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Abstract
Given the increase in digital product waste, demand for recycling of printed circuit boards (PCBs) is increasing. Precious 
and minor metals are often well concentrated in integrated circuit (IC) chips, especially in PCBs; hence, IC chips are primary 
targets for recycling. The technology for the non-destructive detachment of IC chips from PCBs is increasing in sophistica-
tion; however, the effectiveness of IC chip detachment is currently assessed manually and visually. In the present study, 
an automated IC chip detachment assessment method was developed, which combines multistep binarization and template 
matching of X-ray transmission images of crushed PCBs. To validate the method, five types of mechanically crushed PCBs 
from mobile phones were examined, and the developed method successfully assessed the IC chip detachment rate, with an 
average error rate of only 2.2% compared to visual assessment.
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Introduction

With the dramatic increase in electronic equipment world-
wide, the manufacturing of printed circuit board (PCB) is 
rapidly increasing [1]. Since precious metals (e.g., gold), 
base metals (e.g., copper), and minor metals (e.g., tantalum) 
are well concentrated in PCBs [2, 3], demand for PCB recy-
cling is increasing [1, 4–6]. PCB consists not only of metals 
but of various other materials such as glass, resin, and paper; 
and various types of PCB recycling methodology, targeting 
different materials, have been proposed. Recent studies have, 
for example, employed hydrometallurgy [7, 8], leaching and 
digestion [9–11], flotation [12, 13], super-gravity separation 
[14], corona electrostatic separation [15], catalytic pyrolysis 
[16], and supercritical methanol [17].

On PCB, the precious metals and minor metals are specif-
ically concentrated in electric parts. For their effective recy-
cling, then, the electric parts should be efficiently detached 

from the PCB and separated according to their type. A 
physical separation technique specifically targeted at electric 
parts has been developed, which focuses both on the mate-
rial features (e.g., density, magnetism, and conductivity) and 
the structural features (e.g., size and shape) [18]. The aim 
is to detach the electric parts from the PCB without damag-
ing them (non-destructive detachment). Parts detachment 
technology is increasing in sophistication, with chemical 
[19], mechanical [20], and underwater explosion-based [21] 
approaches being investigated. A mechanical approach was 
adopted in the present study, because its economy and rapid-
ity well suit the demands of recycling plants. In the above-
cited studies, parts detachment was manually assessed, 
which is sufficient for laboratory testing, but suffers from 
problems of time-consumption and human error. Therefore, 
the authors attempted to develop an automated assessment 
method. Among the various potential types of relevant elec-
tric parts and PCBs, the detachment of integrated circuit 
(IC) chips from mobile phone PCBs was targeted in this 
study, because it represents a typical case where the effec-
tive recycling of the precious and minor metals from rapidly 
increasing e-waste is required.

In assessing IC chip detachment, the key is to distin-
guish the IC chip components from the other PCB frag-
ments. Various methods are available for identification of 
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IC chips using a combination of visual camera and image 
analysis (e.g., [22]). However, in general, double-sided 
PCBs, where IC chips are mounted on both sides of the 
board, are used in mobile phones; thus, both sides of the 
PCB must be observed in such assessments. Furthermore, 
in the case of mechanical (or underwater explosion-based) 
detachment, the PCBs are typically crushed into small and 
irregularly shaped fragments, making it difficult to turn 
them over and visually observe both sides of the frag-
mented PCB. Thus, in this case, X-ray photography is a 
more useful observational technique than those utilizing 
visual cameras.

The IC chips are composed of various types of resin and 
metal, and their internal structures vary with the type and 
manufacturer. The same may be said for the boards them-
selves (which are the remnants of the complete PCB after 
IC chip detachment). Figure 1a shows X-ray transmission 
images of various IC chips and boards, with their varying 
internal structures. Figure 1b compares the frequencies 
of the gray-scale values of chips A–C, and boards D–F in 
Fig. 1a. It is clear that the frequencies vary greatly, even 
among the IC chips (and boards) alone, and the frequen-
cies of the IC chips and boards overlap. Therefore, bina-
rization with single threshold values does not work well 
for IC chip identification. The authors could find no previ-
ous research on the identification of IC chips mounted on 
both sides of PCB fragments, regardless of the technique 
(including X-ray photography).

