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Abstract: In many industrial applications, an inline meas-
urement of a production process poses a difficult chal-
lenge for any optical system. Therefore, telecentric optical
systems are being used to ensure an independence of the
magnification of the object from the working distance.
Usually, telecentric optical systems are impractical for
inline applications with large objects due to the size of
the telecentric optical system, which has to be larger than
the object. Therefore, a new approach of telecentric line
scanning systems was developed to gain access to this
advantage.
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1 Introduction

In inline processing [1], e.g. for scratch detection of alu-
minum rolled sheets or the detection of the dimensions
of printed parts on polymer sheets (Figure 1), telecentric
systems [2, 3] are used to measure these contours. The
company alfavision GmbH had the idea to create a so-
called 3D telecentric scanner [4], using a torus mirror as
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the main optical component and a line camera in order to
have a relatively cheap detector with high lateral resolu-
tion. To fabricate a low cost and highly practicable system,
providing high resolutions in axial and lateral directions,
many design rules have to be considered. This article is
intended to describe the basic principle of this telecentric
line scanning system, whose design is a new approach to
combine the advantages of a telecentric lens system with
a compact system setup [5].

2 System setup

Figure 2 shows the schematic view of the system, consist-
ing of two subsystems (the torus mirror and the imaging
system). Furthermore, important parts are the illumina-
tion and the detection.

High-power LEDs provide the illumination of the
object, incident under a small angle to the surface
normal. In addition, a scattering plate in front of the
LEDs is used for homogenization. The illumination path
of the system is shaped as an arc of a circle. The detec-
tion is done by a line scan camera, positioned in the
plane of the real image of the illuminated area on the
object surface. The imaging system in Figure 2 is drawn
as a ‘black box’ (yellow cylinder), described in chapter
4. Two image planes are shown (dashed and continuous
red lines). One virtual intermediate image plane (curved)
generated by the torus mirror and one real image plane
(flat) generated by the imaging system (subsystem of the
telecentric scanner).

3 Mirror design

A new method to fulfill the telecentric condition of the
system concept is to use a torus mirror. Through the rota-
tionally symmetrical geometry of the mirror, all chief rays
pass the center of the rotation axis in horizontal direction.
By using a special geometry at the vertical direction, a 90°
deflection is generated. The optical path has to fulfill the
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Figure 1: Principle sketch of an inline process (contour detection of
printed polymer sheets).

paraxial image equation (1) [6], where g, b, and f represent
object and image distance as well as the focal length of the
mirror, respectively.
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For the cross section of the mirror (the ‘special geom-
etry at the vertical direction’), the four different conic
section designs (circle, ellipse, parabola, hyperbola)
were analyzed. The best imaging performance is gen-
erated by a hyperbolic conic section (Figure 3). This
creates an image in the plane of the conic section, which
is free of aberrations. This is not true for the other three
possible geometries, wherefore the following discus-
sion is limited to the hyperbola. The main form of the
hyperbola equation (2) [7] yields the geometry of the
conic section.

x*+(y+8)’ =(/(x-b)* +y*-1)’ )

Here, x and y describe the local coordinate system, g and b
(object and image distance) the shift of the corresponding
axis intercept, and r the radius.
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Through reflection on the conic section, rays arising
from an object point (which is identical to a focal point)
form a virtual image point coinciding with the other focal
point of the hyperbola.

4 Imaging system design

Owing to the rotationally symmetrical mirror, a curved
intermediate image of the scan line occurs, which has to
be imaged on a plane detector surface (see Figures 2 and
4). Therefore, the imaging system (Triplet or Planar) has
to fulfill the Petzval condition [8] given by the Petzval
equation (3).

1 1 1 1
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Here, 1, describes the radius of the Petzval surface (Petzval
curvature of the image plane in the common case), 1, the
radii of the different surfaces of the imaging system,
labeled by the index i, as well as n , and n, the refractive
indices of the homogeneous materials before and after
surface i, respectively.

