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Abstract


The absence of standardized evaluation methodologies for single-layer dimensional accuracy significantly hinders the broader implementation of direct ink writing (DIW) technology. Addressing the critical need for precision non-contact assessment in DIW fabrication, this study develops a novel machine vision-based framework for dimensional accuracy evaluation. The methodology encompasses three key phases: (1) establishment of an optimized hardware configuration with integrated image processing algorithms; (2) comprehensive investigation of camera calibration protocols, advanced image preprocessing techniques, and high-precision contour extraction methods; and (3) development of an iterative closest point (ICP) algorithm-enhanced evaluation system. The experimental results demonstrate that our machine vision system achieves 0.04 mm × 0.04 mm spatial resolution with the ICP convergence threshold optimized to 0.001 mm. The proposed method shows an 80% improvement in measurement accuracy (0.001 mm) compared to conventional approaches. Process parameter optimization experiments validated the system’s effectiveness, showing at least 76.3% enhancement in printed layer dimensional accuracy. This non-contact evaluation solution establishes a robust framework for quantitative quality control in DIW applications, providing critical insights for process optimization and standardization efforts in additive manufacturing.
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1. Introduction


Additive manufacturing (AM) technology is an advanced manufacturing technology based on computer-aided design (CAD) three-dimensional (3D) models, which utilizes the principle of layer-by-layer stacking to achieve the formation of complex components. It overcomes the problems of high cost, long cycle, and even inability to manufacture traditional manufacturing technology in the production of complex structural or functional components. It is an important means of modern advanced manufacturing technology and an important supplementary means to traditional manufacturing technology in Industry 4.0 [1,2,3].



Direct ink writing (DIW), also known as direct write fabrication [4] or robocasting [5], was first proposed by Cesarano et al. from Sandia National Laboratory in the United States in 1998 [6]. DIW is one of the AM technologies that belongs to the material extrusion technology category in AM according to its working principle [7]. The working principle of DIW is as follows. First, ink is filled into a needle tube with a precision nozzle. Then, the ink is extruded from the nozzle into continuous extruded filaments, and the nozzle’s movement path is controlled by a computer to deposit the extruded filaments into two-dimensional shapes for each layer. Finally, after completing the deposition of one layer, the nozzle is vertically moved a distance relative to the previous layer, and a 3D solid part is manufactured through the principle of layer by layer stacking [8].



After the disclosure of DIW, many researchers realized that DIW has obvious advantages over other AM technologies in terms of material range, cost, efficiency, etc. And much research has been conducted on material preparation, process improvement, and application promotion of DIW. At present, DIW has been successfully applied in fields such as tissue engineering [9], batteries [10], electronic circuits [11], wearable sensors [12], 4D printing [13], soft robots [14], and radio frequency devices [15], and is a hot topic in AM research. With the development of materials and manufacturing science, it can be foreseen that more and more materials will be studied and prepared into inks suitable for DIW, and formed into 3D parts, achieving applications in more fields [16].



Similarly to other AM technologies, the quality indicators for evaluating DIW can include molding quality, molding efficiency, process stability, mechanical performance quality, and functional quality [17,18,19]. Among them, single-layer dimensional accuracy belongs to the molding quality, which is the most basic quality indicator and has a direct impact on other quality indicators for DIW. It is also the most concerned quality indicator in current research on DIW [20,21]. However, there is currently limited research on the dimensional accuracy of printed single layer for DIW.



Due to the fact that the formed elements are in a highly viscous and elastic fluid state that is easily destroyed before solidification during the DIW process, traditional contact based dimensional measurement will damage the DIW elements. Therefore, the demand for dimensional accuracy evaluation of printed single layer in DIW is non-contact measurement. Machine vision-based dimensional accuracy evaluation method has the advantages of high accuracy and non-contact, and has been applied by relevant researchers in the dimensional accuracy evaluation of extrusion AM. Xu et al. [22] used a structured light scanner installed on a robotic arm to measure the entire surface of parts in cement ink based DIW and converted the measurement data into a 3D point cloud. Finally, the geometric dimension tolerance method was used to analyze the deviation between the 3D point cloud and the designed 3D model to evaluate the dimensional accuracy. Wi et al. [23] developed a 3D structured light scanning system for extrusion 3D printing of clay materials, using a projector and a camera. The system scanned and printed parts from four different directions to obtain 3D graphics and generated 2D graphics along the height and edges of the 3D graphics. The dimensional parameters of the printed and designed parts, including geometric shape, layer height, thickness, distortion angle, and area, obtained from the 2D graphics were compared to quantitatively evaluate the dimensional accuracy. Petsiuk et al. [24] focused on melt extrusion 3D printing using a monocular camera to monitor the external shape and single-layer internal structure of the printed parts in real time and achieved the evaluation of global and local parameters of the printed parts. Shen et al. [25] introduced a multi-perspective omnidirectional visual inspection method, which identified printing defects in real-time on the surface of printed parts during the inspection process.



