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While additive manufacturing (AM) enables the production of versatile optical components, the limited
knowledge of manufacturing processes makes the development of accurate simulation tools and evaluation
criteria challenging. In this work, we present a novel approach to address the specific challenges in the AM
of optics by designing and fabricating freeform probe lenses for Raman Spectroscopy (RS) using the Multi-Jet
Modeling (MJM) printing process. We successfully integrate the lenses into an RS system and demonstrate their
performance in detecting melamine with a maximum signal-to-noise ratio of 164 tij We outline the capabilities
and limitations of the AM process and adapt simulations to reveal the potential impact of manufacturing
tolerances and diffraction effects on layered optical components. Based on our results, we highlight the
potential to develop novel design standards for the AM of optics, providing a platform for further exploration
and investigation.

1. Introduction techniques, Multi-Jet Modeling (MJM), in particular, has been used
to create macroscopic optical elements [12-14]. Although the po-
tential use of these optics has been demonstrated through one-off
experiments, major challenges remain. In practice, considerable man-

ufacturing tolerances and unusual optical properties resulting from

Additive Manufacturing (AM) has been established in optics along-
side conventional processes over the recent years. Complex structures
and freeform surfaces, including internal cavities, can be efficiently
manufactured using additive processes, allowing complex systems to
be simplified and additional functions to be integrated. Applications
range from the manufacturing of mounts and housings [1-4] to optical
elements [5-8]. To exploit the potential of AM for optical elements

the layer-by-layer manufacturing process prevent their effective use.
Inhomogeneities in the volumes and at the surfaces of optical elements
cause scattering [15]. Initial approaches to quantify such imperfections

and systems, manufacturing equipment that exists only as a laboratory
setup is often used. Often, the transferability of the results is limited
and cannot be applied to other contexts without restrictions.

The literature also presents results for additively manufactured
components for optical fibers [9], scanning devices [10], and laser
systems [11], which were produced with commercially available AM
systems. The AM of transmissive optical components has been demon-
strated using a number of processes. Among the commercially available

can already be found in the literature. Reichel et al. characterized
the effects caused by surface scattering using non-transparent MJM-
manufactured parts [16]. Kuo et al. analyzed the surface roughness that
can be achieved by polishing planar components manufactured with
the same process [17]. However, the relations among the AM process,
its parameters and the optical characteristics of the components have
not been sufficiently described. Also, computational models and their
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Fig. 1. The optics design as a key for combining AM and optics in an application
context.

coupling with an optics design method are lacking so far. Consequently,
the evaluation of the effects of the AM process on optical performance is
usually limited to experimental analysis. Furthermore, tailored simula-
tion approaches must be developed to create optics adapted explicitly
to the specified AM process. Thus, in the context of this article, we
demonstrate the analysis and synthesis steps, which are exemplarily
shown in Fig. 1, using the collimation optics of a Raman spectrometer
as an example.

Raman Spectroscopy (RS) can be applied in many fields, such as
material sciences, pharmaceutical research, and biomedical applica-
tions [18]. One of the potential applications is in the pharmaceuti-
cal field for fast and onsite interrogation of SARS-CoV-2 via Surface-
Enhanced Raman Scattering (SERS), as developed by Zhang and Ma
by using an excitation laser with a wavelength of 785 nm [19]. In RS,
photon energy variations caused by an inelastic scattering process are
detected and evaluated.

Wavelengths of light ranging from ultraviolet to near-infrared can
be used to excite Raman active molecules, from which a specific
molecular vibrational information can be obtained [20]. Since the
inelastically scattered signal is significantly smaller than the elastic one,
sufficient scattered signal must be captured by the optical system for
detection [21]. However, current approaches to increase the sensitivity
of Raman systems focus on the interaction between excitation radiation
and sample material. Concepts for increasing the collimation efficiency
of the optical system can also enhance detection.

Using the possibilities of MJM as a manufacturing process for trans-
missive optics, we design freeform Raman lenses, which are capable
of significantly increasing the collimation efficiency compared to a
standard lens. We derive an optical concept methodology that takes the
freeform manufacturing ability and the limitations of the AM process
into account. Based on this methodology, we develop two different
types of Raman probe lenses for a spectroscopic system. The properties
of the additive manufactured optics are studied by detecting a selected
model substance, i.e., melamine, and the impact factors on optical
characteristics, which limit their applicability in optical systems, are
discussed. Hereby, the particular potentials and challenges are worked
out and are exemplary demonstrated based on the MJM process.

The paper is organized as follows. The fabrication setup, material
properties and the lens design approach are introduced in Section 2.
The Raman setup and the results for the lens performance are presented
in Section 3. In Section 4, the impact of the manufacturing on the lens
performance is derived in detail. The results are discussed in Section 5.
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Fig. 2. Multi-Jet Modeling (MJM) process.

