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Abstract:

Metal thin film strain gauges applied directly on the surface of components offer good long term
stability even in harsh environments and at elevated temperatures. They consist of vacuum deposited
isolation and sensing films. A direct-write laser patterning process based on picosecond laser pulses
has been developed to overcome the restriction to 2D-surfaces caused by photolithographic
patterning. We present results of tensile test of strain sensors patterned in v-notches milled in
aluminum samples. The thermal coefficient of resistance (TCR) and the gauge factor are not affected
by Laser patterning of conductor widths of 13 um and larger. Therefore, the developed process is
suitable to pattern miniaturized thin film strain gauges on 3D-surfaces.

Due to the exploration of 3D-surfaces, the prerequisite for new sensing methods has been created to
develop new applications which require the patterning of sensors on curved surfaces, such as
bearings and shafts. The direct-write approach enables cost reductions for patterning of individualized

products, such as medical implants.
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Introduction

Thin film sensors deposited directly on surfaces
of a work-piece have been intensively
researched and offer good stability against
harsh environmental conditions such as
temperatures up to 700°C [1, 2, 3]. Patterning
of the sensor structures is mostly performed by
photolithography using contact or shadow
masks. Although, patterning has been
demonstrated on 3D-surfaces using flexible
masks, thin film sensors on curved surfaces are
only used for experimental purposes.
Consequently, in serial manufacturing, thin film
strain gauges are restricted to flat surfaces, e.g.
as pressure sensors, to control the injection
pressure in combustion engines.

Laser patterning allows for patterning of thin
film strain gauges on curved surfaces and has
been demonstrated almost ten years ago [4].
Although, laser patterning has been proved to
be a flexible patterning tool, the throughput was
too low, to allow for cost effective patterning
due to the commercial available beam sources
at that time.

Recent developments in the field of laser
technology, especially for femtosecond and
picosecond lasers lead to an increased
availability of robust and stable beam sources,
which are required for industrial application.
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Fundamentals

The pulse duration of laser radiation governs
the heat penetration depth Linerm.

The heat penetration depth of pulses with
durations in the range of microseconds and
nanosecond can be calculated by

KTpulse (1 )

Liherm = 2 DTpulse =2 oc

with thermal diffusivity D, thermal conductivity «,
density p, heat capacity ¢ and pulse duration
Tpuise [D]. The heat penetration depth in Ni for a
pulse duration of 20 ns is about 680 nm and
therefore larger than the typical film thickness of
strain sensors, which is in most cases smaller
than 200 nm. Consequently, a large amount of
the absorbed energy is transported into the
isolation film and the substrate. The transport of
absorbed energy results in heating of the whole
thin film system and leads to a high risk of
damaging the thin film system, for example
through thermally induced stress. The risk of
damage through stress increases due to
accumulated heat, if the patterning velocity is
increased, e.g. by raising the repetition rate of
the laser pulses.

The heat penetration depth of pulses of several
picoseconds or shorter cannot be calculated by
simple thermodynamics. Due to the short pulse
duration the energy is absorbed by conducting
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electrons much faster than it can be transferred
to the lattice. In order to calculate the heat
penetration depth the two-temperature-model,
that takes into account the temperatures of the
electrons and the lattice, has to be considered.
Deriving form the two-temperature model, the
heat penetration depth can be calculated by

_ 8128 4| KZ(
Lnerm = /T ,/m (2)

with the thermal conductivity of the electrons k.,
the heat capacity of the lattice €, the melting
Temperature Tn, the heat capacity of the
electrons A. and the coupling constant g that
describes the heat transfer from the electrons to
the lattice [6]. The heat penetration depth in Ni
is about 30 nm and much smaller than the
typical film thickness. Therefore, the thermal
impact into the thin film system is significantly
reduced and allows for a stable patterning
process.

Consequently, pulse durations of a few
picoseconds or shorter are to be preferred
when patterning thin film sensors.
Fundamentals of laser patterning of thin film
systems, which are suited for strain sensing,
with these pulse durations have been studied
[7, 8]. The developed process allows for fast
patterning of thin film strain gauges on 3D-
surfaces [9].

