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Abstract:  We introduce the concept of mechanically stretchable optical
waveguides. The technology to fabricate these waveguides is based on a
cost-efficient replication method, employing commercially available poly-
dimethylsiloxane (PDMS) materials. Furthermore, VCSELs (A = 850 nm)
and photodiodes, embedded in a flexible package, were integrated with
the waveguides to obtain a truly bendable, stretchable and mechanically
deformable optical link. Since these sources and detectors were integrated,
it was possible to determine the influence of bending and stretching on the
waveguide performance.
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1. Introduction

Stretchable material technologies have enabled an emerging range of applications that are im-
possible to achieve using conventional rigid or flexible technologies. Examples can be found
in diverse application domains such as robotics and automation, health care and biomedical
technologies, and consumer electronics. The ability to deform a functional substrate so that it
can be wrapped around a curved or moving surface, allows for example creating an artificial
(robot) skin [1], wearable on-body sensing systems [2], or even monitoring moving machine
parts or electronic systems that conform to their environment [3].

A considerable amount of research has been performed on stretchable electronic systems
in which, for example, non-stretchable islands are embedded in a stretchable material such as
polydimethylsiloxane (PDMS), and joined with electrical interconnections. To make these in-
terconnections mechanically stretchable, 2 approaches have been adopted. In a first approach,
traditional conductors such as copper, gold or silicon are patterned as spring-like structures in-
stead of straight lines [4—7]. In a second approach, an electrically conductive stretchable mate-
rial itself is used to create the interconnections [8]. Furthermore, not only the interconnections,
but also electronic components themselves can be made flexible [9] or stretchable [10].

Nowadays, more and more (sensing) systems are implemented using optical instead of elec-
trical technologies and it can therefore be expected that in addition to stretchable electrical
interconnections, there will also be a need for stretchable optical interconnections. To make
optical interconnections stretchable, 2 analogous approaches can be defined, i.e. using either
meandering, or straight optical waveguiding structures. Related to the first approach, meander-
ing silica optical fibers have previously been embedded in a PDMS material, so that the final
assembly becomes stretchable [11]. For shorter interconnection lengths, however, the use of
planar waveguides is more convenient. Most of the traditional optical waveguide materials (for

#201085 - $15.00 USD  Received 8 Nov 2013; revised 13 Dec 2013; accepted 16 Dec 2013; published 18 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22, No. 4 | DOI:10.1364/0E.22.004168 | OPTICS EXPRESS 4169



example glass, semiconductors or polymers) are rigid or in the best case flexible and would
similarly require to pattern them in a meandering fashion and embed them in a stretchable host
material to make stretchable interconnections. This approach is much more challenging com-
pared to the electrical case, both from a design and technological point of view. Therefore, this
paper introduces the concept of straight stretchable optical waveguides fabricated using less
conventional, but highly stretchable and optically transparent PDMS materials.

The majority of available PDMS materials is not suited for traditional photolithographic pat-
tern definition. Although patterning of PDMS using wet chemical etching [12, 13], reactive
ion etching [12, 14, 15] and laser ablation [16] has been reported, mainly replication based
microfabrication techniques are used, and are generally referred to as ‘soft lithography’ [17].
Specifically for fabricating waveguides in PDMS, several approaches have been reported dif-
fering in applied patterning technologies and methods to obtain the refractive index contrast
required for waveguiding.

A first approach to introduce an index contrast is to use a single material, for example Syl-
gard®184 (Dow Corning) but differing the mixing ratios of prepolymer and curing agent or
the (thermal) curing conditions [18]. Alternatively, in [19], Sylgard®184 was mixed with a
silicone o0il (200®Fluid, Dow Corning) to increase the refractive index. Furthermore, PDMS
can be chemically modified for example by incorporating phenyl groups in the side chains of
the PDMS-backbone [20] in order to obtain a new material with a different refractive index. It
is clear that all these approaches require precise tuning of parameters or proprietary material
development. However, recently, many types of optically transparent PDMS materials with a
range of different refractive indexes have become commercially available and can directly be
applied. This allows selecting 2 materials with a precise refractive index difference for the core
and cladding, depending on the waveguide design.

