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A B S T R A C T   

Quality control, which nowadays almost always involves the integration of online measurement methods into the 
production process, is of paramount importance for injection molding. Online pressure and temperature mea-
surement is already widespread and essential for quality and production control. On the other hand, monitoring 
the appearance, color, or surface defects of products is less common. It is usually carried out with a camera 
system installed on a conveyor belt independently of the injection molding process. However, color defects in 
injection molded products, which are caused by the poor distribution of the colorant, are common defects that 
usually occur after color changeover in injection molding. Color changeover is currently not a well-controlled 
procedure, and it is associated with high additional costs. It also requires a large amount of material and cau-
ses extended downtime of the injection molding equipment. Color changeover can be even more complicated due 
to the specific design of the injection unit, the presence of static or dynamic mixers, and the hot runner system 
design of the molds. In this study, we develop a measurement method to monitor color change and the amount of 
material and time needed to clean the injection system. This method is based on digital image processing. It can 
be very useful in the plastic industry and can greatly help manufacturers to develop and produce more efficient 
injection molding systems.   

1. Introduction 

Injection molding is the most widely used and the most productive 
polymer processing technology—more than one-third of polymer 
products are injection molded [1,2]. To stay competitive, injection 
molding manufacturers need to produce parts that satisfy the increasing 
number of stringent quality requirements [3]. The quality of an injection 
molded part is a collective term that includes dimensional accuracy, 
mechanical properties, and appearance [4,5]. Although most research 
focuses on mechanical performance and dimensional accuracy, the 
appearance of injection-molded parts plays an even more important role 
in the market [6]. Surface defects worsen the appearance of an 
injection-molded part, which might result in the product becoming 
scrap. One of the critical surface defects is color inhomogeneity, which is 
usually caused by the improper mixing and bad dispersion of a colorant 

in the plastic [7] or by a color changeover. 
A color changeover operation requires proper cleaning and the 

removal of the residual material from the injection molding system. 
Otherwise, non-uniform color distribution and even the degradation of 
the polymer can occur. At the same time, the cleaning of an injection 
unit and a mold with hot runners can take several hours. Although it is 
possible to replace polymer A with polymer B by purging the injection 
unit and the hot runner system together or separately (Fig. 1), it is 
difficult to determine the exact time of the process. This issue becomes 
even more complicated when a multi-cavity mold is used, due to the 
inherent imbalance of the runner system. 

Another problem is that the inspection of the color or color homo-
geneity of an injection molded part is not automated in most cases and 
relies heavily on the human factor. The main issues of color inspection 
performed by an operator are an inevitable subjectivity and limited 
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precision of the evaluation, and possible operator faults that can lead to 
loss of time and material. According to Liu et al. [8], the probability of 
scrap in injection molding can reach 2%, which is a considerable amount 
in mass production. Therefore, automation of color inspection can bring 
significant economic benefits to the manufacturers of injection molded 
parts. 

To satisfy the requirements of Industry 4.0, the injection molding 
process needs to be fully automated and controlled [9,10]. According to 
Chen and Turng [11], full control of the injection molding process in-
volves three levels: controlling machine parameters, in-mold parame-
ters, and part quality. By now, controlling the machine and in-mold 
parameters has been well automated with the help of numerous sensors 
in different parts of the machines and molds [12]. By contrast, the 
control, and thus automation of the quality of injection molded parts, 
especially the color or color homogeneity of the part, is almost missing 
and highly depends on the operator’s experience. The main reason for 
this is the absence of color sensors [13]. 

