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Abstract
Background Commonly, polymer foil-based strain gauges are used for the incremental hole drilling method to obtain residual 
stress depth profiles. These polymer foil-based strain gauges are prone to errors due to application by glue. For example 
zero depth setting is thus often erroneous due to necessary removal of polymer foil and glue. This is resulting in wrong use 
of the calibration coefficients and depth resolution and thus leading to wrong calculations of the obtained residual stress 
depth profiles. Additionally common polymer foil-based sensors are limited in their application regarding e.g. exposure to 
high temperatures.
Objective This paper aims at a first step into the qualification of directly deposited thin film strain gauges for use with the 
incremental hole drilling method. With the directly deposited sensors, uncertainties regarding the determination of calibra-
tion coefficients and zero depth setting due to the absence of glue can be reduced to a minimum. Additionally, new areas 
of interest such as the investigation of thermally sprayed metallic layers can be addressed by the sensors due to their higher 
temperature resilience and their component inherent minimal thickness.
Methods For the first time, different layouts of directly deposited thin film strain gauges for residual stress measurements 
were manufactured on a stainless steel specimen. Strain measurements during incremental hole drilling using a bespoke 
hole drilling device were conducted. Residual stress depth profiles were calculated using the Integral method of the ASTM 
E837 standard. Afterwards, strain measurements with conventional polymer foil-based strain gauges during incremental 
hole drilling were conducted and residual stress depth profiles were calculated accordingly. Finally the obtained profiles 
were compared regarding characteristic values.
Results The residual stress depth profiles obtained from directly deposited strain gauges generally match the ones obtained 
from conventional polymer foil based strain gauges. With the novel strain gauges, zero depth setting is simplified due to the 
absence of glue and polymer foil. With the direct deposition, a wide variety of rosette designs is possible, enabling a more 
detailed evaluation of the strain field around the drilled hole.
Conclusions The comparative analysis of the obtained residual stress depth profiles shows the general feasibility of directly 
deposited strain gauges for residual stress measurements. Detailed investigations on uncertainty sources are still necessary.
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Introduction

The incremental hole drilling method is widely used for 
residual stress measurements of metallic, ceramic or poly-
mer components. It can be used to quantify the residual 
stress state generated by manufacturing processes or e.g. 
to quantify the residual stress state of components that 
were already in use for a certain amount of their service 
life. Residual stress depth profiles are calculated based 
on relieved strains during high speed drilling, where a 
small hole with a diameter of approx. 2 mm and a depth of 
approx. 1 mm is created gradually. The removal of material 
leads to a stress relaxation and therefore also a strain relax-
ation. These relaxed strains are detected by strain gauges 
that are located around the measuring spot in the form of 
a rosette. Conventionally, polymer foil-based strain gauges 
are glued onto the mostly metallic components. This paper 
shows a new approach for the detection of strains during 
high speed drilling, which is the direct deposition of thin-
film strain gauges. The sensor is directly applied on the 
component itself, without the need for an adhesive. This 
leads to lower sensor thickness below 3 µm and therefore 
measurements which are as close to the surface as possi-
ble, resulting in higher adhesion properties and prevention 
of possible measurement errors that can occur because 
of the adhesive or the application process by the user of 
conventional strain gauges. Thus, perforating of polymer-
film and glue during zero-point setting can be omitted. 
Due to the polymer-free sensor system, a higher tempera-
ture resilience up to at least 400 °C compared to polymer 
foil-based is given [1]. In combination with the minimal 
sensor thickness, new areas of interest can be addressed by 
directly deposited sensors. One example is the investiga-
tion of thermally sprayed metallic layers. Conventionally, 
the strain gauges for the incremental hole drilling method 
in this context are attached on top of the thermally sprayed 
metal coating after its application [2], as shown in Fig. 1 
(green). This is making it necessary to adapt calculation 
methods, because of different material states throughout 
the thick film system. Currently the adaptions are only 
approximations, also because of possible high interface 
roughness [3, 4]. Directly deposited sensors (red) enable 
the deposition prior to the thermal spray process. There-
fore, completely new positions are enabled which have 
the potential to generate new information about the stress 
state at the interface between thermally sprayed coating 
and substrate. In general, an improvement of the charac-
terisation of various layer compounds with the incremental 
hole drilling method is expected, enabled by the usage of 
directly deposited sensors, which has not been used in the 
literature before.

