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Abstract 
Micro- and nano-manufacturing is an expanding industry and many different manufacturing techniques are 
used, from advanced focused ion beam treatment to reasonably simple printing technologies. Common to all of 
them are the needs to verify the manufactured geometries and dimensions. This report presents the results of 
the second round of benchmarking activities within the EUMINAfab European Research Infrastructure, in order 
to establish more knowledge about the capabilities of a screen printing installation. 

To obtain a better understanding of the accuracy of the screen printing installation, a precise verification 
test is needed to measure the absolute performance of the machine. Predicted performance and capability 
information is based on specifications given for the machine installation by the machine deliverer. But, in 
practice the absolute performances of the installation is often off from the specification. When forming the 
EUMINAfab infrastructure consortium it was decided that independent high precision verification tests should 
be made on different installations to help the micro-manufacturers to get the real capability information of 
their equipment and be able to improve performance to a higher EUMINAfab level. In this study a 
comprehensive verification test was designed and carried out by using an ultra-precision metrology method in 
order to establish more knowledge about the capabilities of the screen printing equipment. The measurement 
results show the machine’s X,Y position accuracy, pseudo-repeatability and reproducibility. It is not as good as 
predicted.  

 

1. Screen printing 

Screen printing is an inexpensive, large-area printing technique in micro-manufacturing which is commonly 
used in electronic device production. Screen printing can be used to print on a wide variety of substrates such 
as glass, plastics, ceramics or metals. In screen printing, ink is pressed onto the substrate with a squeegee 
through a patterned screen (Figure 1). The squeegee is typically made of a rubber. The screen is made of a 
porous mesh, from a material such as porous fabric or stainless steel wires, stretched tightly over a frame made 
of metal or wood. The micro-pattern image is replicated photo-chemically on the mesh. The quality of screen 
printed films on the substrate highly depends on: the distance from the screen to the substrate, the numbers 
of fibers in the screen mesh, the tension of the screen, the process parameters (speed, pressure, angle) of the 
squeegee, the humidity, the air flow and the temperature around the printing area [1].  In this study the 
absolute performance of a screen printing installation was evaluated by studying the images of the printed 
pattern on alumina plates. The claimed position accuracy of the process is 10 µm, and the minimum line width 
is 150 µm. 

 

Figure 1. The process of screen printing 
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2. Verification test 

The evaluation of the screen printing installation was performed in four steps;  
First, a nominal pattern was designed and agreed on with the machine operator. The design makes use of a 
large portion of the useful area of the machine. In the second step, the printing mask (stencil) is manufactured 
by photo lithographic technique and the final screen printing is performed. The third step is carried out on an 
ultra-precision optical coordinate measuring machine where images are captured of the printed structures and 
also on the mask. Finally, the center of gravity of written lines and crosses are analyzed using dedicated 
subpixel analysis software, specially developed for this exercise.   
 

2.1. Nominal patterns 

The nominal pattern was a simple cross, repeated at equidistant X,Y positions as shown in Figure 2.  The 
samples used as were alumina plates. To keep information of how the sample was oriented, both when printed 
and later when measured, an orientation mark was made on the plates. The nominal structure and pattern 
dimensions are summarized in Table 1. Due to the destructive nature of printing it is impossible to make a true 
repeatability test, yet a pseudo-repeatability test was performed by adding two identical patterns with an 
offset of 3.000 mm on both sides of the nominal pattern (Figure 3). To get an indication of reproducibility the 
same pattern was printed on at least two different samples using identical process settings. Figure 4 shows a 
screen printed sample.  
 

 

Figure 2. Nominal pattern for screen printing 

 

Figure 3. Pattern repetition for screen printing 

 

P Pitch   12600 µm 

CW Cross Width 2000 µm 

CCW Central Cross Width 65000 µm X 65000 µm 

S1 First pattern shift + 3000 µm 

S2 Second pattern shift - 3000 µm 

Table 1. Pattern dimension for screen printing on Alumina plates 
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Figure 4. A screen printed sample 

2.2. Measuring equipment 

A high accuracy optical measurement technique was employed in order to measure the geometrical properties 
of micro structured patterns. It should also be traceable. In our case the lateral XY measurements were carried 
out using a Nikon VMR-6555 high accuracy optical measurement system installed at Mycronic [2] in Täby, 
Stockholm (Figure 5). This measurement system, depending on the used optical magnification, can sample at 
intervals down to 60 nm/pixel. The claimed optical resolution and X,Y positioning according to the 
manufacturers specification is better than 1.5 micrometers, when performing measurements under a lateral 
range of 200 x 200 mm

