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Directly Deposited Thin-Film Strain Gauges for
Force Measurement at Guide Carriages

Rico Ottermann , Dennis Kowalke , Berend Denkena, Michael Korbacher, Matthias Müller,
and Marc Christopher Wurz

Abstract—Many industrial production processes use sen-
sors to generate information about the manufacturing pro-
cess. In this way, monitoring machine tools ensures the
proper functionality of the system and detects unexpected
behavior due to, for example, material inhomogeneity, incor-
rect data input, temperature influence, or tool wear. In large
production machines, such as portal milling machines, the
sensor equipment of guide carriages can be an important
possibility since they are a standardized component and
can be easily integrated into existing machines. Here, con-
ventional polymer foil-based strain gauges show several
disadvantages due to reproducibility and reliability of the
sensor connection via adhesive. Thus, this article addresses the manufacturing of directly deposited chromium thin-
film strain gauges on a guide carriage with integrated programmable data preamplification. Tests with different sensor
materials on steel substrates showed that chromium was the most suitable sensor material with a high k -factor. Then,
one end face of the carriage was polished before sputtering an Al2O3 insulation layer and a chromium sensor layer that
was laser-structured afterward to produce two Wheatstone full bridges at previously simulated sensor positions. In a
tensile test stand, the calibration of the sensors took place in the two spatial directions perpendicular to the guide rail
direction. With an additional sensor data fusion for the final interpretation of measured forces, it is shown that this sensor
technology is suitable for force measurement at guide carriages.

Index Terms— Condition monitoring, direct deposition, force measurement, guide carriages, K -factor, machine tool,
sensor integration, strain gauges, temperature coefficient of resistance (TCR), thin-film sensors.

I. INTRODUCTION

THE aim of intelligent and autonomous industrial produc-
tion drives the development and integration of sensors

for manufacturing processes. Sensor data can be used for
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Fig. 1. Portal milling machine from Fooke [2] and guide carriage with
guide rail from Bosch Rexroth [3].

condition monitoring and error detection on the one hand and
as input for automatic control on the other hand.

This article addresses the sensory equipment of por-
tal milling machines, particularly sensory guide carriages
(see Fig. 1). Conventional guide carriages are standardized
machine components. This offers the possibility to exchange
selected guide carriages for the integration of sensory guide
carriages into existing systems. This approach can be found for
several machine elements such as bearings, screws, couplings,
seal rings, shafts, or gears [1].
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To enable an intelligent guide carriage, conventional
polymer-foil-based strain gauges can be used, which are
attached via adhesive [4], [5], [6]. Because of the viscoelastic
adhesive and the polymer substrate foil thickness, errors in
application can lead to low reproducibility, reduced reliability,
or even complete sensor failure due to detachment [7], [8].
This is where directly deposited sputtered thin-film sensors
have advantages. They can have higher sensitivity, reduced
space requirements, improved temperature behavior and long-
term stability, as well as faster dynamic response [9], [10],
[11], [12], [13].

In this article, the advantages of directly deposited thin-film
strain gauges are used on guide carriages to measure extremely
low strain values in the range below 1 µm/m. Therefore,
a suitable sensor material with an increased strain sensitivity
has to be found, indicated by the k-factor.

Here, different materials can be found in the literature.
Conventional materials, such as Constantan (CuNiMn) and
nickel–chromium (NiCr), show k-factors of around 2 [14].
Compounds with silver have higher values, such as Ni35Ag65
with maximum k-factors of 2.5 [15] or Ag-ITO (indium–tin
oxide) with the highest k-factor of 7 if the Ag content is 20 at%
[16], [17]. ITO coatings itself can have a k-factor of 5.3 [18].

Pure metals, such as platinum and titanium, reveal a k-factor
of 3.8–4.5 [19], [20] and 3.8 [21]. For gold, depending on the
surface resistivity, k-factors up to 5 are documented for low
resistivities or even up to 170 for high-resistivity Au thin film
with high defect rates and high roughness [22]. Another alloy,
Invar36 (Ni-Fe alloy), shows strain sensitivities in the range of
2.5–4.5 depending on the film thickness [23]. Sensor materials,
such as TiAlNx Oy and AlN5Pt5, have k-factors around 2.5
[24] and 4.7 [25]. Alloys with nitrogen often have an increased
strain sensitivity: a value between 3.4 and 6.2 is documented
for TaN [26], [27]. AlNx has k-factors up to 15 [28]. For
TiN, values up to 7 are recorded [29]. Niwa et al. [30], Niwa
and Hiroshi [31], and Niwa et al. [32] developed CrN strain
gauges with k-factors between 8 and 16. For other materials
such as CrOx Siy , k-factors of 5.2–10.3 were found for films
with maximal values below 5 at% Si [33]. Multilayer coatings
of Pt/SiO2 show k-factors up to 18 [34].