State of the Art

Incremental Hole Drilling

The incremental hole drilling method using strain gauges 
has been widely used in the past. The first investigations of 
the test method began in the 1960s by Rendler and Vigness 
[5], leading to a standardization of the test method itself 
using standardized strain gauges and standardized calcula-
tion steps [6]. Following the works of Schajer [7, 8], the 
integral method was found to be the most practical method 
for the calculation of non-uniform residual stresses. Thus, 
this method is recorded inside the ASTM E837 standard 
[6]. The integral method needs calibration coefficients to 
convert the strains measured on the surface of a component 
into depth resolved subsurface residual stresses. These cali-
bration coefficients are necessarily derived by Finite Ele-
ment simulations. Most of the studies found in literature 
investigate the influence of cutter or hole geometry [9, 10], 
material properties [11] or specimen geometry [12] on the 
calibration coefficients. In any study considered, the relieved 
strains are evaluated directly on the surface of the Finite 
Element mesh. Technically, these studies do not consider 
that in conventional incremental hole drilling the relieved 
strains are recorded by polymer foil embedded metal based 
filaments. Additionally, the studies do not consider that the 
strain gauge rosettes are glued onto the measuring object. 
This results in a neglection of possible varying thicknesses 
of the adhesive and differences in mechanical and thermal 
properties of substrate, adhesive and polymer foil.

Fig. 1  Exemplary application of directly deposited strain gauges
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Uncertainties In Incremental Hole Drilling 
Regarding Strain Measurements And Zero Depth 
Setting

Several studies investigated measurement uncertainties and 
errors of the incremental hole drilling method [13–16]. Most 
influential error sources regarding strain measurements are:

1. Instrumentation errors
2. Measurement device errors
3. Measurement of apparent strains due to heat input gener-

ated by drilling

None of the studies mentioned above quantify the errors 
induced by instrumentation, whereby the quality of the strain 
gauge application significantly depends on the user. Differ-
ences in specimen preparation and adhesive thickness have 
to be considered. It is evident that differences in surface 
preparation and adhesive application significantly influence 
the transmission of strains from the surface of the compo-
nent to the metal filament inside the polymer film [17].

In conventional incremental hole drilling, zero depth set-
ting is comparably prone to errors. This is due to the fact that 
the polymer film of the strain gauge rosette and the adhesive 
have to be removed completely by initial drilling steps [6]. 
In these drilling steps it is possible that the drill is clogged 
with the polymer materials, often resulting in getting stuck. 
During the removal of polymer foil and adhesive it is also 
possible that surface near material of the specimen is already 
removed, resulting in a zero depth offset. This in fact influ-
ences the residual stress calculation procedure, because the 
above mentioned calibration coefficients are derived for 
exact distances to the surface or zero depths. A correction 
for the zero depth offset is possible, yet often not conducted 
due to difficulties in measurement of the offset [14, 15].

Strain and Temperature Measurements Using 
Directly Deposited Thin Film Strain Gauges

Conventional resistive foil-based strain gauges consist 
of a polyimide substrate resulting in total thicknesses of 
40–80 µm [18]. As already mentioned, due to the substrate 
foil and the adhesive for application, measurement errors can 
occur [19, 20]. Long-time measurements and elevated tem-
perature can reveal a creeping phenomenon resulting in rela-
tive uncertainties after a measurement duration of 20 h of 
1% at 23 °C or 9% at 160 °C [21]. The maximum short term 
operation temperature of common strain gauges is 350 °C 
[21]. Directly deposited thin-film strain gauges with thick-
nesses of below 5 µm can overcome these disadvantages [22, 
23]. The sensors are directly manufactured on the surface 
of the component [24, 25]. For metallic technical surfaces, 

an insulation layer is necessary before the sensor layer is 
applied and structured by shadow masks, photolithography 
or laser ablation. Depending on the application, a top coat 
is applied in the end. For this whole manufacturing process, 
the Institute of Micro Production Technology of the Leibniz 
University Hannover developed a patented coating system 
[26–28]. Manufactured strain gauge sensors were able to 
withstand maximum operation temperatures up to 400 °C 
and showed higher temperature compensation capability 
compared to common sensors [1, 29]. Thin-film-based sen-
sors have been integrated into metal tools to measure process 
parameters in industrial processes such as sheet temperature 
during mold hardening or material flow of the metal sheet 
during deep drawing [30, 31].

