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Abstract

We show how a rigid patterned SU-8 thin film in tandem with the mechanical Poisson effect can
be used beneficially to enable robust metallization on stretchable polydimethylsiloxane (PDMS).
Two generic planar processes used to form a thin, mechanically-robust strain-shielding
photoresist on a soft substrate are developed to demonstrate these ideas. The first process is a
self-aligned metallization of photolithographically patterned SU-8 features on PDMS. The
second process is a fully photolithographic lift-off metallization of pre-patterned SU-8 features
on PDMS. In both cases, the SU-8 has a sub-micrometre thickness (800 nm)—supporting a
thermally evaporated Ti/Au (5 nm/50 nm) thin film metallization. The resulting samples were
characterized electromechanically—the results demonstrate that the electrical continuity of
metal lines (width = 150 um and length up to 1 cm) is maintained up to ~70% strain between
the lines. The electrical resistance of such lines remains relatively stable: 35 Q at zero-strain and
63 Q at 69% average interline strain. The electrical resistivity of the evaporated gold is near to
that of pure gold, and remains so even at high strains (49 nQ m at 10% and 70 nQ m at 41%)—

this proves the absence strain-induced micro-cracking of the metal lines. Although a specific



evaporated metal combination is used here to demonstrate a working prototype system, in
principle, any thin-film material, which can be deposited by microfabrication, e.g. insulators,
semiconductors..., could be integrated into the generic processes. The basic lithographic
processes expounded here are also potentially extendible to encompass the integration of other
microfabrication techniques, e.g. soft lithography, contact printing..., enabling more complex

flexible systems to be envisaged and realized.

Keywords: Stretchable electronics, photolithography, planar processes, metallization, PDMS,

SU-8, Poisson effect



1. Introduction

The means of fabricating robust flexible, stretchable, and squashable systems is evolving rapidly
due to the demands of a multitude of emerging applications, e.g. electronic skin [1], patch
technologies [2], nanoelectronics [3], integrated circuits [4], flexible displays [5], optics [6],
communications [7], energy storage [8], smart clothes [9], bioMEMS [10], smart neural
interfaces [11] and soft robotics [12]. Such systems aim to combine components (pads, tracks,
and devices) on a soft substrate to form mechanically-robust systems. Flexible and in particular
stretchable/squashable technologies and applications [13-15] require that the systems’
components are mechanically and electrically robust at high strain values >10%. There are two
main approaches for the manufacture of such systems. First, fabrication on a host wafer and
subsequent transfer to a flexible or stretchable polymeric substrate. Second, a direct fabrication
onto the polymeric substrate. An example of the former is ‘transfer printing’ which has proved
to be powerful—however such approaches can suffer from scalability issues at sub-micrometre
dimensions, alignment problems, and 3D limitations [16]. Alternatively, direct fabrication onto a
polymeric substrate would be very straightforward—eliminating the need for a transfer step. As
such, it does not require the optimization of adhesion difference between transfer and host
substrate that is mandatory for transfer printing. Therefore, direct fabrication is faster to
develop and less dependent on the specific properties of the substrate. However, this approach
brings practical difficulties which need to be overcome. The reason for this is the evident
incompatibility of some physical properties of soft materials with the standard planar approach,
e.g. the large thermal expansion coefficient and unfavourable surface wetting properties of

elastomers such as polydimethylsiloxane (PDMS). For example, unless metallic features are



small [17], metallizing thin film based tracks directly onto PDMS invariably results in film
cracking (both microcracking [18] and macroscopic cracking [19]) leading to a rapid rise in the
electrical resistance and resistivity with strain [18] and possible system failure—although it
should be noted that cracking can sometimes be beneficial [20]. In order to overcome these
problems, some hybrid solutions have been demonstrated in the literature. These approaches
usually involve shielding key system elements from the strain, e.g. placing elements at a neutral
axis [21] in the case of a flexible system, or by inserting a rigid element [22—-24] in proximity to
the device to be shielded. Some solutions involve enabling free-standing elements [25].
However, often such solutions are not as compatible with simple planar fabrication processes as

the process engineer would wish.

Here we demonstrate how very thin SU-8 patterns can form a mechanically robust
patterned thin film on the surface of PDMS. This SU-8 patterns can be subsequently metallized
using standard photolithographic techniques. The resulting metal lines are more
electromechanically robust than lines directly metallized onto PDMS [20], the high strain
electrical resistance differing little from the zero-strain resistance—and the high strain resistivity

of the thin film gold approaching that of pure gold.