In general, semiconductor materials have higher k-factors
because the strain sensitivity is not only caused by the geo-
metrical change but also especially due to a strain-induced
change of the conductivity itself [35]. This can be seen in (1),
which describes the k-factor k in relation to Poisson’s ratio ν,
the resistivity ρ, and the elongation ε

k = (1 + 2 · ν) + (1ρ/(ρ · ε)). (1)

Here, the term 1 + 2·ν represents the geometrical change and
1ρ/(ρ ·ε) stands for the strain-induced resistivity change [14].
The high piezoresistive effect is a consequence of the fact
that semiconductors possess load carriers (e.g., electrons) in
both the valence band and the conduction band. The mobility
of these load carriers is influenced by mechanical elongation,
as the isotropic behavior of the lattice structure is affected by
the distortion of the lattice structure [36]. That is the reason
why research often focuses on the addition of elements such
as O, N, or C to metals to achieve semiconductor properties.

A thin-film material that has already been tested on guide
carriages up to 100 kN is diamond-like carbon (DLC) [37],
[38], [39], [40]. These coatings have high resistivities and can
reach k-factors of 64 [37] or even up to 1200 [41], [42]. Since
DLC coatings have high-temperature dependency, different
metal components (e.g., W, Ti, and Ni) were investigated as
alloy partners [16]. Here, k-factors over 10 were achieved for
Ni-DLC.

The most typical semiconductor strain gauge material is
silicon that can have k-factors up to 200 for p-type (110) single
crystalline silicon [43], [44], [45]. For p-type polycrystalline
silicon, values up to 25 [35] or even up to 34 [46], [47] were
measured.

Since most of these mentioned materials have their dis-
advantages when they should be used on guide carriages
due to insufficient k-factors, temperature behavior, thin-
film manufacturing and structuring methods, reproducibility,
and price, this article addresses the material selection for
the sensor layer, including their characterization. Therefore,
typical metals should be tested, which have comparingly low-
temperature coefficients. For some of them, no literature values
can be found or only bulk material values are available.
A slight doping with oxygen or nitrogen could lead to the
desired effect of high strain sensitivity, while the resistiv-
ity remains in a range that can be easily utilized for the
production of strain gauges. In combination with an FEM-
based simulation of suitable sensor positions and alignments,
the sputter deposition and laser structuring of thin films on
the guide carriage is shown. Finally, the integration of a
PCB board for data preamplification is presented for the
static calibration and testing of the sensors in a tensile test
stand.

II. SIMULATION

Other methods to measure plane strain on metallic bodies
using strain gauges often use limb structures or spoke com-
ponents and optimize the geometries to increase the strains
occurring so that strain gauges with conventional sensitivity
can be used [48], [49], [50], [51], [52], [53], [54]. Since
this is directly affecting the stiffness of the metal component,
it can only be used for external strain transducers that are
attached to the measurement object. In contrast, the approach
presented in this article is to maintain the stiffness of the
measurement object, the guide carriage, which is necessary
for usage in high-precision milling machines [54]. In addition,
the standardized geometry of the guide carriage should not be
changed to enable the replacing of sensory guide carriages in
machines without any change in the mechanical properties.
On the one hand, this is the reason for the need of a sensor
material with a high strain sensitivity. On the other hand,
suitable sensor positions should increase the sensor signal.

Therefore, the number of sensors, their positions, and align-
ments have to be determined via simulations. The aim is to
develop a sensor layout that is able to address the conflict
of objectives between maximum sensitivity, providing infor-
mation about different forces, simple evaluation for industrial
use, and the feasibility and reasonable effort of thin-film sensor
production.
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Fig. 2. FEM simulation results on the end face of a guide carriage with load introduction in the y - and z-directions.

The most important measurands are the forces in the y- and
z-directions, which are the two spatial directions perpendicular
to the direction of the guide rail on which the carriage runs,
as shown in Fig. 2 (compare Fig. 1). The measurement of
momentums only plays a minor role since the carriages are
always used in a compound.

To identify positions for sensors, an FEM-based simula-
tion was conducted. In order to investigate the relationship
between external forces and surface strain, the simulation was
conducted using a reference force of 1 kN for each direction.
The reference force is comparable to the forces of a misaligned
rail [5] or a milling process [55]. The force engages the guide
carriage on the mounting faces on the top side and the mount-
ing threads. To account for the behavior of a mounted guide
carriage, an analogous component was defined on the top side
of the guide carriage. This component imitates the stiffness and
its reduction of the guide carriage deformation. The boundary
conditions for the simulation of the guide carriage contact
with the rail were selected for a stationary guide carriage.
During standstill, the rolling elements inside the guide carriage
responsible for the contact between the guide rail and the guide
carriage do not change their position. Nevertheless, different
rolling element positions must be taken into account for the
simulation. Because of influences such as friction, load, and
lubrication, the relative position of the rolling elements to
each other changes during the guide carriage motion. The

individual contact for each rolling element is simulated using
a single spring element. The area on which the spring operates
is calculated in accordance with Hertz’s contact theory. The
force of the spring elements is based on an approximation by
Kunert [56] and verified based on the displacement under load
as stated in the datasheet of the guide carriage. The simulation
was carried out with the reference force for the y-axis and
z-axis, taking into account the positive and negative directions.