Through special design of a wear protection layer and an 
insulation layer, it was possible to guarantee the functional-
ity of the sensors even at temperatures in the range of over 
500 °C and at the same time considerable surface pressures 
over 1.5 GPa [32]. Even strain measurements on curved 
metallic surfaces are possible [33].

The state of the art shows that it is possible to measure 
strains by directly depositing strain gauges onto the surface 
of components. A use of directly deposited sensors for resid-
ual stress measurements by incremental hole drilling would 
overcome the neglections made in derivation of calibra-
tion coefficients. Additionally it would minimize the above 
mentioned errors or uncertainties in strain measurement and 
zero depth setting. Thus, the following study investigates 
the feasibility of the incremental hole drilling method using 
directly deposited thin film strain gauges.

Experimental Setup

Sensor Design

For the authors knowledge, directly-deposited strain gauges 
have not been used for the incremental hole-drilling method 
so far. In order to use the existing methods of sensor data 
analysis, the photo masks which are necessary for the thin-
film sensor manufacturing, are designed based on CEA-06-
062UL-120 and CEA-06-062UM-120 from Vishay Preci-
sion Group Inc. (Fig. 2, [34]). Especially parameters as the 
drilling hole diameter between 1.5 mm and 2.0 mm, the 
measurement grid centre diameter of 5.13 mm and the sen-
sor length of 1.57 mm per strain gauge remain the same.

Sensor Manufacturing

The investigations take place on a plane stainless-steel sample 
(AISI 304) with dimensions of 100 mm × 100 mm × 6 mm. 
Any residual stresses measured originate from manufacturing 
of the sheet, followed by surface preparation (e.g. grinding 
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and polishing). The sample material is a classic representa-
tive for stainless steel objects with lots of thin film technol-
ogy experience. A summary of the most important properties 
of this steel is given in Table 1. The usage of other substrate 
materials (different metals, ceramics, glass) is possible as 
well. There are only a few limitations that can occur due 
to porosity or roughness, e.g. when polishing cannot take 
place. Curved surfaces are possible as well, as [33] showed. 
The material has to be suitable for vacuum regarding the 
deposition process to manufacture the sensors. Consequently, 
the deposition on synthetic materials is a challenge, whereas 
for example the usage of polyether ether ketone (PEEK) is 
possible.

First, grinding and polishing reduce the arithmetic mean 
roughness  Ra from 0.158 ± 0.007 µm to 0.014 ± 0.005 µm 
and the mean roughness depth  Rz from 1.375 ± 0.171 µm 
to 0.181 ± 0.047 µm. This is necessary to enable the pro-
duction of an insulation layer of high insulation quality. 
Therefore, the surface roughness tester type HOMMEL-
ETAMIC W5 from JENOPTIK was used. The measure-
ment length was 4.8 mm, the velocity 0.5 mm/s and a fil-
ter according to ISO 11562 was applied [36]. Of course, 
the used surface preparation can lead to shallow residual 

stresses that would influence the results from the meas-
urements conducted. According to [37] this influence 
occurs but vanishes exponentially with depth after 30 µm. 
Therefore, it is neglected in this study. Moreover the com-
parison of directly deposited sensors and foil-based sen-
sors (attached without additional grinding) took place on 
the same specimen with same surface preparation, which 
enables a comparison of the measurement results. After a 
cleaning step with acetone and isopropanol in an ultrasonic 
bath for 5 min each, a Kenotec MRC RF magnetron sputter 
coating system is used for all following thin-film deposi-
tions that always start with a sputter etching process at 
250 W with 50 sccm Argon for 2 min resulting in a process 
pressure of 9.3⋅10–4 mbar.