The solution for the automation of color measurement is digital 
imaging and digital image processing (DIP). Digital imaging by camera 
offers the non-contact acquisition of images of the parts produced. The 
analysis of the captured images helps to characterize color quality 
qualitatively and quantitively [14]. DIP technology is now widely used 
in many areas, such as metalwork [15], agriculture [16], the food in-
dustry [17], nuclear forensics [18] and fuel science [19]. In contrast, in 
the polymer industry, it is less common. Fleischer et al. [20] used DIP 
and a transparent injection mold to monitor the front position and dis-
tribution of fibers during injection molding. The authors offered this 
method as a part of a quality control system for the production of 
composite parts. In the studies of Jo et al. [21] and Janowski et al. [22], 
DIP is used to characterize fiber orientation in injection-molded prod-
ucts. Chen et al. [4] used DIP to monitor and measure shrinkage and the 
flash defects on the outer contour of injection-molded lenses. Amodio 
et al. [23] describe the use of DIP to control the appearance of 
injection-molded parts. They determined the intensity and uniformity of 
color by DIP and then detected small black dots on the surface of the 
parts produced. Zsíros et al. [6] developed a method to measure color 
inhomogeneity on injection molded parts by DIP and measured the in-
fluence of different injection molding processing parameters on color 
inhomogeneity. In another paper, Zsíros at al [24]. calibrated the 

proposed method with different colors and measured the differences 
between the homogenization properties of nine different masterbatch 
recipes. 

Although particular progress has been achieved in evaluating color 
inhomogeneity, the problem of determining the time of color change-
over in injection molding is still not solved. In this study, we show our 
method, which combines a quantitative evaluation of the color of the 
parts produced and helps calculate the time of color change. The pro-
posed method has the following benefits: it (1) reduces the time for the 
color changeover, which is downtime for the injection molding machine; 
(2) it reduces the amount of scrap; (3) it characterizes mold imbalance 
and helps optimize the design of the runner system; (4) and it acquires 
data about part quality which are necessary for intelligent injection 
molding. The proposed method can be a part of an online system that 
monitors the quality of injection-molded parts. 

2. Materials and methods 

2.1. Equipment 

2.1.1. An injection molding machine and a mold 
We used an Arburg Allrounder 470 A 1000-290 injection molding 

machine (Arburg Holding GmbH, Lossburg, Germany) to produce sam-
ples and conduct the tests. The injection molding machine has a three- 
zone, universally designed core-progressive screw with a diameter of 
30 mm, which is equipped with an Arburg screw tip. We used a hot 
runner two-cavity mold to produce discs with a diameter of 100 mm and 
a thickness of 2 mm. The nozzles of the hot runner system are pneu-
matically controlled needle valves (Fig. 2). 

2.1.2. Equipment for image acquisition 
Raw images were captured with an Epson Photo V600 flatbed 

scanner with a 300 dpi resolution. The images were 24-bit RGB colored. 
We did not use any corrections of the color or the histogram, nor did we 
use any smoothing or edge enhancement. The.bmp files were evaluated 
with the method we developed. 

Fig. 1. Two ways of changing the color in injection molding (HR – hot runners). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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2.2. Materials and the production of samples 

We used ABS Terluran GP-35 NR (INEOS Styrolution, Frankfurt am 
Main, Germany; Melt Volume Rate is 34 cm3/10 min at 220 ◦C/10 kg) 
for the color changeover test—uncolored (neat) ABS and colored ABS. 
The colored ABS consisted of 96 wt% neat ABS and 4 wt% blue-colored 
masterbatch (A. Schulman, Houston, Texas). Before the testing, both 
materials were dried according to the producer’s recommendations 
(Table 1). 

We first produced the blue-colored specimens. The processing pa-
rameters of injection molding are listed in Table 2. When stable pro-
duction was achieved, homogeneous blue-colored parts were produced 
for five more cycles. After that, we initiated the cleaning process of the 
injection system. We used two different methods to clean the system 
(Fig. 1). In Case 1 the injection unit and the hot runner system were 
cleaned together, while in Case 2 we cleaned the injection unit sepa-
rately from the hot runner system. 

