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ABSTRACT

Polymer optical waveguides, especially single-mode waveguides are increasingly used for short distance commu-
nication, as well as for sensing applications. The realization of a working communication route requires different
and sequentially realized steps. Generally, these steps are the packaging of semiconductor beam senders and
receivers, the fabrication of an optical waveguide, the preparation of its end-facets, the alignment of different
elements along their optical axis and the integration into a desired communication route. The development of a
process, which integrates all these steps for planar surfaces, offers a reduction in time and an increase in flexibil-
ity. A sub-step toward such a highly automated system is the integration of optical waveguides into the planar
surface. In this context, we are investigating the use of the micro-dispensing process to realize this integration
step. We functionalize UV-curing adhesives as cladding for micro-optical cores as well as for inherent bonding
to the substrate surface.
For this purpose an optical characterization of the adhesives is necessary for an adequate core and cladding
material combination. A flow behavior characterization is also relevant in order to analyze the used dispensing
process with the selected adhesive. Finally, a mechanical characterization is done to test the adhesion of the core
to the adhesive, as well as the adhesive to the substrate surface.
In this paper we present a summary of the realized characterization of the selected polymer. Based on experiment
results we infer limits and opportunities of this method.
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1. INTRODUCTION

The integration of optical waveguides into different substrate types is an a current issue of scientific research.
For optical PCB’s, the integration allows a high optical data transfer rate up to Terabit/s.1–3 Apart from
communication tasks, the sensing properties of optical waveguides4 are also used for surface and structure health
monitoring allowing a local distributed measurement of temperature and strain changes.5–9 Another trend in
scientific work is the development of innovative production methods such as flexography10 or Inkjet11 printing.
Hot embossing12 of sensors13,14 and waveguides is also investigated for an integration in planar polymer foil
to realize optical measurement principles. This recent progress in scientific research supports the possibility
of an integration of sensing optical waveguides into industrial machines and part surfaces. This integration is
advantageous in many perceptions. On the one hand structure health monitoring of machines during processing15

supports the possibility of an online-closed loop. On the other hand structure health monitoring of parts helps to
accumulate life cycle data. This data can be used for condition oriented maintenance16 and use-oriented product
design.17 Furthermore, using the surface integrated waveguides for communication provides an electromagnetic
interference immunity, flexible structures and a high bandwidth.
Innovative methods such as printing or hot-embossing of optical waveguide,10–12,18 or the more established
methods such as lithography or pattering integrate waveguides into planar systems with a flexible polymer- or
semiconductor-based material.19,20 However, flexible integration into metallic parts is not yet established. To
allow such an integration, we are investigating the use of micro-dispensing process. The idea is based on four
steps as presented in fig.1: In the first step a trench structure is realized on the substrate surface along the desired
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Figure 1. The process steps for a surface integration of micro-polymer fibers

path. The second step consists of dispensing a UV-curing polymer adhesive along the path. This step realizes
the lower cladding layer of the waveguide and at the same time the bonding to the substrate surface. In the third
step the microfiber core is placed on the first cladding part. The fourth step is realized similar to the first one
and the upper cladding layer is dispensed. The dispensing is followed by the curing using UV-radiation. With
this method a step-index waveguide is integrated to the surface. The adhesive is functionalized as a cladding
material in addition to its bonding function.

The next step is the end-facet preparation for a butt coupling using hot-cleaving and index-matching polymer
as presented in a previous paper.21 The coupling is realized to sender and receiver, which are also bonded on the
substrate surface. In a previous work,22 we presented the determined deviation, tilt, pitch and yaw limits using
optical simulation for a coupling efficiency η=0.8 . These limits were determined for a certain optical step-index
waveguide with a defined geometry and optical properties, such as the numerical aperture AN . The stability of
these properties is relevant for the coupling efficiency and the validity of the determined limits. A variation in
geometry leads to the variation of the core position in the cladding. A variation of optical properties leads to the
variation of the numerical aperture AN . An overview of the process parameters, which directly affect the geo-
metrical and optical properties, are presented in fig.2. The lower cladding part is characterized with the contact
angle θ, the height h, as well as the refractive index nclad. The resulting contact angle depends on the surface
tension of the used liquid polymer as well as the surface energy of the substrate. The height h depends on the
dispensed polymer volume V , which in its turn depends on the viscosity of the polymer, the adjusted parameters
for the dispensing method such as volume flow V̇ , as well as the dispensing velocity v along the surface adjusted
using the gantry robot. Apart from the trench geometry and surface roughness of the substrate, the height
h and the positioning system in the gantry robot define the position P (x, y) of the core. The liquid polymer
has a certain refractive index in liquid state, which becomes another value after the curing and cross-linking of
the polymer chains. The curing system and its adjustment parameters, such as intensity, curing time or curing
distance define the curing conditions and consequently affect the refractive index value in solid state.