With a base pressure of 8⋅10–8 mbar and a sputtering 
pressure of 6.7⋅10–3 mbar, an alumina  (Al2O3) insulation 
layer with a thickness of 2 µm is applied. The mass flows 
of Argon and Oxygen are 95 sccm and 5 sccm. This gen-
erates layers with optimized stoichiometry. This reactive 
sputtering process with a power density of 214 W/cm2 is 
conducted in two steps of 3 h each with another cleaning 
step in between and afterwards to minimize the forma-
tion of pin-holes and to remove particles which would 
both lead to inadequate insulation properties. Alumina is 
used due to its high insulation properties, high adhesion 
on steel and its thermal expansion coefficient of about 
8.5 ppm/°C [38] which is quite close to the coefficient 
of 16 ppm/°C [35] for stainless-steel compared to other 
common insulation materials like  SiO2 (0.5 ppm/°C) or 
 Si3N4 (1.4 ppm/°C).

Then, the strain gauge sensor layer of Nickel–Chromium  
60/40 (NiCr) with a thickness of 130 nm is deposited 
and structured with a lift-off process. Therefore, an AZ®  
5214 E image reversal resist from MicroChemicals is used 
in positive mode. After spin-coating at 1,000 rpm and a 

Type A Type B

5 mm

Fig. 2  Hole drilling rosette types [6, 34]

Table 1  Properties of stainless steel type AISI 304 [35]

Property Unit Value

Density kg/dm3 7.9
Electrical resistivity Ωmm2/m 0.73
Thermal conductivity W/(mK) 15
Specific heat capacity J/(kgK) 500
Thermal expansion ppm/°C 16
Yield strength  Rp0.2 N/mm2 ≥190
Tensile strength  Rm N/mm2 500–700
Tensile elongation  A5 % ≥45
Hardness (HB) - ≤215

Element C Cr Ni Mn Si N S

wt% Min - 17.5 8.0 - - - -
wt% Max 0.07 19.5 10.5 2.0 1.0 0.1 0.03
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softbake at 105 °C for 100 s, a mask aligner MA6 from 
SÜSS MicroTec SE exposes the resist for 11 s with the 
corresponding glass mask in hard contact. The developer 
AZ® 351B prepares the sample for the coating process 
which takes place at a base pressure of 2.7⋅10–7 mbar, a 
sputtering pressure of 6.4⋅10–3 mbar, an Argon mass flow 
of 50 sccm and a power density of 107 W/cm2 resulting 
in a deposition rate for NiCr of 13.3 nm/min. For the final 
lift-off step, TechniStrip® NI555 is used in an ultrasonic 
bath for 5 min. Finally, acetone removes remaining resist 
structures.

With a similar lift-off process, temperature sensors are 
manufactured. First, an adhesion promotion layer of Tita-
nium with a thickness of 10 nm is applied with a power 
density of 43 W/cm2, 50 sccm Argon and a deposition rate 
of 20 nm/min. Afterwards, a platinum sputter process with 
the same power density and argon mass flow results to a 
platinum deposition rate of 6.6 nm/min and an 84 nm thick 
actual sensor layer. The base pressure was 2.67⋅10–7 mbar 
and the sputtering pressure was 6.1⋅10–3 mbar. The result 
is shown in Fig. 3 with the left strain gauges L1 to L3, the 
middle strain gauges M1 to M4 and the right strain gauges 
R1 to R6. The layout provides four contact pads for each 
sensor so that a four-wire technology is possible for each 
sensor. Thereby, the resistance of supply lines and con-
tact points does not have any impact on the measurement 
signal.

An annealing step at 250 °C for 1 h under vacuum con-
ditions at a pressure of 8⋅10–8 mbar completes the process 
sequence in order to minimize any layer stress and there-
fore stabilize the initial resistance values of all sensors. 
Most likely, this annealing is not sufficient to minimize 
residual stresses that may have been created by grinding 
and polishing. For contacting, eight circuit boards are 
attached by using silicone to the substrate in a distance of 
at least 15 mm to the sensor contact pads to ensure enough 

space for the drilling device. The electrical conductive two-
component silver epoxy adhesive CW2400 from Chemtron-
ics connects the contact pads with thin copper wires that 
are then soldered to the circuit board. A female connector 
strip completes the contacting of the sample as shown in 
Fig. 4.

Now, cables with a pin strip lead the electric signals to a 
QuantumX MX1615B universal measuring amplifier mod-
ule from Hottinger Baldwin Messtechnik GmbH which is 
used for the following temperature and strain measurements. 
Finally, an adhesive with a thickness of 1 mm is applied only 
on top of the sensor structures and cured with UV light to 
embed the sensors. By this, metal chips produced during 
drilling cannot influence the sensor signals. On the three 
drilling positions, no adhesive is applied so that the adhesive 
cannot produce an error concerning the determination of the 
zero depth position.