2. Microfabrication

2.1. Choice of materials and their relevant properties



The photoresist SU-8 [26] was chosen to form the mechanically-robust thin film on the PDMS
membranes. First, SU-8 can be easily photolithographically patterned. Second, thin sub-
micrometre films can easily be spin coated onto quasi-flat surfaces using low viscosity SU-8
mixtures—enabling the forming of thin, robust planar features. Third, our initial process
optimization found that its adhesion to PDMS is good if the PDMS surface is treated with an
appropriate oxygen plasma [19] prior to spin-coating of the SU-8. Fourth, SU-8 is compatible
with many applications [27]—being both chemically robust and biocompatible for the ever-
increasing number of life science applications. Finally, the mechanical properties of the
polymerized SU-8 [28,29] are such that sub-micrometre patterned thin films will be
mechanically robust—in this way, the metallization on top of the SU-8 will be less prone to
cracking upon straining [30]. Indeed, a digital image correlation study of metallized SU-8 showed
the absence of microcracking in an evaporated nanometre thick thin film [30]. There has already
been efforts combining SU-8 and PDMS in various innovative processes [31,32], e.g. large SU-8
features directly on PDMS [33]. First, it is well-documented that SU-8 can be used to create
master moulds for the manufacture of shaped PDMS parts [34]. Second, in terms of embedding
the polymerized SU-8 in a final system, this can be achieved by using an integrated approach of
separated materials [35—-37] or a hybrid approach by combining them in a mixture prior to
curing to provide an SU-8/PDMS material with tuneable physical properties depending on the

specific mixing proportions [38].

The mechanical properties of the materials are very important in the context of the
fabrication of flexible and stretchable electronics and microsystems. Polymerized SU-8 has

mechanical properties which depend on processing conditions [28]. The elastic (Young’s)



modulus of SU-8 is in the range 1.7-2.2 GPa [28]. The ultimate tensile strength (uts) of SU-8 is
reported to be in the range 34-130 MPa [29,39,40]. PDMS also has mechanical properties which
depend strongly on processing conditions. For the PDMS processing here, the values of E, uts,
and ultimate tensile strain are 2.6 MPa, 5.3 MPa, and 75% respectively [41]. Evaporated gold
has an uts of tens to hundreds of MPa depending on evaporation conditions [42]. Evaporated
titanium has an ultimate tensile strength of the order of 300 MPa—also depending on
evaporation conditions. A Titanium/Gold (Ti/Au) bilayer metallization—having a thickness of 5
nm/50 nm—was deliberately chosen as this combination is known to crack at low strains when
deposited directly onto PDMS [20]. By using this metallization, any contribution of the SU-8 will
be apparent in the measurements. In addition, evaporated Ti has a higher bond strength to SU-8
than evaporated gold [43]. In terms of the electrical measurements, evaporated gold films—
having a thickness of 60 nm—have been measured to have a room temperature electrical

resistivity p of ~30 nQ m [44].



A@ Removal

(D) Teflon moulding ":PD-\[S “block” (1mm)
(3) O, plasma 17007 - 0.4mbar
Silicon wafer

Spin coat @ SUS 2002 (800nm)
2000/500/30s
Process 1 / Prebake: 95°C/10min \ Process 2

UV 365nm
l l el l l 10mWem /55
¥

[
@@ Posthake: 95°C/10min Photomask
I (7) SUS developer /35s

! .
I Hardbake: 180°C/ 15min

!

AZ1518
5000/450012

@ Remove shadow mask

(9) Bake: 95°C /120s
© sUS developer /355 : 25

UV 365nm 10mWem=/ 2
! v v

|

@ IPA rince and N, dry @ Develop: MIF326/20s

I .
. @
[
' @3 Lift-off RemoverPG
[
Remove PDMS from I
silicon wafer I
- —
[
I PDMS [l Photomask Metallization
Il Silicon wafer Shadow mask SUS8 2002 (exposed)
I SUS 2002 Bl A7 1518 B AZ 1518 (non-exposed)



Figure 1. The two microfabrication processes developed in the study for the fabrication of the
mechanically robust metallized SU-8 patterned thin film on PDMS. An auto-aligned process
(Process 1) using a physical shadow mask and pre-moulded PDMS—Ileft hand image, a fully
photolithographic lift-off process (Process 2) using a photomask and pre-moulded PDMS—right
hand image. The photomask (green) is composed of a thick quartz (1 mm) block patterned with

thin film chromium layer.

