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Abstract

Current Additive Manufacturing allows for the implementation of electrically interrogated 3D printed sen-
sors. In this contribution various technologies, sensing principles and applications are discussed. We
will give both an overview of some of the sensors presented in literature as well as some of our own 3D

printed sensors work.
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Introduction

Additive Manufacturing (AM), more colloquial
known as 3D printing, is a digital fabrication tech-
nology in which parts are built layer-by-layer us-
ing one method out of a variety of different meth-
ods to deposit and solidify specific materials.
Meanwhile the technology has been around for
more than 3 decades but recently the number of
materials that can be printed, the resolution and
speed with which this can be done and the abil-
ity to combine more than one material in multi-
material prints have been improved significantly,
while on the other hand the costs of printing and
materials have steadily declined.

AM has been used traditionally to make non-
functional structures for rapid prototyping pur-
poses. However, recent developments in multi-
material 3D printing have started to trigger re-
search into printing of functional structures [1].
For customised structures that already are made
by AM, e.g. robotics and prosthetics, embed-
ding 3D printed sensors seems a promising next
step to increase functionality. The development
of this technology will allow application of sen-
sors, independent of commercial-of-the-shelve
(COTS) components, since customisation in per-
formance, packaging and interfacing, as well as
integration in/with complex shapes, will lead to
unprecedented possibilities. Where the perfor-
mance of such sensors will have the burden
of proving their viability relative to other well-
established sensor technologies like MEMS and
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precision engineering [2], it is clear that devel-
opments in e.g. soft-robotics, prosthetics, or-
thotics and other ‘soft-material’ based develop-
ments require sensors largely different from cur-
rent COTS sensors. At the same time fully in-
tegrated manufacturing may come at reduced
costs since no assembly will be required.

Clearly, embedded sensing and actuation can-
not do without proper electronic underpinning.
However, despite the wide interestin (3D) printed
electronics, we do not consider such integration
in this paper since we believe that such devel-
opments will become only available much further
into the future. Nevertheless the combination of
electronics components with 3D printed struc-
tures through manual or (semi-)automated as-
sembly has already been demonstrated [3] and
will allow tight integration with embedded trans-
duction.

Current technology for 3D printed sensors
Currently there are three methods to combine di-

electric with conductive parts in order to make
sensors and actuators:

A) hybrid approaches, i.e. combining printed
parts with non AM fabricated structures, e.g.
regular wiring, printed circuit boards or entire
sensors,

B) conductor infusion, i.e. printing channels in
otherwise non-conductive materials by arbi-
trary AM methods with subsequent infusion
of conductive inks [4], and

C) by multi-material printing, i.e. combining the
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use of conductive and non-conductive fila-
ments [1], predominantly by Fused Deposi-
tion Modeling (FDM).

Method A) allows for a straightforward combina-
tion of parts, largely comparable to classical as-
sembly. The disadvantage is that the potential
of AM is only materialised in a very limited way.
The advantage of C) is the promise of straightfor-
ward integration, its disadvantage the anisotropic
conduction. Method B) does not have this dis-
advantage but homogeneously filling channels
with conductive inks is challenging, especially
when filling needs to be obtained by pressure
driven flows and through a diverse channel net-
work. With respect to electrical interfacing both
methods B) and C) can show considerable varia-
tions in contact resistances, subject to mechan-
ical loading, temperature and humidity changes,
etc.

Hybrid approaches

Hybrid approaches can offer the best of ‘both
worlds’: freeform fabrication and proven technol-
ogy for specific parts, i.e. the read-out of a sen-
sor. Although it presents limitations relative to
multi-material printing it generally provides easy
approaches and solutions for functional integra-
tion.

Whisker inspired tactile sensor

We recently investigated possibilities to 3D
print biomimetic whisker sensors for tactile pur-
poses [5]. In these studies we set-out for a hybrid
integration approach: the whisker structure and
its suspension are 3D printed whereas the read-
out consists of a capacitive measurement of a
co-planar capacitance, affected by a dielectric
driven into the electric field of the capacitance.
The implementation contains a PCB providing
the required electrode structures. A schematic
of the sensor is shown in Fig. 1.

5 '——»F
5 ! Sensor frame

Sensor pad

Fig. 1: Coplanar capacitive sensing using interdigi-
tated fingers with dielectric loading.