Therefore, non-contact measurement based on machine vision is currently the best choice for evaluating the dimensional accuracy of printed single layer in DIW. However, at present, there is a lack of mature single-layer dimensional accuracy evaluation methods for DIW, which limits the application of DIW. This study focuses on the demand for accurate and non-contact evaluation of single-layer dimensional accuracy in DIW and conducts research on machine vision based dimensional evaluation of single layer in DIW. Specifically, the main contributions of this article are as follows.



	(1)

	
A quantitative single-layer dimensional accuracy evaluation method for DIW is provided using a novel single-camera based machine vision system;




	(2)

	
An image processing algorithm flow of the quantitative single-layer dimensional accuracy evaluation method is proposed;




	(3)

	
Iterative closest point (ICP) algorithm is used in the method to improve the evaluation accuracy.







The remainder of this paper is structured as follows. Section 2 reviews related works and existing methodologies in machine vision based non-contact measurement systems for the dimensional accuracy evaluation of different product types. Section 3 details the hardware setup and image processing algorithms, including camera calibration, image preprocessing and contour extraction, and quantitative acquisition of single-layer dimensional accuracy. Section 4 discusses the results, comparing our approach with existing techniques. Finally, Section 5 concludes the paper, summarizing the key findings and potential future research directions.




2. Related Works


With advances in high-resolution camera and image processing technologies, numerous machine vision based non-contact measurement systems and methods have been proposed for the dimensional accuracy evaluation of different product types. Sun et al. [26] developed a machine vision method for high precision 2D measurement by improving the calibration model. The lens distortion was corrected on the pixel plane before measuring, and accurate magnification factors of imaging system could be obtained. The experimental results indicated that the proposed method possessed a precision of 0.005 mm for measuring a shaft diameter of about 40 mm. Li et al. [27] used a CCD camera to collect the parts’ shapes in real time, and a series of preprocessing operations, such as image grayscale processing and wavelet denoising, were used to improve accuracy. The experimental results showed that the repetitive error of the measuring system was less than 0.01 mm. Dang et al. [28] introduced a method for reconstructing the 2D profiles of large-size ring-shaped objects using a simple single-camera system by capturing the inspection object with multiple partial images. The proposed system enhanced the accuracy of the measurement results by increasing the resolution of the image up to 3.6 times. The system could accurately measure the complex profile of a 192 mm diameter ring-shaped object with an error under 0.063 mm. Tan et al. [29] studied the measurement of shaft diameter with the structured light system composed of a laser linear light source and a camera. The test results showed that the measurement model of shaft diameter is correct as the maximum average measurement error is 0.019 mm. Nogueira et al. [30] proposed a method for automatically measuring specifications on the external contours of mechanical parts using a monocular machine vision system by image processing. This prototype was validated via both traceability and comparative tests, demonstrating its ability to perform measurements quickly and accurately in either straight or circular sections. When making planar measurements of mechanical parts, the accuracy was 0.008 mm.



Table 1 summarizes the main related works, detailing their measured product types, used techniques, and accuracy results. Collectively, these studies used single-camera system-based machine vision with image processing to achieve high measurement accuracy.