The simulation results for the effective elastic strain in
the surface plane and the strain orientation are shown for
different loads in Fig. 2. The simulation results for the effec-
tive elastic strain from loads in the negative direction are
comparable to the strain from loads in the positive direction.
The simulation shows the effective elastic strain values of
up to εyz = 16.5 µm/m and εyz = 11.6 µm/m, respectively,
for loads of 1 kN in the y- or z-direction. The effective
elastic strain is calculated as the Pythagorean sum of the
elastic strain in y- and z-directions. Since the effective elastic
strain does not contain information regarding the strain’s
orientation, the strain vector’s angle is calculated for the
identification of a suitable sensor orientation. Since the high
strain values occur at positions where sensor positioning is not
feasible (the area between the boreholes and the raceways),
the two sensor positions (left: Sensor S1 and right: Sensor
S2) indicated by the black circles are chosen. The scale does
not show the complete strain range up to 16.5 µm/m to ensure
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TABLE I
EXPECTED SENSOR SIGNALS FOR STRAIN GAUGES AT THE

TWO POSITIONS INDICATED IN FIG. 2 WITH THE

CORRESPONDING PRIMARY STRAIN ANGLES

high resolution in the lower strain region, especially between
0 and 3 µm/m. The position of the black circles offers a
compromise for the conflict of objectives concerning high and
homogeneous strain values, distinguishability of the different
load scenarios and manufacturability with sputter deposition,
as well as integration possibility into the housing of the
guide carriage. At these positions, strain values are between
0.5 and 2 µm/m.

The distinguishability of the different load scenarios is given
at the selected positions due to orientational changes for the
different scenarios. For example, with loads in the z-direction,
the strain orientation at both sensor positions is identical and
changes by 180◦ between positive and negative loads leading
to corresponding positive (0◦) or negative (180◦) sensor sig-
nals. For loads in the y-direction, both sensor positions show
contrary strain orientations. For a change in the load direction
at both sensor positions, the strain direction changes by 180◦.
The change of the orientation by 180◦ means that compressive
strain becomes elongation strain and vice versa. Therefore,
a change in the sensor signal sign is expected. The different
orientations of the strain for different loads and their influence
on the signal of the strain gauges allow for distinguishing
between the four different load cases. The observation of
both sensor positions results in a clear assignment of the
load introduction, as summarized in Table I. The angle of
the primary strains occurring is also included and shows how
the strain gauges should be oriented. Since a symmetrical full
bridge is to be used later, differences in steps of 90◦ in the
strain direction can be measured equally well. As only angles
of 0◦ and 180◦ occur according to Table I, there is no conflict
of objectives with regard to the alignment of the sensors for
measuring the strains in both the y- and z-directions.

To account for the different positions of the rolling elements,
an additional simulation was conducted, in which rows of the
rolling elements were offset. This shows that the position of
the rolling element influences the surface strain at a constant
load. The results indicate that there is no set of positions
without any influence of the rolling elements while also
showing an influence from the loads. The minimal achievable
force uncertainty Fmin based on a few assumptions (SNR = 3)
can be calculated according to (2) [55]. Here, 1 f represents
the frequency range (333 Hz, quasi-static), kB is Boltzmann’s
constant, T is the temperature (298.15 K), R is the strain gauge
initial resistance (350 �), eVR is the noise voltage density
(33 nV/

√
Hz), URef is the reference voltage (5 V), k is the

k-factor, B stands for the bridge factor (2.6 for full-bridges),

and SMech represents the mechanical sensitivity

Fmin

= 24 ·
√(

1 f ·
(
4 · kB · T · R + e2

VR

))
/(URef · k · B · SMech).

(2)

Conventional strain gauge materials, such as Constantan or
NiCr, have a strain sensitivity (k-factor) of around 2 [14].
Consequently, a force uncertainty of about 563 N would
result, which would not fulfill the requirements to enable
sufficient process control. Therefore, Section III-B addresses
the development of high-sensitive thin-film strain gauges. For
the desired force uncertainty in the range of 100 N, a k-factor
of at least 10 is needed. Because of these high requirements,
directly deposited thin-film sensors seem appropriate since
they measure directly on the component’s surface. Therefore,
in Section III-B, different sensor layer materials are tested to
find a suitable strain gauge material.

III. MATERIAL SELECTION AND LAYER DEVELOPMENT

A. Insulation Layer
1) Manufacturing of the Insulation Layer: In the context

of industrial production processes, measurement objects are
mostly metallic, which results in the necessity of an insulation
layer between the measurement object and the sensor layer.
Conventional polymer foil-based strain gauges use a polymer
foil as substrate material, which also serves as the insulation
layer. Thin-film strain gauges use the deposition of a ceramic
insulation layer [57].

Due to the size of the guide carriage type RWD-045-
FLS-CS-C3-U-DS-0-02-00-00-BX-LS-LSS-RS-LSS-01 from
Bosch Rexroth with outer dimensions of approximately 134 ×

120 × 53 mm, the sputter coating system Z550 from Senvac
is used for the deposition as it provides the required space
inside the coating chamber.

Previous work with other coating systems showed that a
thin-film insulation layer of alumina (Al2O3) is suitable for use
on steel surfaces [8], [10], [58], [59]. Here, roughness plays a
major role in providing sufficient insulation properties [10].
In addition, the characteristics of the insulation layer can
be improved through cleaning steps between the insulation
layer deposition [58]. The main properties of a thin-film
insulation layer include adhesion, stoichiometry, resistivity,
and the breakdown field strength. In addition, the yield is
essential. Because the sputtering parameters influence the thin-
film characteristics, they were investigated first. The sputtering
power was kept constant at 400 W (a power density of
24.2 W/cm2 and a target diameter of 16.51 cm) and the
sputtering time was set to 10 h. Based on [10], [60], and [61],
six different sputtering gas combinations according to Table II
were tested.

