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Abstract—In this review paper, we focus on the 3D printing
technologies that consist of the extruding of fluid material in lines
to form structures for electro- and biomechanical applications.
Our paper reviews various 3D print technologies, materials,
sensing technologies and applications of extrusion-based 3D
printing. We also discuss how to overcome some of the challenges
with 3D printed sensors, such as the anisotropy of the conductors
as well as the drift and nonlinearity of the materials.

paper distinguishes itself by also discussing how to overcome
some of the intrinsic limitations of 3D printed sensors, such
as the anisotropy of the conductors and nonlinearity of the
materials. Finally, it also discusses the different techniques
that can be used to switch between different materials.

Index Terms—3D printed Sensors, Additive Manufacturing,
Fused Deposition Modelling, Direct Ink Writing, Embedded
Sensing, Flexible Strain Sensors, Fiber encapsulation.

Most sensor designs consist of multiple types of materials.
Thus, a 3D printer that can print multiple types of materials,
such as conductors, dielectrics, flexible and stiff materials, is
key to the fabrication of sensors to 3D printing parts with
integrated sensors.

I. I NTRODUCTION
Weller et al. [1] have identified four aspects of 3D printing
that enable it to compete with traditional manufacturing.
These aspects are the versatility of the manufacturing method,
free customization, free product design complexity and the
reduction of assembly. The versatility and customization of
the technique make the technique extremely well suitable in
for example biomedical and research applications, where often
small volumes of custom parts of many types are needed.
The free product design complexity and the reduction of
assembly introduce a huge opportunity for sensing, increasing
the feasibility of large complex networks of sensors. Other
authors [2], [3] also concluded that additive manufacturing can
compete with traditional manufacturing in specific situations.
Therefore, it is no surprise that a lot of research on a wide
range of 3D printed sensors [4], [5], [6] has been done over
the last couple of years.
The most basic form of 3D printing consists of extruding
fluid material in lines, actually track elements or ‘traxels’ [7],
which solidifies after being deposited. Since this form of
3D printing is comparatively simple, it is also the most
affordable and accessible [8], [9]. Furthermore, the technology
can be relatively easily expanded to include multiple materials
(section II-B). For these reasons, this review is limited to
extrusion-based printing.
This paper will give an overview of the different printing
technologies, materials, sensing technologies and applications
that can be used for extrusion-based 3D printed sensors. The
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II. S UITABLE TECHNOLOGIES FOR 3D PRINTED SENSORS

A. Extrusion systems
With each additional extrusion technique that becomes
available, a whole new range of materials can be printed.
This section gives some examples of the different extrusion
techniques currently available.
1) FDM: Fused deposition modeling (FDM) is an additive
manufacturing technology where a 3D-object is built up by
melting and depositing a thermoplastic material through a nozzle on a building platform where it solidifies. This extrusion
method is widely preferred due to its open-source and low
cost nature [4]. The raw materials are in the form of filaments
which allow the materials to be easily pushed through the hotend by an extruder. FDM offers a wide variety of materials
with different properties ranging from stiff to flexible [4],
[10]. However, there are limitations on which materials can
be printed together due to differences in melting temperatures,
shrinkage, chemical composition and wetting behavior.
In general two types of FDM system can be distinguished.
a) Bowden: In the Bowden setup, the extruder is decoupled from the moving hot-end and the filament is transported
using a Bowden tube. Since the extruder is decoupled from
the moving hot-end, the print head can be smaller and lighter
compared to the direct-drive setup. However, in the distance
between the extruder and the hot-end, flexible filament is
easily compressed and may incur stiction and friction forces on
contact with the tube-wall. This leads to inconsistencies in the
filament flow, making the Bowden setup less suited for flexible
filaments. However, the performance might be improved by
using a Bowden tube with tight tolerances [11].
b) Direct-drive: In the direct-drive setup, the extruder is
placed on top of the print head, leading to a short straight
filament path between the extruder and the hot-end. To increase the performance for flexible filaments even further, the
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TABLE I
OVERVIEW D IRECT I NK W RITING
Volumetric
flow rate

Extruder
Drive gear

Hotend
Nozzle

Fig. 1. The filament can be transported in two possible ways to the hotend. By a Bowden setup (a), where the extruder is decoupled from the hotend, and a direct-drive (b), where the extruder is mounted on the hot-end.
Fully constraining the filament path (as shown right) prevents tangling of the
filament.