2.2. Metallized SU-8 thin films on PDMS

Two original microtechnological processes were developed for the fabrication of the samples—
see Figure 1. The first process (Process 1) involves metallization using a physical shadow mask
and a thick (~¥1 mm) pre-fabricated block of PDMS. This is an auto-aligned process as the
shadow mask is not removed until after the metallization of the sample—see left-hand process
in Figure 1. The second process (Process 2) involves lift-off metallization via the use of a
photoresist mask—this process is a fully photolithographic process (see right image in Figure 1)
also involves a thick (~1mm) pre-fabricated block of PDMS. The two processes share the same
root up until the first photolithographic step of Process 2—this initial joint process is carried out
as follows. The two components of a PDMS kit (Sylgard 184—Dow Corning, USA) are mixed to a
have a 10:1 volume composition—giving known mechanical properties [41]. This mixture is
poured into round, flat-bottomed Teflon dishes (~3-inch diameter) and outgassed in a rotary
pump-driven vacuum chamber (~10* mbar for 30 minutes). The volume of the mixture is
calculated to obtain a PDMS thickness of 1 mm. The filled dishes are placed on a level hotplate

(initially at a temperature of 20°C) for 10 minutes to ensure a uniformly thick PDMS layer. The
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hotplate is subsequently ramped to 80°C (~1°C s!) and the samples are pre-cured for 1h. Finally,
the dishes are placed in a box furnace at 100°C for 30 minutes—a cure temperature/time
advised by the commercial supplier. The round PDMS layers are extracted from the Teflon
dishes and cut—using a scalpel—to form rectangular samples having lateral dimensions
measuring ~1.5x2 cm. During cutting, avoidance with sources of fibres and particles, e.g. cut
cleanroom paper, is important to maintain clean, particle-free PDMS surfaces essential for the
spin-coating of the SU-8—we observe that PDMS is prone to being a ‘getter’ of such particulate
contaminants. The thickness of the PDMS samples was measured to be 98015 pum. The PDMS
samples are then placed onto a 3-inch diameter silicon wafer—the PDMS edge being orientated
to the <110> silicon wafer flat in order to be able to cleave the wafer to the same size as the
PDMS sample later in the process. At this point, a nitrogen gun aides the adhesion of the PDMS
to the silicon surface—other methods, e.g. pressing with object such as tweezers, should be
avoided as we observed that this enhanced dewetting of the SU-8 resist during the subsequent
spin coating of the SU-8. The PDMS surfaces are then treated to an optimized oxygen plasma
[19] (Energy dose = 1700 J—O; pressure = 0.5 mbar)—it was observed that this step strongly
enhances wetting of the SU-8 photoresist to the PDMS during the subsequent spin-coating. It
was also observed that the specific does is critical—<1500 J leads to reduced adhesion, >1800 J
leads to cracking on the surface of the PDMS. The PDMS surfaces are spin coated with SU-8
2002 (Microchem, USA). A uniform ~800 nm thick SU-8 film is achieved by spin coating at 2000
rpm for 30s followed by a pre-bake (in a box oven) at 95°C for 10 minutes. It should be noted
that a relatively good adhesion between the PDMS sample and the silicon wafer ensures that

the PDMS remains in contact with the silicon wafer—note that delamination of the PDMS from



the silicon during the process results in wrinkle formation due to thermal expansion (see

Supplementary Information Figure S2).

The result is a patterned SU-8 thin film on the PDMS that are topographically smooth.
This is easily explained as the relatively low linear thermal expansion coefficient of crystalline
silicon (ag; = 2.6x10°® °C') compared to that of PDMS (appys= 9.6x10* °C!) which prevents the
PDMS from expanding on curing (pre-baking and post-baking) of the SU-8. It should also be
noted that an occasional minor dewetting (<500 um wide) of the SU-8 film is observed at the
PDMS sample edges—more work is needed to optimize this, although it is observed that making
sure the SU-8 is in contact with the PDMS sample edges improves this problem. To end the
common phase of the two processes, the silicon wafer is cleaved to have a similar size to the

PDMS sample. Following this, the two processes take different routes.

2.3. Lithography and metallization of the SU-8 thin films

For Process 1 (self-aligned metallization), a physical shadow mask—composed of a 50 um thick
Ni metal film containing the pre-etched metallization patterns (see Supplementary Information
Figure S1 for different types of masks used)—is placed onto the surface of the SU-
8/PDMS/silicon. The sample is then fixed onto a commercial evaporation chuck using sprung
clips to hold the physical mask/SU-8/PDMS/silicon ensemble firmly in place. The pre-baked SU-
8—which is visible through the opening in the shadow mask—is then photolithographically