2. Methodology
2.1. Fabrication setup and materials

In this work, for the Raman probe lens manufacturing, an Objet30
Pro printer is used. The MJM process is shown in Fig. 2. The jetting
head consists of 200 individual outlet nozzles, each with a diameter of
40 pm. They are arranged in a straight line along the Y-axis and the
centers of the nozzles are 340 ym apart, covering a distance of 68 mm.
In the printing process, the jetting head moves along the X-axis and
is repositioned eight times along the Y-axis to complete a layer. Here,
liquid photopolymer is dropped onto the printing platform and irradi-
ated with an ultraviolet (UV) light source attached to the jetting head
mechanism. The commercially available VeroClear RGD810 (Stratasys
company) is used as the material. During printing, the jetting head is
shifted along the Y-axis, and the droplet deposition process repeats.
This procedure is carried out until a layer is entirely printed. With
the accumulation of several photopolymer layers along the Z-axis, the
object geometry is built up.

The resolution of the MJM process is anisotropic. In the horizontal
plane, the resolution is 40 pm in the x- and y-direction, respectively.
The specification of the vertical resolution in the z-direction is 16 pm.
The transmittance of the material VeroClear RGD810 reaches its max-
imum for wavelengths of 1=715-1100 nm [22]. Within this inter-
val, the transmittance is more than 70% for a material thickness of
20 mm [17]. The refractive index of VeroClear RGD810 is given with
n=1.531-1.518 within the spectral range 1=632.8-1551 nm [23].

Due to the layer-by-layer curing of the material, the optical proper-
ties of the component are affected. For transparent components, man-
ufactured by MJM processes, anisotropic properties dependent on the
printing direction are reported [10]. The transmittance for light with a
wavelength of 1=420-650 nm is comparatively low for propagation
in the z-direction [17].

2.2. Optical design for Raman probe lenses

To precisely define the shape of each optically relevant freeform
surface of the Raman lens, we use the so-called point-to-point redi-
rection method [24] in a modified form [14]. This method is based
on geometrical optics and creates profiles of reflective and refractive
optical surfaces that are designed to guide light from a point source Pg
to a point target Py. A starting point K;, i = 0 of the contour is required.

K, >
Ky = * @
0 (KO,Z
The subsequent point on the conical curve is then calculated with
K. t cos(a,)
K_ — 1,X t 2
‘“ (Km) ”(rsin(ao) ’ @

where s is defined as —1 or 1 to set the direction of the surface construc-
tion. In this way, the functions of refraction and total internal reflection
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Fig. 3. Iterative construction of a reflective (a) and transmissive surface (b).
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Fig. 4. Concept 1 (a) and 2 (b) of the additively manufactured lens. ¢ denotes the angle to the emitting surface normal.

can be assigned to different surface elements. ¢ denotes the step size of
the iteration, as well as the distance between two subsequent points. «,
denotes the tangential angle to the optical surface (see Fig. 3). In the de-
sign, manufacturing process-specific limitations, such as minimum radii
of curvature r,;, = 0.2 mm, are considered [25]. Since the optical sys-
tem and its boundary conditions are rotationally symmetric, we design
our lens in the x-z-plane and rotate it around the z-axis. Multiple sur-
faces are constructed sequentially to create the freeform shape for guid-
ing the light through a non-imaging rotary symmetric optical element.
The construction of these sequential optical surfaces is based on the
definition of subsequent target points, where the first (virtual) target
point is the starting point for the subsequential surface. Thus, several
freeform surfaces can be combined to direct the light. Collimation of
the light can be achieved by defining an infinitely distant target point.

Based on this principle, we propose two Raman lens concepts, which
consist of a refractive center lens and an outer section using total
internal reflection (see Fig. 4). The inner lens focuses the excitation
laser on the sample and collimates the Raman scattering, while the
outer section exclusively collimates the Raman scattering light with a
wide acceptance angle. Both concepts are based on a refractive surface
for the outer section and a collimation surface at the top. They include
an optically inactive surface, on which an M8 x 0.5 thread is printed for
mounting the lens on the Raman probe. The first concept (concept 1)
uses a concave collimating surface, while the second concept (concept
2) reflects the scattering signal across the optical axis and uses a convex
surface, which is easier to polish in a post-processing step. However, the

propagation distance of the light beam through the medium is larger
compared to concept 1.

The light collection efficiency of the Raman lens is considered,
taking into account the Lambertian radiation characteristics of the
excited sample and the Fresnel losses of the lens. In this work, several
simplifications are initially made for a conceptual design, see below.
The applicability of these assumptions is discussed in Section 4 based
on the lens performance with regard to the special optical properties
generated by the AM process. The following assumptions are made:

» Homogeneous and isotropic medium.