2
 at a temperature control of 0.1 

o
C. However, a benchmarking test performed at 

Micronic on their sub-µm accurate mask pattern has shown that lateral positioning performance is 
considerably better than the overall specifications mentioned above [3]. Verified uncertainty at 99,7 % (3σ) 
confidence level is 0.5 μm which allows high-accuracy positioning of the imaging optics when recording images 
of the printed structures.  

 
Figure 5. Measuring equipment, Nikon VMR 5565 

Although the Nikon measuring equipment is capable of performing image analysis with edge detection and 
evaluation of geometrical elements, it was necessary to develop a more sensitive sub-pixel analysis technique. 
Large distortions found in some of the samples made it difficult for the Nikon software to detect some of the 
edges. The Nikon equipment was thus only used for capturing images of the surface features and recording the 
lateral position of the images.  

A series of images, covering the relevant areas of the sample were thus acquired with known absolute X-Y 
coordinates in the measurement machine coordinate system. The absolute position of each cross in respect to 
the image coordinate system was extracted by image processing the images using MATLAB. The images were 
captured in the size of 640x480 pixels with a magnification corresponding to 7.4 µm for a pixel. The absolute 
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position of each cross with respect to the nominal pattern was based on merging the machine and the image-
coordinate systems. The lateral deviations from the nominal values were then evaluated. 

 

 
2.3. Subpixel image metrology  

In order to derive the position of each cross in subpixel resolution, it was first necessary to detect the edges of 
each cross in pixel resolution. In the first step, edges are recognized using Canny edge detector [4].  The Canny 
edge detector uses a multi-step algorithm to detect edges in images using the gradient magnitude and gradient 
direction of each pixel. The output is a logical image that contains one-pixel wide edges [5]. This logical image is 
then used by a custom sub pixel resolution algorithm to find a higher accuracy edge of each cross [6]. These 
edges are then used to determine the absolute position of the each cross. 
 
 

3. Measurement results 

The measurement results comprise three different parameters: the machine’s XY positioning accuracy, pseudo-
repeatability and reproducibility of screen printing installation. 
The results are based on 9 printed patterns on 3 alumina samples. Since the accuracy of the process depends 
on the accuracy of the mask used to make the screen, the position accuracy of the mask was also measured. 
 

 
3.1. Mask measurement 

The measurement results of the mask pattern presented in Figure 6 show a scale or linearity error already in 
the manufactured mask used for the screen printing. It shows up as a progressing negative error the farer away 
the cross is located from the center and at the edge of the pattern it exceeds 30 µm in both X and Y directions. 
After printing it appears that the scale error has become even worse approximately by a factor of two. 
 

 

Figure 6. Measurement results of the mask versus nominal pattern 

 

3.2. Print position accuracy results vs. measured Mask  

Figure 7 shows the measurement results of the printed crosses versus the measured cross positions of the 
mask.The maximum deviation of the printed crosses from the mask pattern is 51.9 µm. The absolute value of 
the maximum deviation from the mask pattern in the X direction is 36.3 µm and in the Y direction it is 48.3 µm. 
The standard deviation of the measured deviations from the mask pattern in X direction is 13.2 µm and in the Y 
direction it is 21.5 µm. The quality of the sub-pixel analysis of the edges of the crosses is presented as the 
uncertainty range UIx (min-max) for XCOG and UIY (min-max) for YCOG, as derived from the standard deviation 
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of the points making up the lines. In the first sample the uncertainty in calculating COG in X direction varies 
between 4.5 to 7.8 µm and in Y direction it varies between 5.3 to 9.2 µm. Table 2 shows the summary of the 
results for position accuracy measurements vs mask.  