Here, 3-sccm O2 was the minimum possible value, limited
due to the corresponding mass flow controller of the sputter-
ing system. In order to achieve common sputtering pressure
values based on previous results [60] and known from the
literature [61], the corresponding Ar gas flows were used.
As substrate material, polished stainless-steel wafers (1.4301)
with a diameter of 100 mm and a thickness of 0.8 mm,
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TABLE II
PARAMETERS FOR ALUMINA DEPOSITION

were used. The mean roughness Ra and the mean roughness
depth Rz were 13 ± 4 nm and 144 ± 73 nm, measured with
the tactile surface roughness tester Hommel-Etamic W5 from
Jenoptik. The tip radius of the measurement needle was 2 µm,
and the measuring length was 4.8 mm. For the electrical
characterization of the insulation layer, metal contact pads
were sputter-coated to serve as upper electrodes, whereas the
substrate represents the lower electrode. The measurement of
the layer height took place with the white-light interferometer
WYKO and the tactile measurement machine Dektakt3ST from
Veeco. Basically, a major influence can be seen depending on
the presence of oxygen. The film thickness was approximately
11 µm for numbers 1, 3, and 5 without any oxygen, and
approximately 6 µm for numbers 2, 4, and 6 with oxygen. The
sputtering rate was in the range of 18 nm/min for depositions
without oxygen (1, 3, 5) and 9 nm/min when oxygen was
present.

2) Characterization of the Insulation Layer: The different
sputter conditions led to different stoichiometry in the coating,
as shown in Table III. The measurements took place in a
scanning electron microscope (SEM)-type LEO 1455VP with
energy-dispersive spectroscopy (EDS) from Oxford. Three
measurements on different diameters were done per sample.
The mean values show that without the presence of oxygen
gas, the oxygen content in the thin-film layer is too low
compared to the reference value for perfect stoichiometry
(Al2O3, Al:O = 40:60). The resistivity of the films was
measured with the Ohm and Current Meter TO 3 from FIS-
CHER with a measurement voltage of 30 V. In contrast to the
stoichiometry results, the films without oxygen as additional
sputtering gas revealed higher resistivity values, as shown in
Table III. They are comparable to literature values ranging
around 1 × 1014 �·cm [62]. Measurement results for contact
pads resulting in resistance values below 1 k� were excluded
from the calculation of the mean value for the resistivity.
Therefore, Table III gives the information about the yield. For
the depositions without oxygen (numbers 1, 3, and 5), the
yield was in the range of 80% or 90%. Samples sputtered
with oxygen show a lower yield, approximately between 20%
and 60%. One reason for this behavior can be attributed to the
different layer thicknesses.

For the evaluation of the breakdown field strength, another
stainless-steel wafer was processed with an alumina layer
thickness of approximately 2 µm. This was necessary to
achieve breakthroughs within the maximum voltage of 500 V

TABLE III
RESISTIVITY, THICKNESS, AND STOICHIOMETRY FOR ALUMINA THIN

FILMS DEPOSITED WITH DIFFERENT PARAMETERS

ACCORDING TO TABLE II

of the Ohm and Current Meter TO 3. For manufacturing, the
parameters for the highest resistivity values (number 1) were
used. The result was a mean value of 1.3 ± 0.1 MV/cm,
which is comparable to literature values in the range of
1.5 MV/cm [63]. For the evaluation of the adhesion strength,
tape tests were done. No differences could be observed for
different alumina depositions. Minimum values of 10 MPa
were achieved, which is in agreement with [8].

B. Sensor Layer
1) Manufacturing of the Sensor Layer: As the FEM simula-

tion results showed, common materials, such as Constantan,
are not suitable for the desired application since they offer a
k-factor of 2, which is too low. The first improvement is the use
of Wheatstone full-bridges as they offer a gain in sensitivity
compared to single quarter-bridges of 2·(1 + ν). Here, ν

is Poisson’s ratio. To overcome still remaining sensitivity
restrictions, a detailed material analysis with various metal
thin films concerning the k-factor and temperature coeffi-
cient of resistance (TCR) is performed. These materials are
Constantan (Cu54Ni45Mn1), NiCr (50:50 wt%, 60:40 wt%,
and 80:20 wt%), titanium, platinum, chromium, tantalum, and
copper. The manufacturing process chain starts with a cleaning
step with acetone and isopropanol of the stainless-steel wafer.
After the deposition of the insulation layer out of Al2O3
according to Section III-A1, photolithography is used for
the structuring of the thin-film sensor layers. Therefore, the
photoresist AZ 5214 was spin-coated with a thickness of
4.3 µm at 500 r/min. A soft bake at 105 ◦C for 100 s was
used to stabilize the photoresist. Afterward, the illumination
took place within the mask aligner MA6 from SUESS with a
mercury vapor lamp at 250 W for 15 s. For structuring, a foil
mask was used that produces quarter-bridge sensors according
to Fig. 3 (left). It consists of a meander shape pattern with ten
lines next to each other with a width of 100 µm and a length
of 3500 µm, whereas the two outer lines have a length of
4000 µm. They are connected through nine meander curves,
resulting in a total length of 38.7 mm.

