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Abstract—Recycling of printed circuit boards (PCBs) is still
subject to current research. For identifying valuable materials in
electronical components on the PCBs the height profile of PCBs
is a important feature. Laser triangulation with a perpendicular
laser is a classical approach to generate height profiles. However,
in such a setup it is not possible to acquire different modalities
such as panorama images and the height profile simultaneously.
The solution is to use a setup in which the laser is slanted and
the camera is perpendicular to the PCBs. A new triangulation
approach employing raycasting and intersecting a laser plane
and a ray of sight is needed to retain accuracy of the height
profile generation. Evaluation results show that the accuracy of
height measurement with an average error of 0.077 mm is still
sufficient for detecting small surface mounted devices on PCBs
with a minimal height of about 0.2 mm.

I. INTRODUCTION

Since the 1970s, an increasingly widespread use of elec-
tronic devices can be observed. As a consequence, the volume
of disposed devices (the so called waste of electrical and
electronic equipment, WEEE) rises every year. Most of the
functionality of electronic devices is provided by printed
circuit boards (PCBs). Many precious elements such as gold,
copper or rare earth materials can be found in the components
they carry, in the links to these components and in the boards
themselves [1]. Although recycling of bigger fractions such
as copper and gold is feasible, many disposed PCBs are
burned or dumped in landfills. In a recycling process the
PCBs have to be comminuted and subsequently processed by
pyrometallurgical and hydrometallurgical extraction [2], [3].
At the current state of development, these processed are only
profitable and feasible for larger fractions of elements used in
PCBs. The concentration of e.g. rare earth elements in PCBs
is comparatively low (<1%). The lack of knowledge regard-
ing the material composition of PCBs is the main problem
recyclers are facing today. To employ more specialized recy-
cling procedures a minimum preconcentration of the sought
elements is necessary [4]. Generating these preconcentrates
requires precise information where and in which concentration
precious materials are located on the PCBs.

Therefore, a PCB analysis system aims to generate a
material concentration chart which denotes the concentration
and location of the materials used in the electronical PCB
components. Utilizing this information, a consecutive recy-
cling process can be optimized to extract most of the desired
elements, e.g. by separating certain parts of the PCBs to

upgrade the material stream. An image acquisition system with
subsequent image processing and analysis is an integral part
of the analysis system. The concept is to analyze the camera
images to detect those electronic components which contain
higher amounts of a desired element (e.g. tantal capacitors).

Li et al. [5] presented an overview of the fundamental con-
cepts of PCB recycling systems. However, the implementation
details of the image acquisition and processing components
of the analysis systems remain at a conceptional level where
approaches such as template matching and the general auto-
matic optical inspection (AOI) are mentioned. Knoth et al.
[6] describe a prototype of an automated disassembly cell
for PCBs. A PCB has to be manually extracted first before
it is mounted on a frame which transports the PCB through
a recognition and a desoldering system. Parts which can be
re-used are desoldered using a laser before being picked up
by robotic grippers. The authors state that the recognition
system is based on optical character recognition (OCR) and
shape detection without providing further details about the
actual implementation. Mounting of PCBs on a frame does
not appear feasible for high throughput systems employed
in the recycling industry which typically utilize conveyor
belts. Generally to our knowledge, the analysis of PCBs in
high throughput recycling systems has not been discussed in
literature so far.

One key feature of PCBs is their topological structure,
especially their surface height profiles. These height profiles
(or maps) can be utilized for segmentation and classification
of the PCB’s components. Sockets, capacitors etc. each have
a distinctive height on PCBs compared to e.g. SMD resistors.
Consequently, the measurement of the PCBs’ topological
structure is of great importance for subsequent analysis steps.

One possibility to measure the height profile of objects is
optical triangulation with the special case of laser triangula-
tion. It is used in several applications, such as measuring soil
profiles [7] or profiles of steel bars [8].