Examples of the design and printed parts are
shown in Fig. 2. The rotation is enabled by a
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torsion beam with elliptical cross-section, giving
more compliance in the horizontal than in the
vertical direction. An arbitrary force acting at an
arbitrary position on the whisker will result in both
a lateral force and a torque with subsequent ro-
tation angle and lateral shift.

Fig. 2: Left: 3D CAD-design of whisker sensor in
OpenScad [6]. Right: Printed whisker sensor (trans-
parent, Veroclear) and base (red, PLA).

Fig. 3 shows how the suspension behaves un-
der mechanical loading. Overall the observed
rotation angle is well in line with the predicted
rotation angle. However, there is a significant dif-
ference between loading curves (open symbols)
and unloading curves (solid symbols), reminis-
cent of mechanical hysteresis.
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Fig. 3: Rotation angle versus torque

Although sensor structure and read-out were not
integrated in this work we investigated the ef-
fect of the dielectric in the electrical field of the
co-planar capacitor. Fig. 4 shows the results
of these measurements where we used an HP-
4284A LCR meter to determine the capacitance
and a linear translator to displace the dielec-
tric. Two curves measured at 1 MHz (red tri-
angles and blue dots) clearly constitute a hys-
teresis curve. Also some odd behaviour can
be seen at separation distances below 0.2mm
which we attribute to mechanical deformation
of the dielectric pad and/or the PCB when me-
chanically loaded. We have shifted these curves
—0.2 mm to better reflect and compare them with
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the curve measured at 500 kHz and the two cal-
culated curves.
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Fig. 4: Coplanar capacitive sensing: capacitance vs
distance of dielectric load.

In the measurements we obtained a maximum
change in capacitance of about 0.35 pF relative
to a base value of about 2.1pF, i.e. AC/C =
0.17. Comparable values are found in the FEM
calculations but are under-estimated by a factor
of about 8 using conformal mapping calculations.

It is important to observe that both the me-
chanical as well as the capacitive measurements
clearly show hysteresis behaviour, a feature ob-
served with virtually all our 3D printed sensors
consisting of plastics.

Infused conductors

Making electrical conductors by filling channels
has the benefit of having freedom of choice of
the 3D print process as long as it a) allows for the
use of soluble support material to make channels
and b) is sufficiently impermeable to the fluids
later to be infused into the channels. In principle
wetting surfaces could allow for filling by capil-
lary forces but in practice the particles laden flu-
ids and glues have viscosities too high to obtain
significant filling before drying. Further complica-
tions can stem from the need to fill complex net-
works and the need for a fine balance between
the time to fill the channels and the time needed
for solidification of the infused material’.

3DOF force sensor
In a recent research project we have investigated

the possibilities to make a 3DOF force sensor by
having an inclusion sitting on a membrane con-
taining a multiple of strain-gauges and capacitive
sensors, see Fig. 5. The design freedom in AM
allows to make channels that follow the lines of

"In principle fluidic conductors could be used as well but
these tent to be expensive and require impermeable channel-
walls.
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Fig. 5: Design of a 3DOF force sensor with infused
conductors.

maximum strain through the membrane, hence
switching from top to bottom in the membrane in
the current design.

Fig. 6: Assembly of a strain gauge sensor with straight
channels. From left to right: The chip as received from
Shapeways, the chip after insertion of headers and
cleaning, the chip after infusion with graphite paint.

To investigate the quality of the infused conduc-
tors and study the mechanical and strain-gauge
performance a series of straight and cross-over
channels were made, see Fig. 6. Special care
was taken to design appropriately shaped room
for the header-pins which otherwise may be sub-
ject to large variations in contact resistance.

Mechanical loading tests were carried out on a
test rig consisting of a voice coil actuator con-
nected to a load cell via a rod sliding over an
air bearing. Forces are applied by means of a
plunger, connected to the load cell whereas the
resulting displacements are measured simulta-
neously. The system is set to a certain force af-
ter which the resistance of the ten channels, the
load cell and the displacement sensor are read
out.

