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ABSTRACT
When manufacturing parts using powder bed fusion additive manufacturing technologies, failed prints due to recoating errors have been identified as an aspect that could reduce the reliability of the technology. An active recoater monitoring system has been developed to provide re-coating quality feedback after each layer. This
research paper will review the capability of an active re-coater monitoring system to detect re-coating errors
during the build process. Some of the parameters of the various image processing functions will also be verified
using the data recorded during the case study.
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1.

INTRODUCTION

In the field of additive manufacturing, especially when using powder bed fusion technologies, failed prints can
become very costly due to the high cost of the raw material and related labour costs [1]. Parts with printing
defects, as displayed in Figure 1, must be reprinted to ensure clients receive good quality parts and that the
structural integrity of the part is not affected. Re-coating errors was identified as a key factor that causes failed
prints and printing defects, which reduces the reliability of the technology [2].

Figure 1 Effect of Re-coating errors on parts.
Re-coating errors, as identified in the following research study, could directly be linked to re-coater short feeding
and debris that may fall onto the surface of the powder bed. Currently, the binder jetting type of powder bed
fusion technologies has no method of determining the quality of the re-coating process [2]. Powder bed monitoring
technologies have been developed. However, they are solely focusing on the metal-based powder bed fusion
technologies [3] [4] [5]. This indicated the need to develop an active re-coating monitoring system. The design
ideology of the active re-coater monitoring system was to detect defects and re-coating errors on the surface of
the powder bed during the printing process.
2.

ACTIVE RE-COATER MONITORING SYSTEM SETUP

The active re-coater monitoring system that was designed and installed, made use of computer vision technology
to monitor the surface quality of the powder bed. The system consists of a camera module, Raspberry Pi 3
microcomputer and lighting fixtures as shown in the block diagram in Figure 2.

Figure 2 Active Re-coater Monitoring System Design.
The voxeljet VX500 was identified as a suitable platform which allows the integration of the monitoring system.
The camera was positioned in such a way that it captures the entire surface of the powder bed in a single image
after each re-coating cycle [6]. The standard machine light luminaire was used to illuminate the powder. The
light is mounted at a 50-degree angle in relation to the powder bed.
An image processing program was developed to process the images captured by the camera. The developed
program made extensive use of the OpenCV library. The OpenCV library is an open source computer vision and
machine learning software library that contains 2500+ optimised algorithms [7]. It can be integrated into a variety
of programming languages including C++ and Python. The image is divided into 16 equally sized quadrants, using
a 4 x 4 matrix. Each quadrant is processed individually and displays the probability of a defect in the specific
quadrant. The probability is expressed as a percentage value as demonstrated in Figure 3b. The identifier number
of each quadrant is displayed in Figure 3a for reference. However, the identifier is not indicated on the processed
image to reduce clutter on the processed image. After processing the captured image, both the original and
processed images are stored. The first stored image is the original captured image, and the second image is the
originally captured image after it has been processed by the algorithms with all the information overlaid onto
the image. Each of the two images is stored with the date-time stamp as the file name for easy identification
during the post-build analysis.
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(a)

(b)
Figure 3 Processed Powder bed image.

Once all the quadrants have been processed, the probability values are then also recorded into a CSV file along
with the layer number and date-time stamp so that the data can easily be matched with its captured image.
Each quadrant in the image is assigned a number in the data file, and can be correlated to a specific quadrant
as shown in Figure 3a. The quadrant numbers are overlaid on the image only for illustration purposes and
reference and is not displayed on the final processed image. Once the build had completed, the recorded data
in the CSV file can be plotted graphically for easier analysis as demonstrated in Figure 4.