We analyzed the first step of the presented integration method (the dispensing of the lower cladding part)
and its stability in this work. We want to determine the effect of process parameters deviation on geometrical
and optical properties of the lower cladding. We chose the materials and trench geometry summarized in tab.1
for our tests.
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Figure 2. Modell of the micro-POF integration method and its adjustment parameters

Substrate
Material Description Trench geometry

Alplan AI Mg4.5Mn0.7
width 300± 9.7µm
depth 100± 5.3µm

Cladding

Material Description
Refractive index

(liquid state, λ = 633 nm)
UV-curing adhesive Methacrylate/

1.4356
Polytec UV2108 Acrylate

Core

Material Description
Refractive index

(solid state, λ = 589 nm)

PC Polycarbonate 1.5805

Table 1. Description and some properties of the used materials

In the next section, we investigated the wetting behavior of the selected liquid polymer to the substrate surface
and the reproducibility of the dispensing process. In the third section, we realized an optical characterization of
the adhesive in solid state by measuring the transmission and reflexion values according to the variation of the
curing parameters. In the fourth section, the adhesion of the cured polymer is considered. In the final section, we
conclude with the different considerations to infer aspects for the controlling of the presented method from the
realized investigations and their consequences. We also give suggestions for necessary future work to strengthen
our conclusions.
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2. ANALYSIS OF THE DISPENSING PROCESS

2.1 Wetting and interfacial dynamic of used adhesive

The used adhesive as cladding material is dispensed along the trench structure. In the boundary surface between
substrate and cladding material an interfacial phenomena is taking place defining the wetting property between
these partners. This wetting property can be characterized by the surface tension σS (S: solid) between the
substrate and ambient gas, the surface tension σL (L:liquid) between the liquid polymer and ambient gas, the
surface tension σLS between the used liquid polymer and substrate, as well as by the contact angle θ between
the different surface tensions as defined by the Young-equation:23

cosθ =
σS − σLS

σL
. (1)

If σp the polar component and σd the disperse component of the surface tension of a liquid and a solid are known,
the surface tension σLS can be determined by the following equation:24

σLS = σS + σL − 2 ·
(√

σdS · σdL +
√
σpS · σ

p
L

)
. (2)

Considering the finite volume element dV of the dispensed polymer along the trench, its cross-section A can
be characterized by the height h and the contact angle θ as presented in fig.2. The capillary rise at an infinite
vertical board depends on the distance to this board. However, if the considered volume is small enough, the
effect of gravity can be neglected and the capillary rise can be considered as circular. In fig.3 the geometrical
relation of the dispensed first cladding part is described based on this approach. The dimension c in this figure
represents the sagitta of the presented circle. The height h and the volume dVmax can be formulated as

h = b− c, (3)

h = b− a

2
·
(

1− sinθ
cosθ

)
, (4)

dVmax = Amax · dl, (5)

dVmax =

(
a · b− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
· dl, (6)

where a is the trench width and b the trench depth. We define the minimal volume as the volume where h = 0.
This means that the circular shape of the dispensed cladding material is tangential to the trench bottom. The
volume dV should be between dVmin and dVmax:

Amin · dl < dV ≤ Amax · dl, (7)(
a · h− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl < dV ≤

(
a · b− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl,

0 < h ≤ b− a

2
·
(

1− sinθ
cosθ

)
. (8)
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Figure 3. Geometrical description of the lower cladding part cross-section

To determine these value limits we conducted a surface tension measurement of the liquid polymer using the
pendant drop method according to DIN 55660-3 and the substrate surface energy by measuring the contact angle
according to DIN 55660-2. The results are summarized in tab.2.