Mechanical response of the strain-gauge to
repetitive loading is shown in Fig. 7. Clearly
the mechanical response shows a) nonlinearity,
b) hysteresis and c) creep or drift as evidenced
by the increasing deflection at 0 load. The ef-
fects seem to be stronger when the structures
are loaded from the bottom (left) than from the
top (right). A nonlinear beam model, taking into
account beam-stiffening and based on [7], shows
a reasonable correspondence in shape, exclud-
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Fig. 7: Repetitive mechanical loading of the strain-
gauges. Deflection versus time with colour-coding for
the load (top) and deflection versus load with colour-

coded time (bottom).

ing the hysteresis. However, the displacements
at which beam stiffening seems to occur are
relatively low suggesting that other effects than
beam-stiffening (only) may be at play.
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Fig. 8: Repetitive mechanical loading of the strain-
gauges. Relative resistance change versus load with
colour-coded time.

When looking at the electrical response the me-
chanical response seems to be largely reflected
though the creep seems to be more significant.

Co-printed conductors

There is a steady increase in availability of multi-
material printers [8]. Especially multi-nozzle
FDM printers may process up to 5 materials [9]
from an ever increasing range of specialty fila-
ments. Some printers directly target co-printed
conductive materials for printed electronics and
embedded sensing [10].
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Piezo-resistive sensing
Here we describe some preliminary results of
strain-sensors consisting of co-printed dielectric
beams and conductors.

Conductive Filament & Properties

Various conductive materials are commercially
available for FDM printing. In this research we
used Proto-pasta filament because of its high
resisitivity (yielding an easy measurement set-
up). The filament consists of PLA with carbon
black filling as conductive agent [11]. Carbon
black (CB) is a term for various types of ul-
trafine paracrystalline carbon particles (10-400
nm diameter) [12]. CB has a high heat resis-
tance, high chemical resistance, a low mass den-
sity, low thermal expansion and provides electri-
cal conductivity which makes it suited as filler in
polymers. Several mechanisms may be involved
in the conductivity of CB filled conducting poly-
mers, including quantum mechanical tunneling,
thermal expansion and mechanical interactions
according to percolation theory [13].

Proofs of concept for the application of the ma-
terial in strain sensing research have, amongst
others, focused on silicone [14] and PolyLactic
Acid (PLA) with CB [1]. Disadvantages of CB
doped polymers are their high electrical resis-
tance (making it only suited for low current appli-
cations) and their large creep deformation [15].

Proto-pasta filament is compatible with any PLA
capable printer. The mechanical properties are
comparable to undoped PLA, while the layer ad-
hesion is worse [11]. Due to anisotropy, the ten-
sile strength and elastic properties of the part will
vary depending on the built orientation [16]. The
material shows increased brittleness relative to
undoped PLA.

Experiments & Results

Experiments where done to determine both elec-
trical and mechanical properties. Using 4 wire
measurements to eliminate contact resistances
(3092), the gauge-resistances were determined
by means of a source-meter (Keithley 2440).
Tests of the conductive properties showed that
Proto-pasta is an ohmic material with a strong
temperature dependent resistivity. The resistivity
could be determined for different printing orien-
tations see Fig. 9. The resistivity of the material
is determined, see table 1.

To determine the piezoresistive effect a tensile
test was performed with a universal tensile tester

434



—eH =
+

- I Y-layered I

: = ]
a [T o e
: = [ ]

Fig. 9: Different beam printing orientations for the re-
sistivity experiments

Table 1: Resistivity for different printing orientations
and infill patterns

Orientation | Resistivity/Q cm
X-layered 10.90
Y-layered 9.00
Z-layered 9.11
Zig-zag 26.10
45\-45 degrees 11.50

(Zwick, Model Z1.0) in combination with a 4 wire
measurement. The change in resistance is plot-
ted against the strain (figure 10). The correlation
appears to be linear with exception of the inter-
val [0,3-10~3] (additional tests confirmed the lin-
ear behaviour for higher strains). The same non-
linear behaviour at small £ was found in literature
for straining polymers with carbon nano-particles
[17]. A possible explanation, as given in [18], is
the competition between structural changes due
to the elongation and reorganisation of the con-
ducting network .

Relative Resistance as a function of Strain
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Fig. 10: Resistance vs strain of tensile test

From the obtained results a gauge factor can
be derived, given by the ratio between relative
change of resistance to mechanical strain. It is
a combination of geometric terms and the piezo-
resistive effect. From the slope of the linear re-
gion in figure 10, the gauge factor of the material,
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K = 28/ can pe determined to be approxi-

mately 17.8. This gauge factor is high enough to
provide usable results in various applications.

