left side can be treated as an encoder, and the right side is used as the decoder. The 
function of the encoder is used to extract the features and reduce the dimension, which is composed of convolu-
tion and pooling layers. And the decoder is used to reconstruct the smaller features into a new image with the 
same size of the input images. The main process of the decoder is performing the upsampling, which consists of 
unpooling and transpose convolution. The structure of U-Net model is similar to the autoencoder model, which 
also has the elements of the encoder and decoder. However, the bottleneck of the autoencoder is missing some 
features during the upsampling of reconstructing the images. U-Net model could overcome the drawbacks, 
which adds the connection between the encoder and decoder that the important information would not disap-
pear in the process of reconstruction.

Experiment and results
The proposed methods based on template matching, object detection, and segmentation methods are described 
and investigated in this section. First, the dataset used in this study are expressed in detail. Next, the following 
sections illustrate the experimental result of the template matching technique, YOLO v4, and segmentation 
models for detecting the tool flank wear areas. These models were trained in the GPU embedded with NVIDIA 
GeForce GTX 1050 Ti for computational acceleration. The deep learning framework Keras was used together 
with TensorFlow, a machine learning backend library.

Dataset descriptions. This study combines the template matching technique with deep learning methods 
to detect the tool wear defect of the spiral cutting tool. The dataset of the tool wear images are acquired from the 
developed optical instrument of the real-time tool wear monitoring system, which is shown as Fig. 4. This paper 
cooperated with Intelligent Mechatronic Control and Machinery lab in National Taiwan University department 
of mechanical engineering to collect the spiral tool wear images around 100 images for analysis. In order to cap-
ture the tool flank wear of the spiral tool, the location of the spiral cutting tool is perpendicular to the lens. The 
images of the tool flank wear of the spiral tool are captured approximately 210 images in 3 s. The spiral cutting 
tool is a NACHI square end mill with the material of super hard HSS-CO, which has two flutes for machining. 
The highest image quality of the tool flank wear images are captured with the iDS camera and MORITEX’s 
lens. The front light source is used the blue coaxial light of CHD-FV40. And Backlighting of two sides of CHD-
BL6060 is used as the side lighting source to create more light for capturing. In this experiment, the 100 spiral 
cutting tools datasets are expanded into panorama images for analyzing the tool wear areas. This study used 100 
images of spiral cutting tools datasets for model learning and validation. And around 50 images are used to test 
the tool wear detection results of both YOLO v4 and segmentation models.

Figure 3.  The structure of the U-Net  model39.
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Expanding the spiral cutting tool. In this study, due to the characteristic of the curved surface of the 
spiral cutting tool, it is difficult to extract the wear region of the cutting tips. To address this issue, the cutting 
tool images were stitched and merged the curved surface of the spiral cutting tool into a panoramic image by 
using the template matching method. Template Matching is a method for searching and finding the location of a 
template image in a larger inspected image. The process of template matching is simple, which slides the template 
image over the input image and comparing the template with the patch of input image under the template image. 
The schematic of the template matching method is shown in Fig. 5. The template image indicates the image in 
which we expected to find a match region based on the source image. The template image would be compared 
to the source image based on the value of normalized cross correlation, which finds the similarity between the 
template image and the source image. The red bounding box means the high similar score area between the tem-
plate and the source image. To obtain the stitched panoramic image of the two images, the location on the source 
will be replaced by the template image from the overlapped location. Table 1 illustrates the process of stitching 
several images into a panorama image. In order to merge into a panorama by using several tool flank images, 
the 360 degrees of the spiral cutting tool were captured into tool flank images per 1 degree. So, approximately 
300 images of the spiral cutting tool were obtained for each tool. This study utilized approximately 500 spiral 
cutting tools for analysis. Table 2 shows the panoramic images of the spiral cutting tool with different machining 
parameters. As shown in Table 2, the result of the stitched image can be precisely aligned between the template 
image and the source image. The tool images with different machining parameters also can be precisely merged 
into a panorama image.

Locating the cutting tips by using YOLOv4. To enhance the performance of segmentation for tool 
wear areas, it is required to extract the boundary areas of cutting tips. Recently, several object detection methods 

Figure 4.  The developed optical instrument of tool wear monitoring system.

