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Abstract 

The use of printing and laser technology for additive manufacturing allows for rapid creation of individual sensor struc-
tures. Digital production technologies may substitute cost-intensive manual application processes of strain gauges. The 
development of additive production of individualized, component-connected sensors is shown. Necessary layers and 
structures of different materials are printed directly onto the component and then laser-treated (sintered, melted, hard-
ened, etc.). In the case of strain gauges the insulation layer, the measuring grid and the encapsulation are applied. In 
contrast to conventional thermal processes, no complete heating of the component (furnace) or irradiation of the entire 
surface (flash lamps) is necessary. The energy deposition can be controlled in terms of time and location. This makes the 
selective coating of temperature-sensitive components possible. A new process chain for an automated way of sensor 
creation and application offers the widespread use of strain sensors in a new generation of smart products. 
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1. Motivation 

In the last decade, the era of data was proclaimed covered by introducing cyber-physical systems as key 
enabler for a new generation of interconnected production systems, smart products and digital business 
models [1]. Data related to mechanical properties such as force, strain or torque can be determined using 
strain gauges. These sensors, containing a resistive measuring grid on a polymer carrier, are typically manu-
factured using photolithographic processes for mass fabrication [2]. The application onto a component is a 
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manual, time-consuming multi-step gluing process that accounts for the main cost and errors when installing 
a strain gauge [2]. 

Additive manufacturing methods allow to overcome limitations of conventionally produced strain gauges. 
One distinguishes between the additive creation of foil-based strain gauges [3–7] and directly component-
connected sensors [8,9]. Foil-based strain gauges usually are printed on polyimide foil as substrates [3–6]. 
The resistive measuring grid is deposited via Aerosol Jet® [5,6] or inkjet printing [3,4]. Silver [3,4] or Cu-
Ni/CuNiMn [5,6] are used as nano-particular ink formulated raw material. Thermal treatment was performed 
in an oven [3], using flash lamps [6] or laser sintering [4–6]. Due to the use of digital printing technologies a 
mask free production of individually shaped measuring grid geometries is possible down to lot size 1. The 
gluing process when applying the strain gauge to a solid component is expected to be comparable to conven-
tional strain gauges. In addition to gained flexibility by using digital printing technologies, the additive manu-
facturing of component-connected sensors allows to skip subsequent gluing steps, aiming for a fully au-
tomatable creation of strain gauges on the target component. Maiwald et al. demonstrate the passivation of 
an aluminium bar, the printing of a silver strain gauge grid and the encapsulation, all three layers are Aerosol 
Jet® printed. The thermal treatment is done in an oven process at 350 °C [8]. Another approach is the screen 
printing of thick film insulation, conducting and resistive layers and the downstream laser post-treatment of 
the printed layers. Disadvantages are the need for masks (screen printing) and the limitation to 2D or and 
smooth 3D surfaces [9]. 

2. Process and Experimental Setup 

The experimental part is split into two parts. The first one shows an exemplary selection of laser sintering 
experiments. The second part presents a process chain for laser-based additive manufacturing of strain sen-
sors. The used ink is a nano-particular silver ink from Advanced Nano Products (DGP 40LT-15C). A Meyer-
burger PiXDRO LP50 inkjet printer is used, equipped with a Fujifilm Dimatix Spectra SE-128 AA print head of 
30 pl nominal droplet volume. The laser system used is an IPG Ytterbium fiber laser with a maximum output 
power of 200 W (cw, λ = 1070 nm). 

2.1. Laser sintering 

Conductor tracks made of silver are printed onto microscope slides according to the test pattern shown in 
Figure 1 (11 tracks per slide, 10 for electrical and one for optical characterization). After printing the samples 
are dried at 60 °C for 20 min. Each sample is laser treated with different process parameters. The collimated 
laser beam is deflected by a pair of galvanometer-driven scanning mirrors and focused by an f-theta objec-
tive. As a benchmark for oven sintering one sample is sintered thermally at 150 °C for 30 min. 

 
Fig. 1. (A) Test pattern bitmap file for laser sintering tests. (B) Photograph of printed test pattern on microscope slide. 
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2.2. Laser-based additive manufacturing of strain sensors 

The process presented is chosen to combine all advantages of printing component-connected (embedded) 
sensors and the use of scalable and cost-oriented production technologies. To illustrate the process capabili-
ties, a metallic component of 2 mm stainless steel is chosen to be equipped with an additively manufactured 
strain gauge using print and laser technologies. The process steps are summarized in Figure 2. 
 