exposed [45] to UV light (365 nm) for 5 seconds at 10 mW c¢cm™ in a commercial mask aligner
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(Suss Microtech, Germany). The ensemble is then placed into a box oven at 95°C for 10 minutes
in order to polymerize the UV-exposed SU-8 photoresist. At this point it should be noted that in
addition to the PDMS being adhered to the silicon, the mechanical mask fixing also avoids
delamination and thermal expansion of the PDMS. The ensemble is metallized (5 nm/50 nm
Ti/Au) in a commercial MEB 550S electron beam evaporation system (Plassys, France). The
shadow mask is then removed and the photolithographically unexposed, non-polymerized, non-
metallized SU-8 is then removed from the surface of the PDMS by plunging the sample in a
commercial SU-8 developer solution (1-Methoxy-2-propyl acetate) for 35 s. Finally, the sample is

rinsed with isopropanol (IPA) and dried with nitrogen gas.

For Process 2 (fully photolithographic), the SU-8/PDMS/Silicon ensemble is placed into
the commercial mask aligner. The SU-8 patterns are exposed to UV (365 nm—2 s/10 mW cm)
via a commercial photomask in soft contact mode to avoid potential problems which could arise
due to direct contact of the photomask and the sample surface. Interestingly, it was observed
that a better resolution was apparent in narrower features — this is likely to be due to UV
reflection from silicon host [45]. Despite being in soft contact mode to enhance resolution, we
anticipated that slight sample crushing that could possibly damage the SU-8 film via the Poisson
effect—but this was not apparent. The sample is then post-exposure baked in a box oven at
95°C for 10 minutes to polymerize the SU-8. The unexposed SU-8 is then removed from the
surface of the PDMS by exposure to a commercial SU-8 developer solution (1-Methoxy-2-propyl
acetate) for 35 s. This latter step needs to be done before the later thermal evaporation step as
it has been observed that SU-8 can be chemical modified during metallization—probably due to

UV emission from the hot metallization target. A hardbake step (180°C for 20 min) can now be
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performed which cannot be done using Process 1 due to presence of photolithographically
unexposed SU-8. The goal of this step is twofold: (i) improved adhesion between the SU-8 and
the PDMS, and (ii) improved chemical inertness of the SU-8 films. Following the hardbake, the
sample is then spin coated with a positive photoresist (AZ1518) to have a thickness of ~1.2 um.
The AZ1518 is pre-baked in an oven at 95°C for 2 minutes. In an effort to form a lift-off overhang
feature, the unexposed AZ1518 is dipped in AZ326 developer for 30s. After drying, the sample is
again loaded into the commercial mask aligner. The photomask is aligned to the now visible SU-
8 thin film patterns — and the AZ1518 is exposed (365 nm — 2s and 10 mW c¢cm™). The exposed
AZ1518 is then removed from the sample surface using a commercial developer solution
MIF726 for 20-25 s. Some film cracking was observed at this point originating from sharp
corners but this did not cause problems later in the process. The patterned AZ1518/SU-
8/PDMS/silicon ensemble then is metallized (5 nm/50 nm Ti/Au) in the commercial electron
beam evaporation system. Finally, the AZ1518 is removed using a commercial positive
photoresist remover (Remover PG at 70°C) — leading to the lift-off of the Ti/Au metallization

where it is not required.

3. Experimental results

3.1. Topographic features resulting from the processes

By using the two different processes in combination with the different shadow masks and

photomasks several samples were fabricated allowing mechanical and electromechanical
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testing of ~70 lines. The observed topographies of metallized SU-8 thin film patterns on PDMS

are shown in Figure 2.
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Figure 2. Different topographies of metallizations/SU-8 thin films on PDMS obtained using the
two microfabrication processes. (a-c) Lines containing micro-bridges obtained with Process 1.
(d-f) topographically flat lines obtained using Process 2. A delaminated micro-bridge is clearly
seen in (b) whereas the lithographic resolution of ~5 um is clearly seen in SU-8 lines patterned

onto PDMS (d) which can be subsequently lithographically metallized (e).

Depending on which process is used and certain key steps in the process, three main
topographies of metallized SU-8 thin film patterns on PDMS were observed. First, long lines
containing periodically-spaced micro-bridge structures were observed using Process 1—see Fig.