+ Zero conductivity and magnetic permeability of the optical mate-
rial, i.e., no absorption.

» Unpolarized light and no polarization changes within the lens.

+ Ideal and smooth surfaces.

Since the raytracing is performed two-dimensionally for this rotation-
ally symmetric optical element, a conversion of the results to three
dimensions is required. The number of light rays in the 3-dimensional
case increases with increasing angle ¢ relative to the emitting surface
normal as sin(e) [26]. Therefore, the Lambertian radiation pattern
(x cos(e)) is weighted in the 2-dimensional model with a factor sin(e) -
cos(g).

The light collection efficiency of the Raman lens (v.g) is calculated
by considering every interaction on each ray with the lens surface
and its Fresnel losses. Partially reflected light rays are ignored. Rays



T. Grabe et al.

Focus spot

Optics and Laser Technology 165 (2023) 109574

Variable: Characteristics
o

. Point
Refractive surface
Angle
Optical axis
Distance

Reflective surface

Scattered ray
—_—

Incident laser ray
.

Other surfaces
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that miss the Raman lens are taken into account by reducing the
lens efficiency. For optimization of the geometry, the parameters s, ,,
the angles ¢,, ¢, and the points P,, P; and P, can be modified,
resulting in minor changes of the conic shapes. This principle is used
to generate multiple variants of the lens geometry. The points T, 75,
T; and T, denote end points of optical surfaces, which are used in
Section 4 for the impact analysis of manufacturing tolerances on the
optical performance. The design points are shown in Fig. 5. Due to
geometric restrictions, the distance between the radiation source and
the first surface is set as 3 mm. To provide the optimum focus, the
middle section is optimized for the laser wavelength 4=785 nm. The
outer one is based on total internal reflection and is optimized for
A = 850 nm, which corresponds to a Raman shift of A4v = 974.15cm™1,
i.e., a scattered photon in the center of the expected Raman spectrum.
The optically inactive surfaces can be designed as desired in the case
of no interaction with the rays. In reality, the emission source of
Raman scattering is not point-like. Therefore, a circular area with a
radius of r; ranging from —0.1 to 0.1 mm is described. The positioning
tolerance along the optical axis is also considered, with a parameter
of z, ranging from —0.2 to 0.2 mm. The optimization goal is a Raman
lens with a robust behavior with respect to deviations from the original
assumptions. The average efficiency ¢ ; over this range of values is
used to determine the optimization parameter g; for each geometry
variant j according to Eq. (3).

gy =1—Degr ; 3)

The optical elements perform better in guiding light onto the detector
when g approaches zero. By repeatedly constructing the optical surfaces
and applying a Nelder-Mead simplex algorithm to minimize g;, the
optics performance can be increased while minimizing the impact
of the AM process tolerances. For concept 1, a maximum value of
Uy = 0.8701 is determined while for concept 2, the maximum value
is v,;, = 0.8488 [14]. The resulting lens characteristics are shown in
Fig. 6.

3. Manufactured Raman setup and performance

The reference RS system shown in Fig. 7 is built and used for the
chemical analysis of melamine as an example substance to demonstrate
its functionality. The general setup involves a FC-D 785 solid-state laser
with a central wavelength of A, = 785 + 0.5 nm, a maximum optical
output of P, max = 560 mW and a spectral line width of 0.2 nm.
The laser is connected to the RPB-785 Raman probe via an optical
fiber with a core diameter of 100 pm. This probe has two integrated
main functions. Firstly, it focuses the excitation laser on the test sample.
Secondly, the Raman probe is required to collect the scattered light and
guide the photons to a sensitive spectrometer (Maya 2000 Pro), which
is connected to a computer for data acquisition.

The spectrometer covers the range 178-1100 nm, while the spec-
tral range of the Raman probe is 796 - 1144 nm [14]. Since inelastically
scattered photons are emitted with a longer wavelength than the excita-
tion one, the spectral range between 796 and 1100 nm is of relevance
here. As we implement the newly designed additively manufactured
lens into an already existing system, some geometrical restrictions have
to be considered. The excitation laser beam is initially collimated with a
diameter of d; =2 mm and focused on the sample with a spot diameter
of d; < 100 pm. The collimation diameter of the Raman scattering signal
is limited by the Raman probe construction to d,=5 mm. The Raman
lens is required to be mounted on the Raman probe using an M8 thread.
The material needs to be optically transparent for electromagnetic
wavelengths between 785 A 1100 nm. The actual Raman lens only allows
a light collection angle of 37°. Thus, the freeform optics developed in
this work are designed and implemented to increase this angle up to
160° by using the design method described in Section 2.2.