3. Materials and Methods


3.1. Hardware Setup


In order to obtain accurate and easy to process printed single-layer images, the key principle in hardware construction is to ensure that the camera light path is perpendicular to the printed single layer. As shown in Figure 1, first, a camera bracket was designed. The bracket’s mounting surface was aligned parallel to the camera’s installation axis, which itself formed a 90-degree angle with the optical path. This configuration guaranteed proper orthogonality between the imaging system’s light trajectory and the substrate. The bracket was installed on the extrusion mechanism, and the camera was installed on the bracket. To enhance image clarity, we first applied a pure red base layer beneath the glass substrate. This red backing creates strong visual contrast with the white ink patterns, making the printed elements’ edges distinctly visible. The improved color differentiation specifically aids computerized edge detection during image analysis. At the same time, a lighting fixture was installed on the top of the inside of the DIW printer to prevent the light from being too dim and resulting in unclear single-layer printed images. In this study, the ink was a commercially available microcrystalline wax (MW)-based ink, Nivea Crème Art. No. 80,104 (Beiersdorf Global AG, Hamburg, Germany), which was selected as the ink reference, as it was the printability reference and the representative for ink preparation and process parameter selection for DIW. The DIW printer was a piston-driven DIW 3D printer TM-081 (Tobeca Company, Nancy, France). As shown in Figure 2, the main components for implementing extrusion 3D printing function in the DIW 3D printer are a horizontal movement frame, a vertical movement frame, and an extrusion frame. The horizontal movement frame can move the extrusion frame in a horizontal plane. The vertical movement frame can move the substrate relative to the extrusion frame in the vertical direction.



As shown in Figure 3, the printed single-layer image obtained by the camera was connected to the image acquisition computer through a USB cable. The image acquisition computer was equipped with an image acquisition software written using the open-source machine vision software OpenCV 4.5.0. Based on the hardware constructed as shown in Figure 1, Figure 2 and Figure 3, the process of obtaining single-layer images for DIW was as follows: after the single-layer printing was completed, the horizontal movement frame of the DIW printer controlled the extrusion mechanism to move to a position above the midpoint of the printed layer so that the camera light path was at the center of the outer contour. Then, the vertical movement frame of the DIW printer controlled the substrate to move downward relative to the extrusion mechanism so that the printed single-layer image was included in the camera’s field of view. The camera model was Logitech Brio 501 (Logitech, Lausanne, Switzerland), and the optical sensor was a Charge Coupled Device (CCD) chip with a maximum resolution of 1280 × 1080 pixels. The measurement accuracy based on machine vision depended on the field of view size and maximum resolution. The maximum outer contour of a printed single layer was 50 mm × 50 mm. According to Equation (1) [31], the measurement accuracy of the system was calculated to be about 0.04 mm × 0.04 mm, which was on the same level as the repeatability accuracy of DIW (0.05 mm) and met the measurement accuracy requirements of DIW.


   ε v  =     S  L × W      P  x × y      ,  



(1)




where    ε v    is the measurement accuracy of the machine vision-based system,    S  L × W     is the field of view size, and    P  x × y     is the number of pixels obtained from the image.




3.2. Design of Image Processing Algorithm Flow


On the basis of the constructed hardware, the dimensional accuracy evaluation results of the printed single layer in DIW were obtained through image processing algorithms. As shown in Figure 4, the process steps of the image processing algorithm for evaluating the dimensional accuracy of the single layer in DIW based on machine vision were as follows.



	(1)

	
Obtain camera calibration parameters, including internal parameter matrix, external parameter matrix, and distortion parameters, through camera calibration;




	(2)

	
Generate the calibrated image by applying parameter corrections to the fabricated single-layer printed pattern;




	(3)

	
After calibration, the image is sequentially processed through image grayscale, image smoothing, and image sharpening to obtain the preprocessed image;




	(4)

	
Obtain the actual outer contour of the printed single layer in the preprocessed image through contour extraction algorithm;




	(5)

	
Obtain the outer contour of the printed single-layer design in the design image through contour extraction algorithm;




	(6)

	
Compare the actual outer contour with the designed outer contour and obtain a quantitative evaluation of the dimensional accuracy of the printed single layer through ICP algorithm.