2(a). The micro-bridges themselves are composed of the metallized SU-8 film which has locally
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detached from the PDMS surface; indicating a combination of mechanical process stress and
low film adhesion—see Fig. 2(b) and Fig. 2(c). We observe that the height (~*29um) and length
(~130 um) of the micro-bridges as well as the distance between the micro-bridges (~550 um) is
relatively large compared to film thicknesses. ’As the micro-bridges contribute to the flexibility
of the structure, it is important that their reproducibility (dimensions and spacing) is high. The
high reproducibility of our process was verified by comparing the micro-bridges obtained on
three separate samples. Second, very narrow (2 um width) topographically flat SU-8 lines can be
obtained using Process 2—see Fig. 2(d). Using the lift-off step, these lines can be metallized and
remain topographically flat—see Fig. 2(e). Topographically flat pads having a large area can also
be obtained using Process 2—see Fig. 2(f). In addition to these findings, we also observed that
the wrinkled lines can be created if the PDMS block inadvertently detached from the silicon
wafer during the initial SU-8 pre-baking step. Wrinkling can occur in narrow lines and large
surfaces (see Supplementary Information Section 2). The wrinkles have a period ~50 um which
can be predicted using modelling based on thermal expansion and mechanical properties—see
Supplementary Information. The horseshoe shaped lines shown in Fig. 2 were tested
mechanically with their longest length orientated transversally to the longitudinal direction of
the applied strain. Cracking appeared is all lines tested beyond ~5% average interline strain—
see Supplementary Figure S4. This is due to a large component of the length of the line in the

direction of the applied strain.

The micro-bridges obtained by Process 1 occur between step 9 and 10 (refer to Figure 1).
When the unexposed SU-8 is developed and the PDMS is removed from the silicon wafer,

residual process-induced stress relaxes that can lead to the formation of micro-bridges in
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metallized SU-8 thin film. In an effort to explain this, it is thought that the absence of the 180°C
SU-8 hardbake step in Process 1 leads to a lower adhesion between the SU-8 and the PDMS—
thus any stress relaxation causes delamination. Interestingly, it was observed that film wrinkling
can sometimes occur at step 7 (refer to Figure 1) during Process 2. In both cases, it is thought
that the mechanical stress generated by PDMS—caused by thermal expansion: either
detachment of on the surface—plays a role in governing the resulting topography. We also note
that there will be a contribution from the intrinsic stresses caused by e.g. the polymerization of
the SU-8 [46], although this is likely to be low compared to those caused by any thermal
expansion of the PDMS. Finally, it should be noted that the fabricated lines (Ti/Au on SU-8)
contain no process-induced cracks. This can be compared to PDMS directly metallized using

Ti/Au where process-induced cracking is present [20].

3.2. Mechanical straining of the samples

First, it is important to make the distinction between the ‘applied strain’ which we apply
using the setup, the ‘interline strain” measured between adjacent lines in the sample during the
study, and the ‘average interline strain’ which is the average of all the measured ‘interlines
strains’ at a given ‘applied strain’ value. Using our in-house strain applicator, we impose the
applied strain on our samples under test. The interline strain is calculated directly from imaging
our samples at different points using the microscope at each stretching following equation:
€10c = ALjoc/Lioe, Where g, is the calculated interline strain, L;,. is the length between two

distinct points (e.g. corners of lines) at the beginning of the experiment, and AL;,. represents
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the change of the length between the two points. These lengths are measured as components
in the longitudinal and transverse directions with the respect of the sample edges. The lengths
were carefully measured using a digital microscope VHX-6000 (Keyence, Japan). For many
applications what interest us the most is interline strain in PDMS, i.e. the interline strain. By
averaging the interline strains from certain points on the sample surface, the average interline
strain g4, can be used to plot the measurements. As will be seen, the average interline strain
depends of the overall architecture of the sample—this should be taken into consideration in

the design of flexible systems [17].

3.2.1 Transversally-orientated Au/Ti/SU-8 lines on PDMS

Figure 3 shows the measured electrical resistance R and the electrical resistivity p plotted as
function of the average interline strain &4, for several metallized lines fabricated using two
shadow masks. The electrical resistance of the lines was measured using a 2612B dual-channel
system sourcemeter (SMU) running ‘LabTracer 2.0’ software (Keithley, USA), and a probe station
using in-house sprung probes which were designed not damage the metallized SU-8 lines.
Indeed, as an aside it was found that the metallized SU-8 on PDMS is much more resilient to
multiple probing compared to metallized lines directly patterned onto PDMS [20]—even using
standard non-sprung probes. The interline strain was measured from images of the sample
under straining taken using an optical microscope using several fixed points, e.g. corners, of the
metallized lines. The average interline strain used to plot Figure 3 is an averaging of these

measurements.
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The resistivity p of the lines was calculated using the following equation: p = Rwt/I,
where R is the measured resistance of the lines, w the width of the line, t the thickness of gold
of the line and [ the length between the probes for electrical testing. The dimensions of the