To pattern waveguides in PDMS, a widely adopted approach is to precisely fill microchan-
nels using a razor blade or squeegee [18,20-22]. Hereby, the challenge is to remove the excess
material to avoid a residual layer between the different waveguide cores since this may cause
cross-talk between neighboring channels. As an alternative, closed microchannels can be pat-
terned in cladding material and subsequently capillary filled with another material that forms
the core of the waveguide [23,24].

In this paper, we introduce the concept of stretchable optical interconnections based on mul-
timode PDMS waveguides. To adopt a widely applicable and cost-efficient technology, only
commercially available materials are used and the waveguides are patterned using a replication
technology based on the capillary filling of PDMS microchannels. This previously reported
method was modified to obtain freestanding PDMS waveguides with integrated optoelectronic
sources and detectors, resulting in a truly stretchable and complete optical link. By having the
sources and detectors integrated, it was also possible to study the optical link behavior under
mechanical deformation.

2. Fabrication methods
2.1. Waveguide design and materials

The waveguides consist of 6 cm long multimode channels with a cross-section of 50 um x
50 pum. These are typical dimensions for multimode waveguides providing 1dB alignment
tolerances larger than £10 um for in- and outcoupling [25]. To maximize the light con-
finement, the refractive index contrast between cladding and core was chosen as large as
possible within the limits of available materials. Therefore, Sylgard®184 (Dow Corning, re-
fractive index n¢jaqding = 1.41) was used as cladding and LS-6257 (Nusil, refractive index
neore = 1.57) was used as core material, resulting in a waveguide numerical aperture (NA) of
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nZ,. — n%la dding = 0-09. The higher this value, the smaller bending radii are possible, which
is important when designing deformable waveguides. As operating wavelength, 850 nm was
selected, for which optoelectronic sources and detectors are available and the intrinsic losses of
both materials are low. According to the product specifications, the intrinsic loss of the LS-6257
material is below 0.05 dB/cm [26] and based on internal experience, Sylgard®184 is expected

to exhibit a similar intrinsic loss value.

2.2.  Waveguide fabrication

(@) (b) ©

Fig. 1. Simplified concept of the PDMS waveguide fabrication process based on a capillary
filling technique: (a) Bonding of 2 PDMS layers forming covered channels, (b) Applying a
drop of liquid core material at the inlet, (c) Curing the core material once the channels are
filled.

The multimode waveguides were patterned using a replication technique, see Fig. 1. First, a
master mold was fabricated by defining 50 um x 50 yum SU-8 ribs on a 250 um pitch us-
ing UV lithography on a silicon wafer. This master mold was over-coated with Sylgard®184
(Dow Corning), which was subsequently thermally cured (15 minutes at 100°C on a hotplate)
and then released. This layer forms the bottom cladding of the waveguides. Another, tempo-
rary, 10 cm x 10 cm glass substrate was covered with a spin-coated release layer of a 4%
weight/volume polyvinyl alcohol solution in water (PVA, molecular weight between 31k and
50k, Sigma Aldrich). Then, a 25 pum thick layer of Sylgard®184 was spin-coated onto this
release layer, forming the top cladding of the waveguides. Both the patterned and unpatterned
cladding substrates were plasma treated (Diener Pico, 0.8 mbar, 24 s, 190 W 40 kHz generator,
gas used: air) and subsequently brought in contact to form channels. This plasma treatment
creates silanol groups on the surface forming an irreversible Si-O-Si bond upon contact [27].
Then, a drop of another type of PDMS, LS-6257 (Nusil) was applied at the inlet of the chan-
nels, filling them using the capillary action. After complete filling of the channels, the material
was thermally cured for 14 hours in an oven at 80°C, realizing the waveguides. Finally, the
waveguide substrate was immersed in deionized water for 1 hour to dissolve the PVA layer and
obtain the freestanding, stretchable waveguides.