Experimental setup

The main components of the machining setup
used for the patterning of strain sensors are a
beam source delivering the pulsed laser
radiation (Tpuse <15 ps), an x/y-Scanner for
beam deflection and telecentric optics for beam
focusing (Fig. 1). The beam radius w, was
12.5 ym. Patterning was performed without a
shift of focus or work piece.

Fig. 1. Machining setup used for the patterning of
thin film sensors

Sensors on 3D-surfaces

Laser patterning on 3D-surfaces was performed
on milled v-notched tensile specimen (Fig. 2. a).
An Al,Osz-layer of 3 ym thickness has been
deposited on the milled surface. The insulation
film has been deposited on the surface without
any polishing steps (Fig. 2. b). The sensor layer
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is NiCr(80/20) with a thickness of 200 nm.
Sensors of two different layouts (Fig. 2. c: A
longitudinal and B transversal to the specimen)
are used to build a Wheatstone bridge in order
to improve the signal/noise-ratio and to
compensate thermal disturbance. The sensor
layouts consist of meanders with conductor
widths of 30 uym.

Fig.2. a) V-notched aluminium tensile specimen b)
profile of milled v-notch c) Layout of strain resistors

Strain gauges are patterned at the bottom of
the v-notch (Fig. 3. a). Electrical connection is
ensured by conductive adhesive. The areas
with removed sensing layer appear black and
are approximately 100 um wide. The sensing
layer is completely removed in these areas
without damaging the insulating film (Fig. 3. b).

Fig. 3. a) Connected strain sensors for tensile test
b) detail of sensor pattern
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The time required to pattern each sensor is less
than 15s. It can be reduced by using higher
repetition rates of the beam source. Further
details of the process parameters are published
in [9].

Four sensor elements (2x longitudinal, 2x
tranversal) are interconnected to a Wheatstone
bridge (Fig. 4). The offset of the diagonal
voltage is compensated by use of an external
potentiometer and is amplified by a factor of
500. The Voltage signal of a tensile test,
applying a force of +2.5kN shows a linear
behavior.

Therefore, it can be concluded that the
developed laser process is suitable to pattern
thin film strain gauges on 3D-surfaces and the
patterned sensor exhibit a linear behavior if
applied to strain.

Fig. 4. Results of tensile tests for sensor in v-notch

Influence of conductor width

In order to study the influence of the patterning
process on the sensing material, sensors with
conductor widths ranging from 13 ym to 73 uym
are patterned on a flat sample. The resistivity of
each sensor element is kept constant by
increasing the total sensor length for larger
conductor widths (Fig. 5).

Fig. 5. Sensor layout for the TCR and gauge factor
characterization

The TCR is determined by measuring the
resistance of sensor elements as a function of
the temperature in a range from 10°C to 40°C.
The gauge factor is determined measuring the
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resistance of each sensor element at strains up
toe=5.910"

The TCR of the patterned sensor element is
approximately 10°/K (Fig. 6). A significant
influence of the conductor width cannot be
identified. The gauge factor of the characterized
sensors is approximately 1.8 (Fig. 6) and is in
the range expected for the investigated material
(=2).

Consequently, it can be concluded that the
influence of the patterning with picosecond
laser pulses on the properties of the sensing
layer can be neglected in the investigated range
of conductor widths.

Fig. 6. TCR and gauge factors of sensors with
different conductor widths

Conclusion

Laser ablation with picosecond laser pulses has
been proven to be a suitable tool to pattern thin
film  strain gauges on  3D-surfaces.
Experimental studies presented in this paper
demonstrate that laser patterned strain sensors
in v-notches exhibit a linear strain signal. The
laser patterning does not influence the TCR and
gauge factor for conducting widths =13 pm.
Consequently, laser patterning allows for the
patterning of miniaturized strain sensors on 3D-
surfaces. The low processing times are ensured
by use of galvanometer scanners and will be
further reduced by increasing the repetition rate
and improving the scan-strategy. The possibility
to pattern thin film strain sensors on 3D-
surfaces is a prerequisite to explore new
applications, such as load monitoring on
bearings and shafts. The direct-write approach
results in a significantly simplified process chain
in comparison with photolithographic patterning
and indicates the possibility to pattern strain
sensors for individualized products, such as
medical implants.
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