In setups commonly described in literature, the laser line is
perpendicular to the object surface, so every reflected point is
on a plane perpendicular to the object plane. Therefore, every
measured height value (the Z-coordinate) corresponds to the
same X- and Y-coordinate of the system (see Figure 1(a)).
There are several methods to derive the actual object height
from the image of the distorted laser line. In several appli-
cations the optics of the cameras employ the Schleimpflug



constraint [9] to ensure that the laser line is always imaged
sharply by adjusting the plane of greatest sharpness to the laser
plane. Such a setup with perpendicular lasers is optimized
to detect the laser lines in the camera image. The rest of
the image information is generally of low interest in those
applications. Often a bandpass filter is additionally employed
to filter out all non-laser wavelengths of the incident light.
However, for analyzing PCBs it is necessary to acquire si-
multaneously a multitude of PCB features, such as color or
shape, to identify the components on the PCBs. Therefore,
color image and height map need to be combined. For imaging
PCBs a perpendicular camera setup is optimal as most features
of the PCBs are visible from that viewing angle. A possibility
would be to mount a perpendicular camera after the classical
laser triangulation setup. However, this would complicate the
fusion of camera image and height map generated by laser
triangulation as an additional registration process is needed.

For this reason, a different setup is employed in this work:
A camera array acquires images of the PCBs transported on
a conveyor belt. The images of the camera array are used
for laser triangulation, multiview scene reconstruction and
panoramic images (so called orthophotos). For laser triangu-
lation, the line laser diode has to be attached slanted to the
camera. Thus, the laser plane is slanted with respect to the
surface of the objects moved under the acquisition setup (see
Figure 1(b)). In this configuration the generation of height
profiles differs from the techniques used in classical setups.
There are two main effects which have to be considered:
the transversal magnification of objects which are higher
and thus have a smaller distance to the camera, and the
coordinate translation caused by the slanted laser plane. To
our knowledge, these effects have not been addressed in the
literature so far.

This paper presents new techniques and algorithms which
are necessary to obtain accurate height measurements in a
laser setup with perpendicular cameras and slanted laser line
plane. The paper is structured as follows: In Section II, the
image acquisition system and the acquired data are described.
Subsequently, the methods used to obtain an accurate surface
height profile are introduced in Section III. The results of the
proposed method are presented and discussed in Section IV.
Finally, a conclusion is drawn in Section V.

II. SYSTEM AND IMAGE DATA

Our image acquisition system is depicted in Figure 1(c).
It consists of a two-axes system in which the x-axis carries
the PCB tray and the y-axis a camera and a red laser line
projector. The employed camera is a 5 megapixel RGB camera
(Baumer TXG50c) with a 16mm-lens (FUJINON HF16SA-1).
The angle between laser and camera is freely adjustable. The
working distance between camera and PCB tray is 30 cm.
To simplify line extraction (see Section III-A) the laser line
orientation was adjusted such that the imaged laser line was
parallel to one of the camera axes.

First, the focus of the lens was adjusted using a Siemens
star (see Figure 2(a)) to ensure that the depth of field allows to

image the PCBs’ surfaces as sharp as possible. The Siemens
star has to be positioned approximately on the expected
medium height of the PCB to optimize the depth of field
to ensure that most of the PCB can be imaged sharply. [10]
Thereafter, the camera was calibrated employing images of
a circle calibration pattern (see Figure 2(b)) with different
poses and distances to the camera as described in [11] and
[12]. The next step was to calibrate the position and pose of
the PCB tray in relation to the camera. For this purpose, the
planar circle calibration pattern was attached to the top of the
tray. The same calibration method as used before was used to
determine the actual pose of the PCB tray’s surface. After the
calibration of the camera system, the laser was calibrated as
well. First, the position of the laser on the PCB tray without
a PCB was recorded. In a second step three cubes of known
dimensions (in this work with an edge length of 1 cm, 2 cm
and 3 cm) were positioned on the tray in the beam path of
the laser (see Figure 2(c)). The displacement of the laser line
caused by the cubes was recorded and used to calculate the
pose and position of the plane created by the laser line with
respect to the PCB tray and the camera.