The probe lenses are manufactured by Multi-Jet-Modeling with
an Objet30 Pro and VeroClear RGD810 material (Section 2.1). The
following steps are involved in the manufacturing of the parts: First,
the prototype designs are exported as an STL-file and placed on the
building platform. Next, the lenses are orientated and sliced so that
the layers are aligned orthogonal to the Z-axis (compare Fig. 4).
Since the influence of the inactive optical surfaces on the performance
of the component is expected to be negligible, the support material
required for the manufacturing process is preferentially placed here.
After the printing process, the optically functional surfaces are polished
to optimize their performance [17]. No optical coating is applied on any
part. For the evaluation of the prototypes, the measurement of a Raman
spectrum is performed. Here, melamine (1,3,5-triazine-2,4,6-triamine)
is chosen as the sample material. After the excitation at 4 = 785 nm,
melamine shows prominent peaks at 380, 580, 675, 775, 983, 1441
and 1554cm~! while the peaks at 675cm™! and 983cm™! are most
pronounced and exhibit the highest Raman signal [27]. The peak at
675cm~! corresponds to the in-plane deformation of the triazine ring,
while the peak at 984 cm™! refers to the ring breathing mode 1 of the
triazine ring [28]. In this work, the most prominent peak at 675cm™!
is chosen for the quantitative analysis of the melamine spectra. To
analyze the Raman signal, the strength of the peak is measured after
the removal of the background and fluorescence signals [21,29]. For
signal correction, the thermal shift of the spectrometer is compensated.

For each prototype concept, three identically constructed lenses are
implemented into the spectrometer. The measurements are performed
with an excitation laser power of P ..., =320.0 + 1.4 mW and a signal
integration time of #,,, =4,000 ms. For each signal detection, ny, =50
measurements averaged. The measurements of melamine are conducted
by the implementation of both lens concepts into the Raman probe,
which are placed 3 mm away from the scattering source. This results
in a light gathering cone angle of more than 160°.
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Fig. 7. Schematic structure of the Raman spectroscopy system. P, denotes the
optical laser power, Pg.,r the Raman scatter power and P, the electric signal from
the spectrometer.

The RS results for the additive manufactured lenses are shown in
Fig. 8. In the experiment, Raman signal is measured for two lenses of
concept 1 and for all three lenses of concept 2. For concepts 1 and 2
maximum Raman signals of I, =8102 and I, =5255 counts for the
675cm™! line of melamine are achieved. For the second lens of concept
1, the signal is 1350; for the second and third lenses of concept 2,
the signals are 2438 and 488, respectively. In comparison, with the
original glass lens of the Raman spectroscopy system a Raman signal
of 27,983 counts can be detected. The Raman spectra are detailed
in Supplement 1. The pixel-to-pixel noise is a characteristic of the
spectrometer which is independent of the Raman lens itself and is
determined with 49.4 + 4.3 counts. This results in a maximum signal-
to-noise ratio (SNR) for concept 1 and concept 2 of SN R, =164J_'12
and SNR-, =106 +_191 , respectively. Compared to the original lens of
the RPB-785 Raman probe, concept 1 and concept 2 lenses achieved
up to 29 % and 19 % of their performance, respectively. The Limit of
Detection (LOD), which defines the minimal detectable Raman signal,
is determined according to Eq. (4) [30].

LOD = 3 oy @

A minimum signal of 148.2 +4.3 counts is required to consider a mea-
sured signal as significant. This criterion is fulfilled for each presented
measurement.

4. Impact of the AM process on the lens performance

Considering the Raman signals shown in Fig. 8, the best melamine
signal achieved with the lens from concept 1 is significantly stronger

1E+4 -

1E+3 4

Raman signal (arb. unit)

| Ll

Concept 1

1E+2

Original lens Concept 2

Fig. 8. Maximum Raman signals of the most significant 675 cm™' peak of melamine
achieved by the implementation of the manufactured prototype lenses from concept 1
and 2 in comparison with the original lens of the RPB-785 Raman probe.

than the best result obtained with the lens from concept 2. Furthermore,
in the implementation of the concept 2, a Raman signal is measured in
three experiments, whereas for the concept 1, only two experiments
were performed. From the experiment, it can be concluded that the
quality of the additively manufactured optics is not fully reproducible
and that a performance loss occurs compared to the original lens of
the RPB-785 Raman probe. We attribute this to the influences of the
MJM process on the quality of the optical elements. The imperfections
of transmissive optical components can be divided into manufacturing
tolerances, surface and volume imperfections, and the optical effects
caused by the layer-by-layer manufacturing. Due to the AM process, the
volume defects are sub-divided into inhomogeneities in the layers and
inclusions, such as gas bubbles or dust. The superimposed influences of
these errors can be seen, for example, in the asymmetrical widening
of the laser spot behind the focal point, compare Fig. 9. Here, the
scattered light of the incident laser is measured with a BC207VIS/M
beam profiler at a distance of 11.4 mm after the focus point. The
relative irradiance is determined linearly on the basis of the maximum
irradiance measured on the sensor. In this measurement, unwanted
scattering and diffraction effects can be observed.

