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Abstract: Circular saw inserts are fundamental and high-value-added cutting tool inserts used for sawing, slot milling, 

and other related machining processes. In their mass production, sintered blanks are first made by powder metallurgy 

and then precisely form-ground to generate the geometric shapes and dimensions required for cutting action. In 

order to ensure quality in the production of circular saw inserts, the defects of sintered blanks and geometric accuracy 

of semi-products must be inspected before and after the form-grinding process, respectively. To this end, this paper 

presents the preliminary development of an automated optical inspection (AOI) system for quality control of circular 

saw inserts. A prototype system was designed and constructed in this study. Image processing procedures were then 

developed to perform the calibration process of the prototype system, defect detection of the sintered blanks, and 

geometric measurement of the form-ground semi-products. Experiments were conducted to inspect insert samples 

and test the feasibility of the developed prototype system. Preliminary experimental results verified the presented 

prototype system and image processing procedures as being able to inspect certain circular saw inserts for ensuring 

quality control. 

Keywords: Automated optical inspection (AOI); Circular saw insert; Quality control; Defect detection; Geometric 

measurement 

  

Introduction 

Circular saw inserts are fundamental and high- 

value-added cutting tool inserts used for sawing, slot 

milling, and other related machining processes. In 

practice, a number of cutting tool inserts must be 

assembled around the circumference of a circular saw 

plate to form a functional circular saw blade [1, 2]. Figure 

1 shows the appearance and application of the Yih Troun 

circular saw blade with cutting inserts [3]; a schematic 

diagram of the insert is shown in Figure 2. As can be seen 

in Figure 1(a)-(b), the inserts are firmly clamped by the 

circular saw plate through their upper and lower 

V-shaped grooves, which engage with a specially 

designed jaw-shaped structure of each tooth of the plate. 

The inserts are usually made of tungsten carbide alloy, 

and the circular saw plate of heat-treated tool steel. In 

mass production of the inserts, sintered blanks are first 

made by powder metallurgy (PM) and then precisely 

form-ground to generate the required geometric shapes 

and dimensions for cutting action. In order to ensure 
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quality in the production of circular saw inserts, the 

defects of sintered blanks and geometric accuracy of 

semi-products must be inspected before and after the 

form-grinding process, respectively. To this end, this 

paper presents the preliminary development of an 

automated optical inspection (AOI) system for quality 

control of Yih Troun circular saw inserts. 