Artificial intelligence technology such as deep learning 
offers a possible solution for IC chip identification. How-
ever, the most important but difficult element of such deep 
learning is the preparation of a sufficient number (usually 
thousands) of training data items. As shown in Fig. 1a, 
the X-ray transmission images of IC chips vary with the 
type of chip, making it unrealistic to attempt to prepare 
a sufficient number of such items for each individual IC 
chip type.

For these reasons, an automated IC chip detachment 
assessment method was developed, in which the IC chips 
are identified by a combination of multistep binarization 
and template matching. The individual techniques (binari-
zation and template matching) are well known. However, as 
shown in Fig. 1, the frequency of the gray-scale values of 
IC chips and boards varies widely, and the simple applica-
tion of binarization with a single threshold and/or template 
matching is not effective for assessment. In the proposed 
method, IC chips with various gray-scale distributions were 
identified sequentially, along with their suitable thresholds, 
which is not possible with the simple application of binari-
zation with a single threshold and/or template matching. In 
addition, the analysis parameters were investigated, and the 
proposed method was validated experimentally by assess-
ment of mechanically crushed mobile phone PCBs.

Methodology

Concept of the proposed method

As described in the Introduction, the internal structure of 
IC chips varies; however, the external structure is gener-
ally rectangular, and the authors exploited this external 
feature in developing the proposed IC chip identification 
technique. The basic concept of the technique lies in deter-
mining the shape of the IC chips through multistep bina-
rization with gradual thresholds, and identifying target IC 
chips using template matching with rectangles.

Figure 2 shows a trial of this concept. Figure 2a is a 
16-bit (65,536 Gy-scale) X-ray transmission image of 
mechanically crushed PCB, with the visually identified 
IC chips circled. Chips A and B in Fig. 2a, which are, 

Fig. 1  a X-ray transmission images of IC chips and boards. b Fre-
quencies of gray-scale values of IC chips and boards
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respectively, detached and undetached from the PCB, are 
labeled.

Figure 2b is a binarized image of (a) with a threshold 
( T  ) of 30,000. Neither Chip A or B is clearly identified 
at this threshold. In Fig. 2c, which shows the binariza-
tion at T = 35000 , Chip A can be identified by rectangle 
template matching, but Chip B cannot. Figure 2d shows 
the binarization at T = 50000 . This time, Chip B is iden-
tified, but Chip A has disappeared into the board and is 
unidentifiable.

Then, a gradual binarization sequence is performed, from 
a minimum threshold ( Tmin ) of 20,000 to a maximum thresh-
old ( Tmax ) of 60,000, with a threshold interval ( Tint ) of 5000. 
Figure 2e shows the result, with the identified IC chips (in 
black) superimposed on the image in (a). All the IC chips 
visually identified in (a) have been successfully identified 
automatically. Figure 2f shows the five templates used in the 
rectangle template matching above.

Equipment and algorithm
The X-ray transmission images of crushed PCB were 

obtained by an X-ray camera system (MOS-X3010S, Hitachi 
Power Solutions Co., Ltd., Japan), with a time delay integra-
tion line sensor (sensor pitch of 0.048 mm and 4608 effective 
pixels) with rated output of 90 kV and 1.0 mA, and discrimi-
nation capability of 4.0 LP with a line-pair chart. The X-ray 
camera scanned the crushed PCBs as they moved along a 
conveyor belt of 200-mm width at 1 m/min. In this study, 

the average processing speed for the scan was approximately 
91.1 g/min (corresponding to 5.4 PCBs/min).

The obtained images were analyzed on a normal-spec 
pc (Intel Core i7-8700 CPU@3.20 GHz, Windows 10, and 
16.0 GB RAM). The IC chip identification program was 
written in HALCON.