4.1. Surface quality

The MJM processing of VeroClear RGD810 leads to visible periodic
structures on the surfaces of the printed probe lenses. Using a Keyence
VHX-900F confocal microscope, these surface structures can be mea-
sured, see Fig. 10. Since the surface structures and roughness result
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Fig. 9. Effects of optical scattering for the additively manufactured lens from concepts 1 (a) and 2 (b), respectively, when the beam cross sections are imaged at 11.4 mm after

the designed collimation point.

Table 1
Surface roughness for plane surfaces dependent on their printing orientation
manufactured by MJM.

y-z-plane x-z-plane x-y-plane
Surface roughness Rq (pm) 1.56 0.41 8.77
Standard deviation og, (pm) 0.74 0.17 2.02

from the layer-wise building process, their properties are defined by
the orientation on the building platform. Their scattering properties
also depend on this orientation. According to ISO/ASTM 52902 [31],
for measuring the roughness of planar surfaces, 15 samples with the di-
mensions 5 x 8 x 55mm? are manufactured. Here, for each orientation,
five samples are aligned along the X-, Y-, and Z-axes in the build space
and distributed evenly over the platform. The surface of each sample
is measured in five parallel lines using a tactile Mahr Perthometer
PKG. The roughness is evaluated according to ISO 21920-3 [32] by
separating and neglecting the periodic surface structure. The results
are shown in Table 1. According to this data, the surface roughness
R, strongly depends on the building orientation and ranges between
0.41-8.77 pm. The Raman lens application wavelength is between
785 and 1100 nm. Thus, this roughness will lead to a significant
optical scattering so that the functionality of the surfaces cannot be
ensured without an additional reworking step. According to Harvey
et al. [33] the fraction of the radiant power, that is scattered out of
the specularly reflected beam due to the surface roughness, can be
exemplarily described with the Total Integrated Scattering (TIS) model
as

TIS = 1—exp[—(4x - cosb; - 6//1)2] 5)

where 6, is the incident angle, o denotes the surface roughness (R,) and
4 is the wavelength of the incident beam [33]. A sigmoidal function de-
scribes the total scattering. The Raman spectrometer uses an excitation
wavelength of 785 nm. Thus, for an incidence of light perpendicular
to the optical surface, the TIS values approach the maximum limit at a
roughness value of R, <0.28 ym. In other words, for greater roughness,
all the light incident on the lens surface is diffusely scattered, causing
the lens to become dysfunctional. Based on this criterion, for functional
optics, it is required to manufacture a surface roughness significantly
smaller than R, =0.28 um. However, as shown in Table 1, this require-
ment is not achieved for any surface, regardless of how the optics are
oriented on the building platform during the manufacturing process. It
must also be considered that surfaces with support structures can only
be finished with significant effort. Post-processing of the surfaces can be
achieved, i.e., by chemical treatment, coating or spin-coating, honing,
grinding as well as by robot-assisted or, as chosen in this work, manual
polishing [34,35].

Fig. 10. Surface of the non-polished sample manufactured by MJM as observed by a
Keyence VHX-900F confocal microscope.

4.2. Volume inclusions

Since the extruded resin is cured by UV light layer-by-layer, small
inclusions from the manufacturing environment might attach to the
optics and are then covered by the next layer. In addition, inclusions of
gas bubbles can occur. Both defects lead to scattering and diffraction
effects. Therefore, we also investigate the size distribution of these
inclusions. A Keyence VHX-900F confocal microscope is used to detect
and measure the size of 7515 inclusions in total. For the experiment, a
planar polished test cube with the dimension of 25 x 25 x 25mm? is
analyzed by shifting the focal plane of the microscope. The inclusion
diameters given in Fig. 11 is the maximum extent of an inclusion in
the corresponding plane. The experiment is carried out in the middle of
the volume to avoid surface effects. The resulting number of inclusion
occurrences is normalized and categorized based on the size of the
inclusions and the printing orientation of the sample. According to
Fig. 11, the majority of the inclusions have an average diameter smaller
than or equal to 2 pm. Since the resolution of the microscope is
1 pm, the actual number of these small inclusions is assumed to be
even higher. The analysis shows that the distribution of the inclusions
diameters differs depending on the printing direction of construction.
Thus, the measured size of the inclusions is significantly smaller in the
y-z-plane than in the other two planes. This leads to the conclusion
that the shape of the inclusions is ellipsoidal. Furthermore, there is
a predominant orientation of the inclusions, which depends on the
orientation of the component during the building process. A more
detailed analysis of these hypotheses is to be carried out in future
work, as this affects the optical properties of the material. In general,
inclusions of these sizes cause Mie or Rayleigh scattering [36]. Based
on the inclusion size distribution shown in Fig. 11 and assuming the
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Fig. 11. Normalized occurrences of inclusions in the MJM-manufactured components
as a function of the printing orientation based on a polished cubic reference specimen.