Fig. 3  Directly deposited strain gauges and temperature sensors with an insulation layer on stainless steel. The strain gauges are named accord-
ing to their belonging to the sensor layout L, M or R (L = Left, M = Middle, R = Right)

Fig. 4  Stainless steel specimen with directly deposited strain gauges 
and contacting
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Sensor Characterization

Insulation Layer Resistance

First of all, the insulation resistance is measured with a tera-
ohm-meter TO3 from Fischer Elektronik. With a measure-
ment voltage of 10 V, a mean value of 5.0⋅1012 ± 1.0⋅1012 
Ω results which leads to a resistivity of 1.2⋅1014 ± 2.4⋅1013 
Ωcm. This value indicates a good agreement with the litera-
ture [29, 39].

Sensor Layer Resistance

The resistivity of NiCr is 8.5⋅10–4 Ωcm which has been 
determined before the actual sensor manufacturing. The 
strain gauges (SG) with an alignment in x- or y-direction 
(for example L1 or L3) show a resulting mean resist-
ance value of 1505 ± 27 Ω. For the strain gauges with 
the 45°-alignment (for example L2), the mean value is 
1193 ± 68 Ω, as shown in Fig. 5.

For the temperature sensors (TS), a similar behav-
iour was found. The mean value of the sensors with the 
alignment in x- or y-direction is 1063 ± 11 Ω, those with 
the 45°-alignment show a value of 1035 ± 6 Ω. Meas-
urements of the structure width of the glass masks for 
photolithography do not reveal significant deviations 
that could explain this behaviour. It is most likely that 
the substrate surface orientation has an impact which 
would explain why the impact is much lower for the 
almost symmetrical layout of the temperature sensors. 
As it is discussed in “Temperature coefficient of resist-
ance” section, an anisotropic temperature behaviour of 
the substrate is expected. During the sputter deposition, 
a temperature increase is always present. So the reason 
for the different resistance values could be a different 
thermal expansion in different directions which would 
lead to various coating conditions for the strain gauges 
with different alignments. Due to the fact, that all strain 
gauges are used in quarter bridge configuration, the 
resistance value deviations do not affect the following 
experiments.

Temperature coefficient of resistance

An important parameter for directly deposited strain 
gauges is the temperature coefficient of resistance (TCR) 
which indicates the resistance change due to temperature 
according to equation (1). The lower the TCR, the lower 
is the temperature impact on the sensor signal resulting in 
lower measurement errors.

Here, the initial resistance  RLT and the resistance  RHT 
describe the measured resistance values at the lowest tem-
perature (LT = 20 °C) and at the highest applied tempera-
ture (HT = 100 °C). The tests were carried out on a heating 
plate. The resistance values show a linear behaviour with 
increasing temperature (Fig. 6).

The results show negative TCR values close to zero for the 
NiCr strain gauges and high positive TCR values for the Pt 
temperature sensors. That is the reason why the curves in Fig. 6 
show decreasing (NiCr) and increasing (Pt) behaviour with 
increasing temperature. A summary of these values is shown 
in Fig. 7. As a remarkable fact, the results show significant dif-
ferences between the strain gauges of different angles. Further 
investigations have to be made to explain this behaviour.

The TCR mean value for strain gauges in x- or y-direction  
is -4.1 ± 1.9  ppm/°C, whereas the measurements of the 
strain gauges in 45°-alignment produce a mean value of 
-13.2 ± 5.7 ppm/°C.

(1)TCR =
[(

RHT − RLT

)

∕RLT

]

∕[HT − LT]
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Fig. 5  Mean resistance values for sensors with different alignments. 
An alignment of 0° means x- or y-direction
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The TCR mean value of the platinum temperature sen-
sors was calculated to 1937 ± 58 ppm/°C. In this case, no 
significant variation between differently aligned temperature 
sensors was detected.

Characterization of the K‑Factor

Afterwards, the characterization concerning the k-factor 
took place in a tensile test stand MultiTest 2.5-xt from Mec-
mesin. It alternately applies forces of 100 N as a preload 
 (Fpre) and 2,000 N as a maximum load  (Fmax) for 20 s each 
with a constant ramp of 13.3 N/s. This leads to strain values 
that can be calculated with equation (2).