The overall process of the developed IC chip detachment 
assessment method is as follows [and see Fig. 3(i)].

 (a) Crushed PCB fragments are fed into the X-ray device, 
with physical overlap eliminated through the use of 
a vibrating feeder, and an X-ray transmission image 
(16-bit gray-scale in this study) is obtained.

 (b)  The gray-scale image is binarized at a board threshold 
( Tb ; in this study Tb = 60000 ), and adjacent pixels are 
recognized as constituting the same fragment.

 (c)  Recognized board fragments’ list is sequentially num-
bered, and all the pixels in the fragments are regis-
tered (initialized) as “board”.

 (d)  The IC chips in the fragments are identified. This is 
the main subject of the present study, and is detailed 
below.

 (e)  The IC chip detachment rate is calculated as the ratio 
of the number of identified detached IC chips to the 
total number of identified (detached and undetached) 
IC chips. Determination of whether a given IC chip 
is detached or undetached is based on the ratio of the 
area of the IC chip to the overall area of the fragment 
that contains it: detached when the chip makes up 
80% or more of the fragment, and undetached when 
it makes up less than 80%.

The detailed process for IC chip identification [i.e., (d) 
above] is as follows [and see Fig. 3(ii)].

(f) Tmin , Tmax , and Tint are set. In this study, Tmin = 20, 000 , 
Tmax = 60, 000 , and Tint = 5000 . Note that Tint = 5000 
is a default value whose influence will be examined in 
“Discussion”.

(g)  The rectangle templates are registered; in this study, 
totaling 108 rectangular shapes with black edges [as 
in Fig. 2(f), 12 long-side lengths (5–16 mm at 1 mm 
intervals) times 9 long/short side-length ratios (1.0–1.8 
at 0.1 intervals)]. The templates are easily created using 
general software such as Microsoft Power Point. The 
influence of the number of templates will be examined 
in “Discussion”.

(h)  The T  for binarization is initially set as Tmin.
(i)  If T ≤ Tmax is true, the process continues to (j); if false, 

the process ends.
(j)  The X-ray transmission image is binarized at T .
(k)  Template matching is conducted on the binarized 

image using the registered templates. The matching rate 

Fig. 2  X-ray transmission images, in 16-bit (65,536) gray-scale, of 
crushed PCB. a Visually identified IC chips circled; b–d binarized 
images of (a) at thresholds of 30,000, 35,000, and 50,000, respec-
tively; e IC chips identified by the gradual binarization sequence and 
template matching (black rectangles), superimposed on (a); and f the 
templates used in template matching



318 Journal of Material Cycles and Waste Management (2021) 23:315–322

1 3

( Rncc ) between each binarized group of adjacent pixels 
(binarized fragment) and a given template is calculated, 
using the normalized cross-correlation method, by the 
following equation [23]:

where P(i, j) and Q(i, j) denote the gray-scale (0 or 1 in 
the binarized images in this study) of the template and 
binarized fragment, respectively; and M and N denote 
the pixel number of the width and height of the tem-
plate, respectively. Rncc takes a value between 0 and 
1, with 1 indicating a complete match. In this study, 
an IC chip is identified when Rncc ≥ Fc∕100 , where Fc 
is a designated percentage correlation factor. For each 
binarized fragment, template matching is attempted 
using all the templates, one by one, until the IC chip is 
identified. In this study, Fc was set at 85% as a default 

(1)

Rncc =

∑N−1

j=0

∑M−1

i=0
P(i, j)Q(i, j)

�∑N−1

j=0

∑M−1

i=0
P(i, j)2 ×

∑N−1

j=0

∑M−1

i=0
Q(i, j)

,

value, but its general influence will be examined in 
“Discussion”.

(l)  If any IC chips are identified, the process continues; 
when no chips are identified, the process ends.

(m-n) Each pixel in an identified IC chip is reregistered as 
“chip”, and then removed from the further template 
matching process to avoid duplicate registration.

(o) T  is renewed as T = T + Tint.