Figure 5.  The schematic of the template matching method.
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are proposed and successfully detecting different classes of objects in an image. As the state-of-the-art object 
detector, YOLOv4 obtained better performance in detection speed (FPS) and detection accuracy (mAP) than all 
available methods due to the characteristic of CSPDarknet-53 combined with Spatial Pyramid Pooling in Deep 
Convolutional networks (SPPnet). After expanding into a panoramic image, the YOLOv4 model is utilized to 
locate the area of the cutting tip. For performing the object detection task, approximately 500 panoramic images 
were utilized for the training dataset and the testing dataset consisted of 50 images. During the network training, 
the parameters are set as follows: the batch size is 5 epochs, the number of steps per epoch is 200, the learning 
rate is 0.0001, and the loss function is selected binary cross entropy. The results of the testing images are shown 
in Fig. 6.

Performance of the YOLO v4 model. To evaluate the performance of the YOLOv4 model, this paper 
utilized the unknown data as the testing dataset to assess the results of the training models. The standard statisti-
cal measures of Intersection over Union (IOU), Recall, Precision, and F1 score are usually employed to evaluate 
the location of the bounding  box40,41. IOU is utilized to determine the similarity of the ground truth box with 
a predicted box of cutting tips region. The threshold of the IOU value was set to 0.5. If the IOU value is greater 
than 0.5, then the prediction of the cutting tip is truly positive and correct. Otherwise, it is considered a false 
positive. The definition of the IOU is given as Eq. (4). IOU is a ratio between the intersection with the union of 
the actual box and the predicted box. Moreover, precision, recall, and F1 score are also popular statistic indica-
tors to evaluate the performance of the object detection models as well. The definition of precision, recall, and 
F1 score is provided in Eq. (5) to Eq. (7). The meaning of precision illustrates the detection ability with negative 
datasets. If the precision value is higher, distinguishing the negative dataset is stronger. The definition of Recall 
value is the ability of model detection with positive datasets. If the value of recall is higher, the model explanation 
with a positive dataset is better. The F1 score is integrated the mean of the recall and the precision value, recon-
ciling the model with the precision and the recall value. The higher value of F1 score, the model is more robust. 
The detection results of the cutting tip with the indicators of precision, recall, and F1 score is given as Table 3. 
The results have been shown that the YOLO v4 model could achieve higher detection results on recognizing the 
boundary of cutting tips.

In Eqs. (2) and (3), the TP, FP, and FN represent True Positive, False Positive, and False Negative, respec-
tively. As the main task in this section, both precision and speed of object detection should be considered. The 
detection speed of the proposed system satisfies the real-time capability in terms of computational complexity. 
On the other hand, YOLOv4 is capable to identify the cutting tips with the different light sources. The results of 
detecting the cutting tips by using the YOLO v4 model are provided in Fig. 6.

(4)IOU(A, B) =
A ∩ B

A ∪ B

(5)Pecision =
TP

TP+ FP

(6)Recall =
TP

TP + FN

(7)F1 = 2∗
Precision ∗ Recall

Precision + Recall

Table 1.  The process of stitching several images into panorama image, where the red box indicates the wear.

Index=0 Index=100 Index=200
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Detecting the tool wear areas using sematic segmentation. Definition of the tool wear. It is vital 
to clearly understand the definition of tool wear. It helps us more clearly to develop the algorism for detecting the 
tool wear areas. According to ISO standards, the tool wear can be defined as Fig. 7. Tool wear causes changes in 
tool shape from the original shape. The extension of the baseline is used as the main reference line to detect the 
wear areas of the spiral cutting tool. The tool wear region is the deeper area of the right side based on the base-
line. A red baseline is shown as Fig. 8. In order to obtain the baseline of the spiral cutting tool more effectively, 
this study employed the novel algorism of pattern matching method, which not only stitches the continuous 
images of the cutting tool images into a panorama image but also converting the spiral tool line into the straight 
line. The expanded panorama image of the spiral cutting tool is shown as Fig. 8. By the stitching method, it is able 
to capture the tool wear area without the step as selecting the specific area in traditional methods.

Experiments result of U‑Net model. U-Net model is mainly used to segment tool wear areas of the 
expanded panorama image in this article. This study selected approximately 200 cutting tip images from the 

Table 2.  The expanded panorama images with different phases of each spiral cutting tool.