The remaining values are the Young’s modulus which 
is E = 200 GPa for AISI 304 stainless steel, and the cross 

(2)ε = F∕(E ⋅ A)

sectional area which is A = 600  mm2 for the sample 
investigated. The force values result in strain values of 
εmax = 16.7 µm/m and εpre = 0.8 µm/m, whereby the latter 
is mainly necessary to prevent a sliding of the sample in 
the clamps that would always occur when load is applied 
for the first time. With these values and the permanently 
measured resistance values, the k-factor can finally be cal-
culated as equation (3) shows.

For the determination of the k-factor, the strain gauges 
in y-direction (which corresponds to the strain direction) 
are chosen. A mean value of k = 3.0 ± 0.4 is measured. 
For the platinum temperature sensors, the characteriza-
tion results in a mean value of 1.0 ± 0.5 for their k-factor. 
This shows that the spiral geometry reduced the effective 
k-factor which would normally be higher (3.85 according 
to literature [40] or 3.2 according to own measurements 
with meander temperature sensors).

(3)k =
[(

Rmax − Rpre

)

∕Rpre

]

∕
[

εmax − εpre
]
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Fig. 6  Exemplary resistance change for a NiCr strain gauge and a Pt 
temperature sensor with increasing temperature
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Fig. 7  Mean values for the temperature coefficient of resistance (TCR) 
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Incremental Hole Drilling Using Novel and Common 
Strain Gauge Rosettes

The hole drilling itself was conducted using a bespoke hole 
drilling device (Fig. 8).

It consists of switchable magnetic feet, a profile frame 
and three independently controllable linear axes. The z-axis 
is equipped with a rotatable lock-in mount for a micro-
scope and a high speed turbine. Microscope and turbine 
 (nmax = 400,000 rpm) originate from the RS-200 milling 
guide by Vishay Precision Group, Inc. For accurate posi-
tioning of the drill bit by linear axes, the microscope was 
upgraded with a digital ocular camera. In the investigations 
presented, common six-blade inverted cone drill bits by 
Komet Gebr. Brasseler GmbH & Co. KG with a diameter 
of  dd = 1.6 mm were used. Zero point detection was realised 
by a bespoke electric contact switch. The thickness of the 
deposited insulation layer of approx. 2 µm was ignored for 
zero point detection. Drilling was performed in conventional 
plunging mode. For each sensor layout, a new drill was used. 
The steps were realized automatically and equidistantly 
(Δz = 0.05 mm) using a feed speed of  vz = 0.05 mm/s up to 
a depth of z = 1 mm. After each drilling step, the drill bit was 
lifted and held for  tw = 18 s to acquire the relaxed strains. 
Afterwards, the calculation of residual stress depth profiles 
for common and novel strain gauge rosettes was performed 
according to ASTM E 837 [6]. Calibration coefficients were 
corrected for hole diameter. Tikhonov regularization in con-
nection with the Morozov criterion was used. The reference 
measurements were conducted with commercially available 
CEA-06-062UL-120 strain gauge rosettes by Vishay Preci-
sion Group Inc [34].

Results

In this section, the results for incremental hole drilling with 
novel and common strain gauges are presented and com-
pared. First strain measurements with novel sensors are 
shown. Then the evaluation of residual stress depth profiles 
for novel strain gauge rosettes are discussed. Finally, the 
residual stress depth profiles obtained from strain measure-
ments with the novel rosettes are compared with reference 
measurements using common strain gauge rosettes.

Strain Measurements

The strain values show the typical courses that would be 
expected for incremental hole drilling with common strain 
gauge rosettes. For most of the novel rosettes investigated, 
the strain measurements follow smooth trends for the incre-
mental drilling steps (Fig. 9). Exceptions can be seen for 
strain gauge R5, where measured strains show discontinu-
ous leaps between drilling steps. Reason for this might be a 
faulty connection of strain gauge and surface of the speci-
men due to defects in the insulation layer. Here, the insula-
tion resistance shows reduced values in the range of 10 kΩ 
after the measurements. Nevertheless, the strain measure-
ments of the other single gauges can be characterized as 
suitable for evaluation.