After all calibration steps the image acquisition of the PCBs
was initiated. The PCBs were transported on the tray with
a minimum step size of 0.4 mm (mechanical limitation of
the axis system). In each step, an image of the PCB and
the distorted laser line was acquired. These images and the
calibration data form the data basis for the analysis and height
map generation.

III. METHODS

The process of generating the height map of a PCB com-
prises the following steps:
A) Extract the laser line positions from the images
B) Calculate the position of the reflection point by triangu-

lation with the laser plane
C) Construct the height map
These steps are detailed in the following subsections.

A. Laser line extraction

Due to optical characteristics of the laser line projector the
projected line exhibits a Gaussian-like profile with varying
width which depends on the distance to the laser line projector.
The goal of the laser line extraction is to find the exact position
of the laser line in the images. As mentioned in Section II the
laser line in images without objects is parallel to the horizontal
x-axis of the camera. Therefore, the search for the precise
position of the laser line can be performed column wise.

An evaluation of several line detection algorithms used in
the case of laser triangulation was already carried out by
[13]. However, the lighting constraints in the setup of our
paper were more relaxed compared to the constraints imposed
in [13], where the surrounding environment had to be as dimly
lit as possible. Therefore, a different color transformation was
required in our work. Using the YCbCr color space allowed
for better filtering of the red laser line since the red color
information is predominant in the Cr-channel [14]. The line



(a) Classical laser triangulation setup (b) Laser triangulation setup used for this paper (c) Image acquisition setup

Fig. 1. Laser triangulation systems

(a) Siemens star (b) Calibration pattern (c) Calibration cubes

Fig. 2. Calibration tools

extraction for this paper was faced with reflections from some
PCB components with metallic casings (such as capacitors and
resistors). Experiments showed that the Center of Mass Peak
algorithm (CoMP) performed best under these conditions. It
is defined as

compj =

U∑
i=L

i · vi,j

U∑
i=L

vi,j

, (1)

where i and j denote the image row and column respectively.
vi,j is the intensity value of the Cr-channel at position (i,j).
The lower boundary L and the upper boundary U are calcu-
lated by

L = imax,j −
1

2
s and (2)

U = imax,j +
1

2
s, (3)

depending on row index imax,j of the peak value and the
interval size s and 0 ≤ L ≤ U ≤ H. The row index imax,j

can be determined by

imax,j = argmax
i

(vi,j). (4)

The results of compj for every column j form the accurate
positions of the laser line. Two examples for the line detection
process are depicted in Figure 3.

B. Triangulation

After the exact position of the laser line in the image
is found, the next step is to locate the laser reflections in
object space. This is performed by employing a triangulation
approach.

The imaging process is typically modelled by a perspec-
tive transform. The homogeneous world coordinates X =
(X,Y,Z, 1)T are mapped to the homogeneous image coor-
dinates x = (u, v, 1)T such that

x = PX , (5)



(a) RGB image (b) CR channel (c) CoMP

(d) RGB image (e) CR channel (f) CoMP

Fig. 3. Example images of the line thinning process: (a),(d) RGB source
images; (b),(e) Cr channel of YCbCr image; (c),(f) Center of Mass Peak

where

P =

αx s x0 0

0 αy y0 0

0 0 1 0


 R t

0 0 0 1

 . (6)

The first matrix contains the internal camera parameters such
as the scaling factors αx and αy , the coordinates of the
principal point x0 and y0 and the skew factor s which is
commonly set to 0. The second matrix contains the external
parameters, i.e. the rotation matrix R and translation vector
t of the camera in world coordinates. P is acquired in the
camera calibration step.