Inde
x  D=0 D =1 D =2 … D=359 D=360 Panoramic image   

No.4
-15 …

No8-
54 …

No1
0-47 …

No1
2-30 …
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tip detection phase as a training dataset. During the network training, the parameters were set as follows: the 
batch size was set to 10 epochs, the number of steps per epoch was 200, the learning rate was 0.0001, and the 
loss function was selected binary cross entropy to quantitatively evaluate the presented model. The indicators 
of intersection over union (IOU) and dice coefficient (DC) are the most generally utilized metrics in semantic 
 segmentation43. The IOU and DC were used to assess the performance of segmented results. The definitions are 
provided in Eqs. (8) and (9). The predicted results of sematic segmentation models would be compared with 
ground truth (GT).

(8)IOU =
|Predict ∩ GT|

|Predict ∪ GT|

Figure 6.  The results of detecting the cutting tips by using YOLO v4 model.

Table 3.  The detection results of the cutting tip with the indicators of precision, recall and F1 score.

mIOU Recall Precision F1

0.67 0.92 0.87 0.89

Figure 7.  Definition of ISO tool  wear42.
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In order to evaluate the detection results of the segmentation model, the testing samples are utilized to verify 
the performance of the U-Net segmentation model. Moreover, this study also compares two segmentation mod-
els, Segnet and Autoencoder. All datasets were tested under the same circumstances of the model parameters. 
The metrics of Dice Coefficient and IOU value are used to assess the three models, namely, U-Net, Segnet and 
Autoencoder, are shown in Table 4. The results show that the average IOU of Segnet, Autoencoder, and U-Net 
models are 0.37, 0.23, and 0.47, respectively. U-Net model obtains the best average IOU value, which represents 
the prediction tool wear areas almost enclosed the ground truth. The dice coefficient of the U-Net model also 
achieves the highest value among the segmentation models. It can also reveal that the performance of the U-Net 
model is superior than Segnet and Autoencdoer models. Table 5 shows the detail of the three models results. 
Moreover, Table 5 also shows the detection efficiency in real-time, which is called frame per second (FPS). The 
results reveal that due to the complexity of the U-Net model, resulting in the slower detection speed.

Table 6 shows the detection results by using the U-Net model. The overview of the images on No. 1 to No. 4 
presented that even the different angles of cutting tips, the tool wear areas can be effectively extracted by using 
the U-Net model. Moreover, the predicted mask of the tool wear area is almost fitted with the ground truth 
mask. The comparison of detecting the tool wear areas by using three models are shown as Table 7. Among three 
semantic segmentation models, the U-Net model can precisely extract the tool wear areas from the cutting tips 
regions. The detection results of the U-Net model are superior than the other two models.

To explore the relationship between the machining times and the tool wear areas, this paper selected a cutting 
tool as a sample to investigate the wear condition of the machining process. According to the above prediction 
results of sematic segmentation models, the U-Net model achieves the higher prediction output. This paper 
further analyzes the wear areas of the cutting tool processing process based on the prediction results of the 
U-Net model. The experimented trend of the cutting tool wear status is shown as Fig. 9. This paper analyzed 
each machining process results of tool wear areas from unprocessed to 30 times of processing. Because this paper 
used the spiral cutting tool with two flutes that two curves are shown in the Fig. 9, which represents the first flute 
and the second flute. The unit of the wear areas is a pixel, and the pixel size is 11.5 um. It can be observed that 
with the increasing of the machining times, the tool wear has become more severe. By the tool wear curve of the 
machining process, users can not only realize the wear status of the cutting tool but also determine the times of 
the tool change depend on the curve of the tool wear, which can prevent the cutting tool being worn severely to 
ensure the quality of the machined products.