(a)

(b)

(c)

Fig. 2. Illustration of various direct ink writing extruder techniques; (a)
Pneumatic (b) Syringe (c) Progressive cavity

extruder should have a fully constrained path between the drive
gear and the hot-end to prevent the filament from escaping
from the extruder (see Figure 1).
2) Direct ink writing: Direct ink writing is a technique
where ink or paste is deposited through a needle to create
or to add functionality to objects. Direct ink writing can be
used to print inks for which the polymerization is catalyzed
by heat or light. The solid content in the final object can be
higher than for FDM and therefore, materials with properties
more similar to that of solid content inside the ink such as
metals [12], ceramics [13] or wood [14] can be deposited. For
the deposition of inks during the 3D printing process, several
techniques exist (see Figure 2).
a) Pneumatic: Pneumatic extruders use a high precision
pressure generator to precisely control the pressure inside a
syringe. The syringe is connected through a flexible tube to
the dispenser, and only the syringe is moved [12], [15], [16].
To set the volumetric flow rate as required by the 3D printing
process, the pressure should be adjusted for the viscosity of
the ink and the hydraulic resistance of the nozzle.
b) Syringe: Syringe extruders use a lead screw to translate the rotation of a stepper motor and an optional transmission into the displacement of the plunger of a syringe [13],
[17], [18]. They provide a low-cost solution, but the dynamics
of the system are strongly affected by any air inside the
syringe. In order to achieve good control over the volumetric
flow rate, a syringe without air should be used. Filling a
syringe without air may require additional steps in case the
ink is highly viscous, since any bubbles will move rather slow

Pneumatic
Syringe
Progressive cavity

No
Yes
Yes

Bubble
sensitive
dynamics
No
Yes
No

Dead
volume
<84 µL [23]
<84 µL [23]
3 mL [22]

through the viscous liquid [19].
c) Progressive cavity: Progressive cavity extruders use
a helically shaped rotor and flexible stator to achieve the fast
responding, volumetric, non-pulsating flow, which is required
by the 3D printing process [20], [21]. Because all the cavities
need to be filled with ink before the extruder can be used,
the dead volume of this method is larger than that of the
other two methods. For a Viscotec Viprohead 3 progressive
cavity extruder, the dead volume is 3 mL [22] while a syringe
may have less than 84 µL dead volume [23]. This makes this
method less suitable for very expensive functional inks.
As shown in Table I, a pneumatic extruder might be
considered if a single ink with a constant viscosity is to
be extruded at a constant volumetric flow rate. A syringe
extruder can be a low-cost solution in case low viscosity inks
are used, where any air can be easily removed. A progressive
cavity extruder is an excellent solution in case the used inks
are relatively low-cost due to the loss of ink in the relatively
large dead volume.
3) Embedded fibers: Recently, the opportunity to embed
fibers in FDM printing has significantly improved the mechanical performance of FDM printed parts [24]. Also, with this
kind of technology, fibers or wires can be embedded during
fabrication for the sake of their electrical properties. Three
main methods exist for 3D printing with embedded fibers:
a) Fiber placement: is a technique in which fibers or
wires are laid onto the surface in between the printing of layers. The fiber placement can be done by hand [25], ironed into
the material with a separate nozzle [26] or roller [24] during
fabrication or even placed by hand after fabrication [27].
b) Fiber co-extrusion: is the technique in which a wire
of fibers is extruded together with the molten matrix material.
This can be done through the same nozzle [28], [29], [30] or
through a different nozzle directly into the molten material
(also called fiber encapsulation) [31], [32]. Single nozzle
printers limit the control over fiber placement, which is the
reason most machines have separate nozzles or separate the
control of fiber co-extrusion and plastic extrusion.
c) Embedding wires after printing: can be performed
by means of localized ultrasonic or Joule heating [33], [34],
[35]. The use of this technique is limited since wires can only
be embedded close to the surface and in limited geometries.
Embedding fibers poses several challenges for fabrication.
For example, the minimum layer thickness is dictated by
the diameter of the used fiber with co-extrusion, whereas
the diameter combined with the mechanical properties of
the fiber limit the bending radius that can be achieved for
placement [36]. A major limitation is posed by the layer-wise
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Fig. 3. Different material switching systems. (a) Single-nozzle (b) Stationarynozzle (c) Lifting-nozzle (d) Independent multi-toolhead (e) Rotary multitoolhead (f) Toolchanger multi-toolhead