lines were carefully measured at each applied straining using the digital microscope.
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Figure 3. The measured electrical resistance (a) and resistivity (b) of Au/Ti/SU-8 transversally-
orientated lines on PDMS as a function of the average interline strain. The results for two
different masks are shown. Data points connected with unbroken lines shows resistance of the
lines, whereas the data points connected with dashed lines represent the resistivity. The filled
triangular data points (A) represent a line of shadow mask 1, the zero-strain dimensions of the
line are 80 um (width) by 1 cm (length). The filled square data points (m) represent an average
measurement of 9 Au/Ti/SU-8 lines using mask 2, the zero-strain dimensions are 150 um (width)

by 7.95 mm (length). Thickness of Au/Ti/SU-8 lines are 50/5/800 nm.
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The first observation we can make is that the resistance of the lines remains relatively
constant up to average interline stain value of ~¥50%. No microcracking or macroscopic cracking
is observed in the Au/Ti/SU-8 lines as is apparent in metallized PDMS lines whose resistance can
increases dramatically with applied strain [47]. By using the above equation for the resistivity
and taking care to account for any mechanically-induced changes in metallization dimension it is
possible to extract the values of resistivity—which will evidently be dominated by the gold.
These values of resistivity are also plotted on Fig. 3. In the literature, the room temperature
resistivity thermally evaporated gold is typically around 30 nQ m for a ~¥60 nm thick film [44]—
this can be compared to the resistivity of pure gold ~22 nQ m (~45x10° S m™). The average
measured resistivity of Au/Ti/SU-8 lines up to 30% average interline strain here is 51.2 nQ m
+2.6 nQ m (~19.5x10° S m?); and up to 50% average interline stain is 53.5+5.2 nQ m (~18.7x10°
S m1). The applied strain was increased beyond 50% for the metallized SU-8 lines created using
mask 2. It was observed that the resistance began to increase when the average interline strain

was greater than 60%—this was due to cracking.

3.2.2 Straining of large area Au/Ti/SU-8 pads

In addition to the metallized SU-8 lines, pads with different dimensions were tested. Large
surface pads were tested as they are often a required part of an electronic system, either for
external contacts of testing. Table 1 presents the dimensions of pads and the average inter-pad

strain when the pads cracked.
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Pad dimensions (um) Measured inter-pad strain

(%)
2000x2000 26.0t7.6
1000x1000 30.2+8.0

600x600 41.947.3
300300 58.6+3.1
100x100 No cracking observed

Table 1. Cracking of large area pads composed of Au/Ti/SU-8 lithographically patterned onto

PDMS.

3.2.3 Effect of line orientation on the straining of Au/Ti/SU-8 lines on PDMS

Several samples were fabricated in order to observe the mechanical and the electromechanical
behaviour of metallized SU-8 line having different line orientation. Figure 4(a) shows the
architecture of the sample. The sample contains 10 Au/Ti/SU-8 lines lithographically patterned
onto a PDMS support. The orientation angle 8 was varied from 0° (traversal lines) to 90°
(longitudinal lines) in steps of 10°. The sample was mounted in the in-house strain applicator so
as to enable longitudinal straining in the direction of the arrows shown in Fig. 4(c). The sample
was strained and imaged using a digital microscope which enables a large, high resolution
photograph to be assembled and subsequently analysed. The in-house strain applicator enables
the applied strain to be increased in steps e.g. 5%, 10%. However, as it is known that the specific

sample layout architecture plays a key role in determining the interline strain 19 points were

19



chosen and measured on the sample at each applied strain. These values make up a
rudimentary ‘strain mapping’ of the sample allowing the interline strain to be known and an

average interline strain to be evaluated to enable plotting of the data.

Figure 4. Optical microscopy images showing angled lines at different values of average interline
strain (indicated on each pictures). The sample contains 10 lines with average interline strain
varying from 0% (a) to 44.7% (f) and relaxed—sample at 0% applied strain after stretching (g).
Straining is applied longitudinally to the sample indicated by black arrows in (c). All lines are
Au/Ti/SU-8 (5 nm/50 nm/800 nm) lithographically patterned onto PDMS. The lines have a
length of 5 mm and a width of 150 um. Each line has a different orientation angle 8 relative to
the longitudinal direction of the straining, 8 varies from 0° (referred to as the horizontal line) to

90° (referred to as the vertical line) and relaxed step—see Fig.4(g).