2.3. Cleaning tests 

Case 1. After we reached stable production with the colored material, 
we stopped the process and removed the residual material from the 
hopper. Then, we filled the hopper with uncolored ABS and proceeded 
with production and collected the test samples for each cycle and each 
cavity individually for later identification. The production of test spec-
imens continued until the cleaning process was completed. The end of 
the cleaning process was first determined by visual inspection. The 
cleaning of the injection unit and the hot runner system finished at 
approximately 135 cycles. 

Case 2. This test aimed to clean the hot runner system separately from 
the injection unit. Therefore the injection unit had already been cleaned 
at the beginning of the test. When production with the colored ABS was 
finished, the injection unit was moved to its rear position, and the re-
sidual material was fully purged from the injection unit. After that, we 
filled the hopper with uncolored ABS. During the purging of the material 
from the injection unit, the material in the hot runner remained intact. 
After cleaning the injection unit, we continued production using the 
uncolored material for the hot runner test. The end of the cleaning 
process was also determined by visual inspection, and in this case, the 

total number of cycles was 105. 

2.4. Image acquisition, segmentation, and histogram data acquisition 

For the analysis of the cleaning process in both cases described 
above, we produced a digital image for every sample with the flatbed 
scanner. We used the name of the scanned images to indicate in which 
cavity and in which cycle the specimen was made and the measurement 
series to which it belonged. This allowed an automated evaluation of the 
digital images later on. The schematic representation of the measure-
ment layout is presented in Fig. 3. The digital images of the specimens at 
different cleaning states are shown in Fig. 4. 

The first step of processing a digital image was segmentation, or in 
other words, the separation of the test objects from the background. We 
converted the images from the Red-Green-Blue (RGB) color space to the 
Hue-Saturation-Value (HSV) system for background separation. We did 
this transformation as the background can be distinguished easily based 
on the saturation value in the HSV color space. It was less than 5%, and 
this way it provided a simple threshold level for separation. After seg-
mentation, the selected parts of the images (foreground) were converted 
to grayscale for further analysis. In Fig. 5, image segmentation and color 
conversion are shown. 

The input to the further analysis of the cleaning process is a histo-
gram of the grayscale images, showing the frequency of pixels corre-
sponding to a given grayscale value. We obtained the relative frequency 
histograms by dividing the number of pixels in each class of a grayscale 
value by the number of pixels in the sample (Fig. 6). 

Fig. 2. The design of the two-cavity injection mold with the hot runner system.  

Table 1 
Properties of the material used.  

Property Value 

Drying temperature and time 80 ◦C for 4 h 
Recommended melt temperature range 220–280 ◦C 
Recommended mold temperature range 30–60 ◦C  

Table 2 
Processing parameters of injection molding.  

Parameter Value 

Injection volume, cm3 41 
Injection speed, cm3/s 40 
Holding pressure, bar 700 
Residual cooling time, s 7 
Holding time, s 8 
Clamping force, kN 1000 
Screw rotation speed, m/min 25 
Melt temperature, ◦C 245 
Mold temperature, ◦C 70 
Hot runner nozzle temperature, ◦C 230  
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3. Results and discussion 

3.1. Development of the method for the determination of the time of color 
changeover in injection molding 

3.1.1. Characterization of the cleaning process with the estimated average 
color 

The cleaning process can be characterized with the change in relative 
frequency histograms obtained for the specimens produced in successive 
cycles. The color of the specimens produced after changing the material 
in the injection molding system progressively, cycle-by-cycle, turns from 
blue to the color of neat ABS. The color changes in the specimens are 
reflected in a shift of the histogram from lower grayscale intensity to 
higher grayscale intensity. This shift can be expressed numerically with 
the expected value of the grayscale intensity (the average color), which 
can be calculated with the formula: 

Sx =
∑n

k=1xk.yk
∑n

k=1yk
(1)  

where Sx is the average color of the test sample (hereafter, it will be 
referred to as “expected value”), xk is the grayscale intensity of the kth 
bin of the histogram, and yk is the number of pixels in the kth bin. 