fabrication of FDM, since fibers are strictly printed in single
layers, producing anisotropic properties [26]. Finally, it
is difficult with 3D printing to achieve high fiber volume
fractions (> 50%) and to minimize voids between fibers [24].
B. Material switching systems
In many cases, the fabrication of sensors requires multiple
materials. In order to print these materials with the same
printer, the printer needs to be capable to switch between the
materials.
1) Challenges: The switch between different materials
however, is not trivial, and several challenges exist.
a) Contamination: When switching materials, it is hard
to remove all the material from the nozzle. Therefore when
a new material is inserted, it will often be contaminated with
the previous material. As a consequence, each time a material
change takes place, large amounts of filament have to be
purged as means to remove old residue from the filament path,
resulting in substantial waste blocks [37].
b) Tool interference: Often it is not possible to completely turn off the extrusion of the nozzles immediately
and, as a consequence, some material may ooze out the
inactive print-heads for a while. Furthermore, if other tools
than the active tool-head are moving during printing, they
might physically deform the deposited filament.
c) Added Inertia: Adding multiple tool-heads to a printing system can result in a large mass to be accelerated, especially when direct-drive print-heads are used. If the printing
process requires this mass to be accelerated rapidly, this will
impose tough constraints on the mechanics of the printer,
increasing the cost of the printer. Therefore the challenge is to
limit the mass that is moving in the printing directions (x and
y), e.g. by using a (sub-optimal) Bowden setup or moving the
bed instead of the nozzles.
d) Alignment challenges: Often it is challenging to
obtain sufficient repeatability of the system so that the
different tools are aligned to each other and stay aligned
throughout the printing process.
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2) Systems: To overcome these challenges, several nozzle
changing systems are in use (see Figure 3).
a) Single-nozzle: In this adaptation multiple filaments
are individually fed into a single-nozzle [38], [39] (see Figure 3a). The material switching process is handled by the
external module. A pre-feeder configuration selects which
filament should be inserted into the nozzle filament path. This
configuration also makes it possible to have multiple filaments
mixed in a common chamber within the heating block [40],
[41].
Due to the single heating element, the contamination risk is
high. Moreover, for both the switching and the mixing systems,
the available material combinations are limited because some
of the contamination might disintegrate under the printing
conditions of the other materials.
b) Stationary-nozzles: The simplest arrangement for a
separated multi-extrusion process can be obtained from a sideby-side placement of two or more distinct extrusion systems,
allowing materials to be loaded simultaneously [42], [43]
(see Figure 3b). Because it is impossible to get all nozzles
perfectly at the same height, there will always be one active
nozzle for which an inactive nozzle touches the currently
printing layer. Every nozzle can be operated at different
temperatures, providing the possibility to work with a wider
range of materials. The fixed-nature of the extruders leads to
tool interference, alignment as well as oozing issues. These
effects are even more evident in configurations with more than
two nozzles.
c) Lifting-nozzle: To solve tool interference issues
caused by all the nozzles being at the same height, in some
printers [44], [45], [46] the active nozzle is slightly lowered
relative to the other nozzles, effectively providing a safe
distance between the idle nozzle and the printed part ( see
Figure 3c).
d) Multi-toolhead: A multitude of different implementations exist which have in common that they have multiple
toolheads which can be used more or less independently.
The IDEX (Independent Dual EXtrusion) system employs
at least two toolheads that move simultaneously and independently from each other [47], [48], [49] (see Figure 3d). Most
often this configuration is seen with the toolheads decoupled
along the x axis.
In a rotary multi-material configuration, the printer is
equipped with a turret mechanism incorporating an n number
of extrusion systems placed (fixed) across the turret’s circumference (see Figure 3e). While unlocked the turret rotates until
the selected tool is in the operating position (perpendicular
to the printing platform) and then it is either locked [50] or
an optical (optical) feedback mechanism [37] is applied to
eliminate any rotation.
A tool-changer configuration most often is based on the
so-called coreXY kinematics [51] motion system [52]. Each
extruder is configured as a swappable tool and is parked in a
pre-defined position on the frame (see Figure 3f). During a
tool change, the tool-base gets located in-front of a parked
tool and the switching mechanism locks the tool in the base.
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TABLE II
OVERVIEW MATERIAL SWITCHING SYSTEMS