Figure 4 shows optical microscopy images of Au/Ti/SU-8 (50/5/800 nm) orientated lines to the
direction of the longitudinal straining direction. Initially, at zero-strain—see Fig. 4(a)—isotropic
mechanical process-induced stress led to the formation of micro-bridges on all lines (see Fig. 1—
Process 1). When the sample is stretched, the micro-bridges gradually disappear as a function of

the line orientation and the average interline strain. At 6% strain, the micro-bridges have
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disappeared for lines with 8 between 90° and 50°. For these lines, the average longitudinal
strain is positive. At 7.8%, cracks appear in lines with 8 between 90° and 60° presumably
because the uts of the SU-8 is reached. In contrast, two lines now have more micro-bridges due
to Poisson effect, beginning at 7.8% for line with 8 = 10° and 14.2% for line with 8 = 0°. The line
with 8 = 20° is special because the results suggest that the Poisson effect and longitudinal strain
compensate each other. At a strain equal to 44.7%, if 8 < 20°, there are no cracking in the lines.
Interestingly, for the lines between 8 = 30° and 8 = 60° at high strains, the cracking is no longer
perpendicular to the lines edges. When the applied strain is returned to zero—see Fig. 4(g), the

micro-bridges remain in place for low values of 8 and are created again for larger values of 6.

An analysis of the photographs enables a interline strain field to be computed at the
various values of applied strain. This is analogous as to what is done automatically and to a
much higher resolution in digital image correlation techniques [30]. The evolution of the

interline strain field is shown in Figure 5.

ettt (b)

Figure 5. Perspective 3D view of the sample showing the measured interline strain field at

average interline strain of (a) 9.4%, (b) 25.3%, and (c) 44.7%. Red lines indicate the interline
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strain in the longitudinal direction and yellow lines indicate interline strain in the transverse

direction—due to Poisson effect. The scale bar in (a) corresponds to 30% strain.
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Figure 6. Summary of the electrical characterization, line cracking, and micro-bridge evolution
as a function of average interline strain for Au/Ti/SU-8 (50/5/800 nm) lithographically patterned
at different orientations compared to the longitudinal external straining. (a) The measured

electrical conductance of lines with 8 between 0° and 90° as a function of the average interline

22



strain. (b) The electrical conductivity of lines with 8 varying between 0° and 90° as a function of
average interline strain. (c) The number of cracks (mm™) N of lines with 8 between 30° and 90°
as a function of average interline strain. (d) The average of crack spacing 4, of lines with 6
between 30° and 90° as a function of average interline strain. (e) The crack width f, of lines with
6 varying between 30° and 90° as a function of average interline strain, and (f) the number of
micro-bridges in the lines with 8 varying between 0° and 90° as a function of average interline

strain.

Figure 6 shows the electrical and mechanical (cracking and micro-bridge evolution)
results obtained from the samples. A number of observations can be made from the lines’
electrical and mechanical behaviour shown in Figure 6. With reference to Fig. 6(a), the
measured electrical resistance is low and very stable (32.1Q+2.3Q) for all conducting (non-
cracked) lines. Above an average interline strain of 46.4%, only three lines remains conducting
(crack-free) but their electrical resistance remains low and stable. The critical angle 6, to ensure
electrical continuity is thus ~20° for average interline strains between 0 and 50%. With
reference to Fig. 6(b), the average of the resistivity of all lines without cracking is 53.6£3.9 nQ m
(~18.7x10% S m™')—this is comparable with the observed resistivity values expected from gold
films on high quality polished rigid surfaces [44]. The number of cracks increased as a function
of average interline strain—see Fig.6(c). For lines with 6 near to 80°, cracks appear quickly at
low strain values. By plotting the average crack spacing [20] versus the average interline strain
as shown in the Fig. 6(d) one can show that the results of the experimental results follow a well-
known thin film cracking model [48]. However, interestingly we show here that 8 has an

influence in the average of crack spacing for a given applied strain—clearly demonstrating that
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architecture has a key role in flexible systems. Note that in Fig. 6(d), when two data points have
the same value, it means there were no cracks between two different values of straining—this is
indicated by the arrows in Fig. 6(d). Fig. 6(e) shows a plot of the crack width in the Au/Ti/SU-8
lines versus the average interline strain. When external straining is increased, the cracks width
in general increased. Interestingly though, the crack width can diminish in successive straining
steps—the reason for this is that mechanical strain can be redistributed in the PDMS (i.e. the
formation of new cracks). Fig. 6(f) shows a plot of the evolution of the micro-bridges versus
average interline strain. At a relatively low strain value equal to 6%, the lines with 8 between
90° and 50° no longer contain any micro-bridges. Conversely, for lines having a low value of 8
equal to 0° and 10°, micro-bridges are formed as the longitudinal strain is increased, presumably
due to the Poisson effect. Finally, for line orientated 8 = 20°, no more micro-bridges and no

cracking appear during the experiment (up to 46.4% average interline strain).