3.3. Camera Calibration


The models that need to be calibrated for the camera included calibration model and distortion model. The calibration model was as follows [32]:


   Z c         x p         y p       1      =            S x     0     x 0     0     0     S y       y 0     0     0   0   1   0               R   T        0   1 × 3      1             X w         Y w         Z w       1      ,  



(2)




where    Z c    is scale factor,      X w  ,  Y w  ,  Z w      is the coordinate of point  P  in the world coordinate system;      x p  ,  y p      is the coordinate of point  p  in the image pixel coordinate system, which is converted by the camera imaging of point  P ;    S x    is the product of the number of pixels corresponding to the unit physical length in the horizontal direction of the image and the focal length;    S y    is the product of the number of pixels corresponding to the unit physical length in the vertical direction and the focal length;    x 0    and    y 0    are the horizontal and vertical coordinates of the origin of the image physical coordinate system in the image pixel coordinate system, respectively;  R  is the rotation matrix;  T  is the translation matrix; and     0   1 × 3     is a zero matrix with one row and three columns.



The distortion models included the radial distortion model and the tangential distortion model, which were determined by Equations (3) and (4), respectively [33].


          x ^  p  =  x p    1 +  k 1   r 2  +  k 2   r 4  +  k 3   r 6            y ^  p  =  y p    1 +  k 1   r 2  +  k 2   r 4  +  k 3   r 6          ,  



(3)






          x ^  p  =  x p  +   2  p 1  y +  p 2     r 2  + 2  x 2              y ^  p  =  y p  +    p 1     r 2  + 2  y 2    + 2  p 2  x         ,  



(4)




where       x ^  p  ,   y ^  p      is the pixel coordinate      x p  ,  y p      of point  P  in the image pixel coordinate system after distortion compensation;  r  is the distance from the pixel point to the center point of the image, which can be expressed as   r =    x p 2  +  y p 2     .    k 1   ,    k 2    and    k 3    are radial distortion parameters; and    p 1    and    p 2    are tangential distortion parameters.



The purpose of camera calibration was to obtain parameters    S x   ,   S y   ,    x 0   ,    y 0   ,    k 1   ,    k 2   ,    k 3   ,    p 1   , and    p 2   .



Zhang’s calibration method was used to determine the parameters in the calibration model and distortion model. The calibration method constructs the relationship between the image pixel coordinates of the key points on the calibration board and the coordinates in the world coordinate system based on the pre-known key points on the calibration board and determines the calibration parameters based on the constructed camera model [34]. The specific steps were as follows.



	(1)

	
Prepare a calibration board with known key point positions and dimensions, change the camera’s position and angle relative to the calibration board, and obtain multiple calibration board images;




	(2)

	
Detect the key points in the calibration board image, obtain the pixel coordinates of the key points, and obtain the physical coordinate values of the key points on the calibration board based on the known positions and sizes of the key points on the calibration board;




	(3)

	
Assuming there is no distortion in the camera lens, the calibration model determined by Equation (2) is used to obtain the parameters    S x   ,   S y   ,    x 0   , and    y 0   ;




	(4)

	
After determining the parameters in the calibration model, ignore the tangential distortion that has little impact and use the least squares method to obtain the parameters    k 1    and    k 2   ;




	(5)

	
Optimize the estimation using the maximum likelihood method to obtain the optimized calibration model parameters    S x   ,   S y   ,    x 0   , and    y 0   , as well as the radial distortion parameters    k 1    and    k 2   .







There are three commonly used calibration boards, as shown in Figure 5, which, respectively, illustrate the chessboard calibration board, symmetrical circle calibration board, and asymmetrical circle calibration board and their respective key dimensions. The chessboard calibration board consists of black and white symmetrically arranged squares, with the key dimension being the length of the squares,    l s   . The symmetrical circle calibration board consists of symmetrically arranged black circles, with key dimensions of number of rows    N r   , number of columns    N c   , and circle spacing    l  s c    . The asymmetric circle calibration board consists of black circles arranged asymmetrically, with key dimensions including the number of circles    N  a 1     in the red dashed box, the number of circles    N  a 2     in the blue dashed box, and the circle spacing    l  a c    .



To select the optimal calibration board, three types of calibration boards were used for calibration. The key dimensions of the selected three calibration boards were the key dimensions of the chessboard calibration board were    l s    = 24 mm. The key dimensions of the symmetrical circle calibration plate were    N r    = 4 mm,    N c    = 5 mm, and    l  s c     = 51 mm. The key dimensions of the asymmetric circle calibration plate were    N  a 1     = 4 mm,    N  a 2     = 11 mm, and    l  a c     = 18 mm.