Substarte Material: Surface Energy disperse component polar component
σ σd σp

Al Mg4.5Mn0.7 35.13± 4.9 mN/m 28.13± 11.35 mN/m 7± 1.83 mN/m

UV-Curing adhesive: Surface tension disperse component polar component
σ σd σp

Polytec UV2108
37.61± 0.66 mN/m 36.63± 0.63 mN/m 0.98± 0.04mN/m

Methacrylate/Acrylate
Table 2. Measured surface tension σL and σS

Based on these values the expected contact angle θ = 32.19 between substrate and liquid polymer can be
theoretically determined by using equations 1 and 2. This value is between 0 and π/2, which represents a partial
wetting case.25 To validate this value we realized several measurements of the contact angle based on DIN 5560-2.
The measured values are time-dependent and start on an average of 31.64 ± 1.17◦ till reaching a quasi-stationary
value of 22.42 ± 0.04◦ as presented in fig.4.

Figure 4. Time dependence of the contact angle between the adhesive and the used substrate

Considering the trench width a = 300 µm and depth b = 100 µm, the contact angle from t = 0 to t = 200s,
the maximal and minimal cross-section surface A can be calculated using eq.7. From this equation, we can
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also conclude that Amax = Amin for the contact angle θlimit = 22.61◦. This case is presented in fig.3 with the
dot-dash line. Contact angles smaller than θlim mean that the trench bottom will not be completely coated and
the capillary rise will be higher than the trench edge. In this case the dispensed polymer will not be flush to the
substrate surface. In fig.4 the limit value θlimit is marked and the value is reached by t ≈ 145 s. In the following
subsection, we will consider a curing during the first 5 seconds, which means a contact angle value between ca.
26◦ and 32◦. Based on the maximal value θ = 32◦, a characterization of the dispensing method is realized to
test its influence on the dispensing volume and so the height of the first cladding, whose deviation is relevant for
the core position.

2.2 Reproducibility of the dispensing process

The most common dispensing methods use time-pressure, piston, endless-screw, peristatic-valve, Ink-Jet or jet-
valve techniques.26 In our case we want to assure a volumetric stable line dispensing, which is best provided by
the endless-screw method using conventional dispensing tips.26 For this purpose we used the dosing unit eco-pen
450 from ViscoTec, which is a precision-volume dosing unit based on the endless-screw technique. Its control
device allows an adjustment of the volume flow V̇ from 0.5 to 6 ml/min.
In the presented integration method, the total volume of the lower cladding part depends on the length of the
trench. By defining a certain volume flow, the necessary time t to dispense the desired volume can be calculated.
The dosing unit is fixed at a gantry robot, whose forward velocity v is adjusted based on the trench length and
the necessary dispensing time t. The minimal and maximal velocity at a defined volume flow can be determined
using eq.7 by:

dVmin < V̇ · t ≤ dVmax(
a · h− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl < V̇ · t ≤

(
a · b− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl,(

a · h− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl < V̇ · dlv ≤

(
a · b− a2

8 · cosθ2
· ((π − 2θ)− sin(π − 2θ))

)
dl,

V̇(
a · b− a2

8·cosθ2 · ((π − 2θ)− sin(π − 2θ))
) < v ≤ V̇(

a · h− a2

8·cosθ2 · ((π − 2θ)− sin(π − 2θ))
) . (9)

In fig.5 this relation is graphically presented, as well as the process limits. These limits are defined by the volume
flow and velocity adjustment range from respectively 0.04 to 6 ml/min and 0 to 3.8 m/s. The gantry robot
also has a maximal acceleration a = 50 mm/s2, which means that for the time tdelay = vmin/a and the length
ldelay = a/2 · t2delay the necessary conditions are not complied.