Figure 4 Graphical representation of recorded data.
As indicated by the legend in Figure 4, the data recorded for each of the 16 quadrants has a uniquely coloured
line on the line graph. This makes it easier to match spikes on the graph to specific quadrants without necessarily
having to refer to the captured image. When identifying a specific spike that is of interest, the graph can also
be cropped to the specific area of interest. The layer number where the spike occurred is indicated by the Xaxis.
The system was also first tested using a series of replicated defects to determine the optimum parameters for
the various image processing functions. However, these tests do not form part of this research study as it was
used as an initial benchmark of the system. Once the system provided satisfactory results, using the replicated
defects, the in-production monitoring could commence.
3.

CASE STUDY METHODOLOGY

For the following research study, a single build was monitored using the active re-coater monitoring system with
the aim to determine the system’s effectiveness to detect re-coating errors during production. From the results
obtained, a threshold value could be determined which can be used to identify re-coating errors. The threshold
value can be defined as the minimum probability value that must be recorded before a detected feature is
considered a defect. To determine the threshold value, all the spikes on the recorded data will have to be
reviewed together with all the captured images to determine the severity of the recorded spikes, as well as
determine if the recorded spikes were from defects present on the powder bed. From this defect data, a
minimum threshold value can be determined based on the average values of the spikes.
The build that was selected for the following case study consisted of 1946 layers and contained several large and
small parts stacked throughout the build volume. The build took approximately 16 hours to complete.
The first step, after the build was completed, was to plot the recorded data as a line graph as shown in Figure
5. This makes the analysis of the defects that were detected easier to identify. There were several spikes present
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on the graph, and the most significant of these spikes had been highlighted and will be closely examined and
discussed.

Figure 5 Case study build data.
The smaller spikes were also examined; however, a large number of these smaller spikes were very fine defects
and was defined as non-critical, they will only be discussed briefly.
The first spike that was investigated occurred on layer no. 48. When examining this spike on the graph, it is
apparent that a significant spike in the probability value had been recorded from the image. The cropped portion
of the graph as displayed in Figure 6 shows the spike that was recorded by the system for layer no. 48.

Figure 6 Defect Data for Layer no. 48.
After consulting the legend on Figure 6, the recorded defect spanned over quadrants 5,6,7 and 8. This means
that the defect had occurred in the direction of re-coating and is shown in Figure 7.

Figure 7 Processed image for layer no.48.
When examining the image in Figure 7, it can be seen that a major defect had occurred across the entire length
of the powder bed. The defect also appears to be deeper than a single layer. However, upon review of the images
for layer 47 and 49 in Figure 8, there is no defect on either the preceding or subsequent layer.
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Layer 47

Layer 49

Figure 8 Processed images for layers no. 47 and 49.
Thus, the only reasonable explanation is that a piece of debris or clump of powder was stuck on the re-coater
arm, causing the line to form on the powder bed across the entire length of the powder bed.
The second spike on the graph that was investigated occurred on layer no. 216. The zoomed-in portion of the
graph as demonstrated in Figure 9 shows that a total of 11 quadrants had recorded a spike in the probability
values. However, the quadrants that had recorded the spike did not seem to follow a discernible pattern across
the length or width of the powder bed.

Figure 9 Defect data for layer no. 216.
When examining the image captured for layer no. 216 as displayed in Figure 10, it became apparent the system
had captured an image of the re-coater arm during the re-coating process. A possible explanation for this may
be that EMI (electromagnetic interference) may have triggered the camera to capture an image at the wrong
time. Although the circuit was designed to deal with most types of interference, there is still a possibility that
interference may have triggered the camera. Therefore, as part of the future research, a new triggering system
will be developed that is more resistant to external interference.

Figure 10 Processed image for layer no. 216.
The third spike on the graph that was investigated occurred on layer no. 262. When zooming in on this portion
of the graph as shown in Figure 11, a spike had been recorded in quadrants 3 and 4.
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Figure 11 Defect data for layer no. 262.
Upon examination of the graph, it can be seen that the value recorded for quadrant 4 is significantly higher than
quadrant 3. Because of this higher value for quadrant 4, it can be assumed that a larger portion of the defect
was present in quadrant 4 than quadrant 3. In order to verify this assumption, the image captured for layer no.
262 as shown in Figure 12 had to be reviewed.