After the illumination, the development takes place in AZ
351B for 60 s (one part AZ 351B and four parts water).
Now, the deposition of the different sensor layers takes place
according to Table IV. The base pressure was below 1 ×

10−5 mbar, and the sputtering pressure was between 6 ×

10−3 and 7.0 × 10−3 mbar. Prior to deposition, a sputter
etching process at 250 W with an Ar flow of 50 sccm for
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Fig. 3. (Left) Sensor design for evaluation of the k -factor and the TCR.
(Right) Tensile test specimens with thin-film strain gauges.

TABLE IV
PARAMETERS FOR SPUTTERING OF SEVERAL METAL SENSOR LAYERS.
THE ARGON FLOW WAS CONSTANT AT 50 sccm FOR ALL MATERIALS

5 min cleans and activates the surface to increase the sensor
layer adhesion. After deposition, a liftoff process in acetone
with ultrasonic support removes the photoresist. Afterward,
the wafers were cut with a guillotine shear to receive 30-mm-
wide tensile specimens for the characterization concerning
the sensor’s strain sensitivity. The contacting was done with
conductive two-component silver epoxy adhesive, thin wires,
and a circuit board with a female connector strip that enabled
the connection to a QuantumX MX1615B universal measuring
amplifier module from Hottinger Baldwin Messtechnik GmbH.

2) Characterization of the Sensor Layer: First, the layer
thicknesses and electrical resistances were measured to deter-
mine the resistivity. The results are summarized in Table IV.
Afterward, the characterization took place regarding the two
most important properties of strain gauges, which are the strain
sensitivity (k-factor k) and the temperature sensitivity (TCR).
They show the resistance change 1R in contrast to the initial
resistance R0 due to a change in strain 1ε or a change in
temperature 1T , as shown in (3) and (4).

The characterization of the k-factor was done with a tensile
test stand type MultiText 2.5-xt from Mecmesin with cyclic
loads between 400 and 2400 N. The elongation was calculated
based on the cross-sectional area A of 24 mm2 and Young’s
modulus E of 200 000 N/mm2 (stainless-steel 1.4301) leading
to strain values of 83 and 500 µm/m according to (5) that
are used for the calculation of 1ε. Afterward, a hot plate was
used for the determination of the TCR with temperature cycles
between 30 ◦C and 100 ◦C. For both methods, the resistance
values were recorded continuously to ensure linear strain or
temperature behavior

k = (1R/R0)/1ε (3)
TCR = (1R/R0)/1T (4)

ε = F/(E · A). (5)

Fig. 4. K -factors for different metallic thin-film sensor materials.

The results for all investigated sensor materials are shown
in Fig. 4. As expected, the Constantan layer and the NiCr
alloys showed k-factors of around 2. For constantan thin
films, the literature shows the highest values of 2.2 [64]. For
NiCr5050, García-Alonso et al. [65] achieved a value of 2.3.
Higher k-factors were reached for Au and Pt. No literature
values for pure chromium thin films were found. Here, the
processed strain gauges revealed the highest k-factor of 11.2 ±

0.4. This results in a sensitivity increase of at least a factor
of 5 compared to conventional strain gauge materials such
as Constantan or NiCr alloys. Since the measured k-factor
is higher than expected, the tests were repeated with the
sputtering system type MRC from Kenotec. Here, a k-factor
of 11.3 ± 0.5 resulted that confirmed the measurements.
Literature values could be found for Cr–O films with elevated
k-factors between 4.7 (39 at% O2) and 10.3 (7 at% O2) due to
semiconductor properties [33]. For Cr–N films, values of 8–16
[30] are reported. Therefore, it is most likely that the high
k-factor of chromium is due to an oxygen or nitrogen content
in the film. EDS measurements on silicon substrates showed
values of up to 6 at% oxygen, but the distinction of chromium
and oxygen is difficult due to similar energy values for
electron transitions. Since the resistivity of 0.55 × 10−4 �·cm
in Table IV is comparable to the literature range for chromium
(from 0.58 × 10−4 to 1.07 × 10−4 �·cm [66]), it is assumed
that the oxygen content is significantly lower. No nitrogen
could be found according to EDS. Impurities with oxygen
or nitrogen might be due to the argon 5.0 sputtering gas
that contains up to 2-ppm oxygen and up to 5-ppm nitro-
gen [67]. Raman spectrometer measurements of chromium
with a thickness of 500 nm sputtered on borosilicate glass
confirmed the presence of Cr2O3 with peaks at 304, 347, and
547 cm−1, which is in agreement with the literature [68].
No significant peaks for CrN could be detected compared
to literature values [69]. Nevertheless, the amount of oxygen
could not be measured. However, due to the fact that the
resistivity is not increased, the final reason for the increased
k-factor of chromium cannot be explained with certainty.
Further research has to be carried out.