Residual Stress Depth Profiles from Different Sensor 
Layouts

For evaluation of residual stress depth profiles according to 
ASTM E 837 standard, different arrangement possibilities 
for types of standard rosettes result from the sensor layouts 
(Table 2, Fig. 2).

Due to the discontinuous course of strains measured from 
strain gauge R5, calculated residual stress depths profiles 
also show discontinuities. Because of different alignments 
of x-axes for types and arrangements and for better compa-
rability, obtained residual stress depth profiles are presented 
in principal stresses (σmax and σmin).

Comparison of Same Types for Different Layouts

As it can be seen in Fig. 10, the principal residual stress 
depth profiles show a similar profile for type A arrange-
ments. Maximum and minimum principal stress start at a 
surface near (z = 0.05 mm) tensile residual stress state of 
about σmax = 200 MPa or σmin = 150 MPa. This tensile stress 
state decreases and reaches a 0-near level at z = 0.6 mm. 
Only the stress state of sensor layout M increases again to 
a tensile state of about σmax = 150 MPa or σmin = 90 MPa 

100 mm

Base frame

Linear axis

Microscope

Ocular

camera

High speed

turbine

Drill

x

y
z

IFW©Hb/99840

Fig. 8  Bespoke hole drilling device
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in a depth of z > 0.8 mm. The profile of the second Type A 
arrangement of sensor layout R is comparably discontinu-
ous and shows a higher and implausible (approx. 550 MPa) 
surface near tensile stress state. This can be explained by 
the discontinuous measured strains of strain gauge R5 in 
combination with the numerical instability of the integral 
method. Nevertheless it can be stated that the sensor lay-
outs of type A arrangements show similar results.

The same observations can be made for residual stress 
depth profile calculations of the arrangements of Type B 
(Fig. 11). The course of the profiles is similar to the ones 
shown in Fig. 10. Both of the figures generally show the 
feasibility of novel strain gauges for use with the hole 
drilling method.

Comparison of Different Types for Same Layouts

The general feasibility allows for a comparison of the 
repeatability of the hole drilling method due to the usage 

Fig. 9  Strain measurements of 
single thin film strain gauges in 
the different sensor layouts L, 
M and R
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Fig. 10  Calculated principal residual stress depth profiles for arrange-
ments of Type A
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of different types for the same layouts. Common hole drill-
ing strain gauge rosettes mostly contain three single strain 
gauges. By using more than three strain gauges, more infor-
mation about the strain state around the induced hole can 
be derived. This leads to the possibility of calculating mean 
values and standard deviations along the depth profiles by 
evaluation of different arrangements on sensor layouts M 
and R.

For layout M, the different arrangements show slightly 
different values down to a depth of z < 0.5 mm (Fig. 12). 
In further depths, the calculated principal residual stresses 
are nearly identical. These deviations probably result from 
specimen geometry, relative position of the axis of the high 
speed turbine to the specimen or hole eccentricity. The axis 
of the turbine might be inclined and not ideally perpendicu-
lar to the surface of the specimen. This results in unequally 
removed material, causing first strain releases that are 
detected more pronounced on single gauges than on others.

The same effects can be seen for sensor layout R (Fig. 13), 
although the differences of residual stress values between the 
different arrangements are smaller compared to sensor layout 
M (Fig. 12). Due to the discontinuous course of measured 
strains of strain gauge R5, the derived residual stress depth 

profiles calculated from strains of strain gauge R5 show 
similar courses and minor differences in values.

Comparison of Novel Sensors with Conventional Sensors

For validation of the residual stress depth profiles derived 
from directly deposited sensors, two reference measurements 
with CEA-06-062UL-120 strain gauges from Vishay Preci-
sion Group Inc. on the same specimen with same surface 
preparation have been conducted. The measurement posi-
tions were ± 15 mm in y-direction from measurement posi-
tion of sensor layout M.

Therefore, any of the calculated profiles derived from 
novel sensors (Type A and B) are directly compared with 
the profiles derived from conventional sensors (Fig. 14).