The expected value of coloration in the samples produced during the 
first two cycles and the related histograms are presented in Fig. 7. The 

Fig. 3. The schematics of the measurement layout.  

Fig. 4. The digital images of specimens: (a) cycle 1; (b) cycle 2; (c) cycle 5; (d) cycle 20 (for the Case 2).  

Fig. 5. The example of segmentation and color conversion: (a) an original image: (b) a segmented image; (c) a segmented grayscale image. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. An example of a relative frequency histograms for different test speci-
mens (produced at Cycles 1, 2, 5, and 20). 
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image of the test sample from the first cycle contained predominantly 
dark blue pixels, while the sample from the second cycle was dominated 
by white pixels. However, in the middle of the sample from the second 
cycle, a blue stain remained. 

We calculated the expected value for all the specimens produced and 
plotted them as a function of cycle number (Fig. 8). With the progression 
of the number of cycles, the expected value (Sx) shifted towards a higher 
grayscale intensity. The expected value changed rapidly in the first ten 
cycles, which indicates that most of the blue-colored ABS left the system 

during this period. After ten cycles, the cleaning process slowed down. 
This deceleration occurred because the melt flow in the injection unit 
and/or in the hot runners is not uniform, and therefore stagnant or slow- 
flowing sections may form. This slow phase of the cleaning process is not 
visible in the expected values curve (Fig. 8). However, this prolonged 
phase is essential as a defect-free product can only be produced when the 
blue-colored material leaves the system completely. 

3.1.2. Logarithmic scaling of the histogram 
The purpose of logarithmic scaling is to clearly highlight the differ-

ences between individual specimens during the prolonged, slow clean-
ing process (Fig. 9). Logarithmic scaling is more suitable for this purpose 
because it allows the histograms to clearly show a small number of 
impurities next to the majority of white pixels. In Fig. 9, the histograms 
of the samples from the first, second, tenth, and twentieth cycles are 
shown on a conventional (a) and a logarithmic scale (b). On the loga-
rithmic curves, the 10th and 20th cycles are easily distinguishable, 
whereas, in the conventional histograms, only the 1st and 2nd cycles are 
visually different. 

Similar to conventional histograms, the shift in the logarithmic curve 
can be expressed numerically by the expected value associated with the 
logarithmic curves (2). 

Sxlog =
∑n

k=1xk⋅log(yk)
∑n

k=1log(yk)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

b2 − 4ac
√

(2)  

where Sxlog is the expected value of the logarithmic curve, xk is the 
grayscale intensity of the kth bin of the histogram, and yk is the number 
of pixels in the kth -bin. 

The relationship between the Sxlog for the samples produced in the 
first two cycles and the logarithmic curves are illustrated in Fig. 10. The 
first test specimen contained predominantly dark blue pixels. However, 
a small number of light pixels are also visible on the logarithmic curve. 
This was not visible in the conventional histograms, as the number of 
blue pixels was several orders of magnitude greater than the number of 
light pixels. 

The evolution of the expected value of the logarithmic curves as a 
function of cycle number is depicted in Fig. 11 (a). The comparison of 
the results with the regular grayscale intensity histograms and the log-
arithmic curves are presented in Fig. 11 (b). The use of the logarithmic 
curves has allowed us to separate the different cleaning stages better. In 
the first 3–4 cycles, the slope of the curve was steep and there was a 
rapid color shift, while in the next stage, up to the 25th cycle, cleaning 
was still steady but slower. In the last cleaning stage, the specimens were 
almost entirely the color of neat ABS, with only a small amount of color 
contamination still observed on their surfaces. In this last stage, some 
outliers appear (Sxlog value drops), presumably due to the washing out 
of stagnant particles that were stuck in the hot runner. 