To ensure temperature stability, five chromium sensors
were tested after a heat treatment at 100 ◦C for 1 h. Only
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Fig. 5. Overview of the TCR values for different thin-film metallic sensor
materials. (∗) means a negative value.

slight changes could be measured concerning the k-factor
(11.4 ± 0.3), which is within the standard deviation. Optical
investigations did not show any cracking that is sometimes
observed depending on the substrate material [70]. Besides
the information about the strain sensitivity, the temperature
behavior is important information for signal stability and
thermal noise. For all investigated sensor layer materials, the
TCR values are shown in Fig. 5. In general, for Constan-
tan and NiCr alloys, the TCR values are low compared to
typical metals, which is one of the main reasons why these
alloys are used for conventional foil-based strain gauges as
the sensor layer. The literature shows thin-film values of
10 ppm/◦C for Constantan [64] and values below 20 ppm/◦C
for NiCr50:50 [65], corresponding to the TCR values of
Fig. 5. It is interesting to mention that the lowest TCR
(6 ppm/◦C) was measured for NiCr5050. Typically, the pure
metal values for thin films are higher (Pt: 2600 ppm/◦C [20],
Au: 500–1500 ppm/◦C [71], Cu: 1060–4270 ppm/◦C [72],
[73], and Cr: 1500–2200 ppm/◦C [74]). Copper showed the
highest value with 2470 ppm/◦C, which corresponds to the
literature. The reason for this high value might be due to
the face-centered cubic crystal structure, which makes it very
susceptible to temperature changes due to temperature-induced
atom vibration and therefore hindered electron movement
(electron scattering at phonons) [75]. This correlates with the
decreasing mean free path length of the conductive electrons
with increasing temperature [76]. For Cr, the measured TCR
value of 1310 ± 80 ppm/◦C is comparable with the literature
and leads to the conclusion that the previously mentioned
oxygen content in the film is low.

In summary, the material investigation of ten thin-film
strain gauge materials showed the most promising results with
chromium. With a k-factor of 11.2, a material was found that
has the potential to enable force measurements at the guide
carriage with a low response threshold and high SNR so that
extremely low strain values could be resolved.

IV. SENSORY GUIDE CARRIAGE

A. Manufacturing
To enable the deposition on the guide carriage, some adapta-

tions of the sputter system were necessary. The position of the

Fig. 6. Schematic process sequence for the production of sensor-
integrated guide carriages. (a) Demounting. (b) Grinding, polishing, and
cleaning. (c) Sputtering of the insulation layer. (d) Sputtering of the
sensor layer. (e) Laser structuring. (f) Sputtering of the contact pads.
(g) Contacting. (h) Mounting.

target materials was elevated with cylindric extension cylin-
ders, and the heating station in the substrate plate was removed
so that the remaining distance between the target surface and
the surface of the guide carriage resulted to approximately
61 mm compared to the 88 mm present in the case of
conventional wafer deposition. In addition, a stainless-steel foil
was installed underneath the target to build a cylindrical dark
room shielding. The complete manufacturing is shown in the
schematic drawings in Fig. 6.

Prior to deposition, the guide carriage was demounted. The
rollers and the complete roller return system were removed,
and the remaining guide carriage was chemically cleaned
with acetone and isopropanol to remove the remaining grease.
Then, for the deposition of a functioning insulation layer, the
grinding and polishing machine QATM QPol 250 A2-ECO
was used to reduce the mean roughness Ra and the mean
roughness depth Rz of one end face from 320 ± 70 nm and
2330 ± 420 nm to 29 ± 4 nm and 265 ± 65 nm. Again,
these values were measured with the tactile roughness tester.
Now, with a power of 200 W and an Ar gas flow of 50 sccm,
a sputter etching step was done. For the Al2O3 deposition,
the power had to be adapted from 400 W (Section III-A1)
to 300 W, which was necessary most likely due to increased
temperature development because of decreased heat transfer to
the cooled substrate plate caused by the guide carriage geome-
try. To reduce stochastically occurring defects (impurities and
pin holes), the insulation layer deposition took place in five
steps of 900 nm each. This procedure was adapted from [58].
The layer height was measured on a reference Si chip with
a tactile profilometer (Dektak XT from Bruker). In addition,
the Ar flow was changed to 90 sccm. The O2 flow was kept
constant at 3 sccm without using the restrictor setting of the
high vacuum pump. The bias voltage was in the range between
100 and 700 V. The result was a sputter pressure of 7.2 ×

10−3 mbar, no target poisoning, and a stoichiometry of Al:O =

40:60 that was confirmed by EDS measurements. The result
can be seen in Fig. 7(a).

To achieve suitable resistance values of the single strain
gauges of the aimed thin-film full bridges in the range between
120 and 1000 �, a chromium layer with a thickness of 100 nm
was sputter coated [Fig. 7(b)]. These resistance values are
limits of the strain gauge amplifier that should be used later.
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Fig. 7. (a) Deposition of the Al2O3 insulation layer. (b) Deposition of the Cr sensor layer. (c) Laser structuring of the sensor layer. (d) Structured
deposition of the Cu contact pads using shadow masks. (e) Integration of the strain gauge amplifier PCB board. (f) Thin-film sensor integrated guide
carriage with cables for setting, supply, and reading of the PCB board.