To interface the waveguides and create end-faces, a precise cut was made perpendicular to the
waveguides using a thin razor blade. A photo of such a cut is shown in Fig. 2 also illustrating the
dimensions of the waveguides. Due to the softness of the PDMS materials (Durometer, Shore
A 50 for Sylgard®184 and Shore A 40 for LS-6257), polishing of the waveguide end-faces is
difficult and was therefore not applied.

Fig. 2. Razor blade cross-section of the PDMS waveguides fabricated using capillary filling.
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2.3. Integration of light sources and detectors

Mirror plug with i

gold coaﬁg)\ 100;m
OE active area; T (O-@ackage

(a) Placement of a 45° mirror plug on optoelectronic (OE) package

Ry v

25/,4,m-+- A
T LS-6257

(b) Aligning + bonding with the waveguide array

A

(c) Resulting optoelectronic component coupling to waveguide array

Fig. 3. Fabrication steps for integrating optoelectronic components with stretchable waveg-
uides; the procedure is identical for integrating VCSELSs or photodiodes.

Fig. 4. Embedded 1x4 VCSEL array coupled to 4 PDMS waveguides using the process
shown in Fig. 3. The optoelectronic component is covered by the mirror plug and can
therefore not be seen.

In order to characterize waveguides, interfacing with sources and detectors is needed. Usually,
waveguides are characterized using actively aligned optical fibers at the input and output. How-
ever, for investigating the behavior of waveguides under mechanical bending, and especially
stretching, this method becomes difficult, if not impossible. Therefore, a process was devel-
oped to integrate light sources and detectors with the waveguides [28], as illustrated in Fig. 3.
As a starting point for this process, the technology for embedding thinned, bare die VCSELs
(850 nm, multimode 1x4 array, ULM Photonics ULM850-05-TT) and photodiodes (GaAs,
100 pum circular active area, 1x4 array, Enablence, PDCA04-100-GS) in 40 um thick, flex-
ible polyimide foils was used. A 100 um thick 45° deflecting micro mirror plug (material:
polyimide) with a 120 nm evaporated gold coating was aligned with the active areas of these
embedded optoelectronic components using a Dr. Tresky flip-chip bonder and subsequently
glued using XS8455-48 adhesive (Namics corporation). The divergence angle of the VCSEL
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Fig. 5. Photo of the complete stretchable optical link including embedded VCSELs and
photodiodes integrated with PDMS waveguides.

(20°, full width 1/e* at 5 mA driving current) is small enough and the active area of the pho-
todiode is large enough to ensure efficient coupling to the 50 um x 50 um waveguides after
bridging the 100 um distance between active area, mirror plug and waveguide end-face.

Subsequently, this complete assembly was aligned and bonded with the PDMS-based optical
waveguides. To ensure proper vertical alignment, the waveguides top cladding thickness was
precisely controlled to 25 um, while the lateral positioning was performed using marks on the
polyimide substrate which were aligned to the waveguides using a modified mask aligner. For
achieving precise bonding of the PDMS and the polyimide substrate, a ‘dry bonding’ technique
was used. Therefore, a 50 nm SiO; layer was coated on the polyimide substrate, and then the
PDMS and the coated polyimide substrate were plasma treated (Diener Pico, 0.8 mbar, 24 s,
190 W 40 kHz generator, gas used: air) creating silanol groups on both substrates. When the
silanol groups on these 2 treated surfaces are brought into contact, an irreversible Si-O-Si bond
is formed [27].

After this process, a small drop of Sylgard®184 was dispensed to fill the air gap between
the waveguide end-faces and the mirror plug, acting as index matching material. This drop of
material was left curing at room temperature in order not to induce thermal stress which may
shift the components and affect the optical alignment.

Figure 4 shows a microscope view of an embedded optoelectronic component (1x4 VCSEL
array) which is optically coupled to 4 PDMS waveguides using the 45° deflecting micro mirror
plug and Fig. 5 shows a photo of the complete stretchable link including integrated light sources
and detectors.