For all design and optimization steps, raytracing tech-
niques were used to minimize the aberrations to get the best
results for the whole setup. Two different approaches to the
imaging system were examined and optimized by simula-
tions. In both cases, the entrance pupil (aperture stop) of
the imaging system coincides with the telecentricity stop of
the entire system (axis of symmetry of the torus mirror).

First, a Triplet lens system [9] was designed. This
low-cost setup of three lenses poses an easy way to

T

: Scan direction

1

! Circular scan lin
a lllumination area

Object

Axis of symmetry

Figure 2: Schematic view of the telecentric scanning system with torus mirror, imaging system, and detector plane, which is lying on the
position of the real image of the object. Object transformation from a circular scan curve in the object plane to a virtual intermediate image

with subsequent imaging to a real image of the object.
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Figure 3: Rotation body (left) and section plane (right) of the rotation hyperbola. The negative branch of the hyperbola rotates around the
z-axis (axis of rotation). This forms a torso, which is used as a torus mirror. The chief rays are deflected at the mirror under an angle of 90°.

g, b, and f represent the object and image distance as well as the focal
the light path of all rays reflected at the negative branch.
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Figure 4: Sketch of the top view of the simulated telecentric scan-
ning system with torus mirror, imaging system, and detector plane.
The circular scan line itself with the object points is below the
drawing plane. The entrance pupil of the imaging system coincides
with the telecentricity stop. The object distance of the imaging
system is approximately the radius of the Petzval sum.

simultaneously optimize the imaging quality as well as
minimize the optical aberrations of the system. The top
view of the designed Triplet is shown in Figure 5, being
composed of a meniscus, a biconcave lens, and a biconvex
lens. The aperture stop is located between the biconcave
and the biconvex lens.

The second design is a lens system based on a Planar
[10]. The denotation ‘Planar’ is being used for concise
distinction. The original design by Paul Rudolph con-
sists of two menisci and two achromatic lenses, sym-
metrically arranged around the aperture stop of the
imaging system, which was developed to reduce many
wave aberrations (especially astigmatism and field cur-
vature). Our design is non-symmetrical (the aperture

length of the mirror, respectively. The color-marked area describes
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Figure 5: Top view of the designed imaging system (Triplet). The
yellow frame symbolizes the black box drawn in Figures 2 and 4.

stop is not centered symmetrically between the two
inner lenses) and consists of a meniscus, two achro-
matic lenses with meniscal shape, and a biconvex lens
(Figure 6).

5 Simulations

Two different simulation scenarios were performed,
examining the performances of the imaging system alone
as well as the entire scanning system. The results of the
two scenarios are being presented both for Triplet and
Planar approaches in comparison, with an object sided
numerical aperture (NAobi) of 0.009 and an illumination
wavelength (1) of 620 nm.
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Figure 6: Top view of the designed imaging system (Planar). The
yellow frame symbolizes the black box drawn in Figures 2 and 4.
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Figure 7: Field curvature of both imaging systems (Triplet and
Planar) for a plane object plane. The dashed lines represent the
simulated field curvature from different object angles (marked by
points) and the solid lines the Petzval field curvature.

Considering the Petzval curvature (calculated using
equation (3)) with the traced field curvature (FC) of both
imaging systems (Triplet and Planar), the results for each
imaging system are similar to each other (Figure 7). The
difference between the Petzval curvature and simulated
FC for larger field angles is due to the field aberrations
for off-axis rays and the fact that the Petzval curvature
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describes the field curvature in both directions (meridi-
onal and sagittal plane). Here, only the meridional plane
(the plane including the optical axis) is simulated, due
to the line imaging of the system. The space between
the detector plane and the simulated field curvature is
approximately 650 pm (maximal deviation between detec-
tor plane and off-axis image points).