TABLE V
LASER PARAMETERS FOR STRUCTURING A 100-nm

CHROMIUM THIN FILM

Since conventional photolithography is not possible for the
guide carriage, a laser ablation process is used for structur-
ing [77], [78]. Therefore, a UV solid-state laser (Nd:YVO4)
MD-U1000C from Keyence (λ = 355 nm) structured the thin
film with the parameters in Table V.

The sensor layout in Fig. 7(c) consists of a full-bridge inside
of a 5 mm diameter. Each strain gauge has seven lines with a
width of 100 µm and a length of 900 µm. Their position and
alignment are implemented according to the simulation results
presented in Section II.

After the laser ablation process shown in Fig. 7(c), the
contact pads were sputter-coated with copper through a
100-µm-thick laser-cut steel shadow mask [Fig. 7(d)]. For
optimal contact with the guide carriage, it was fixed with
an aluminum sheet that has the corresponding holes in the
area of the contact pads. Dowl pins ensured the alignment
(±20 µm) connecting the guide carriage with the shadow
mask and the aluminum sheet. Investigations showed sufficient
soldering for a thickness of 600 nm. Now, the contacting was
done by soldering with Sn60Pb39Cu1 on the contact pads.
In contrast to previous contacting methods with conductive
adhesive [8], [10], [59], the solder connection offers lower
contact resistance (10 m� instead of 1–5 �) and minimizes
measurement noise. The wires lead to a strain gauge amplifier
type XN5 from Texense. It enables the connection to both full
bridges at the same time in Fig. 7(e). Two cables lead out
of the guide carriage: one of them for the energy supply and
the strain gauge full-bridge voltages and the other one for the
USB connection for a user interface to change the amplifier
settings. The integration of the sensors and the amplifier
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board was enabled through the adaptation of one roller guide.
Material was removed to generate space for an aluminum
housing. Now, the rollers and the complete roller return system
were mounted. Finally, a sensor-integrated guide carriage with
directly deposited thin-film sensors resulted, which is shown
in Fig. 7(f).

B. Sensor Characterization
Before the sensor signals are evaluated with static loads, the

electrical thin-film values were measured. Values of 350 G�

were measured with the Ohm and Current Meter TO3 from
Fischer Elektronik for the insulation layer with a total thick-
ness of approximately 4.5 µm, resulting in a resistivity of
4.5 × 1013 �·cm. Even though these values are up to factor
10 lower compared to the initial results on the wafer level
from Section III-A2, they are sufficient for reliable use of the
strain gauges. Reasons might be the necessary change of the
geometrical sputtering conditions and the different roughness
values of the metallic surface.

Since the sensor design shown in Fig. 7(d) already connects
the four single strain gauges to one full bridge, it is not
possible to measure the single resistance values of the four
strain gauges R1–R4 anymore. Nevertheless, the parallel con-
nection of one strain gauge with the corresponding remaining
three strain gauges can be measured. These four possible
measurement arrangements lead to a linear system of four
equations, which is solved iteratively due to measurement
uncertainties according to (6) (exemplary for strain gauge R1
parallel to R2–R4)

R1||R2,3,4 = R1 · (R2 + R3 + R4)/(R1 + (R2 + R3 + R4)).

(6)

The results are shown in Table VI. Here, the measured and
calculated values are shown. Accumulated measurement errors
resulting from the iterative calculation are in the range of 1 ×

10−5 � and are therefore negligible. The measured bridge
offsets show sufficient values below 15 mV/V. The comparison
with the calculated bridge values based on the calculated
resistance values proves the overall process since only small
deviations occur.

Now, the strain gauge amplifier was provided with a supply
voltage of 12 V by a voltage source (see Fig. 8). With two
strain gauge full bridges connected, a current of 20 ± 1 mA
resulted. The amplifier itself generates a supply voltage of 5 V
for the full bridges. The bridge voltage values were recorded
with a strain gauge measurement amplifier-type QuantumX
MX1615B (see Fig. 8).

To use the most suitable strain gauge amplifier settings, both
full-bridge offset values were initially corrected as much as
possible according to the measured bridge offset values. Then,
the gain factor was set to the maximum value of 1000 for
maximum signal due to the expected low strain. Finally, the
remaining output signals of the strain gauge amplifier were
shifted to an output value of 2.5 V to guarantee a similar
measurement range in both strain directions (elongation and
compression) since the output is between 0 and 5 V.

TABLE VI
SINGLE STRAIN GAUGE RESISTANCE AND BRIDGE OFFSET VALUES

Fig. 8. Measurement setup: guide carriage in a tensile test stand.

Then, the guide carriage was integrated into a tensile test
stand-type MultiText 2.5-xt from Mecmesin (Fig. 8). There-
fore, several steel adapter plates were used that enabled the
fixation of a guide rail-type CS RSA-045-SNS-U-MA-SK with
a length of 400 mm in two different positions so that a force
introduction on the guide carriage (placed on the guide rail)
was possible in the z-direction as well as in the y-direction
[see Fig. 9(a) and (b)]. A clamping device allowed tensile and
compressive stress. Besides the measurement of the two full
bridges, the force is also recorded. The test procedure contains
two cycles with forces ranging from −2400 to 2400 N so that
both tensile and compression stresses are present. The results
for both directions are shown in Fig. 9(c) and (d).