It can be seen that the courses of conventional sensors are 
quite similar to the ones obtained from novel sensors. The first 
measurement with the conventional sensor (CONV. #1) shows 
relatively high, implausible surface near tensile residual stress 
values. They start from σmax = 480 MPa decreasing to below 
200 MPa at z = 0.25 mm. The high surface near residual stress 
state might indicate that the depth profiles obtained from novel 
sensors with layouts containing strain measurements from 
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Fig. 11  Calculated principal residual stress depth profiles for arrange-
ments of Type B
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Fig. 12  Calculated residual stress depth profiles for Type A and B 
arrangement of sensor layout M
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strain gauge R5 are plausible. Nevertheless, after z = 0.25 mm 
the stress values approximate the course of residual stress 
values from the measurement with the conventional sensor 
CONV. #2 and the general course of depth profiles obtained 
from measurements with the novel sensors.

Considering Fig. 14, there is a high coincidence of resid-
ual stress depth profiles obtained from conventional and 
novel sensors Profiles obtained from strain measurements 
with sensor R5 still deviate, as mentioned above.

Temperature measurements are not presented due to the 
fact that during drilling a maximum increase of ΔT = 2 °C 
was measured. Thus, measurement errors resulting from 
temperature increase were neglected.

Summary and Outlook

The general feasibility of directly deposited thin-film strain 
gauges for the incremental hole drilling method is presented. 
Therefore, different arrangements (Type A, B) for novel sen-
sors regarding principal residual stresses have been evalu-
ated. The evaluations of different arrangements within the 
novel sensors show consistent residual stress depth profiles 

which have been validated by measurements with conven-
tional sensors.

As shown in the investigations, the novel sensors can also 
be prone to errors. Due to an insufficient insulation from 
a single strain gauge to the substrate, discontinuous strain 
depth profiles and thus discontinuous and partly implausible 
residual stress depth profiles are obtained (see strains of R5 
in Fig. 8). Here, the cleaning after polishing, the plasma pre-
treatment and the development of an insulation layer with an 
even higher yield could prevent this error.

Residual stress depth profiles of novel and conventional 
sensors generally do not show complete coincidence. It is 
a possibility that this might be because the measurement 
positions of novel and conventional sensors were different. 
Thus, local differences or variations in residual state from 
sheet manufacturing and specimen preparation (grinding, 
polishing) would be inherent.

Although there are several uncertainties regarding 
calibration coefficients and strain measurement that can 
be minimized by using directly deposited strain gauges, 
further uncertainties remain that have not been consid-
ered in this study. These are e. g. variations in material 
properties of the specimen or resulting hole geometry and 
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Fig. 13  Calculated residual stress depth profiles for Type A and B 
arrangement of sensor layout R
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eccentricity, leading to deviations in calculated residual 
stress depth profiles.

From the investigations presented, the following con-
clusions can be drawn:

(1) The novel directly deposited strain gauges are feasible 
for incremental hole drilling.

(2) Using the direct deposition process, any desired rosette 
geometry can be applied resulting in a free derivation 
of strain fields around the induced hole.

(3) The comparison of novel sensors with conventional 
sensors has been shown for residual stress depth pro-
files. Detailed investigations on the improvement of the 
single uncertainty sources are still necessary.

In further investigations, the directly deposited sensors 
in combination with the hole drilling method will be tested 
on stress relieved specimens that are applied with calibra-
tion loads from a tensile testing machine. Inverse calcula-
tions will compare theoretically expected strains with the 
strains obtained from hole drilling measurements.

Additional Finite Element simulations will be con-
ducted to quantify the improvement of directly deposited 
sensors regarding calibration coefficients (influence of 
adhesive and zero depth setting). The simulations will also 
be used to prove the possibility for usage with thermally 
sprayed thick film systems and whether adjustments to 
common calibration coefficients are necessary.

Afterwards, the directly-deposited sensors will be used 
in thermally sprayed thick film systems as mentioned in 
the introduction. Therefore, a novel, unique coating sys-
tem will be used, which has been developed especially for 
this application. This novel coating system will have the 
possibility to protect the sensors from thermomechanical 
stressing during the spraying process. With these sensors 
new information on the residual stress state of thermally 
sprayed thick film systems will be gained.

These directly deposited sensors will be one research 
area of the new Leibniz Universität Hannover based 
research building ‘SCALE – Tomorrow’s Scalable Pro-
duction Systems’.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11340- 022- 00822-0.
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