Discussion
It is important to realize the tool wear condition during the machining process. The spiral cutting tool is a com-
mon machining tool. The characteristic of the spiral cutting tool has a curved surface, resulting the difficulty 
detecting the wear region of the cutting tips. To achieve comprehensively automatic detecting the tool wear area 
of the spiral cutting tool, the tool wears detecting system is proposed in this study. The image stitching of template 
matching algorism is used to stitch and merge the several curved surface images of the spiral cutting tool into a 
panoramic image. By using the image stitching method, it can also convert the spiral cutting line into a straight 
line to detect the region the cutting tool more flexible. However, the panorama image of the spiral cutting tool is 
larger, the YOLO v4 model is employed in this article to automatically detect the range of cutting tips. To detect 
the tool wear areas, image semantic segmentation is utilized in this study. Three semantic segmentation models, 

(9)Dice Coefficient = 2∗
|Predict ∩ GT|

|Predict| + |GT|

Figure 8.  The expanded panorama image of spiral cutting tool.
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namely, Segnet, Autoencoder, and U-Net model, are compared to explore the performance of segmentation. 
Among the three semantic segmentation models, U-Net achieves the best average IOU and dice coefficient score 
by extracting the wear areas of the panoramic cutting tool image. The experiment results reveal that the U-Net 
model has the characteristic of concatenating the feature maps from low to high level, which can achieve high 

Table 4.  The evaluation of Segnet, Autoencoder, and U-Net models.

UOIeciDscirteM

Segnet 

Autoencoder 

UNet 

Table 5.  Results of three models.

Model
Dice
min/mean/max

IOU
min/mean/max FPS (70frame)

U-Net 0.3/0.65/0.93 0.15/0.47/0.86 19

Autoencoder 0.14/0.4/0.84 0.06/0.23/0.79 25

Segnet 0.01/0.56/0.88 0.01/0.37/0.74 13
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identification results. Furthermore, this study utilized the U-Net model to predict the wear areas of the spiral 
cutting tool during the machining process, and draw it into the trend figure. The experimented trend of the tool 
wear areas can provide users with detailed information about the tool wear status. It can prevent the cutting tool 
before being worn severely to change the cutting tools in advance and avoiding serious impact on the machining 
quality. The study presented an effective detection method, which combines the template matching with a deep 
learning technique to recognize the tool wear area of the spiral cutting tool. The proposed methods are able to 
capture the tool wear area without the step as choosing the specific area in traditional approaches, which can 
achieve the on-site usage requirements. The developed system can reduce the frequency of changing the cutting 
tool to check the tool wear status, and improve the machining efficiency.

Table 6.  The detection results by using U-Net model.

Index Testing image Ground truth mask Predicted mask Wear region with 
using U-Net model 

1 

2 

3 

4 
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Table 7.  The comparison of detecting the tool wear areas by using three models.

Index Testing image GT U-Net Autoencoder SegNet 

1 

2 

3 

4 

Figure 9.  The experimented trend of the cutting tool wear status.



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19938  | https://doi.org/10.1038/s41598-021-97610-y

www.nature.com/scientificreports/

Received: 13 June 2021; Accepted: 26 August 2021

References
 1. Dan, L. & Mathew, J. Tool wear and failure monitoring techniques for turning—A review. Int. J. Mach. Tools Manuf. 30, 579–598 

(1990).
 2. Kurada, S. & Bradley, C. A review of machine vision sensors for tool condition monitoring. Comput. Ind. 34, 55–72 (1997).
 3. Black, J. T. & Kohser, R. A. DeGarmo’s Materials and Processes in Manufacturing (Wiley, 2020).
 4. Lin, W.-J., Lo, S.-H., Young, H.-T. & Hung, C.-L. Evaluation of deep learning neural networks for surface roughness prediction 

using vibration signal analysis. Appl. Sci. 9, 1462 (2019).
 5. Li, H., Zeng, H. & Chen, X. An experimental study of tool wear and cutting force variation in the end milling of Inconel 718 with 

coated carbide inserts. J. Mater. Process. Technol. 180, 296–304 (2006).
 6. Chuangwen, X. et al. The relationships between cutting parameters, tool wear, cutting force and vibration. Adv. Mech. Eng. 10, 

1687814017750434 (2018).
 7. Prasad, B. S. & Babu, M. P. Correlation between vibration amplitude and tool wear in turning: Numerical and experimental analysis. 

Eng. Sci. Technol. Int. J. 20, 197–211 (2017).
 8. Simon, G. D. & Deivanathan, R. Early detection of drilling tool wear by vibration data acquisition and classification. Manuf. Lett. 