Setup of the Inspection System 

A prototype inspection system was designed and 

constructed to perform the inspection of the circular saw 

inserts. Figure 3 shows the final setup of the prototype 

system. The inspection system mainly consisted of a 

rotary gripper module and a machine vision module. The 

rotary gripper module essentially consisted of a rotary 

gripper subassembly coupled with an Oriental 

Motor/Vexta PK566NAW five-phase stepping motor. As 

shown in Figure 3(b), the fundamental component of the 

rotary gripper subassembly was a precision main shaft, 

which was driven by the stepping motor. The radial and 

axial runout amounts of the main shaft were both 

verified to be less than 1 m by a Mitutoyo 

ID-C112CMXB 543-395B digimatic indicator. A lower 

member and a pair of miniature linear guides were 

mounted to the end face of the main shaft. An upper 

member was mounted to the sliders of the miniature 

linear guides, so that it could translate along the radial 

direction of the main shaft, while the lower member 

remained stationary with respect to the main shaft. A 

pair of tension springs was used to provide gripping force 

between the upper and lower members. Thus, the upper 

and lower members formed a simple gripper that could 

be manipulated manually. As shown in Figure 3(c), the 

lower member was characterized by a front and a back 

datum. Both datums were precisely ground to ensure 

that they were parallel to each other as accurately as 

possible. The perpendicular distance between the front 

and back datums (denoted by L0) was measured to be 

9.745 mm by a Mitutoyo Crysta-Apex C544 coordinate 

measuring machine. In addition, the upper and lower 

members were designed to have V-shaped contact tips 

for engaging with the V-shaped grooves of the insert 

under inspection; this allowed the insert to be firmly 

held during rotation, which is required in the inspection 

process. The machine vision module mainly consisted of 

an Aisys Altair U500 complementary metal-oxide- 

semiconductor (CMOS) camera coupled with a Moritex 

MML1-ST65D telecentric lens and a Moritex MCBP- 

CW3430 backlight illuminator. The optical axis of the 

telecentric lens was set perpendicular to the axial 

direction of the main shaft as accurately as possible, 

while the location of the CMOS camera could be finely 

adjusted along three orthogonal directions for 

positioning and focusing purposes. As a result, the rotary 

gripper module was used to hold and rotate the sintered 

blanks or form-ground semi-products of the inserts 

under inspection, and the machine vision module to 

capture images of the inserts at specified orientations. 

The prototype inspection system was controlled by 

a host personal computer (PC). A National Instruments 

(NI) PCI-7340 motion control card was installed in the 

host PC to manipulate the stepping motor. The stepping 

motor was driven through an Oriental Motor/Vexta 

CRD5114P stepping motor driver, and was set to an 

angular resolution of 0.0036/step. The CMOS camera 

was connected to the host PC using a universal serial bus 

(USB) port. Each captured digital image consisted of a 
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25921944 array of pixels with grayscale intensity values 

ranging from 0 to 255. To operate the prototype system 

through the host PC, the required human-machine 

interface software and motion control and image 

processing programs were developed and integrated in 

the NI LabView environment. 

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. The appearance and application of the Yih Troun circular saw 

blade with cutting inserts [3]: (a) the finished inserts, (b) a local view of 
the inserts assembled to a circular saw plate, and (c) the circular saw 
blade in use, sawing a rectangular workpiece into slices. 

 
Figure 2. Schematic diagram of a circular saw insert. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3. The constructed prototype system: (a) setup of the entire 
system, (b) rotary gripper subassembly details, and (c) characteristics of 
the gripper. 
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(a) 

 
(b) 

Figure 4. The inspection of an insert: (a) setup of the insert for 

capturing side images and (b) setup of the insert for capturing face 
images. 

 

During inspection, the insert was placed between 

the contact tips of the upper and lower members of the 

gripper, with the back edge of the insert (as labeled in 

Figure 2) in contact with the back datum of the lower 

member. Images of the insert were captured by the 

machine vision module, and the insert was rotated and 

positioned by the rotary gripper module. After 

performing fine adjustment of the CMOS camera so that 

the characteristics of the insert could appear in its field 

of view (FOV), parallel light emitted from the backlight 

illuminator was projected on the insert, creating a 

silhouette before the telecentric lens, which was sensed 

and captured by the camera as a digital image. As shown 

in Figure 4(a), an insert under inspection was rotated to a 

specified angular position for side image capture. Figure 

4(b) then shows its face image capture configuration (the 

insert was rotated 90 clockwise from the side image 

position). The captured side and face images are used to 

detect defects in or to conduct geometric measurements 

of the insert by the image processing procedures 

described in the following section. 

Image Processing Procedures 

The image processing procedures used for the 

calibration process of the prototype AOI system, the 

defect detection of the sintered blanks, and the 

geometric measurements of the form-ground semi- 

products, were developed and are introduced in this 

section. 

Calibration Process 

The calibration process aims to determine the 

conversion factor of the machine vision module as well 

as the angular phase of the rotary gripper module. Both 

tasks could be simultaneously undertaken with the 

specially designed calibration gage shown in Figure 5(a); 

the gage consisted of a Renishaw A-5003-1325 stylus 

assembled into the central bore of a miniature fixture 

block with a locational interference fit. The ruby ball of 

the stylus has a nominal diameter of 1 mm and a 

DIN-5401 ball grade of G5. The fixture block was 

designed to have V-shaped grooves for engaging with the 

V-shaped contact tips of the gripper, in order for it to be 

firmly held during calibration, as shown in Figure 5(b). 