Finally, as proof on concept, a planar and an inte-
grated complex strain sensor were printed (figure
11). Resistances were measured and the func-
tioning of the strain sensors were demonstrated
qualitatively. From these experiments it can be
concluded that Proto-pasta is suited for printing
strain sensors. With Additive manufacturing in-
tegrated strain sensors new advanced structures
like in figure 11 are feasible.

Fig. 11: 3D Printed integrated strain sensors

FDM printed elastic sSEMG sensors

One of the exciting applications of embedded
sensing is in the realm of soft robotics and
medical applications such as prosthesis and or-
thoses. These applications have in common that
they contain soft structures which are difficult
to sensorize traditionally. However, recent de-
velopments of both materials and printers have
opened new possibilities for flexible prints, de-
spite FDM being a relatively poor proposition for
flexible materials compared to e.g. moulding
and poly-jetting. In this research we have used
a FlashForge Creator Pro [19] printer, modified
with a direct drive Flexion extruder [20], essen-
tial for printing flexible materials. Both the di-
electric (NinjaFlex [21]) and conductive (Black-
magic [22]) filaments are thermoplastic poly-
urethane (TPU) based and highly stretchable.

In this study we are aiming for highly deformable
surface electro myo-graphy (SEMG) sensors with
the potential to make larger arrays, customised
fits, to integrate shielding, etc. An impression of
such structures can be seen in Fig. 12.

Utilising such structures we tested the possibility
to capture muscle activity induced signals. 3D
printed sensors were placed above the biceps
brachii of a subject according to SENIAM recom-
mendations [23] and we used a TMSi Refa am-
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Fig. 12: Photograph of 3D printed sSEMG electrodes
printed using a combination of conductive and dielec-
tric TPU.

EMG signal biceps brachii measured with printed electrode
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Fig. 13: Electrical signals registered using a 3D
printed flexible SEMG sensor. Blue: raw signal after 5
Hz 2nd order high-pass filtering and 50 Hz notch filter-
ing. Red: envelope of the signal. Green bars indicate
muscle activity.

plifier to read, amplify and digitise the sEMG sig-
nals. Subsequently these were filtered (5 Hz 2nd
order high pass filter and 50Hz notch fitler) us-
ing MatLab. First results of such measurements
are shown in Fig. 13 and indicate high correla-
tion between electrode signal and muscle activ-
ity. In comparison with regular AgCI electrodes,
Fig. 14, we see that the printed sEMG signals are
a) in the same range, b) have more noise and c)
have lower energy in the higher frequencies rel-
ative to the AgCl sensors (not shown here).
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Fig. 14: Comparison of sSEMG signals acquired with
printed and regular AgCl electrodes
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Discussion

In the examples given in this paper we have seen
many non-idealities originating from mechanical
sources, electrical sources or both. As far as
plastics are involved this may be something we
may expect. It would be straightforward to dis-
miss 3D printed sensors for this reason. How-
ever, this would also mean that we miss out on
the large potential of 3D printed sensors, while
adhering to the ideal engineering world, mainly
consisting of linear systems. Nature tells us a
different story; the entire sensing system of the
animal kingdom is based on nonlinear sensing
as implied by the properties of neural systems.
At the same time it is easy to see these sys-
tems perform extremely well. Hence, rather than
abandoning 3D printed sensors it becomes ex-
tremely interesting to think of systems which are
resilient to the nonlinearities of sensors. E.g. by
smart signal processing (for example the effects
of creep and drift can be alleviated by high-pass
filtering). Or by measurement and control strate-
gies that are aware of nonlinearities. With the
advent of 3D printed sensors it will become in-
creasingly easy to deploy many sensor(array)s.
Nature forms a living example of what that may
bring.

Conclusion

We have discussed various methods to make
embedded sensors by 3D printing and have
given examples of these methods by sensors
we have developed in our lab; piezo-resistive
sensors (strain-gauges), capacitive read-out and
bio-electric sensing. A more or less common
theme of these sensors seems to be their non-
idealities in the form of non-linearities, creep and
hysteresis. Since the development of 3D printed
sensors opens a potential too large to be dis-
regarded, our future research will be dedicated
to innovative approaches to make ample use of
these sensors.
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