Figure 5. Dispensing velocity in relation to adjusted dispensing volume flow

We realized 3 experiments with 50 measurements each. For a defined volume flow V̇ = 0.5 ml/min, we dis-
pensed 3 different lengths (0.16 m, 0,32 m, 3,22 m), which corresponds to 3 different dispensing time durations
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(0.24 s, 0.48 s, 4.8 s). For each length we repeated the experiment 50 times and weighted the dispensed polymer.
Then we determined the total volume flow deviation with the measured weight. The average and the standard
deviation are also presented in fig.6. We can conclude that deviations are higher for shorter dispensing times.
If we use the velocity limits vmin and vmax, the deviation in the volume flow can leads to an off-limit for the
system as presented with the hatching surface in fig.6. A volume flow deviation under and over the adjusted
value leads to an underfilling by vmax and an overfilling by vmin. If the mean velocity vmean = (vmax + vmin)/2
is used, the volume flow deviations still fit the process limits. However, these volume flow deviations lead to a
± 1.9µm, ± 2.1µm and ± 4.7µm deviation from the height h for respectively 4.8 s, 0.48 s and 0.24 s. This
shows a deviation from the core position P(x,y). This deviation affects the coupling efficiency, since the real
position P does not correspond to the required position. An active regulation of this deviation by changing the
velocity based on eq.9 is possible in order to fit into the process limits. For this purpose we need to measure
the variation in the volume flow during the process. This cannot be realized directly, but indirectly using a fluid
pressure sensor. In this case, we used the fluid sensor Flowplus16 from ViscoTec and measured the flow pressure
on-line while dispensing. In fig.6, an example of the pressure profile for the 3 dispensing durations is presented.
The pressure increases during the dispensing time and reaches the maximum at the end of it. The values of
0.5 bar and 3.3 bar are reached respectively at 0.48 s and 4.8 s. The pressure begins to decrease immediately
by the end of the dispensing time. In the case of the short dispensing time of 0.24 s, the pressure value does not
change. This means that the dispensing unit is not adequate for a short distance in range of 100 mm. These
measurements show a correlation between dispensing time and pressure, and consequently between pressure val-
ues and the volume flow deviation. We calculated a Spearman’s rank correlation coefficient of ca. 0.5 between
the volume flow deviations and the maximal reached pressure values. This proves that a correlation function
can be formulated between the flow pressure and the volume flow, which can be used to regulate the system
on-line. To determine a correlation function with a minimum error coefficient, more precise measurements are
planed dispensing directly on a time-recording anlytical balance. Through this it is possible to directly compare
the pressure and the volume flow behavior through the duration.

Figure 6. Volume flow deviations for different dispensing times

After dispensing the lower cladding part, curing takes place. This process step also has several adjustment
parameters such as the beam intensity, the distance between the UV-beam and polymer, the size of the UV-beam
spot, as well as the curing duration. In the next section possible impacts of changing these parameters on optical
properties are investigated.

3. OPTICAL CHARACTERIZATION OF CURED CLADDING MATERIAL

The selected adhesive polytec UV2108 used as cladding material should have a refractive index lower than the
index of refraction of core material (PC, ncore=1.5805 at 633 nm) to achieve the step-index waveguide. The
data-sheet of the selected adhesive recommends a curing with a spectral output between 320 and 500 nm during
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Figure 7. Pressure profile for different dispensing durations

tr = 5 s by a dr = 0.05 mm thickness. The recommended intensity Ir should be adjusted between Irmin = 0.6
and Irmax

= 1 mW/mm2. From these data sheet recommendations, it is possible to interpolate an approach for
the necessary Intensity I depending on the polymer thickness d and the curing duration t as follows:

I(d, t) =
Ir · tr
dr

· d
t
. (10)

After the curing based on this recommendations we measured the refractive index ncladding = 1.51 at λ = 590 nm
using a profilometer from Rink Electronic.
We designed an experiment to determine the influence of curing parameters on optical properties. We varied
these parameters based on eq.10 as presented in tab.3 and realized two samples for each variation. Subsequently,
we realized 6 transmission and reflexion measurements at each sample using the spectrophotometry instrument
Perkin Elmer Lambda 950 at a wavelength between 200 and 2000 nm. From the reflection and transmission
values, we can recognize if there is a deviation due to the variation of curing parameters. Based on this deviation,
we can also conclude the existence of a refractive index deviation through the Fresnel equation.