3.4. Image Preprocessing and Contour Extraction


Due to the inevitable interference of environmental lighting and detection electronic device noise, among other factors, during the acquisition, transmission, and storage of images, irrelevant noise information is mixed into the images, which reduces the image quality and ultimately leads to a decrease in the accuracy of single-layer contour extraction and dimensional accuracy evaluation results. Therefore, before extracting the contour of a single layer and evaluating its dimensional accuracy, it is necessary to perform image preprocessing operations, such as grayscale, smoothing, and sharpening, in order to improve image quality and ensure the accuracy of extracting the contour of a single layer. In this study, the maximum value method, average value method, and weighted average method were used to perform grayscale on color images to select the optimal grayscale method. Gaussian filtering, median filtering, and average filtering were, respectively, selected to perform image smoothing on grayscale images in order to select the optimal image smoothing method. Roberts operator, Sobel operator, Prewitt operator, and Laplacian operator were, respectively, selected to perform image sharpening on the smoothed grayscale image in order to select the optimal image sharpening method.



Contour extraction is used to obtain the outer contour of printed single-layer graphics, which is a prerequisite for evaluating the dimensional accuracy of the printed single layer. The principle of contour extraction method is to use the derivative of digital image to obtain the grayscale value changes between various pixel domains in the image and identify the pixels with rapidly changing grayscale values as contour edge points. This study used Roberts operator, Sobel operator, Prewitt operator, Laplacian operator, Laplace of Gaussian (LOG) operator, and Canny operator to extract the contour of printed single-layer graphics after image preprocessing in order to select the optimal contour extraction method.



To obtain the dimensional accuracy of a single layer, it is necessary to compare the actual outer contour with the designed outer contour in the physical coordinate system of the image. Due to the absence of lens distortion, noise interference, and other error factors for designing images in design software, it was already an ideal shape, the contour extraction method based on Canny operator was directly used to extract the outer contour of the single-layer design image.




3.5. Quantitative Acquisition of Single-Layer Dimensional Accuracy


In order to obtain quantitative dimensional accuracy of a printed single layer, this study proposes an ICP algorithm based quantitative dimensional accuracy evaluation method. The idea is to use the ICP algorithm to continuously approximate the actual outer contour and the designed outer contour through rigid body motion-based iterations, and the approximation error between the two contours is the dimensional accuracy of the printed single layer.



ICP algorithm is a registration method that aligns the actual measured contour with the design contour (standard contour) by iteratively optimizing rotation and translation parameters. The core lies in gradually reducing the spatial deviation between the two through multiple iterations, ultimately achieving high-precision matching.



The ICP algorithm is a point cloud-matching algorithm that minimizes the distance between two point sets through rotation and translation in order to achieve the goal of matching two point sets. During each iteration, the average sum of squares distance between all minimum distance points between two point sets can be obtained. Therefore, the point sets of the actual outer contour and the designed outer contour in the physical coordinate system of the image were used as the two point sets that needed to be matched. The two point sets were matched based on the ICP algorithm, and the average sum of squares of all the minimum distance points between the two point sets under the optimal iteration result was used as the quantitative dimensional accuracy evaluation result for the printed single layer. The specific process was as follows. See Algorithm 1.



	Algorithm 1: Iterative closest point (ICP) algorithm.



	1: Define the point sets of the actual outer contour and the designed outer contour in the image physical coordinate system.



	2: Define the rotation matrix and translation vector for the iterative process.



	3: Define the objective function for each iteration.



	4: Define the iteration stopping condition.



	5: If objective function value < iteration stopping condition, Then

           Stop, dimensional accuracy = objective function value

    Else

           Repeat to Step 3

    End








Step 1: Define the point sets of the actual outer contour and the designed outer contour in the image physical coordinate system as     P  C    =       p   C i       and     Q  C    =       q   C i      , respectively.     p   C i     and     q   C i     are the coordinate values of the points of the actual outer contour and the designed outer contour in the image physical coordinate system.



Step 2: Define the rotation matrix     R  C    and translation vector     t  C    for the iterative process. For the matching of the two-dimensional plane point set,     R  C    and     t  C    are represented by Equations (5) and (6), respectively.