Figure 12 Processed Image for layer no. 262.
Upon closer inspection of the image, the defect that had occurred over quadrants 3 and 4 can be clearly
identified. The image also confirmed that the defect recorded in quadrant 4 was larger than the defect recorded
in quadrant 3.
The fourth spike that was investigated occurred on layer no. 286. The graph displayed in Figure 13 shows a
definite spike recorded in quadrants 13 and 14.

Figure 13 Defect data for layer no. 286.
However, the value recorded by quadrant 13 was significantly higher than the value recorded by quadrant 14.
Thus, it can be assumed that a much greater portion of the defect was present in quadrant 13 than 14. In order
to verify this assumption, the image shown in Figure 14 that was captured for layer no. 286 will be examined.
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Figure 14 Processed image for layer no. 286.
The processed image for layer no. 286 as displayed shows that a small defect had occurred on the top right-hand
corner of the image. This corresponds to the data that was recorded on the graph in Figure 13. It was also
confirmed that the defect only occurred on a single layer after inspecting both layer 285 and 287. However, due
to space constraints the images captured for these layers will not be displayed.
The fifth spike on the graph that was investigated occurred on layer no. 807 and 814. The first defect that was
recorded occurred on layer no. 807 in quadrants 3 and 4. The second recorded defect had occurred on layer no.
814 in quadrants 10 and 11.

Figure 15 Defect data for layer no. 807 and 814.
However, upon examination of the recorded data, it appears that both the defects had been repaired by the
subsequent re-coating cycles. This means that both the defects were singular defects that only occurred on a
single layer. To verify this assumption, it is important to review the images captured for these layers to ascertain
what may have caused these defects. The processed image displayed in Figure 16 shows the image captured of
layer no 807.

Figure 16 Processed image for layer no. 807.
When examining the processed image of layer no. 807, it is evident that a smaller defect had occurred in the
direction of re-coating. When comparing the image to the data recorded in Figure 15 for layer no. 807, it can be
verified that the defect had occurred in quadrants 3 and 4. Sometimes, this type of defect is also caused by
clumps that form in the powder being re-coated onto the bed and causes small defects until the clump is broken
up. When examining the image of the subsequent layer, the defect had been repaired by the following re-coating
cycle. However, due to space constraints the image captured for this subsequent layer will not be displayed.
The processed image displayed in Figure 17 shows the defect detected for layer no. 814.
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Figure 17 Processed image for layer no. 814.
Upon examination of the processed image for layer no. 814, it can be seen that a defect had occurred over
quadrants 10 and 11. This coincides with the data that was recorded as shown in Figure 15. However, it can also
be seen that even though both quadrants recorded an increase in the probability values, quadrant 11 recorded a
value significantly higher than quadrant 10. This can be attributed to the fact that a larger portion of the defect
is present in quadrant 11. However, both quadrants recorded a spike in values that clearly indicated the presence
of the defect in that specific area.
The sixth spike that was investigated occurred on layer no. 1085. The zoomed-in portion of the graph for layer
no. 1085 is shown in Figure 18.

Figure 18 Defect data for layer no. 1085.
When examining the graph in Figure 18, there are four quadrants that had recorded a sharp increase in values.
The quadrants that recorded the sharp increase in value can be identified as 9, 10, 11 and 12. From the results,
it could be assumed that the defect occurred in the direction of re-coating. To verify this assumption, the image
captured for layer no. 1085 will be examined and is shown in Figure 19.