The central axis of the stylus was set with a small 

eccentricity to the rotational axis of the main shaft. 

Rotation of the stylus with a constant angular velocity 

produced a simple harmonic motion of the ruby ball, 

which was observable through the machine vision 

module. 
 

 
(a) 

 
(b) 

Figure 5. Calibration of the prototype system: (a) the specially designed 
calibration gage and (b) setup of the calibration gage for the calibration 
process. 
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(a)                        (b) 

Figure 6. Captured images of the stylus when located at (a) its highest 
and (b) its lowest position. 

 

 

 
(a)                            (b) 

 
(c) 

Figure 7. An illustrated example of the calibration process: (a) the use of 
the clamp function [4], (b) the use of the spoke function [4], and (c) a 
representative angular phase calibration result. 

 
 

For calibration, the stylus (initially at an arbitrary 

angular position) was rotated intermittently with an 

angular interval of 9 for one revolution, and its images 

were captured when it dwelled after each rotation 

interval. Figure 6 shows two captured images of the 

stylus when it was located at the highest and lowest 

positions in the FOV of the camera, respectively. The 

calibration process was based on determining the 

diameter and spherical center of the ruby ball from its 

captured images. To this end, a composite edge 

detection and distance measuring function within the NI 

LabView/Vision Assistant, the clamp function [4], was 

applied first to roughly determine the upper and lower 

boundary edge points of the ruby ball, B1 and B2, with an 

appropriate rectangular region of interest (called ROI 1), 

specified as shown in Figure 7(a). Edge points within ROI 

1 can be detected by finding sudden changes of grayscale 

intensity values along the vertical direction. A circular 

edge detection function within the NI LabView/Vision 

Assistant, the spoke function [4], was then applied to 

precisely determine the diameter and spherical center of 

the ruby ball, DC and PC, through a least squares 

circle-fitting approach using the detected edge points 

along the radial direction, as shown in Figure 7(b). An 

open annular ROI (called ROI 2) is specified for executing 

the spoke function; the annular center is specified as the 

midpoint of the points B1 and B2. The individual ruby ball 

diameters DC in all captured images were determined 

and averaged to obtain an average ball diameter of 

439.351 pixels. Thus, the conversion factor of the 

captured digital image corresponding to its real world 

dimensions was found to be 2.276 m/pixel ( 1 mm/ 

439.351 pixels). By applying the sub-pixel localization 

algorithm [4, 5], the machine vision module was able to 

achieve an estimated resolution of 1/25 pixel [4]: i.e., 

0.071 m. In addition, after the spherical centers PC of 

the ruby ball in all captured images were located, their 

vertical components, PCy, could be formulated for each 

image as 

 

PCy(s)  e sin((s))  Py0  e sin(s  s0)  Py0, (1) 

 

where e is the eccentricity,  is the phase angle, Py0 is the 

vertical location of the rotational axis, s is the angular 

position of the motor (according to step counts), and s0 is 

a constant phase difference between  and s. With this 

definition, s  0 corresponds to the stylus being at an 

arbitrary initial angular position. When   90, the stylus 

would be located at its highest position, and when   

270, it would be at its lowest position. Since the vertical 

height PCy(s) can be found through image processing, e, 

Py0, and s0 can all be determined by a least squares 

sine-fitting approach [6]. Accordingly, the function (s) 

can be determined. Figure 7(c) shows a calibration result 

for the angular phase. In this case, values of e  0.355 

mm ( 156.053 pixels), Py0  1106.258 pixels (relative to 

the bottom of the FOV) and s0  80.947 were obtained: 

thus,  s  80.947. After performing the calibration 

process, the insert would then be positioned at   90 

(as in Figure 4(a)) and   0 (as in Figure 4(b)) for 

inspection tasks. 