3.2. Characterization of the cleaning process 

3.2.1. Case 1 – the combined cleaning of a hot runner system and an 
injection unit 

The examination of the concurrent cleaning of the hot runner system 
and the injection unit allows us to better explore the cleaning process 
stages as the injection unit mixes old and new feedstock, which prolongs 
the cleaning process. The curve, which corresponds to the simultaneous 
cleaning of the injection unit and the hot runner system, is shown in 
Fig. 12, where the different stages of cleaning are distinguishable. In the 
first part of the cleaning curves, there is no change in the color of the test 
specimen for about the first two cycles. Here, a new feedstock is moving 
through the system continuously, cycle by cycle. The length of this stage 
is proportional to the volume of the barrel and the hot runner system. 
Over the subsequent 100 to 110 cycles, the color of the test specimens 
changes significantly (transition from dark to light). This section can be 
further split into two parts; the slope changes considerably around the 

Fig. 7. The example of specimens produced in the first and second cycles (a) 
and their relative frequency histograms (b). 

Fig. 8. The expected value as a function of cycle number.  
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20th cycle. It can be seen because the edge and the center part of the 
product becomes clean at different rates. The outer edge of the product 
cleans faster, while the center cleans more slowly. The stain in the 
middle of the sample and its slow cleaning may be due to the needle 
valve in the nozzle of the hot runner system. In this region, the flow of 
the polymer melt is not uniform, because the melt slows down along the 
wall of the needle valve (Fig. 2). After the 120th cycle, the system is 
considered clean, but small impurities may still be present in the 

product. However, the presence of small impurities does not change the 
overall color of a sample significantly. 

3.2.2. Case 2 – the separate cleaning of the hot runner system and injection 
unit 

Two branches can be distinguished in the hot runner system, which 
lead the polymer melt to the individual cavities. These branches are 
symmetrical to the centerline of the mold, so their cleaning should be 
almost identical. Fig. 13 shows the cleaning curve of the two nozzles of 
the hot runner. The first specimen is still the original blue color for both 
nozzles, and the color change starts only after this. The volume of ma-
terial used in this cycle is about the same as the volume of the hot runner 
system. In the present case, the volume of channels is comparable with 
the volume of a product, so one cycle is sufficient for the new material to 
appear in the product. In the transition section of the cleaning curve, 
another break point can be observed around cycle 4. The break point 
indicates that the flow in the nozzles is not uniform, with both fast (away 
from the wall and needle valve) and slow (near the wall, around the 
needle valve) flow regions developing in the channel. These parts with 
different flow rates are cleaned at different rates. For both nozzles, after 
about the 24th cycle, the color of the test specimens no longer changes 
significantly, with only a few outliers observed. Based on the cleaning 
curves, there is no significant difference between the two branches of the 
hot runner system. 

3.3. Modeling of the cleaning process and comparison of the cleaning 
cases 

To numerically characterize the cleaning process, we fitted a model 
to the measured data. A saturation function with delay time was used to 
describe the cleaning curve of the hot runner. This function is not ac-
curate in the early stages of the cleaning process, but it is accurate at the 
end of the process. If it is crucial to describe the early stages precisely, a 
more complex curve is needed. Practically, that is not necessary. The 
cleaning curve function we used is: 

f (x) = 1 − e−(x−t)/τ (3)  

where x is the number of cycles, t is the delay time, and τ is the time 
constant of the saturation function. If the time constant is different, it 
shows that the cleaning rate of the branches is also different. 

Case 1 (combined cleaning). We fitted the model for both nozzles. The 
time delay was ten cycles for both nozzles and the time constants were 
30 and 27 for Nozzle 1 and Nozzle 2, respectively. Our model also de-
termines how many cycles are necessary for the cleaning curve to reach 
99% saturation. It was 148 cycles for Nozzle 1 and 134 cycles for Nozzle 

Fig. 9. The relative frequency histograms on a conventional scale (a) and on a 10-based logarithmic scale (b).  