As expected, the sensor signals for the z-direction in
Fig. 9(c) show similar behavior with deflection in the same
direction with sensitivities of 1.81 ± 0.04 mV/kN (S1) and
1.18 ± 0.07 mV/kN (S2). Here, a positive load represents com-
pression. The difference might be due to different positions of
the rollers or even different numbers of rollers that are exposed
to load. An influence of slight asymmetries of the complete
mechanical measurement setup could also be the reason. The
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Fig. 9. Setup for force introduction in (a) z-direction and (b) y -direction. Measurement signals due to force introduction in (c) z-direction and
(d) y -direction.

Fig. 10. Comparison of sensitivities for compression and elongation
load applied in the z- and y -directions on the guide carriage. Positive
values correspond to compression [compare Fig. 9(a) and (b)]. The
results are in agreement with the assumptions made in Table I.

conversion to strain values according to (7) [79] with Poisson’s
ratio ν = 0.3, the measured output bridge voltage UO, and the

supply bridge voltage US = 5 V results in 0.20 and 0.15 µm/m
for the whole force range

ε = 4/k · (1/2) · 1/(1 + ν) · UO/US. (7)

The simulation in Section II revealed values of ±3 µm/m.
Possible reasons for the deviation are the same as mentioned
above. The noise is in the range of 0.02 µm/m (20 nm/m),
which shows the high sensitivity of the developed sensors.
An almost linear behavior can be seen for the elongation as
well as for the compression phase.

In the y-direction, full bridge S1 has a sensitivity
of 1.91 ± 0.07 mV/kN, whereas S2 shows a value of
−2.45 ± 0.05 mV/kN. The force here is assumed to lead
to compression if it is positive. A linear behavior can be
seen over the complete load range. Strain values of 0.22 and
0.34 µm/m are calculated with similar noise as it is mentioned
for the z-direction. As seen in the graphs, a slight nonlinearity
occurs when the compression phase turns into the elongation
phase and vice versa (F = 0 N). This is due to the mea-
surement setup and can be explained by the slight play that
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Fig. 11. Force calculation with force introduction in (a) z-direction and (b) y -direction.

the components have, especially the clamping device. Even
though the measurement duration is only about 6 min, there
is already a signal drift visible with maximum strain values of
0.12 µm/m.

A summary of the sensitivities can be seen in Fig. 10. As it
becomes obvious, the four different mechanical load cases
with compression and elongation in the z- and y-directions
can be distinguished as it was assumed initially in Table I.

After this characterization, the test procedure is repeated
once again to measure the actual forces with the determined
sensitivities, as depicted in Fig. 11. The full-bridge signals
are illustrated in red (S1) and blue (S2) and should follow the
force signal of the tensile test stand in green once again based
on (8) and (9). Here, the sensitivities aS1 and aS2 are used

FS1 = (UO_S1 − 2.5 V )/aS1 (8)
FS2 = (UO_S2 − 2.5 V )/aS2. (9)

The addition and subtraction based on (10) and (11) result
in a statement about the final force values for the z- and
y-directions

Fz = (FS1 + FS2)/2 (10)
Fy = (FS1 − FS2)/2. (11)

It becomes clear that the direction of the force introduction
can be predicted. For the forces that should be zero during the

tests [gray line in Fig. 11(a) and orange line in Fig. 11(b)],
no force cycles occur. Nevertheless, a drift behavior can be
seen for all measurements with values between 500 N for the
investigated force direction and 1 kN for the passive force
direction.

V. CONCLUSION

This article showed the development of a sensor-integrated
guide carriage based on thin-film strain gauges. Several sensor
layer materials were tested concerning their k-factor and TCR.
Chromium was chosen as a sensor material since it revealed
the highest k-factor of 11, which was necessary according to
the FEM simulation results to reach sufficient measurement
resolution.

The manufacturing of the strain gauges on one end face
of the guide carriage included a grinding and polishing step,
coating of an Al2O3 insulation layer, the chromium sensor
layer, laser structuring, and coating of the copper contact
pads for soldering. A circuit board was completely integrated
without changing the guide carriage dimensions and amplified
the strain gauge full-bridge signals so that output voltages
between 0 and 5 V resulted. In a tensile test stand, the
sensor-integrated guide carriage was placed on a guide rail.
Here, with only two sensors and their sensor data fusion,
the measurement of tensile and compressive forces in the
z-direction and y-direction was enabled. The result was a mean
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sensitivity of 1.49 mV/kN in the z-direction and 2.18 mV/kN
in the y-direction. The test forces of maximum ±2400 N led
to strain values in the range of 0.15–0.4 µm/m at the two
sensor positions. In comparison, the simulation showed values
of around ±3 µm/m for 1 kN.

Further development steps should address a method for laser
trimming of the initial single strain gauge resistance values of
the full bridges to achieve even lower bridge offset values. It is
assumed that this would have a positive impact on the strain
and drift behavior that has to be investigated.

With the knowledge developed in this article for static strain
measurements on guide carriages, the measurement can now
be extended to dynamic load measurements when a single
guide carriage is moving on a guide rail. Afterward, the sensor-
integrated guide carriages will be used in combination to
replicate a realistic scenario as it is present in machine tools
such as in portal milling machines. With intelligent sensor data
fusion, force information about the whole guide system should
be derived.
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