    R  C  =       cos  θ  C x       − sin  θ  C x         sin  θ  C x       cos  θ  C x         ,  



(5)






    t  C  =          t  C x        t  C y          T  ,  



(6)




where    θ  C x     is the rotation angle of the planar shape relative to the horizontal axis and    t  C x     and    t  C y     are the translation components of the planar shape on the horizontal and vertical axes, respectively.



Step 3: Define the objective function for each iteration as Equation (7) and use singular value decomposition (SVD) method to obtain the optimal     R  C    and     t  C    for each iteration.


  arg   min     R  C  ,   t  C      1 2     ∑  i = 1    N p           q   C i   −   R  C    p   C i   −   t  C     2    ,  



(7)




where    N p    is the number of points in the point set.



Step 4: Define the iteration stopping condition. If the iteration process meets the stopping condition, output the objective function value for the last iteration as dimensional accuracy. If the iteration process does not meet the condition, repeat Step 3 until the stopping condition is met.



In Step 4, the stopping condition indicator for iteration is the absolute value of the difference between the objective function values of the current iteration and the previous iteration. A basic rule of thumb is that measuring instruments should be at least ten times better than the process specifications they are measuring. Due to the repeatability accuracy of DIW is 0.05 mm, in order to ensure that the accuracy of single-layer dimensional accuracy evaluation results is greater than the repeatability accuracy of DIW, the threshold for stopping iterations needs to be set to be one order of magnitude higher than the repeatability accuracy. In this study, the iteration stopping condition for was set to the absolute value of the difference between the objective function values of the current iteration and the previous iteration being less than 0.001 mm.





4. Results and Discussion


4.1. Calibrated Camera Parameters


According to the mathematical model of Zhang Zhengyou’s calibration method, in order to fully solve the internal parameters of the camera, at least three calibration plate images with different poses are required to meet the constraints of solving the linear equation system [35]. In practical applications, it is recommended to take 10–30 photos of the calibration plate at different angles and positions in order to improve calibration accuracy and optimize distortion parameters. To achieve comprehensive accuracy and efficiency, this article chooses to take 24 photos of the calibration board at different angles and positions [36]. As shown in Figure 6, Figure 7 and Figure 8, the position and relative camera posture of the three calibration plates were changed and 24 pictures for each calibration plate were taken. The calibration parameters were obtained based on the 24 images and listed in Table 2. The average pixel errors corresponding to the three calibration plates are listed in Table 3. It can be seen that the asymmetric circle calibration plate corresponded to the smallest average pixel error of 0.72 pixels, while the symmetric circle calibration plate corresponded to the largest average pixel error of 1.54 pixels. Therefore, the asymmetric circle calibration plate was selected as the calibration plate used in the camera calibration process in this study.



Therefore, based on the asymmetric circle calibration plate, the optimal camera calibration parameters obtained were    S x    = 3488.3 pixels,    S y    = 3485.6 pixels,    x 0    = 1758.2 pixels,    y 0    = 1757.0 pixels,    k 1    = 0.0882, and    k 2    = −0.2265.




4.2. Preprocessed Images and Extracted Contour


This study used a solid circle with a diameter of 30 mm as the shape for printed single layer and conducted experimental verification of the dimensional accuracy evaluation of single layers in DIW based on machine vision. Figure 9 showed the grayscale images obtained using three grayscale methods. The grayscale image obtained by the average method had the best contrast. Therefore, the average method was used to grayscale the color image.



Figure 10 shows the comparison between the smoothed grayscale images obtained by three image smoothing methods. Median filtering made the contour edges the clearest. Therefore, median filtering was selected for image smoothing of the grayscale images.



Figure 11 showed the comparison of the sharpened images obtained by four image sharpening methods. The edge detection image sharpening method based on Laplacian operator made the contour edges the clearest. Therefore, the Laplacian operator-based edge detection image sharpening method was selected to perform image sharpening on the smoothed grayscale image.



Figure 12 showed the contour extraction of printed single layer using Roberts operator, Sobel operator, Prewitt operator, Laplacian operator, LOG operator, and Canny operator, respectively. From the comparison of contour edges obtained by various edge detection methods in Figure 12 based on visual comparison, the contour edge of the printed single layer obtained based on the Canny operator was the clearest and most complete considering accuracy, detail preservation, and contour integrity comprehensively. Therefore, the Canny operator was selected to extract the contour of the printed single layer after image preprocessing.