 

The Defect Detection 

The defect detection aims to determine whether 

the sintered blanks of the inserts have shape defects that 

would constitute excessive volumetric losses. Such 

volumetric losses inevitably influence the shape 

correctness of form-ground semi-products. In standard 

PM practice, after performing compaction and before 
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sintering, the tool tip and edge corner portions of the 

blanks (also called green compacts at that state) are most 

likely to break during die release, and therefore 

detection of any resultant shape defects is necessary. 

For defect detection, side and face images of 

sintered blanks were captured and processed for 

indirectly evaluating the volumetric losses of the blanks. 

The captured side image in Figure 8(a) is of a qualified 

sintered blank, and that in Figure 8(b) is of an unqualified 

one. The upper-left tool tip portion of the unqualified 

blank was evidently broken during die release. A simple 

and practical method for indirectly evaluating the 

volumetric loss is to calculate its corresponding projected 

area loss. Figure 9 shows a solution for the side image 

case: by specifying an appropriate rectangular ROI (called 

ROI 3) covering the tool tip portion, a triangular area AS(i) 

representing the ideal tip shape can be determined by 

finding two straight edges l1 and l2 (with the use of edge 

detection [4, 5] and the linear least squares approach [7]) 

and their intersection Q to calculate the area of triangle 

QB3B4. The actual area of the tool tip portion AS(a) (the 

cyan region shown in Figure 9) is then calculated by using 

thresholding [4] and dark pixel counts. The area ratio 

AS(a)/AS(i) can be obtained to indirectly evaluate the 

volumetric loss. In practice, a criterion of AS(a)/AS(i) > 0.95 

could be given in judging whether a sintered blank is 

qualified or unqualified. For the sintered blank shown in 

Figure 8(a), the area ratio was 0.995, and that of the one 

shown in Figure 8(b) was 0.829. The latter was obviously 

unqualified. 

Figure 10(a) shows the captured face image of a 

qualified sintered blank, and Figure 10(b) shows that of 

an unqualified one. As observed, the lower-left edge 

corner portion of the unqualified blank was broken 

during die release. Figure 11 shows the solution for the 

face image case: two appropriate rectangular ROIs (called 

ROI 4 and ROI 5) are specified to cover the upper-left and 

lower-left edge corner portions; two quadrangle areas 

AF1(i) and AF2(i) representing their ideal edge corner 

shapes can then be determined in a similar manner to 

the side image case. The actual areas of the edge corner 

portions AF1(a) and AF2(a) (the upper and lower cyan areas 

shown in Figure 11) are calculated by using thresholding 

[4] and dark pixel counts. Two area ratios, AF1(a)/AF1(i) and 

AF2(a)/AF2(i), can be obtained to evaluate the volumetric 

losses indirectly. In practice, criteria of AF1(a)/AF1(i) > 0.95 

and AF2(a)/AF2(i) > 0.95 for judging qualified sintered blanks 

could be given. For the sintered blank shown in Figure 

10(a), its upper and lower area ratios were 0.976 and 

0.985, respectively, and those of the one shown in Figure 

10(b) were 0.984 and 0.925, respectively; thus, the lower 

edge corner of the latter was deemed unqualified. 

  
(a)                           (b) 

Figure 8. Captured side images of two sintered blanks: (a) a qualified 

one and (b) an unqualified one. 
 
 

 
Figure 9. Illustrated example of defect detection for the side image of a 

sintered blank. 
 

  
(a)                         (b) 

Figure 10. Captured face images of two sintered blanks: (a) a qualified 
one and (b) an unqualified one. 
 

 

 
Figure 11. Illustrated example of defect detection for the face image of 

a sintered blank. 