The consideration of both imaging systems (Triplet
and Planar) for a curved object field produced the field
curvature shown in Figure 8. Both designed lens systems
provide good results. The maximal space between the
detector plane and the field curvature of the image is
approximately 50 um, neglecting the last off-axis image
point (especially for the Triplet design).

The wave aberrations (WAs) and the point spread
function (PSF) of every image point (axial and off-axial)
each show good results. The PV (peak-to-valley) value
of the most distant off-axis image point is approximately
0.5 A for the Triplet and 0.05 A for the Planar design. The
PSFs of those points in both cases are approximately
10 um (equal to the detector pixel size).

The required lateral resolution [2] of the whole system
at the object plane, given by equation (4), is 40 um. With
equations (1) and (4), all other system parameters can be
calculated.
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Figure 8: Field curvature of both imaging systems (Triplet and
Planar) for a curved object plane. The dashed lines represent the
simulated field curvature from different object angles (marked by
points).
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For example, these can be the axial resolution, the line
widths (for known pixel size of the detector) in object and
image plane, and the object and image sided distances.
In equation (4), Ax represents the lateral resolution, A
the illumination wavelength, and NA the object sided
numerical aperture.

In addition to the curvature of the field, the image
suffers from distortion, as using a simple lens design
not all aberrations can be corrected for completely. For-
tunately, this distortion can easily be corrected via image
processing. In any case, image processing is necessary to
backtrace from the transformed image points to the object
points at the examined surface. The principle sketch of the
reconstruction step of the image is shown in Figure 9. In
(A), the curved scan line on the object surface is shown for
equidistant scan points. (B) shows the transformed image
(flat) on the line scan camera (red dots). The reconstructed
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Figure 9: Principle sketch of the reconstruction of the image
with backtracing from a plane to a curved image with distortion
correction.
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image via image processing is shown in (C), with distor-
tion correction.

Owing to the modular principle of the system, long
lines can be generated. Therefore, several line scanners in
alternate order can be merged together. The overlap of the
scan lines can be corrected via image processing.

6 Redesign

For microscopic applications, an increased lateral resolu-
tion is necessary (desired lateral resolution at the object
plane of 4 um). Consequently, to increase the lateral reso-
lution, a higher object sided numerical aperture is indis-
pensable (NAObi of 0.09). In addition, for a compact system,
especially for microscopic applications, the dimensions of
the mirror are scaled down by a factor of 10. Inevitably,
this gives rise to growing aberrations generated by the
mirror. Hence, the subsequent imaging system requires
a larger physical aperture, furthermore adding aberra-
tions to the entire system. In contrast, due to the reduced
feature sizes, the imaging system requires a smaller focal
length compared to the previously discussed macroscopic
setup. Considering all that, a redesign of the telecentric
scanner for microscopic applications was performed [11].
The microscopic design has the same illumination wave-
length as the system before.

7 Conclusion and outlook

The concept of a telecentric line scanning system with a
torus mirror is a good approach to fulfill all conditions for
a good telecentric image with a large field of view. This
system is designed and developed to be a low-cost system,
which is easy to handle and has a good flexibility to its
fields of application. The system has good lateral and
axial resolutions with low optical aberrations (point and
field aberrations) in the whole system. The main applica-
tion for that system is the inline processing, and it offers
many advantages over ‘classical’ telecentric systems.
However, given by the modular principle of the system,
the use of several scanners in an alternating arrangement
is also possible for the enlargement of the scan line. To
additionally enhance the suitability of the telecentric
line scanning system by providing even more flexibility
to the setup, an incident light illumination can be real-
ized by a coaxial setup [12], combining the illumination
with the imaging setup. For this purpose, a beam splitter
is placed between the imaging system and the detector.
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To fit the illumination path to the geometry of the setup,
this element requires a conic cross section (the shape of
the beam-splitting surface) to successfully deflect the illu-
minating light onto the object. This setup creates other
opportunities for industrial applications.
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