4. Line cracking as the line orientation angle is varied

We have developed a simple mechanical model (see Supplementary Information) that captures
the main observations discussed in the previous section. These observations are: (i) lines at low
angles 8 < 20° undergo a compressive strain and do not break—even at high strain, (ii) lines for
which 8 > 30° incur progressive cracking as the strain is increased, and (iii) lines orientated at

higher angles crack at low values of strain.

Our model is a linear spring-based model that calculates the strain experienced by the

metallized SU-8 lines at different line orientation angles and for varying applied strain applied to
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the rectangular PDMS block—onto which the lines are fabricated. The model is a function of the
geometrical dimensions, the Poisson coefficient of the PDMS, and the Young modulus of PDMS,
SU-8, Ti and Au; all these quantities are well known and no fitting or adjusting parameters are
necessary. Although the model qualitatively captures the essentials of our experiment, the
breaking of the lines is a non-linear phenomenon, as such it should be considered as semi-

quantitative.

We will now discuss the mechanical strain experienced by the metallized SU-8 layer, as
the breaking of the lines occurs when the stress of the SU-8 layer reaches the uts value. As it
can be seen in Figure 4, the cracking of the lines is perpendicular to the line’s longitudinal axis;
hence we focus on the longitudinal component of the SU-8 stress. This longitudinal stress can be
easily calculated with our spring-based model (see Supplementary Information for details). In
Figure 7 we show the contour plot of the in-line stress in the SU-8 versus the applied strain to
the PDMS block (x-axis) and line orientation angle 6 (y-axis). The in-line stress is defined in the
Supplementary Information. The blue dots in Fig. 7 indicate the experimental conditions (6 and

strain) at which the practical lines cracked.
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Figure 7. A contour plot of the in-line stress in the metallized SU-8 line as a function of line
orientation 8 and applied strain to the PDMS block. The blue dots indicate the experimental

conditions (@ and strain) when cracking appears in the lines.

Lines orientated at angles lower than 20 degrees did not break. Two zones can be
identified in the plot. For 8 < 26°, the longitudinal strain is negative (compressive strain zone),
whilst for 8 > 26° the strain is positive (tensile strain zone). At 8 = 26° the longitudinal strain is
zero, due to perfect compensation of the applied strain and the Poisson effect. These findings
are in excellent agreement with our experimental results, namely that lines at angles lower than
30 degrees do not break and experience compressive strain. From a quantitative point of view,
we remark that the observed cracking appears at tensile strength on the order of 20 MPa. This

value is consistent with the range of values of tensile strength of SU-8 found in the literature.
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The experiments and modelling suggest that the Poisson effect leads to compressive strain—
traversal to the direction of applied strain. The effect of this compressive strain is to reduce the
stress in the line—for a given applied strain—as the line orientation angle 8 is reduced. In
principle, the transversal Poisson-associated compressive strain cancels the tensile strain along

a line having an angle 8 ~ tan™! vpp s = 26.5° (see Supplementary Information).

5. Conclusions

We conclude that innovative process engineering can be used to fabricate electromechanically
robust metallized lines and pads onto stretchable PDMS samples. This is achievable by using a
patterned SU-8 thin film to shield the metallic thin films from microscopic and macroscopic
process-induced and strain-induced cracking which can lead to the electrical resistance of such
lines increasing rapidly. Two processes have been successfully developed which enable the
fabrication of metallized SU-8 lithographically patterned features directly on PDMS. For
example, in the present study transversally-orientated Au/Ti/SU-8 (50/5/800 nm) lines—
lithographically-patterned on PDMS—have a resistivity of ~60 nQ m (~16.7x10% S m!) at an
interline strain of ~40%—this resistivity is comparable to that of both evaporated and pure bulk
gold. We have shown that large-area pads can be fabricated—and we have shown the limits of
their straining. We have also shown the effect of line orientation relative to the direction of
longitudinal straining—the latter experiment has revealed a critical line angle and the
importance of architecture on cracking in soft technologies. A simple mechanical modelling

agrees well with the study’s experimental findings—successfully predicting the appearance of
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the first crack which leads to electrical failure. Our microfabrication processes are compatible
with other cleanroom processes and extendible to a full thin film approach. We conclude by
saying that although the photoresist SU-8 has been successfully used here as strain shielding
element as a proof-of-concept, we note that other photo-patternable materials could no doubt

be envisaged for strain-shielding elements for high strain stretchable systems.
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