3. Characterization methods

The stretchable waveguides were characterized in terms of propagation losses, bending losses,
stretching losses and reliability.

In this paper, the total link loss was determined, i.e. from VCSEL, coupled into a 6 cm,
50 um x 50 um waveguide and coupled out to the photodiode. Therefore, the photocurrent was
measured as a function of the VCSEL driving current and by taking into account the character-
istics of the optoelectronic components, the total link loss was calculated. These measurements
were performed before and after applying the index matching PDMS between the waveguide
end-faces and optoelectronic components. In all experiments, VCSEL driving currents were
applied using a Keithley 2401 Source Measure Unit (SMU) and the photocurrents were read
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moving
top plate

sources and detectors
immobilized

waveguides in a
U-bend configuration

Fig. 6. Setup for investigating the effect of bending on the waveguide losses. The part of
the sample where coupling between the optoelectronic components and the waveguides is
performed was immobilized to exclude effects from changing coupling conditions as much
as possible.

PDMS block

@ (b)

Fig. 7. Setup for investigating the effect of stretching on the waveguide losses: (a) the
waveguide link mounted on the setup and (b) a close-up on the thicker PDMS protruding
blocks attached on both sides allowing fixation without direct clamping on the waveguides
themselves.

out using a second Keithley 2401 SMU at a fixed bias of -2 V. Both SMUs were interfaced
using dedicated software to record the component characteristics.

The effect of bending on the waveguide losses was investigated using the setup shown in
Fig. 6. The waveguide link including sources and detectors was attached to 2 plates positioning
the waveguides in a U-bend. The bottom plate was kept fixed while the top plate was mounted
on a motorized vertical stage. By moving the top plate, the waveguides were bent with radii
from 11 mm down to 4 mm. The coupling region at the mirror plugs was immobilized to
exclude effects from changing coupling conditions therefore only recording bending effects.
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Then, the waveguides were subjected to mechanical stretching. In a first experiment, the
waveguides were elongated for 30 % using a dedicated setup, see Fig. 7. The stretching mecha-
nism consisted of a fixed and a moving holder positioned on guiding pins. Using a spindle, this
moving holder was connected to a precision stepper motor, of which the direction of movement
and speed was addressed by a commercial driving circuit, controlled by a programmable micro-
controller unit. To limit the effect of changing coupling conditions, the waveguides were fixed
away from the coupling region. Furthermore, a thicker block of PDMS was attached (using the
‘dry bonding’ technique explained above) on both sides of the waveguides to hold the sample
without applying clamping pressure on the waveguides themselves, see Fig. 7.

Finally, the reliability of the waveguides during long term cyclic stretching was determined
using an Instron 5543 advanced materials testing system. This way, the long term degradation
or delamination of the waveguide stack could be tested. In this case, the sample was mounted
vertically, but using a similar clamping system as in the previous experiment to relieve clamp-
ing stress on the waveguides. The VCSELs were driven by a fixed current (5 mA) during the
complete experiment and the photodiodes were read out continuously during cyclic stretching.
The test sample consisted of 3 parallel optical links on the same PDMS substrate, of which the
middle 3 cm waveguide region was stretched for 80000 cycles at 10% elongation and a rate of
4 mm/s.

All bending and stretching experiments were performed on waveguide samples with index
matching PDMS between the waveguide end-faces and optoelectronic components.

4. Results and discussion

4.1. Waveguide link loss

— link 1 — link 3
» + VCSEL
3 T T T T T T
& .
52_ ot .
g L
o
o
ERl
s |
o
0
0

VCSEL driving current [mA]

Fig. 8. Optical power detected by the photodiode, measured for 3 waveguide links. The
dashed lines represent the case without, and the solid lines with index matching PDMS
applied. The dotted curve represents the emitted VCSEL power.