Table 2

Mean manufacturing deviation from the nominal dimension m and standard deviation
from the mean value s for various structure sizes fabricated using the MJM process.
The values for /m and s are given in pm.

Nominal dimension (mm)

2.5 12.5 55
mi, in x-direction (pm) 64.0 14.0 58.7
i, in y-direction (pum) 15.0 -11.3 -19.7
i, in z-direction (pm) 75.0 40.3 -148.0
s, in x-direction (pm) 33.7 6.0 11.1
s, in y-direction (pm) 14.2 4.5 2.2
s, in z-direction (pm) 40.3 30.9 17.1

inclusion volume consists of air, this information is implemented in a
Ray tracing simulation where Mie scattering is considered. According
to Schmadlzlin [37], the intensity of the Raman signal depends linearly
on the irradiance of the excitation light on the sample. Thus, the area
where the laser with an excitation laser power of P, =320mW is
focused on the melamine sample is analyzed regarding to the peak
irradiance, the RMS spot radius and the total power on the sample
surface in a 0.2 x 0.2 mm? area. The results for concept 1 are shown
in Fig. 12.

Up to a density of 10,000 inclusions per cubic centimeter, the peak
irradiance is only slightly reduced and the effect on the RMS spot radius
is negligible. From this result, it can be concluded that, the influence
of volume inclusions on the performance of the optics is comparatively
small but not negligible. Further, it is observed that single, larger
inclusions in the light path can scatter a greater fraction of the laser
light. The size, above which a volume defect is considered as critical
for the optics functionality, has yet to be defined for AM. Thus, this
aspect is of importance for the future AM of optics.

4.3. Manufacturing tolerances

In AM, the real component dimensions often deviate from the design
values. This factor can affect the optics function. To quantify the
deviation of the MJM process, which is used for lens manufacturing,
the linear test body from ISO 52902 [31] is adapted. This benchmark
geometry is displayed in Supplement 2. As suggested in ISO 52902, the
parts are measured in less than 24 h after the AM process is finished.
Five parts for each building direction (x, y, z) are manufactured within
one print. For better accessibility during measurements, the produced
parts are removed from the building platform. On each part three
different feature sizes are measured to gain insight into statistical
deviations and reproducibility. The results for the mean deviation m
and its related standard deviation s for three different structure sizes
and building directions are listed in Table 2.

The results show that the manufacturing tolerances are in the range
of several micrometers. It can be interpreted that for a structural size
of 12.5 mm a significantly lower deviation from the design can be
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achieved in comparison to smaller and larger geometries. In particular,
the deviation in the z-direction is strongly affected by the size of the
component. The lowest standard deviations are for each feature size ob-
served in the y-direction, indicating that manufacturing results for this
dimension may be more reproducible than in the x- and z-directions.
The effects of these tolerances are elaborated with a simulation of
the focal point of the lens of concept 1. For this purpose, the design
points T} — T, (compared to Fig. 5) are shifted in x-, y- and z-direction
according to the dedicated tolerances. The shifts are aimed to cover
the 95 % tolerance interval. The manufacturing tolerances depend on
the feature size and thus on the geometry of the lens in the respective
printing direction. Both feature sizes between T} and 7, as well as T
and T, is 2.3 mm. These sizes are smaller than the minimum nominal
dimension of 2.5 mm defined in ISO 52902 for the test body. Therefore,
for the x-y-deviation of these design points the feature size of 2.5 mm
is considered. Thus, for the tolerance analysis in x-direction x,,, =
M5+ 255 and in y-direction y,,;, = m,,s —2-s,, is simulated.
In the z-direction, the distance between T, and T3 is 23.2 mm, while
T, and T} are 22.9 mm apart. For tolerance analysis in the z-direction,
we consider values of z,,, = m_ 3, — 2 5,53, for the points T, and
Ts, and z,,;, = Mg — 2 5,09 for T} and T,. The values for 7y,
and s,3, and 7y, ¢ and s,,¢ are linearly interpolated from Table 2.
The irradiance distributions at the focal point on the detector, which is
placed at the sample position, are shown in Fig. 13. For all deviations,
the maximum tolerance results in a change in a power loss of less than
0.2%. From the simulation, it can be estimated that the tolerances in
the z-direction have only a minor effect on the system performance for
concept 1. Further, the r,,,, spot diameter changes from 30.4 pm with-
out deviation to 32.1 pm for z,,,, and 33.1 ym for z,,,. Since the optics
are printed along the z-direction to focus collimated light, only a small
influence is expected here despite the comparably large manufacturing
tolerance, which is reflected in this result. For the deviation in the x-
direction, spot diameters of 160.0 pm for x,,,, and 30.9 pm for x,,;, and
deviations in the y-direction of 63.9 pm for y,,,. and 36.4 ym for y,,,
are calculated. The results show a notable reduction in irradiance at
the focus, particularly for larger spot diameters. This negatively affects
the function of the optics and must to be considered for the future
development of optics design concepts. Furthermore, Fig. 13 shows that
the tolerances strongly affect the maximum irradiance on the sample.
In particular, the manufacturing deviations in the x- and y-direction
influence the result so that irradiance values of 7.87 - 107 % and
8.42 - 108 % can be achieved. These widely differing values mean that
the tolerances can significantly influence the strength of the generated
Raman signal.