# Dimension
Thickness Distance Intensity Duration

Comment
d a I t

1 � 1” 0.6 ± 0.09 mm 20 mm 0.72 ± 0.02 W/cm2 5 s based on Irmin

2 � 1” 0.6 ± 0.09 mm 10 mm 0.72 ± 0.02 W/cm2 5 s based on Irmin

3 � 1” 0.6 ± 0.09 mm 10 mm 1.2 ± 0.02 W/cm2 5 s based on Irmax

4 � 1” 0.6 ± 0.09 mm 10 mm 4 ± 0.02 W/cm2 1.5 s based on Irmax

5 � 1” 0.6 ± 0.09 mm 10 mm 4 ± 0.02 W/cm2 0.9 s reduced curing duration

6 � 1” 0.6 ± 0.09 mm 10 mm 11.9 ± 0.02 W/cm2 0.9 s
reduced curing duration
and increased intensity

Table 3. Used UV-curing parameters for the designed experiments

We used a the Panasonic UV-control device UJ35 with the lamp ANUJ6184 and a 3 mm spot diameter by a
10 mm distance. The UV-control device has an UV-intensity sensor, which allows the adjustment of the desired
intensity up to 11.9 W/cm2.
It is difficult to study the effect of changing curing parameters of the whole measured spectrum. For this reason,
we picked up 6 relevant wavelengths going from ultra-violet to infra-red and used them for the evaluation of
curing parameter effects. The significance of these effects are evaluated based on statistical confidence interval
calculation27 and the results are summarized in tab.4. We can see that the use of the minimal or maximal re-
quired curing intensity does not have any significant effect on transmission or reflexion, as well as a 40% reduction
of the required curing time tr by the maximum required Intensity Irmax

. However, using a significantly higher
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Exp.
λ (nm)

Effect on 380 470 568 650 980 1550
transmission of Sig % Sig % Sig % Sig % Sig % Sig %

a: 20 mm → 10 mm 1 & 2 *** ↓ 11.9 * - * - * - * - * -
Imin → Imax 2 & 3 0 - 0 - 0 - 0 - 0 - 0 -

curing:
1 step→many steps 3 & 4 * - ** ↑9.8 ** ↑10.3 * - ** ↑6.8 ** ↑7.3

t > tr 4 & 2 - - * - * - * - * - * -
t < tr 4 & 5 * 0 - 0 - 0 - 0 - 0 -
I > Ir 5 & 6 *** ↑35.2 0 - 0 - 0 - 0 - * -

Exp.
λ (nm)

Effect on 380 470 568 650 980 1550
reflexion of Sig % Sig % Sig % Sig % Sig % Sig %

a: 20 mm → 10 mm 1 & 2 *** ↓2.2 * - * - * - * - * -
Imin → Imax 2 & 3 0 - 0 - 0 - 0 - 0 - 0 -

curing:
1 step→many steps 3 & 4 0 - ** ↑2.4 ** ↑2.4 ** ↑2.4 ** ↑2.4 * -

t > tr 4 & 2 * - ** ↑2.5 ** ↑2.5 ** ↑2.5 * - * -
t < tr 4 & 5 0 - 0 - 0 - 0 - 0 - 0 -
I > Ir 5 & 6 *** ↑2.3 *** ↑2.2 *** ↑2.2 *** ↑2.2 *** ↑2.4 *** ↑2.3

Table 4. Significance (Sig.) of the different effects for the designed experiment.(0): no sig., (*): low sig./more experiments
are required, (**): sig. is available, (***): high sig.

intensity than the maximal required curing intensity leads to an increase of reflexion values for all wavelengths
and of the transmission value only in the lower UV-range. Curing the polymer in one step in the required time
period tr, or curing it in a repetitive loop by dividing the required time in small intervals has almost a significant
effect on the transmission and reflexion in the visible spectrum. We also recognized that a longer curing time
than tr or a higher intensity than Ir increase the reflexion values for the different wavelengths. According to the
transmission value, only an increase by λ = 380 nm is to be mentioned for a higher intensity than Ir.
We can conclude that the control of the UV-beam intensity and the exposure duration to the beam source are
important for repeatable optical properties of the used adhesive. The decision if the curing should take place in
one step or many has to be consistently applied, since a variation leads to variation in the optical properties.