4.3. Quantitative Dimensional Accuracy


Figure 13a shows the actual contour of the printed single layer in the physical coordinate system. Figure 13b showed the designed contour of the single layer in the physical coordinate system. The actual contour and the designed contour were put directly into one image, and a comparison chart of the actual contour and designed contour was obtained as shown in Figure 13c.



Obviously, it was not possible to obtain quantitative dimensional accuracy of the printed single layer by comparing the actual contour and designed contour shown in Figure 13c. The ICP algorithm was used to obtain the matching result between the actual contour and designed contour, as shown in Figure 14, and taking the objective function value of the last iteration as the size accuracy of the printed single layer, the dimensional accuracy of the printed graphic corresponding to Figure 14 is obtained as 0.022 mm.



The accuracy comparison of the proposed method with previous studies is listed in Table 4. The accuracy of the proposed method was 0.001 mm, which is 80% higher than in previous methods. Thus, the proposed method based on image preprocessing and ICP algorithm can give a high accuracy dimensional accuracy evaluation for single layer in DIW.




4.4. Application in Comparison of Process Parameters


One of the applications of the dimensional accuracy evaluation method for printed single layer proposed in this study is to compare process parameters.



Three types of solid planar shapes, namely shape A (circular), shape B (leaf), and shape C (maple leaf), were printed using the optimized process parameters obtained in the literature [37] and the process parameters of condition A using the same ink and DIW printer in the literature [37]. A quantitative dimensional accuracy evaluation was conducted on the printed single layers under two different process parameter settings. The matching results between the actual contour and designed contour of printed single layers were shown in Figure 15, and the quantitative dimensional accuracy evaluation results of single layers were listed in Table 5. From Table 5, it can be seen that the dimensional accuracy of the printed single layer was improved by at least 76.3% using the optimized process parameters.





5. Conclusions


This study has conducted research on machine vision-based dimensional accuracy evaluation of single layer in DIW. The machine vision-based dimensional accuracy evaluation method proposed in this study can accurately and non-contact provide the dimensional accuracy of printed single-layer dimensional accuracy in DIW. The main findings are summarized as follows.



	(1)

	
In the camera calibration, the asymmetric circle calibration plate is selected as the calibration plate because the asymmetric circle calibration plate corresponded to the smallest average pixel error of 0.72 pixels, while the symmetric circle calibration plate corresponded to the largest average pixel error of 1.54 pixels.




	(2)

	
In the image preprocessing, the average method is used to grayscale the color image. The median filtering is selected for image smoothing of the grayscale images. The Laplacian operator-based edge detection image sharpening method is selected to perform image sharpening on the smoothed grayscale image.




	(3)

	
After image preprocessing, the Canny operator is selected to extract the contour of the printed single layer after image preprocessing considering accuracy, detail preservation, and contour integrity comprehensively.




	(4)

	
ICP algorithm is used to obtain quantitative dimensional accuracy evaluation results based on the processed and extracted contour. The accuracy of the proposed method for dimensional accuracy evaluation of the printed single layer in DIW is 0.001 mm, which is 80% higher than previous methods. Process parameter optimization experiments verifies the proposed method as the dimensional accuracy of printed single layers is improved by at least 76.3%.







Future work will be based on the method proposed in this article to obtain real-time printing accuracy and will use real-time accuracy for quality monitoring of printing processes based on deep learning for DIW. At the same time, future work will investigate multi-vision and obtain the accuracy evaluation results of 3D dimensions for DIW printed parts.
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Figure 1. Camera installation diagram for hardware construction: (a) installation design diagram; (b) physical picture. 
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Figure 2. Illustration of the main components for implementing extrusion 3D printing function in DIW 3D printer. 
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Figure 3. Overall hardware architecture diagram. 
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Figure 4. Designed image processing algorithm flow. 
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Figure 5. Common types of camera calibration boards and their key dimensions schematic diagram: (a) chessboard calibration board; (b) symmetric circle calibration plate; and (c) asymmetric circle calibration plate. 
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Figure 6. A total of 24 calibration images obtained based on the chessboard calibration board. 
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Figure 7. A total of 24 calibration images obtained based on a symmetrical circle calibration plate. 
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Figure 8. A total of 24 calibration images obtained based on asymmetric circle calibration plate. 
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Figure 9. Grayscale images obtained based on three grayscale methods: (a) color image; (b) maximum value method; (c) average value method; and (d) weighted average method. 