4.4. Manufacturing layers

The optical properties of the material change with the layer-by-
layer hardening. This characteristic is individual for each process and
its settings. To analyze these effects, a polished test cube with the
dimensions 25 x 25 x 25mm? is irradiated with a laser from different
directions. In this way, the light deflection caused by the layered
structure and the volume inclusions become visible. A 0.72 mm wide
Gaussian laser beam with a wavelength of 632 nm and an ellipticity
of 95% is directed onto the cubic samples. The scattering profiles are
captured on a plane at a distance of 143 mm from the light-emitting
surface. The results are shown in Fig. 14. The scattering profile strongly
depends on the layer orientation within the sample. This orientation is
described in Section 2. A strong diffraction pattern is observed in the x-
and y-directions, whereas little diffraction is visible in the z-direction.

An explanation for the diffraction effect is that the refractive index
of the material depends on the progression of the polymerization [38].
Thus, a refractive index step can occur at the interface between layers.
To estimate the impact of these volume effects on the optics presented
in this work, the experimental setup for the MJM reference models
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Fig. 12. Estimated impact of scattering caused by volume inclusions on the peak irradiance, RMS spot radius and laser power on the melamine sample for the lens of concept 1.

The excitation laser power is P, =320mW.
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points T} - T,.

is replicated in a simulation, which is implemented in Comsol Multi-
physics. The elements and parameters of this model are then applied
to the into-the-lens simulation to estimate their impact in the optics
performance.

In the simulation, the materials transmittance, refractive index,
and distances to the projection surfaces are considered. The aim is to
form a similar diffraction profile as a result of the volume structure
of the cubic sample. This is achieved by applying gratings based on
the specified grating constant, the diffraction order, and incident light
wavelength. These gratings are aligned parallel to and positioned on the
surfaces of the corresponding test cube. A grating is used to simulate
the x- and y-direction diffraction with a lattice constant of 16 pm,

which corresponds to the layer thickness of the cubic structure. A
cross grating is used to simulate the z-direction plane where the lattice
constant on both periodic directions is chosen to be 40 pm, which is
the diameter of interconnected resin droplets used to form each layer.
For both gratings the number of simulated diffraction orders is fitted
to recreate the full width half maximum (FWHM) profile width of the
cubic sample. Due to this fitting, the reference model can only represent
the analyzed transmission length. The scattering profile widths can then
be compared to the width of the intensity profile of the simulation, as
shown in Table 3. A detailed comparison between the measurement
and this simulation is shown in Supplement 3. These elements are
applied to the lens to approximate the optical effects created by the
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Fig. 14. Anisotropic optical scattering in additive manufactured component processed by Multi-Jet Modeling with a layer height of 16 pm.
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the diffraction theory.

Table 3

Comparison between the measured and the simulated scattering intensity profiles. The measured
profile width is given as the full width at half maximum (FWHM) and the full width at tenth

maximum (FWTM).

Illumination | Scatter Measured Simulated Deviation
direction profile FWTM/FWHM |FWTM/FWHM | (%)
direction | (mm) (mm)
X y 11.0/9.2 10.6/9.2 3.6/0.0
A 50.0/22.9 49.0/22.9 2.0/0.0
y X 10.0/5.5 10.6/5.5 6.0/0.0
Z 60.0/34.1 60.0/34.1 0.0/0.0
V7 X 12.0/3.7 10.6/3.7 11.7/0.0
y 12.0/4.0 10.6/4.0 11.7/0.0

layer structure. It should be noted that the lens from concept 1 is
analyzed here since the geometrical light path of the excitation laser
through the lens is between 22.9 and 23.2 mm, which is considered to
be similar to the 25 mm of the cubic sample. The simulation results
for the laser focus spot on the sample for concept 1 printed along the
z-direction with and without the implementation of anisotropic effects
are shown in Fig. 15. Compared to the design case, the results show
that diffraction increases the focus spot size and generates several local
maxima. The presence of different layers causes diffraction, resulting in
a maximum irradiance on the sample that is approximately 10 % of the
one without such effects. Additionally, this factor causes in a reduction
of approximately 37.5% of the total power on the evaluated surface.