For the actual triangulation, the imaged laser point has to
be re-projected into the scene:

Xdirection = (xd1, xd2, xd3, xd4)
T = P+x (7)

For this purpose, the perspective transform has to be ”re-
versed” employing the pseudoinverse P+ to cast a ray from
an image point into the 3D scene. As the projection matrix
P has only rank 2, the pseudo-inverse P+ maps the image
point x to the plane of infinity thus coding a direction. Due to
the projective model, every incident ray traverses through the
camera center, thus every back projected ray also starts there.
Connecting the camera center and the backprojected point on
the plane of infinity leads to the ray of sight [15]

Xray(λ) = P+x+ λC, λ ≥ 0, (8)

where C is the camera center which generally is the origin
of the camera coordinate system. Every object point imaged
to x in the image plane lies on Xray. Generally, the camera
center C is to the origin by the projection matrix.

To determine the exact position of the imaged object point
in the 3D scene additional information is needed. In the case
of laser triangulation the plane of the laser line provides this
additional information. The intersection of the line of sight and
the laser plane results in the desired three dimensional position
of the object point illuminated by the laser. This can be

achieved by line-plane intersection in Plücker coordinates [16]
[17] which is often employed in computer graphics (especially
ray tracing) for testing if a ray intersects a triangle [18] [19]
[20]. In those tests, the actual position of the intersection is not
of interest as in our case the actual intersection point is needed.
In this work, an alternative, more intuitive, straightforward and
computationally equally expensive (since the final equations
are identical) solution, is proposed. This approach employs
the classical Euclidian space line-plane-intersection with the
Hessian form of the plane equation and the parametric form
of the line equation. Thus, employing the plane equation

nTx− d = 0 , (9)

where nT = (nx, ny, nz) is the normal vector of the plane,
d is the smallest distance of the plane to the origin and
x = (x, y, z)T is the 3D point which is only on the plane
if Equation 9 holds, and the line equation

Xl(λ) = t+ λv , λ ∈ R , (10)

where t is a vector pointing from the origin to a point on the
line, v is the direction vector of the line, and λ is a parameter
to reach every point on the line. Combining Equation 9 and 10
yields

λintersection =
d− nT t

nTv
. (11)

The resulting λintersection has to be inserted in Equation 10 to
obtain the intersection point. In the case of laser triangulation
the pseudo inverse of the projection matrix yields the direction
Xdirection (see Equation 7). As the fourth component xd4 is
always zero, this point lies in the plane of infinity thus coding
a direction. To solve Equation 11, an Euclidean representation
of the reprojected ray is needed. This Euclidean representation
can be constructed by taking the first three components as
direction vector vreprojection = (xd1, xd2, xd3)

T . As the line
intersects the origin of the coordinate system, t can be omitted
and Equation 10 can be redefined as

Xl(λ) = λvreprojection , λ ∈ R , (12)

which results in Equation 11 becoming

λintersection =
d

nTv
. (13)

C. Height map construction

The triangulation process described in the previous section
captures the topological structure of the PCB at a single
position. To scan the whole PCB, it has to be transported step
by step underneath the laser line and the camera. For each
position of the PCB the distortion of the laser line is analyzed.
Subsequently each image point on the laser line is transformed
resulting in a point in the 3D scene. This scenepoint has to be
mapped to the coordinate system of the tray carrying the PCB.
This can be achieved by using the information generated by
the calibration of the tray described in Section II. For every
position of the tray the translation of its coordinate system



has to be modelled in the coordinate mapping. The heightmap
is formed by a point cloud in which every cloud point is an
image point of the laser line which is mapped to the height
map coordinate system. Thus, an accurate reconstruction of
the scene can be achieved.

IV. RESULTS AND DISCUSSION

To assess the accuracy of the laser triangulation approach
proposed in this paper an evaluation had to be performed.
Therefore, several objects with known dimensions were
scanned with the apparatus to obtain a quantitative assessment
of the accuracy. As there was no reference data available for
the PCBs scanned for this paper, only a qualitative assessment
of the accuracy of PCB surface reconstruction was performed.