4. ADHESION TEST

Apart from its task as cladding, the used adhesive should realize the bonding between the core and cladding
material as well as between the cladding and substrate surface. For this reason, we realized an adhesion test
based on DIN EN ISO 2409. In this test we coated the substrate material as well as a polycarbonate substrate
(same as core material) with the selected adhesive. The test is performed using a cross-cutting tool, which
produces a lattice structure at the coated surface. The lattice structure should be deeper than the bonding
surface to scrape the substrate surface. Afterwards generated microscopic images of the lattice structure are
compared to the reference table in the norm.
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a. Substrate material coated with b. Core material coated with
Polytec UV2108 Polytec UV2108

Figure 8. Microscopic image of the realized lattice structure on the coated substrates

The adhesion is considered as optimal, if we get smooth cutting edges and the lattice surfaces do not show
a mechanical spalling. Fig.8 shows the obtained results, which fulfill the required conditions for an optimal
adhesion.

5. CONCLUSION AND NEXT STEPS

In the beginning of this article, we presented our pursued method for a metallic surface integration of micro-
polymer fibers. Our goal is an automated and robust process with a high repetition accuracy. The weak point in
this process is the coupling efficiency with the sender and receiver on the surface. For this purpose, we defined
the position deviation, tilt, pitch and yaw limits for a coupling efficiency η = 0.8 in previous work.22 These limits
were used for designing the necessary actuators to achieve the required positioning accuracy of the core fiber
relatively to the sender or receiver position. Furthermore, the efficiency also depends on the coupling method
and the end-facet preparation of the integrated waveguide. We analyzed this question in a prior paper21 and
chose to use hot-cleaving in combination with an index matching polymer as an end-facet preparation method.
Another important factor for the coupling efficiency is the repeatability of the integration process and the re-
sulted optical properties of the surface integrated waveguide. For this purpose, we consecrated this article to
analyze the dispensing of the first cladding part, which consists of the first step of the presented method. The
first cladding part defines the height of the core fiber inside the cladding. Moreover, the cladding refractive index
in combination with the core refractive index define the numerical aperture AN of the waveguide. The position
of the core in the cladding as well as the numerical aperture are relevant parameters to determine the achievable
coupling efficiency and any change leads to a change of the boundary conditions. We tested the influence of
process parameters deviation on geometrical and optical properties of the cladding material.
In section 2, we studied the wetting behavior of the used materials and theoretically determined the required
volume flow and dispensing velocity to achieve a defined height h. Then we analyzed the used dispensing method
and stated a time dependent deviation of the volume flow. This deviation has to be counteracted to avoid a
resulting height deviation. For this purpose, a monitoring of the volume flow during the dispensing process
is necessary. However, this is not directly possible but indirectly using a fluid pressure sensor. A correlation
between the volume flow and the measured pressure values was observed. We are planning a further analysis
of the volume flow behavior through time in order to determine the correlation function of the pressure values,
which will allow the on-line regulation of the dispensing process. Moreover, a further analysis of the dynamic
wetting behavior is intended by measuring the dynamic contact angle based on DIN 55660-6. This will complete
the time-dependence analysis of the contact angle presented in fig.4.
In section 3, we optically characterized the cladding part by measuring the relative transmission and reflexion
values. For this purpose, we cured the adhesive using different parameters and mentioned that especially a higher
intensity and higher exposure duration lead to a variation of the optical properties. The curing parameters have
to be controlled during the process to ensure a stability of the results. In further works, we are also preparing a
series of experiments to directly measure the refractive index using ellipsometry. Furthermore, we will investigate
the stability of these results under laboratory ageing conditions, since the waveguide is exposed to UV-radiation,
humidity and stress while operating. The adhesion dependence will also be investigated in this context.
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Figure 9. Topography of cured adhesive for different curing paramters

Another important question is the influence of curing parameters and ageing conditions on the final geometry
of the cured polymer. In preliminary investigations, we coated 1” glass substrate and cured it in a move involute
to a circle under different curing conditions based on exp. 1,2,5 & 6 from tab.3. Fig.9 shows the different resulting
topographies. It is obvious, that the curing conditions affect the final geometry. It remains to determine the
correlation with the intensity distribution of the used beam and its relevance for thin structures, such as the
dispensed cladding part in our case.
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