  
Fig. 2. Process chart for laser-based additive manufacturing of embedded strain sensors 

Steps 1+2: For electrical insulation, a passivation layer of hybrid polymer is applied using a needle dispenser. 
These industrial dispensers are approved for long-term operation and robust material deposition for a wide 
range of viscosities at low prices. Inorganic-organic hybrid polymers offer robust mechanical properties in 
addition to UV curing abilities and the possibility to add solvents. This way the material can be inkjet printa-
ble for thin film deposition as an option. 
Step 3: Inkjet is the printing technology chosen to deposit the metallic measuring grid. Inkjet printing is ap-
proved and productively used in industry for product print, décor and textile printing, graphics, packaging, 
coding and marking, direct-to-shape, ceramic printing, 3D printing, advanced manufacturing or bioprinting 
[10]. Printing speeds are significantly higher than the smaller feature size achieving Aerosol Jet® technology 
due to the use of multi nozzle systems (up to thousands of nozzles per printhead) at low investment cost 
compared to Aerosol Jet®. In addition to that, the quality of Aerosol Jet® printed structures suffers from its 
spray-like nature and the appearance of overspray [11]. Inkjet printing quality and printable feature sizes 
improved within the last years due to reduced droplet sizes. While droplets of 1 pl volume are widespread 
state-of-the-art, the development of print heads for sub-femto liter droplet volumes [12] turned into com-
mercially available systems to print feature sizes down to 1 µm [13]. Thus, inkjet printing is identified to be 
the promising candidate in terms of cost, productivity and industrial robustness for 2D and smooth 3D sur-
faces.  
Step 4: Sintering of the printed measuring grid is performed using a laser. In contrast to conventional ther-
mal processes, no complete heating of the component (furnace) or irradiation of the entire surface (flash 
lamps) is necessary. Laser sintering is a purely digital process and the energy deposition can be controlled in 
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terms of time and location. With its excellent inline capability laser sintering fits to the concept of an auto-
mated, scalable and cost-oriented component-connected production of individual sensor geometries. Lasers 
are also a precise tools for trimming thin film resistors [14], a technology that is further developed to fully 
automated laser trimming stations used by commercial strain gauge manufacturers like Vishay Precision 
Group, Inc. [15]. 
Steps 5+6: For encapsulation the steps 1+2 are repeated with a reduced field size to keep conductors acces-
sible for external connection. 

3. Results 

3.1. Laser sintering 

Optical properties of the UV-cured hybrid polymer and a printed dry silver layer are measured via 
UV/VIS/NIR spectrometry (see Figure 8 and Figure 9). The absorbance of the silver ink is calculated to A = 1 – 
R – T to about 50 % at a wavelength of 1070 nm. A process parameter variation is carried out to find the 
most suitable combination of laser parameters for sintering. Two investigations are shown exemplarily: One 
focusses on the increase of laser beam intensity I  from 1.33 kW/cm² up to 7.02 kW/cm² at fixed processing 
speeds (areal rate) of F = 0.5 cm²/s resulting in increased fluencies (Figure 3 left). While the oven processed 
benchmark sample shows resistivities of 82.6 ± 3.5 Ω the resistivities of the laser treated testing structures 
decrease from 120.2 ± 7.4 Ω (at I = 1.33 kW/cm²) down to 37 ± 0.3 Ω (at I = 7.02 kW/cm²). The other investi-
gation focusses on the increase of processing speed from 0.5 cm²/s up to 2 cm²/s while maintaining the used 
laser beam intensity at fixed I = 5.63 kW/cm² (Figure 3 right). While increasing the processing speed by a 
factor of 4 the resistivities of the testing structures only increase by a factor of 1.35, from 38.1 ± 0.7 Ω to 
51.6 ± 1.1 Ω. 
 

  
Fig. 3. (left) Resistivity in dependence of fluency while increasing laser beam intensity I, (right) Resistivity in dependence of fluency 
while increasing processing speed (areal rate F) 

Using white-light interferometry (Zygo NetView 7300) the surface roughness, thickness as well as the length 
and width of the printed and dried as well as oven treated and laser treated structures are measured, which 
do not differ in a significant way for the described sintering methods and parameters. An exemplary meas-
urement of a laser sintered sample is shown in Figure 4. The layer thickness of the depicted contact pad and 
the nearby conducting line on the other hand show differences: While the thickness of the contact pad lev-
els up to more than 800 nm, the height of the adjacent conducting track is below 200 nm. This inhomogene-
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ous material distribution could be triggered by evaporation-driven material transportation in wet-chemically 
applied layers comparable to the already known coffee stain effect [16].  
 