After integrating the VCSELSs and photodiodes with the waveguides, the optical power detected
by the photodiode at the end of the optical link was recorded, and is plotted in Fig. 8 as a func-
tion of the applied VCSEL driving current. Based on the photodiode responsivity of 0.55 A/W,
the recorded photocurrent was converted into optical power. The dashed lines in the graph rep-
resent the data before application of index matching PDMS material. In this case, the material
between VCSEL, 45° deflecting mirror and waveguide end-face is air. The solid lines in the
graph represent the data after application of index matching PDMS material (Sylgard®184)
between the VCSEL, 45° deflecting mirror and waveguide end-face. As a comparison, also the
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Fig. 9. Total optical loss in the waveguide link (in dB), measured for 3 waveguide links.
The dashed lines represent the case without, and the solid lines with index matching PDMS
applied.

intrinsic so-called LI characteristic of the VCSEL component is shown, i.e. its total emitted
optical power as a function of driving current.

It is clear that application of the index matching PDMS significantly increases the amount of
power detected by the photodiode. This can be explained by the lower divergence angle of the
light beam in PDMS as compared to air, by the lower reflection losses and furthermore by the
reduced influence of the waveguide end-face roughness on the coupling loss.

When determining the ratio of the VCSEL LlI-characteristic and the power detected at the
photodiode, the total optical link loss can be calculated. This result is represented on a dB-scale
in Fig. 9 for the case with and the case without applied index matching PDMS. After appli-
cation of this index matching material, total link losses between 2 and 4.5 dB were obtained,
depending on the VCSEL driving current and the fabrication tolerances observed between dif-
ferent optical links. It can be observed that the link loss is generally lower for lower VCSEL
driving currents owing to the smaller beam divergence angle of the VCSEL at lower driving
currents so that light is coupled in the waveguide more efficiently. In previous work, the prop-
agation losses of the PDMS waveguides were determined to be about 0.14 dB/cm, so that the
waveguide propagation losses are estimated to be below 1 dB and the coupling losses between
0.5 and 1.75 dB per side.

4.2.  Influence of waveguide bending

The effect of bending on the waveguide losses is displayed in Fig. 10 for 3 different optical
links at 10 mA VCSEL driving current. The experiments were repeated for different VCSEL
driving currents and similar results were obtained. Per link, the data of 3 identical experiments is
plotted, and depicted using different line styles. Since the link loss of non-bended waveguides
varies, the graph only shows the additional link loss as a function of bending radius of the
waveguides, to allow an easier comparison between different waveguide links. It can be seen
that bending has a negligible effect for bending radii down to 7 mm. For smaller values of
the bending radius, the loss increases and this occurs not always in a monotonous fashion as
would be expected. This may be explained by a slight local folding of the waveguide bend
region during the experiment because of the rather thick (about 1 mm) but highly deformable
PDMS waveguide substrate. The applied mechanical deformations may also slightly affect the
coupling conditions at the interface with the optoelectronic components, which may contribute
to seemingly random variations in the case of multimode systems.
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Fig. 10. Additional bending losses as a function of bending radius measured for 3 different
waveguide links (depicted using different colors). The 3 separate experiments per link are
depicted using different line styles (solid, dashed and dotted).

Due to the thickness of the PDMS blocks attached to the sample, it was not possible to mea-
sure bending radii smaller than 4 mm. However, it can be seen in Fig. 10 that the bending
loss for two 90° bends becomes higher than 0.5dB (i.e. 0.25dB per 90° bend) when the bending
radius becomes smaller than 4 mm. This corresponds with the results in [25], in which the bend-
ing losses of 50 um x 50 um waveguides (with an NA of 0.25 and 1.14) were simulated using
ray tracing simulations. It was found that the bending loss of a single 90° bend becomes higher
than 0.25dB for bending radii between 3 and 9 mm, depending on the incoupling conditions
and the numerical aperture of the simulated waveguide.

4.3.  Influence of waveguide stretching

Figure 11 displays the additional optical losses recorded in 3 different links when stretching
the waveguide region up to 30 % and subsequently releasing (9 cycles are shown in the graph).
The driving current of the VCSEL obviously influences the amount of optical power received
on the photodiode, but does not have a significant influence on differences in the relative loss
expressed in dB. In all recorded cases, the extra loss due to stretching was limited to 0.7 dB,
which is only a slight increase of the total link loss (see Fig. 9).