 

Figure 7. Position accuracy results versus mask 

 
Sample 
Pattern 

Max 
Total Dev 

Max 
X Dev 

Max 
Y Dev 

STD 
X 

STD 
Y 

UIX 
min-max 

UIY 
min-max 

S1.P1 51.9 36.4 48.3 13.2 21.5 4.5-7.8 5.3-9.2 

S1.P2 52.2 34.1 39.5 13.0 15.4 5.1-9.6 4.7-8.6 

S2.P1 54.6 30.7 47.9 14.4 24.1 5.4-8.8 4.8-8.8 

S2.P2 45.6 25.0 43.0 10.6 21.0 3.1-5.5 3.5-5.6 

Table 2. The summary of the results vs. mask 

 

3.2.1. Printed position accuracy results vs. Nominal pattern 

Figure 8 shows the maximum deviation of printed crosses from the nominal pattern is 80.9 µm. The 
corresponding deviations in the X and Y directions are 60.3 µm and 75.0 µm, respectively. The standard 
deviation of the measured deviations from the nominal pattern in X direction is 24.7 µm and in Y direction is 
40.1 µm. The quality of the sub-pixel analysis of the edges of the crosses is presented as the uncertainty range 
UI (min-max) for XCOG and YCOG. In the first sample the uncertainty in calculating COG in X direction varies 
between 4.5 to 7.8 µm and in Y direction varies between 5.3 to 9.2 µm. These relatively large uncertainty 
numbers indicate poorly defined edges of the printed samples. Table 3 shows the summary of the results for 
position accuracy measurements for printed samples vs the nominal pattern. 
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Figure 8. Position accuracy results vs. nominal pattern 

 
Sample 
Pattern 

Max 
Total Dev 

Max 
X Dev 

Max 
Y Dev 

STD 
X 

STD 
Y 

UIX 
min-max 

UIY 
min-max 

S1.P1 80.9 60.3 75.0 24.7 40.1 4.5-7.8 5.3-9.2 

S1.P2 68.9 47.1 66.2 18.9 33.9 5.1-9.6 4.7-8.6 

S2.P1 80.4 54.7 74.6 22.3 42.7 5.4-8.8 4.8-8.8 

S2.P2 73.8 48.8 69.8 23.1 39.8 3.1-5.5 3.5-5.6 

Table 3.The summary of the results vs. nominal pattern 

 

3.2.2. Pseudo-repeatability and reproducibility measurement results vs nominal pattern 

Measurement results for pseudo repeatability are shown in Figure 9. The standard deviation of all measured 
crosses on sample 1 relative their average positions of the three patterns with nominal offset subtracted, is 5.2 
µm. To get an indication of reproducibility the same pattern was printed on three samples. One was not good 
enough to obtain low enough uncertainty values so two different samples were used to obtain the 
reproducibility results. The results are shown in Figure 10. 
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Figure 9. Measurement results of pseudo-repeatability, screen printing 

 

 

Figure 10. Measurement results of reproducibility, screen printing 
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4. Discussion 

 
As discussed before, the results of the evaluation test for the screen printing technology shows a scale or 

linearity error in the manufactured mask. After printing it appears that the scale error has become even worse, 

approximately by a factor of two, and a non-orthogonality is also present.  
The uncertainty values in finding the center of gravity of the printed crosses, ranging between ~ 3 to 9 µm, are 
considerably worse than previous measurements of micro-milling[6] and laser micro machining[7]. These 
uncertainty values depend very much on the edge quality of the printed crosses. Figure 11 shows an image of a 
printed cross with good quality edges while Figure 12 shows image of a cross with bad quality that has been 
removed from the investigation process. But even for crosses with relatively good quality printed edges (Figure 
11) the edges appear curvy. In order to reduce the uncertainty values, one solution can be to use a denser and 
smaller mesh to make the screen. This investigation is a good example of the common problem in precision 
metrology, that the quality of the object will determine the measurement uncertainty, rather than the 
measurement method or the image analysis procedure.   

 

5. Conclusion 

This paper shows that the technique of using an ultraprecision microscope based coordinate measuring 

machine, in combination with image processing, will reveal the performance of micro screen printing. The 

measurement technique and the image processing algorithms have a great potential to be used as a 

verification method to provide useful information about the mask and the screen printing to the equipment 

users. The results show scale errors in both the nominal design-to- mask manufacturing and in the mask-to-

printed pattern process. It is obvious that the screen-printing technique needs to be calibrated based on the 

results obtained in this investigation. Finally, one can conclude that the mesh influences the straightness of the 

edges in a way that increases the uncertainty of defining the edge positions.  
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Figure 11. Image of a good quality cross 

 

 

Figure 12. Image of a bad quality cross 
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