 
Fig. 4. White-light interferometry picture and layer thickness as well as width measurements of a contact pad (1) and conducting track 
(2) according to the test pattern in Figure 1 

3.2. Laser-based additive manufacturing of strain sensors 

Figure 5 shows a photograph of a stainless steel (1.4301) component (120 mm length (100 mm in be-
tween the fixation points), 20 mm width at the middle and 2 mm thickness) equipped with a conventionally 
glued strain gauge (left) and an additively manufactured strain gauge using print and laser technologies ac-
cording to the process chain described in chapter 2.2. A force is applied to the testing bar in bending load 
cycles to test for sensor responses under mechanical deformation. The sensor structure is a T-rosette half 
bridge with two sensitive grids of approx. 4 x 4 mm². The resistances of the grids are 221.4 Ω and 217.3 Ω 
respectively. 

 
Fig. 5. Conventionally applied strain gauge (left) and additively manufactured strain gauge including interconnects (right) 
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For characterization, the accessible conductors (interconnects) are connected to a conventional measur-
ing amplifier (HBM Quantum X MX440B) via spring contacts. The testing bar is fixed to a 3D printed plastic 
mount structure at both ends according to Figure 6.  

 

  
Fig. 6. Scheme of testing set-up (left), testing set-up (right) 

A pneumatic driven tappet applies a periodic bending force that deforms the component and its connected 
strain sensor. Pressure is applied for 5.5 s while the release time is 11.5 s. The applied force is measured to 
10 N, the displacement at the middle of the testing bar is measured to 5 µm. The measurement signal is 
depicted in Figure 7 and shows coincident change in the sensor signal to applied loads. 
 

 
Fig. 7. Sensor response to application of force (measured data) 

After applying pressure and closing the valve a recurring relaxation is observed which is most likely due to 
the poor rigidity of the plastic mount which was selected for demonstration purposes only. A thorough in-
vestigation of the sensor’s performance is planned to be done in the near future. 

4. Conclusion and Outlook 

An advanced process chain for the additive manufacturing of component-connected strain gauges using 
print and laser technologies is presented and the process implementation demonstrated. Resistivities of 
conducting lines after laser sintering are compared to oven treated samples showing increased conductivi-
ties by a factor of about 2.2 in comparison the oven benchmark. The sensor function of an additively manu-
factured sensor on a metal testing bar is shown in a bending test scenario. The presented process chain aims 
at an approach for the economically feasible use of a new generation of additive sensors, focussing on auto-

F
tappet

testing bar

fixation

mount

sensor

-0,03
-0,025
-0,02

-0,015
-0,01

-0,005
0

0,005
0,01

0,015

0 20 40 60 80 100

se
ns

or
 si

gn
al

 [m
V/

V]

t ime [s]

pressure release

valve closing
valve opening

valve closing
valve opening

6



 LiM 2019 

mation, cost reduction in manufacturing and the consideration of industrial applicability with regards to 
robustness and metrological precision are in the future. 

Besides all potential of the presented additive approach, there are still challenges to be faced, such as in-
creasing reproducibility of printed layer thicknesses and structure geometries, transferring the printing and 
laser sintering processing of silver inks to constantan inks, implementing process control and quality man-
agement, transferring the process to apply sensors to complex 3D components, physically connecting the 
sensor to miniature (mobile) measuring equipment, collecting and transferring data etc., to name a few.  
The benefit will be a fully automatable, digital in-line manufacturing process of embedded strain sensors and 
others, capable of making future production machines and products smarter.  
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The reflectance and transmittance spectra of printed silver and hybrid polymer layers were measured using a 
Lambda 1050 (Perkin Elmer) spectrometer (Figure 8 and Figure 9). 
 

 
Fig. 8. UV/VIS/NIR spectra of an inkjet printed and dried silver layer (thickness approx. 1 µm) 

 
Fig. 9. UV/VIS/NIR spectra of a dispensed and UV-cured hybrid polymer layer (thickness approx. 220 µm) 
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