In all test cases, a periodic variation of the insertion loss was observed, but there were obvious
differences between the links. Link 3 shows increasing insertion loss with elongation, whereas
for link 1 and 2 this is not the case. This suggests that in addition to the stretching induced
losses, also losses caused either by changing multimode conditions in the waveguide itself
or by changing coupling conditions at the interfaces with the optoelectronic components are
occurring. Although the sample was mounted on the setup so that the coupling conditions were
kept as stable as possible, this effect can indeed not be completely excluded since mechanical
stress during elongation can slightly influence the geometry of the coupling region. This is
especially true since the waveguides are fabricated from a stretchable material. To minimize
these loss fluctuations, the coupling region could be further stabilized using a local stiffener.

The waveguides can easily be stretched more than 30 %, but then it becomes difficult to
maintain stability of the coupling region. Nevertheless, the waveguide substrate can be stretched
up to 140 % before the PDMS material breaks.

#201085 - $15.00 USD  Received 8 Nov 2013; revised 13 Dec 2013; accepted 16 Dec 2013; published 18 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22, No. 4 | DOI:10.1364/0E.22.004168 | OPTICS EXPRESS 4177



Additional insertion loss [dB]

L.k

=

0 10 20 30 40 50 60 70
Time [s]

Fig. 11. Additional losses recorded when subjecting the waveguides to 9 cycli of 30 %
elongation (8.3 s per cycle, waveguides unstretched at t=0 s). The experimental data for 3
different optical links is displayed in the 3 subplots showing link 1 to 3 from top to bottom.
Within each subplot, the results for 3 different VCSEL driving currents are displayed using
different line styles (solid, dashed and dotted).

4.4. Influence of long-term waveguide stretching

The results of the long-term stability testing of 3 optical links (on the same substrate) are shown
in Fig. 12 (80000 cycles of stretching at 10 % elongation). In the graph, the insertion loss is
shown after averaging over 50 cycles. This means that the variation during a single stretching
cycle, as shown in Fig. 11, is not taken into account thereby only revealing influence of long-
term aging effects providing an indication about the reliability of the complete optical link.

Although the loss variations during one cycle fluctuate between 0.2 and 0.7 dB, the long-
term average insertion loss is very stable which indicates that the stretching does not introduce
noticeable degradation. It can also be seen that the variations occur in a similar fashion for the
different links, indicating possible effects of environmental influences. The test was eventually
stopped at 80000 stretching cycles without a clear indication that degradation or failure would
occur.

5. Conclusion

In this paper, the concept of stretchable optical waveguides was introduced. The technology for
patterning these waveguides is based on a replication method, employing only commercially
available PDMS materials. VCSELs (A = 850 nm) and photodiodes embedded in a flexible
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Fig. 12. Long-term optical link reliability testing: inter-cycle insertion loss variation of 3
optical links (data averaged over 50 cycles). These 3 optical links were present on the same
substrate and therefore subjected to identical stretching conditions.

package were integrated with the waveguides resulting in a truly bendable, stretchable or me-
chanically deformable optical link. Furthermore, the integration of sources and detectors en-
abled the characterization of the total link loss and the influence of bending and stretching on
the waveguide performance. A total link loss between 2 and 4.5 dB (this includes the coupling
loss) was obtained for 6 cm long, 50 um x 50 um PDMS waveguides. For bending radii down
to 7 mm, only small extra losses were observed (maximum 0.1 dB) and during stretching up to
30 % elongation, the link remained functional and the observed extra loss was below 0.7 dB.
However, it needs to be mentioned that during bending and stretching of the waveguide link, the
effect of changing optical coupling conditions was observed at the interface with the optoelec-
tronic components, which is inevitable due to the large mechanical deformability of the used
PDMS materials. Finally, no clear degradation of the waveguide performance was observed
after performing 80000 stretching cycles at 10 % elongation.
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