Figure 9. Grayscale images obtained based on three grayscale methods: (a) color image; (b) maximum value method; (c) average value method; and (d) weighted average method.



[image: Sensors 25 02543 g009]







[image: Sensors 25 02543 g010] 





Figure 10. Smoothed grayscale images obtained based on three smoothing methods: (a) grayscale image before filtering; (b) Gaussian filtering; (c) median filtering; and (d) average filtering. 
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Figure 11. Sharpened smoothed grayscale images obtained based on four sharpened methods: (a) Smoothed grayscale image; (b) Roberts operator; (c) Sobel operator; (d) Prewitt operator; and (e) Laplacian operator. 
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Figure 12. Contour extraction based on edge detection for printed single layers: (a) image after preprocessing; (b) Roberts operator; (c) Sobel operator; (d) Prewitt operator; (e) Laplacian operator; (f) LOG operator; and (g) Canny operator. 
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Figure 13. Comparison between the actual outer contour and the designed outer contour of the printed single layer in the physical coordinate system: (a) actual outer contour; (b) designed outer contour; and (c) comparison chart. 
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Figure 14. Matching result between the actual contour and designed contour of the printed single layer in the physical coordinate system. 
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Figure 15. Matching result between the actual contour and designed contour of the printed single layer: (a) shape A; (b) shape B; and (c) shape C. 
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Table 1. Summary of related works on machine vision based dimensional accuracy evaluation of different product types.
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	Study
	Product Type
	Technique Used
	Result (Accuracy)





	Sun et al. [26]
	Shaft diameter
	Machine vision method by improving the calibration model
	0.005 mm



	Li et al. [27]
	Bottom radius and

height of cylinders
	A CCD camera system with preprocessing operations
	0.01 mm



	Dang et al. [28]
	Large-size ring-shaped objects
	Single-camera system by capturing objects with multiple partial images
	0.063 mm



	Tan et al. [29]
	Shaft diameter
	Structured light system composed of a laser linear light source and a camera
	0.019 mm



	Nogueira et al. [30]
	Specifications on external contours
	Monocular machine vision system by image processing
	0.008 mm










 





Table 2. Calibration results obtained based on three calibration boards.
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Calibration Parameters

	
Value




	
Chessboard Calibration Board

	
Symmetrical Circle Calibration Plate

	
Asymmetric Circle Calibration Plat






	
   S x   /pixels

	
3498.7

	
3478.6

	
3488.3




	
   S y   /pixels

	
3497.0

	
3490.2

	
3485.6




	
   x 0   /pixels

	
1757.4

	
1747.7

	
1758.2




	
   y 0   /pixels

	
1746.7

	
1773.6

	
1757.0




	
    k 1    

	
0.0303

	
0.0685

	
0.0882




	
    k 2    

	
−0.1624

	
−0.0478

	
−0.2265











 





Table 3. Average pixel error of calibration results obtained based on three calibration boards.
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	Calibration Board
	Chessboard Calibration Board
	Symmetrical Circle Calibration Plate
	Asymmetric Circle Calibration Plat





	Average pixel error/pixels
	0.79
	1.54
	0.72










 





Table 4. Accuracy comparison of the proposed method with previous studies.
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	Study
	Accuracy
	Improvement





	This study
	0.001 mm
	—



	Sun et al. [26]
	0.005 mm
	80%



	Li et al. [27]
	0.01 mm
	90%



	Dang et al. [28]
	0.063 mm
	98%



	Tan et al. [29]
	0.019 mm
	95%



	Nogueira et al. [30]
	0.008 mm
	88%










 





Table 5. Comparison results of quantitative dimensional accuracy of a single layer under condition A and optimized parameters.
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Shape

	
Dimensional Accuracy/mm

	
Precision Improvement/%




	
Condition A

	
Optimized Parameters






	
Shape A

	
0.63

	
0.02

	
96.8




	
Shape B

	
0.38

	
0.09

	
76.3




	
Shape C

	
0.89

	
0.12

	
86.5
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