Validation

To validate the developed automated method, mechanically 
crushed PCBs were assessed both manually and automati-
cally, and the IC chip detachment rates obtained by each 
method were compared.

Samples

Generally, several PCBs are used in a mobile phone (smart 
phone or feature phone). In this study, the PCB on which 

Fig. 3  Flowchart of the auto-
mated detachment assessment 
method
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the largest number of IC chips were mounted was manu-
ally detached from the phone. Five such PCBs (from five 
randomly selected mobile phones) were treated for further 
batch processing. Then, 20 IC chips larger than 5 mm in long 
side-length were randomly selected from the five PCBs, and 
individually colored with lacquer composition, while the rest 
of the PCBs were colored white, to enable visual distinction 
of the colored IC chips from the boards and other parts.

Mechanical detachment

A drum-type chain agitation mill (cross-flow shredder, 
Sato Tekko Co., Ltd., Japan), specially improved for elec-
tric part detachment, was used for mechanical detachment 
of the PCBs. Two controlled parameters, which have great 
influence on parts’ detachment [20, 24], were selected: (1) 
crushing time: the time from input to output of the PCBs 
in the mill; and (2) rotational speed: the speed of rotation 
of the chains located at the bottom of the mill. Table 1 lists 
the five experimental conditions. Five colored PCBs were 
simultaneously processed in each experiment.

Manual and automated detachment assessment

For the manual assessment, mechanically crushed PCBs 
were visually observed; that is, the colored IC chips were 
manually identified, and their condition (detached or unde-
tached, crushed or uncrushed) was visually determined. On 
average, 19.4 of the 20 IC chips (97.0%) were observed. 
Then, the manually assessed IC chip detachment rate ( Rm ) 
was calculated as in “Methodology” (e).

The automatically assessed IC chip detachment rate ( Ra ) 
was calculated as in “Methodology”.

Results

Figure 4 compares Rm and Ra . The automated assessment 
showed good agreement with the manual assessment. The 
average error rate, calculated by 100||Rm − Ra

||∕Rm , was only 
2.2%. These results validate the effectiveness of the pro-
posed method.

Discussion

Effect of template matching parameters

The effect of the template matching parameters [ Fc (correla-
tion factor), Tint (interval of threshold), and number of tem-
plates ( Nt )] on the template matching accuracy and analysis 
time was investigated. Additionally, in this examination, the 
template matching targets were expanded from 5–16 mm IC 
chips to 2–16 mm rectangular electric parts, to assess the 
influence of target size.

The examination involved the following procedures: an 
X-ray transmission image of the crushed PCBs was obtained; 
the electric parts were visually identified from the image; the 
template matching results, with various parameter patterns, 
were compared with the visual identification; three param-
eters were assessed: number of visually identified parts ( nv ), 
number of automatically identified parts which were also 
identified visually ( n+

a
 ), and number of automatically identi-

fied parts which were not identified visually ( n−
a
 ). The results 

were assessed in terms of three parameters: (1) success rate, 
calculated by 100n+

a
∕nv ; (2) accuracy rate, calculated by 

100n+
a
∕
(
n+
a
+ n−

a

)
 ; and (3) analysis time.

Correlation factor, F
c

Figure 5 compares the success and accuracy rates with Fc 
ranging from 80 to 90%, and with Tint = 5000 and Nt = 135 . 
With increasing Fc , the accuracy rate increased, because 
greater coincidence between the template and parts was 
required; while the success rate decreased, because even 
small damage to the part’s shape prevented identification. 

Table 1  Experimental 
conditions

Exp. no Crush-
ing time 
(s)

Rotational 
speed 
(rpm)

1 5 1750
2 7 1750
3 9 1750
4 12 1750
5 5 1458

Fig. 4  Comparison of the IC chip detachment rates for manual assess-
ment and the developed automated assessment



320 Journal of Material Cycles and Waste Management (2021) 23:315–322

1 3

The success and accuracy rates were in a trade-off relation-
ship, and an Fc of 85% appeared to be a balanced value.