21, 60–65 (2019).
 9. Zhou, J.-H., Pang, C. K., Zhong, Z.-W. & Lewis, F. L. Tool wear monitoring using acoustic emissions by dominant-feature identi-

fication. IEEE Trans. Instrum. Meas. 60, 547–559 (2010).
 10. Pandiyan, V. & Tjahjowidodo, T. Use of acoustic emissions to detect change in contact mechanisms caused by tool wear in abrasive 

belt grinding process. Wear 436, 203047 (2019).
 11. Sharma, V. S., Sharma, S. & Sharma, A. K. Cutting tool wear estimation for turning. J. Intell. Manuf. 19, 99–108 (2008).
 12. Sanjay, C., Neema, M. & Chin, C. Modeling of tool wear in drilling by statistical analysis and artificial neural network. J. Mater. 

Process. Technol. 170, 494–500 (2005).
 13. Fernández-Pérez, J., Cantero, J., Díaz-Álvarez, J. & Miguélez, M. Influence of cutting parameters on tool wear and hole quality in 

composite aerospace components drilling. Compos. Struct. 178, 157–161 (2017).
 14. Zhang, C. & Zhang, J. On-line tool wear measurement for ball-end milling cutter based on machine vision. Comput. Ind. 64, 

708–719 (2013).
 15. Jurkovic, J., Korosec, M. & Kopac, J. New approach in tool wear measuring technique using CCD vision system. Int. J. Mach. Tools 

Manuf. 45, 1023–1030 (2005).
 16. Pfeifer, T. & Wiegers, L. Reliable tool wear monitoring by optimized image and illumination control in machine vision. Measure-

ment 28, 209–218 (2000).
 17. Zhang, J., Zhang, C., Guo, S. & Zhou, L. Research on tool wear detection based on machine vision in end milling process. Prod. 

Eng. Res. Devel. 6, 431–437 (2012).
 18. Chen, N. et al. Research on tool wear monitoring in drilling process based on APSO-LS-SVM approach. Int. J. Adv. Manuf. Technol. 

108, 2091–2101 (2020).
 19. Su, J., Huang, C. & Tarng, Y. An automated flank wear measurement of microdrills using machine vision. J. Mater. Process. Technol. 

180, 328–335 (2006).
 20. Tabernik, D., Šela, S., Skvarč, J. & Skočaj, D. Segmentation-based deep-learning approach for surface-defect detection. J. Intell. 

Manuf. 31, 759–776 (2020).
 21. Liu, E., Chen, K., Xiang, Z. & Zhang, J. Conductive particle detection via deep learning for ACF bonding in TFT-LCD manufactur-

ing. J. Intell. Manuf. 31, 1037–1049 (2020).
 22. Lin, H., Li, B., Wang, X., Shu, Y. & Niu, S. Automated defect inspection of LED chip using deep convolutional neural network. J. 

Intell. Manuf. 30, 2525–2534 (2019).
 23. Mikołajczyk, T., Nowicki, K., Kłodowski, A. & Pimenov, D. Y. Neural network approach for automatic image analysis of cutting 

edge wear. Mech. Syst. Signal Process. 88, 100–110 (2017).
 24. D’Addona, D. M., Ullah, A. S. & Matarazzo, D. Tool-wear prediction and pattern-recognition using artificial neural network and 

DNA-based computing. J. Intell. Manuf. 28, 1285–1301 (2017).
 25. Kilickap, E., Yardimeden, A. & Çelik, Y. H. Mathematical modelling and optimization of cutting force, tool wear and surface 

roughness by using artificial neural network and response surface methodology in milling of Ti-6242S. Appl. Sci. 7, 1064 (2017).
 26. Mikołajczyk, T., Nowicki, K., Bustillo, A. & Pimenov, D. Y. Predicting tool life in turning operations using neural networks and 

image processing. Mech. Syst. Signal Process. 104, 503–513 (2018).
 27. Bergs, T., Holst, C., Gupta, P. & Augspurger, T. Digital image processing with deep learning for automated cutting tool wear detec-

tion. Proc. Manuf. 48, 947–958 (2020).
 28. Gong, C. et al. RetinaMatch: Efficient template matching of retina images for teleophthalmology. IEEE Trans. Med. Imaging 38, 

1993–2004 (2019).
 29. Kuo, C.-F.J., Tsai, C.-H., Wang, W.-R. & Wu, H.-C. Automatic marking point positioning of printed circuit boards based on template 

matching technique. J. Intell. Manuf. 30, 671–685 (2019).
 30. Wu, C.-H. et al. A particle swarm optimization approach for components placement inspection on printed circuit boards. J. Intell. 