 

 

The Geometric Measurement 

The geometric measurement aims to inspect the 

geometric accuracy of form-ground semi-products of the 

inserts, as their accuracy influences sawing performance.  
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(a)                             (b) 

Figure 12. Captured images of a form-ground insert: (a) the side image 

and (b) the face image. 
 

  
(a)                           (b) 

Figure 13. Illustrated examples of the geometric measurement of a 

form-ground insert: (a) results of the side image and (b) results of the 
face image. 

 

In the geometric measurement process, side and 

face images of form-ground inserts were captured, and 

these images processed for measuring their projective 

dimensions. Figure 12(a) shows the captured side image 

of a form-ground insert, and its captured face image is 

shown in Figure 12(b). 

From the side image, the overall length L, face 

angle  and flank angle of the insert (as shown in 

Figure 2) can be measured. As shown in Figure 13(a), by 

specifying two appropriate rectangular ROIs (called ROI 6 

and ROI 7) to cover the tool tip portion and the front 

datum of the lower member, respectively, the tool tip T 

and the straight edge of the front datum lD can be found 

(with the use of edge detection [4, 5] and the linear least 

squares approach [7]). The horizontal distance, L1, 

between point T and line lD, can then be obtained. The 

overall length L can be evaluated by 

 

L  L0  L1,     (2) 

 

where L0 is the perpendicular distance between the front 

and back datums that had been measured. Then, in ROI 6, 

two straight edges l3 and l4 representing the projective 

face and flank edges of the insert, respectively, can be 

obtained with the use of edge detection [4, 5] and the 

linear least squares approach [7]. The face angle can 

thus be evaluated by calculating the inclined angle 

between line l3 and the vertical direction; the flank angle 

 can be evaluated similarly, by calculating the inclined 

angle between line l4 and the vertical direction. 

Likewise, from the face image, the overall width W, 

upper gap G1, lower gap G2, upper edge angle 1 and 

lower edge angle 2 of the insert (as shown in Figure 2) 

can be measured. As shown in Figure 13(b), by applying 

the clamp function [4] with two appropriate ROIs (called 

ROI 8 and ROI 9) specified, the upper and lower extreme 

edge points within the two ROIs, E1, E2, E3 and E4 can be 

determined. The overall width W of the insert can be 

evaluated by calculating the vertical distance between 

points E1 and E2, the upper gap G1 by calculating the 

vertical distance between points E1 and E3, and the lower 

gap G2 by calculating the vertical distance between 

points E2 and E4. Additionally, in ROI 8, two straight edges 

l5 and l6, representing the respective projected upper and 

lower cutting edges of the insert, can be obtained with 

the use of edge detection [4, 5] and the linear least 

squares approach [7]. The upper or lower edge angle, 1 

or 2, can then be evaluated by calculating the inclined 

angle between line l5 and the vertical direction or 

between line l6 and the vertical direction, respectively. 

 
Table 1. Experimental results of defect detection. 

Area ratio Sample SB1 Sample SB2 Sample SB3 

AS(a)/AS(i) 0.993  0.006 0.830  0.011 0.988  0.008 

AF1(a)/AF1(i) 0.977  0.008 0.980  0.017 0.985  0.013 

AF2(a)/AF2(i) 0.984  0.014 0.982  0.009 0.923  0.007 
 
 

Preliminary Experimental Results 

Two experiments were conducted to inspect some 

insert samples and to test the feasibility of the developed 

prototype AOI system and image processing procedures. 

In the first experiment, three sintered blanks 

(called samples SB1, SB2, and SB3) were each held by the 

gripper and their side and face images captured once, 

then immediately removed from the gripper. This 

operation was repeated thirty times. The developed 

defect detection method was applied to evaluate their 

volumetric losses. Table 1 shows the results of this 

experiment, in which the area ratios are presented as 

averaged values with uncertainties evaluated by the 

well-known three-standard-deviation-band approach [8]. 