Fig. 4. Photo of cubic objects

Fig. 5. Wireframe model of test objects with object numbers

The test objects were geometric primitives comprising cubes
with known edge length and cylinders with known height and
diameter which were mounted on a single base plate. They
were accompanied by half-spheres which were not part of this
evaluation. The whole structure was manufactured with a 3D

Object No. h µL σL |h− µL|
(mm) (mm) (mm) (mm)

1 10.00 10.159 0.063 0.159
2 9.50 9.499 0.032 0.001
3 9.00 8.930 0.062 0.070
4 8.50 8.420 0.035 0.080
5 8.00 7.927 0.026 0.073
6 7.50 7.486 0.044 0.014
7 7.00 6.929 0.053 0.071
8 6.50 6.462 0.034 0.038
9 6.00 6.067 0.039 0.067
10 5.50 5.647 0.045 0.147
11 5.00 5.246 0.053 0.246
12 5.50 5.655 0.035 0.155
13 6.00 6.069 0.026 0.069
14 6.50 6.563 0.038 0.063
15 7.00 7.012 0.011 0.012
16 7.50 7.590 0.047 0.090
17 8.00 8.128 0.014 0.128
18 8.50 8.470 0.029 0.030
19 9.00 8.897 0.025 0.103
20 9.50 9.335 0.029 0.165
21 10.00 10.012 0.035 0.012
22 10.00 10.048 0.039 0.048
23 11.00 10.963 0.044 0.037
24 12.00 11.884 0.081 0.116
25 13.00 12.957 0.052 0.043
26 5.00 4.933 0.033 0.067
27 10.00 9.942 0.033 0.058
28 15.00 14.958 0.061 0.042
29 20.00 19.963 0.040 0.037
Ø 0.040 0.077

TABLE I
EVALUATION OF THE TRIANGULATION SYSTEM’S ACCURACY

printer using polymethyl methacrylate (PMMA), a glass-like
synthetic material, in a gluing process. The production process
can produce structure details of about 0.1 mm in size. A photo
of the manufactured test object is shown in Figure 4and a
wireframe model of the test object is depicted in Figure 5.
For later reference the cubes and cylinders were numbered as
shown in Figure 5.

The test objects were scanned with the proposed apparatus
and a laser angle of 30◦ to the optical axis. A point cloud
was generated representing the test objects’ surface. Next, the
points belonging to each primitive were selected manually.
After that, their height with respect to the base plate surface
was calculated. The resulting measurements were then com-
pared to the actual heights of the primitives. The results of this
comparison is shown in Table I. The first column contains the
number of each measured object as shown in Figure 5. The
next columns show the actual height, the mean of the measured
height µL, the standard deviation σL and the absolute error
|h−µL|, respectively. In Figure 6 the generated height map of
the evaluation object is visualized. The height is color coded,
where lower regions are red while higher regions are blue.

The evaluation results presented in Table I imply that the
accuracy of the height detection is high enough to distinguish
between typical SMD components which are assumed to have
a minimal height of 0.5 mm. The greatest errors occur at cubes
10 to 12: these cubes are partially occluded by neighboring
structures. In these cases, the slanted laser is shadowed re-



Fig. 6. Height map of the evaluation object

sulting in measuring artifacts. Secondly, the top area of these
cubes used for height determination is comparatively small.
Thus, errors in small regions contribute much more weight in
calculating the mean height than in larger regions. In Figure 6
it can be seen that there are some height points on the side
of the objects. These points are artifacts of the process as
laser reflections on the sides of the objects are interpreted as
displacement of the laser line. The experiments showed that
further research is needed to mitigate the effects of reflections
of the laser line. Furthermore a second laser opposite to the
installed laser might mitigate the effects of laser occlusions.

V. CONCLUSION

In this paper, a new setup for measuring heights of printed
circuit boards employing a perpendicular camera and a slanted
laser was proposed. This new setup requires a new image
processing approach employing triangulation by raycasting of
an image point into the scene and intersecting it with the
measured laser plane. An evaluation of the height detection
accuracy was performed with the result that the new process
is accurate enough to distinguish between typical SMD com-
ponents. Reflections of the laser line and additional lasers have
to be addressed in future research.
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