Threshold interval, T
int

Figure 6 compares the success and accuracy rates, and 
analysis time, with Tint ranging from 500 to 5000, and 
with Fc = 85 % and Nt = 135 . The analysis time naturally 
decreased with increasing Tint , because the number of repeti-
tions of the template matching process (Fig. 3i–n) decreased, 
and almost converged when Tint was around 5000. On the 
other hand, contrary to expectations, the success and accu-
racy rates showed constant values, irrespective of Tint . 
This would appear to be because the small changes in the 
binarized fragment shapes, caused by the small Tint , were 

absorbed by the moderate Fc value of 85 %. Based on these 
results, a Tint of 5000 is the optimal value.

Number of templates, N
t

As a default and maximum value of Nt , 135 different rec-
tangles (as in Fig. 2f) were prepared [15 long-side lengths 
(2–16 mm at 1-mm intervals) times 9 long/short side-length 
ratios (1.0–1.8 at 0.1 intervals)]. Various Nt values of less 
than 135 were prepared by subtracting from the default value 
of 135 templates.

Figure 7 compares the success and accuracy rates, and 
analysis time, with Nt ranging from 9 to 135, and with 
Fc = 85 % and Tint = 5000 . With increasing Nt , the success 
rate increased, but the accuracy rate remained constant. This 
is because, with increasing Nt , the range of identifiable parts 
increases, which results in an increased success rate, but no 
contribution is made to the identification accuracy, which 
results in a constant accuracy rate. The analysis time natu-
rally increased with increasing Nt , because the number of 
identification process repetitions [Fig. 3(ii)] was increased.

These results show that Nt has an influence on the statisti-
cal reliability, with larger Nt values increasing the number 
of target parts, resulting in greater statistical reliability, and 
smaller Nt values targeting a limited number of parts, as in 
a sampling test, resulting in less statistical reliability [25]. 
The effect of Nt on the statistical reliability is in a trade-off 
relationship with the analysis time. Therefore, Nt can be flex-
ibly set according to the analytical requirements.

Limitations

The limitations on the proposed method are as follows,
Crushed (i.e., disfigured) parts cannot be identified by 

the method. In the validation, the experimental conditions 

Fig. 5  Effect of the correlation factor

Fig. 6  Effect of the threshold interval Fig. 7  Effect of the number of templates
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were set to avoid overcrushing of the PCBs, to minimize the 
destructive detachment of parts, and thereby ensure reason-
able results. To address this limitation, the assessment may 
be conducted both before and after the mechanical process, 
with the decrease in the number of uncrushed parts after 
the mechanical process representing the number of crushed 
parts.

Lesser resolution in the X-ray transmission images 
reduces the identification accuracy, as the accuracy rate in 
“Discussion”, where smaller parts were targeted (2–16 mm), 
was less than in the “Methodology”, where the target part 
size was 5–16 mm.

The overall throughput of the proposed method was cal-
culated based on the processing speed of the X-ray camera 
scan (91.1 g/min) and the analysis time [65 s, corresponding 
to 62.7 g/min in the fastest case ( Fc = 85 %, Tint = 5000 , and 
Nt = 12)]. These processes were conducted sequentially in 
the current system, but parallel processing is possible with 
the introduction of a dedicated workstation for image analy-
sis, when the overall throughput then equals the lessor of the 
two (i.e., scanning and analysis) throughput values (62.7 g/
min). The calculated throughput is not close to being enough 
for complete analysis in a typical recycling plant. To address 
this limitation, sampling analysis, instead of complete analy-
sis, may be performed.

Conclusion

An automated assessment method for IC chip detachment 
from printed circuit board (PCB), which combines multistep 
binarization and template matching of X-ray transmission 
images, was developed. As validation, the IC detachment 
rate for five types of mechanically crushed PCBs was exam-
ined manually and automatically. The developed automated 
method showed good agreement with the manual assess-
ment, at an average error rate of 2.2%.
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