Fig. 10. The logarithmic curves of grayscale histograms and the expected 
values Sxlog (b) of the samples produced at the 1st and 2nd injection molding 
cycles (a). 
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2 (Fig. 14). The cleaning process is slightly longer for Nozzle 1 than for 
Nozzle 2, so the whole cleaning process should be at least 148 cycles. As 
we know the number of cycles needed to clean the system, we can 

calculate the amount of material needed, using the injection volume and 
the density of ABS. The amount of material was 6.3 kg in Case 1, where 
we cleaned the injection unit and the hot runner system together. 

Case 2 (separate cleaning). For Case 2, when we cleaned the hot 
runner system independently, we used 1.7 kg of ABS to clean the in-
jection unit before the cleaning process of the hot runner system. Then 
we evaluated our model and calculated the time delay for both nozzles 
of the hot runner system (Fig. 15). The time delay was one cycle for both 
nozzles and the time constants were 7.015 and 7.118 for the Nozzle 1 
and Nozzle 2, respectively. The slight difference in the time constant and 
the number of cycles needed to reach the clean state suggest that the 
flows in the two branches are almost identical. We determined the 
number of cycles for 99% cleaning of the nozzles, which was 34 cycles 
for both nozzles. The amount of material necessary to clean the hot 
runner system independently was around 1.5 kg. The total amount of the 
material used in Case 2 was 3.2 kg, a little more than half of the material 
used in Case 1. 

Therefore, we proved that the cleaning process is more efficient 
when the injection unit and the hot runner system are cleaned inde-
pendently (Table 3). 

4. Conclusion 

We developed a measurement and evaluation method to monitor the 
color changeover during injection molding. With this method, the color 

Fig. 11. The evolution of the expected values of the logarithmic curves of grayscale intensity as a function of cycle number (a) and the comparison of the results with 
expected values of the regular histograms (b). 

Fig. 12. The expected value of the logarithm of grayscale intensity as a func-
tion of the number of cycles when the injection unit and the hot runner system 
are cleaned simultaneously. 

Fig. 13. The evolution of the expected value of the logarithm of the grayscale value as a function of the number of cycles: (a) for the Nozzle 1; (b) for the Nozzle 2.  
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changeover procedure can be planned and thus become more efficient. 
Understanding the color changeover process helps engineers to develop 
it further and optimize hot runner molds. We presented a measurement 
setup consisting of an injection molding machine, a hot runner mold, 
and an imaging system to verify the method. We have demonstrated that 
color changeover can be accurately and quantitatively described cycle 
by cycle. The main steps of the evaluation are the digitization of the 
product and the subsequent image analysis. As a first step, we auto-
matically isolate the product in the image and then construct a histo-
gram from the pixels associated with the product. From this, we 

calculate the expected value of the grayscale intensity of the pixels for 
each cycle. Using this evaluation method, we investigated the cleaning 
of a hot runner mold after color change. We found that the whole 
cleaning process can be investigated better with logarithmic curves of 
the histograms. In this case, the expected value was determined from the 
logarithmic curves. Plotting this as a function of cycle number, we found 
that the process during color change follows a saturation behavior and 
can be approximated well with a simple saturation curve with a time 
delay. The saturation curve we used required two fitting parameters, the 
time constant and the delay time, which described the color change 
process with 97.8% accuracy for our measured data points. With these 
two parameters, the cleaning of the injection unit and the hot runner 
systems of different designs can be well quantified and compared. Using 
the method, we found that cleaning is more efficient if the injection unit 
and the hot runner system are cleaned independently of each other (Case 
2: 3.2 kg). In this case, the time and material consumption was 50% less 
than when we cleaned the injection unit and hot runners together (Case 
1: 6.3 kg). In addition, we found that the measured hot runner system is 
well balanced, and the polymer melt flow is very similar in both nozzles, 
as the time constants are almost equal for both nozzles. 
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