Figure 19 Processed image for layer no. 1085.
The image, shown in Figure 19, demonstrates a small defect that runs along the length of the powder bed. The
image confirmed the assumption that the defect had occurred in the direction of re-coating. It is important to
note that the defect is very fine and not clearly visible to the eye due to the fact that the defect only occurred
on a single layer, as there was no defect present in the preceding layer and had been repaired by the subsequent
re-coating operation. This type of defect was defined as a non-critical defect, but it shows the system’s capability
to detect small defects.
The next region of interest that was examined is the large area on the graph highlighted as point no 7. The
zoomed in portion of the graph for layers 1200 – 1946 is displayed in Figure 20.
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Figure 20 Defect data for layers no. 1200 – 1946.
Upon initial examination of the graphical data, a definite upwards trend of the probability value is immediately
evident across all the quadrants. The initial increase in the probability value was recorded at layer no. 1300. It
can also be seen that values increased exponentially in the last 150 layers. A possible explanation could be that
a series of defects occurred on the powder bed, and the condition of the powder bed kept on deteriorating as
the build progressed. In order to properly investigate the cause of the growing defect, it is necessary to review
the images that was captured during this period. For this purpose, images were selected from layer no. 1400,
and thereafter for every 100 layers to demonstrate what may have caused the gradual degradation of the powder
bed surface. Considering the images for layers 1400 and 1500 as show in Figure 21, smaller defects are visible on
the powder bed surface, however, they are not as severe and can still be repaired.

Figure 21 Initial Powder bed deterioration.
However, layer 1600 shows that the defect grew more severe. At layer 1700 the defect had grown to such a point
where it would have started causing structural damage to the parts in the build. The defect could be linked to
re-coater short feeding due to a low powder flowability. This causes the re-coater to apply very little or no
powder over certain areas of the powder bed, causing these lines and holes to form on the surface.
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Figure 22 Advanced Powder bed deterioration.
Upon examination of the final layer displayed in Figure 23a, it is very clear that the surface of the powder bed
has deteriorated to the point where the build has failed completely and parts have been damaged beyond the
point of repair. Considering the processed image of the final layer, shown in Figure 23b, it can be seen that all
the quadrants had recorded defects on the surface of the powder bed. Also, due to the severity of the different
defects, some of the probability values were quite significant, indicating the seriousness of the error.

(a)

(b)
Figure 23 Images of Final Layer.

Upon final review of all the captured images of the build, there were several very small defects that had occurred
on the powder bed. The small defects shown in Figure 24 were identified as non-critical. The defects in Figure
24 resulted in smaller spikes on the graph, which could be identifiable from the data. It is worth noting that even
though these defects posed no risk to the success of the build, the system still proved its capability to detect
very small defects on the powder bed.
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Figure 24 Small defects on the powder bed.
4.

FUTURE WORK

For future research, a classification system must be developed in order to classify defects according to size and
severity. Once the defects can be classified, the system can further be developed to automatically take the
appropriate corrective measures to either repair the defect or stop the build prematurely to prevent the further
waste of resources and raw materials. This will give the system the capability to detect, classify and possibly
rectify any defects that may be caused by re-coating errors.
5.

CONCLUSION

Considering the build, monitored for the purposes of this case study, several defects and re-coating errors that
occurred during the build. Some of the defects that had occurred were repairable and was repaired by subsequent
re-coating operations. However, during the last portion of the build, the re-coater started short feeding due to
a low powder flowability and subsequently caused the remainder of the build to fail as this error was
unrecoverable without user intervention. The defects that occurred during the build did, however, provide and
excellent case study for the active re-coater monitoring system. The results showed that the active re-coater
monitoring system did manage to successfully detect all of the defects during the printing process, thus proving
the capabilities of the system. Finally, a threshold value that determines whether a detected feature can be
classified as a defect or not was also determined. This value is determined by reviewing all the peaks on the
recorded data and comparing these peaks with the images captured for those specific layers to ensure that there
are defects present on those peaks. Upon careful examination of the recorded data and the captured images, it
was found that features with a probability value of less than 0.07% are non-critical defects. Thus, the threshold
value was selected at a value of 0.07%. Unfortunately, this type of technology produces a large number of noncritical defects during the re-coating process, and thus the threshold value was selected to be higher than the
average probability value of the non-critical defects.
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