Evidently, some of the area ratios of samples SB2 and 

SB3 were less than 0.95; both samples were thus 

considered unqualified. In addition, the largest 

uncertainty for this experiment was within the range of 

0.02 (i.e., 2%). As a result, the developed defect 

detection method was preliminarily verified as feasible 

for inspecting certain sintered blanks. 
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Table 2. Experimental results of geometric measurement. 

Parameter Unit Qualified range Sample FG1 Sample FG2 Sample FG3 

Overall length L mm 11.89 ~ 11.95 11.926  0.005 11.935  0.004 11.920  0.004 

Overall width W mm 2.47 ~ 2.53 2.539  0.002 2.525  0.001 2.515  0.002 

Upper gap G1 mm 0.095 ~ 0.115 0.114  0.001 0.120  0.001 0.113  0.000 

Lower gap G2 mm 0.095 ~ 0.115 0.110  0.002 0.092  0.001 0.111  0.001 

Face angle  degree 53.0 ~ 54.0 53.526  0.157 54.141  0.132 53.497  0.127 

Flank angle  degree 31.0 ~ 32.0 31.817  0.147 31.342  0.145 31.682  0.153 

Upper edge angle 1 degree 7.9 ~ 8.5 8.852  0.126 8.812  0.032 8.303  0.064 

Lower edge angle 2 degree 7.9 ~ 8.5 8.043  0.076 8.404  0.061 8.334  0.036 

 

 

In the second experiment, three form-ground 

inserts (called samples FG1, FG2, and FG3) were each 

held by the gripper and their side and face images 

captured once, then immediately removed from the 

gripper. This operation was repeated thirty times. The 

developed geometric measurement method was applied 

to inspect their geometric accuracy. Table 2 shows the 

results of this experiment presented as averaged values 

with uncertainties. The measured overall width W and 

upper edge angle 1 of sample FG1 were outside their 

qualified ranges. Also, the measured upper gap G1, lower 

gap G2, face angle  and upper edge angle 1 of sample 

FG2 were outside their qualified ranges. The measured 

values of sample FG3 were all qualified. In addition, the 

uncertainty of this experiment was within the range of 

5 m or 0.16. Therefore, the developed geometric 

measurement method was preliminarily verified as 

feasible for inspecting certain form-ground inserts. 

Discussion 

The preliminary experimental results show that the 

presented prototype AOI system and image processing 

procedures were feasible for inspecting certain circular 

saw inserts for quality control. In other words, the 

developed AOI system could be integrated with 

numerically controlled (NC) grinding machines, conveyor 

systems, and other related automation components to 

accomplish an automated production line of circular saw 

inserts. Nevertheless, the gripper used in the developed 

AOI system would require some modifications for it to be 

manipulated automatically. If this can be achieved, mass 

production of circular saw inserts could be carried out 

almost entirely by computer-aided automated processes. 

In addition, the concepts of the presented system and 

method could also be applied to inspect other types of 

cutting tool inserts if some necessary modifications are 

made. Furthermore, general-purpose production systems 

for cutting tool inserts could be developed based on 

integration of the presented AOI system, NC machining 

tools, automation processes, and intelligent software. 

Conclusion 

The preliminary development of an AOI system for 

quality control of Yih Troun circular saw inserts has been 

introduced in this paper. A prototype inspection system 

mainly consisting of a rotary gripper module and a 

machine vision module was designed and constructed. 

Image processing procedures were also developed to 

calibrate the prototype system, detect defects in the 

sintered blanks, and measure the geometry of the 

form-ground semi-products. From preliminary experi- 

mental results, the uncertainty of the defect detection 

method was seen to not exceed 2%, and those of the 

geometric measurement method to not exceed 5 m or 

0.16. Therefore, the presented prototype AOI system 

and image processing procedures were preliminarily 

verified as feasible for the inspection of certain circular 

saw inserts for quality control. Integrating the prototype 

inspection system into an automated production line of 

circular saw inserts could be one possible direction for 

future work on this topic. 
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