5. Discussion

The detection of Raman signals demonstrates the potential of func-
tional optics for rapid prototyping and use in Raman Spectroscopy
(RS). However, we find that the layer-by-layer build nature and man-
ufacturing imperfections of the Additive Manufacturing (AM) process
significantly impact the characteristics and performance of the op-
tics. Thus, the manufacturing quality and build-orientation-dependent
optical effects are investigated to derive representative models for
analyzing the AM-specific impact on the optics performance. The rep-
resentative models presented in this study are discussed because they
provide valuable insight into the limitations and potential for future
development of additively manufactured bulk optics.
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We analyze the surface roughness by considering different printing
directions and fundamentally extending experimental considerations
of Kuo et al. [17] and connecting the results to the TIS model to
estimate its impact on the optics performance. While initial approaches
for the analytical description of optical scattering occurring in Multi-
Jet Modeling (MJM)-manufactured components are described by Rank
et al. [12] and Horsak et al. [15], we further derive a simulation
that explicitly describes these effects for multiple printing directions.
Furthermore, the model accuracy is estimated quantitatively and im-
plemented into a freeform optics simulation. Integrating the volume
inclusions and manufacturing tolerances in a performance evaluation
for additively manufactured lenses represents a novel approach.

The results of our study are subject to some uncertainties. For
the analysis of the anisotropic effects, a sample with a geometrical
propagation path of 25 mm is evaluated. However, the geometrical
propagation path and wavelength propagating through the lenses may
deviate from this experimental setup and fractionally impact the per-
formance analysis results. For the consideration related to the surface
roughness, the periodic structures on the surface generated by the
MJM process are neglected. However, these structures may act as
microlenses and cause additional optical scattering. Furthermore, the
effects of post-processing and the aging behavior of the optics were not
considered. These factors will influence the performance because, in
particular, the spectral transmittance may change [17]. The significant
benefit of our study is that all reported analyses, simulations, and
experiments are limited to a single manufacturing process and material,
excluding uncertainties in the data caused by using different machines,
suppliers, and post-processing methods. Further, the applicability and
performance of the AM optics are quantitatively validated to support
the presented approach and results.

The impact of each specific factor resulting from the AM process on
the lens performance varies significantly. As a result, the surface quality
generated by the MJM process needs to be improved for the presented
applications. Hence, post-processing is required. The selection of suit-
able finishing processes and their systematic integration into the AM
process chain in the form of sequential or hybrid processes are impor-
tant [35,39] but have yet to be established. In our study, the anisotropic
optical effects reduce the maximum irradiance on the sample to about
10 % of the value for isotropic material. This result indicates that with a
design methodology that considers the anisotropic effects, a significant
increase in the maximum performance of the optics may be achieved.
However, in order to minimize these losses, the design of the optics
must be adapted. Therefore, in future work, more detailed models for
simulating the material and improved design approaches for optimizing
the geometry have to be developed. Further, we show that the manufac-
turing tolerances potentially lower the maximum irradiance achieved
on the sample to 18 % of the designed value. These results demonstrate
that developing practical guidelines for the optimal orientation, and
carrying out targeted tolerance analysis is recommended to ensure the
optimum functionality in additive manufactured optics. They further
indicate that a tailored lens design that mitigates the negative im-
pact of the tolerances may improve the experimental repeatability of
the results [40]. The success of our approach indicates the potential
to use photopolymerization-based processes for rapid prototyping of
freeform lenses that can be integrated into an RS system. This opens
up opportunities to develop advanced optics for various applications,
including production monitoring [41], environmental analytics, and
life sciences [42,43].

6. Conclusion

Despite the promising potential of Additive Manufacturing (AM)
in optics demonstrated in this study, achieving high precision and
desirable optical properties remains a significant challenge. This topic
represents a promising field for further research. Our study investi-
gated manufacturing quality and orientation-dependent optical effects
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to derive representative models for analyzing AM-specific influences
on optics performance. The results suggest that considering anisotropic
optical properties and tolerance analysis in the design environment can
improve optical designs for optimal functionality. For the presented
application in Raman Spectroscopy (RS), improving the surface quality
generated by the AM process requires a comprehensive approach that
includes both advances in the AM process and the development of
tailored post-processing techniques. These findings have significant
implications for the future development of additively manufactured
bulk optics for various applications. Therefore, further research should
focus on the development of tailored simulation approaches for the
design and optimization of optical components adapted to the specific
AM processes and application scenarios in order to fully exploit the
potential of the AM for optics.
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