Manuf. 20, 535 (2009).
 31. Li, F. et al. Serial number inspection for ceramic membranes via an end-to-end photometric-induced convolutional neural network 

framework. J. Intell. Manuf. 1–20.
 32. Chen, C.-S., Huang, J.-J. & Huang, C.-L. Template matching using statistical model and parametric template for multi-template. 

J. Signal Inf. Process. 4, 52 (2013).
 33. Chen, C.-S., Peng, K.-Y., Huang, C.-L. & Yeh, C.-W. Corner-based image alignment using pyramid structure with gradient vector 

similarity. J. Signal Inf. Process. 4, 114 (2013).
 34. Huang, Z. et al. DC-SPP-YOLO: Dense connection and spatial pyramid pooling based YOLO for object detection. Inf. Sci. 522, 

241–258 (2020).
 35. Albahli, S., Nida, N., Irtaza, A., Yousaf, M. H. & Mahmood, M. T. Melanoma lesion detection and segmentation using YOLOv4-

DarkNet and active contour. IEEE Access 8, 198403–198414 (2020).
 36. Li, Y. et al. A deep learning-based hybrid framework for object detection and recognition in autonomous driving. IEEE Access 8, 

194228–194239 (2020).
 37. Ding, Y. et al. A stacked multi-connection simple reducing net for brain tumor segmentation. IEEE Access 7, 104011–104024 

(2019).
 38. Zeng, Z., Xie, W., Zhang, Y. & Lu, Y. RIC-Unet: An improved neural network based on Unet for nuclei segmentation in histology 

images. IEEE Access 7, 21420–21428 (2019).
 39. Ronneberger, O., Fischer, P. & Brox, T. in International Conference on Medical image Computing and Computer-Assisted Interven-

tion. 234–241 (Springer).



15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19938  | https://doi.org/10.1038/s41598-021-97610-y

www.nature.com/scientificreports/

 40. He, M.-X., Hao, P. & Xin, Y.-Z. A robust method for wheatear detection using UAV in natural scenes. IEEE Access 8, 189043–189053 
(2020).

 41. Chen, J.-W. et al. Automated classification of blood loss from transurethral resection of the prostate surgery videos using deep 
learning technique. Appl. Sci. 10, 4908 (2020).

 42. ISO, I. 8688-2: 1989_Tool life testing in milling—Part 2: End milling. International Organization for Standardization. ISO.
 43. Girish, G., Thakur, B., Chowdhury, S. R., Kothari, A. R. & Rajan, J. Segmentation of intra-retinal cysts from optical coherence 

tomography images using a fully convolutional neural network model. IEEE J. Biomed. Health Inf. 23, 296–304 (2018).

Acknowledgements
This research is supported by the Ministry of Science and Technology under the grants MOST 109-2218-E002-
006 and 110-2218-E-002 -038.

Author contributions
W.-J.L. writed original draft and Methodology. J.-W.C. conducted methodology and software. J.-P.J. collected 
the data. M.-S.T. conducted Methodology, Resources and Supervision. C.-L.H. performed conceptualization, 
supervision, reviewed and edited the manuscript. K.-M.L. conducted methodology, reviewed and edited the 
manuscript. H.-T.Y. verified the experiments and reviewed the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.-L.H. or K.-M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021, corrected publication 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrating object detection and image segmentation for detecting the tool wear area on stitched image
	Tool wear forecasting approach. 
	Template matching. 
	You Only Look Once v4 (YOLO v4). 
	U-Net. 
	Experiment and results
	Dataset descriptions. 
	Expanding the spiral cutting tool. 
	Locating the cutting tips by using YOLOv4. 
	Performance of the YOLO v4 model. 
	Detecting the tool wear areas using sematic segmentation. 
	Definition of the tool wear. 

	Experiments result of U-Net model. 

	Discussion
	References
	Acknowledgements