Contamination
Tool Interference
Added Inertia
Alignment Challenges

Single
nozzle
Yes
No
No
No

Stationary
nozzles
No
Yes
Yes
Yes

Lifting
nozzles
No
No
Yes
Yes

Multitoolhead
No
No
No
Yes

With 3D printed sensors in mind, both the single material
and stationary systems fall short of the task due to the contamination and tool interference issue, respectively. The liftingnozzle system provides an elegant solution. However, for many
material systems, the inertia issue may add a limitation towards
printing speed and acceleration settings. In this case, a multitoolhead system may be a better solution (see Table II).
III. M ATERIALS
The aforementioned extrusion systems can be used to print
a wide range of structural materials, ranging from very flexible [16] to very stiff [53]. In order to make networks of 3D
printed sensors, often both conductive and sensing materials
are used. The conductive material is then primarily used to
electrically interface the sensors.
A. Conductive materials
The ability to 3D print conductors is fundamental to the
fabrication of parts with integrated sensors. The conductors
might not only be used to fabricate piezoresistive or capacitive
sensors but also allow for wiring inside the printed structure
to connect the sensors to the read-out electronics.
1) Filaments: A common method to directly print with the
conductive material in FDM printing is by using a filament
made of a conductive polymer composite, e.g. a thermoplastic base material blended with carbon-based materials,
such as carbon black, graphene, graphite or carbon-nanotubes. These materials are low-cost, readily available and
chemically stable [63], [64], [65], [66], [67]. The material is
very well suited for the fabrication of truly three-dimensional
conductors, where multiple layers of the 3D printed structure
are connected. High-filler concentrations will decrease the
strength of the materials due to the loss of particle–matrix
adhesion [68]. Furthermore, these materials obtain conduction
through percolation networks and, therefore, the effect of
the filler concentration on the resistivity diminishes with
increasing concentration [69], [70], [71]. At last, because of
the composite nature of the materials, they often exhibit the
piezoresistive effect, which is discussed in section III-B1.
Table III lists the limited commercially available conductive
polymer composite filaments.
2) Inks: The inks that can be used for direct ink writing
are often specifically developed for a given process, e.g. for
ink-jetting or screen printing. Inks for jetting always have a
low viscosity and small particle size (1-30 mPa s, while screen
printing inks generally have a much higher viscosity (100010 000 mPa s) [72]. Since a high solid content increases the
viscosity of the ink [73], it can be higher for a screen print ink
than for a jetting ink for a given solvent. The viscosity and
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the wetting behavior of the used ink determine how the ink
will behave in combination with other materials after printing.
In most common conductive inks silver particles are used
(see Table IV). In applications where biocompatibility is a
requirement, PEDOT:PSS based inks are often used [74],
[75]. The inks come in varying degrees of flexibility, ranging
from non-flexible, flexible and even stretchable. Some inks
require either a UV or a thermal curing step. For 3D printing
applications the stability of the ink is often important, since it
is unpractical if ink components separate inside the extruder
between prints or even during the print. Some examples of
commercially available silver inks are shown in Table IV.
3) Fibers: Several types of fibers and wires can be used
as current carrying traxels for sensing applications. Based on
the electrical and mechanical properties, important distinctions
can be made. Copper wires can be used for carrying large
currents because of the high conductivity of copper, which for
wires equals the bulk conductivity [35]. Parts with embedded
carbon fiber have already been printed with a resistivity of
around 3.7 × 10−4 Ω m [26]. Carbon fiber can be printed as
dry fibers. However, more often, carbon fiber is used in a socalled prepreg, where a bundle of dry fibers is impregnated
with a polymer and shaped as a filament beforehand [81]. A
prepreg offers advantages for printing since dry carbon fibers
are very brittle, difficult to handle and easily introduce void
formation and poor adhesion during printing [24], [81]. On the
other hand, dry fibers with co-extrusion give more flexibility
for choosing the fiber and matrix combinations. So copper
wires can be used in case high currents or low resistance is
required, where carbon fiber is mainly used for high yield
strength and offers higher resistance.
4) Liquid metals: Another class of conductors that can
be used to add functionality to 3D printed objects are liquid
metals, like gallium indium (eGaIn) and Galistan (eGaInSn).
These liquid metals can be added to the printed object using
direct ink writing [82], [18] or afterwards by filling [83].
The metals have a low resistivity of 29 µΩ cm in case of
Galistan [84], as well as a low viscosity of (2.4 mPa s for
Galistan [84]) and because the metal remains liquid it can be
stretched, up to 200 % without breaking [82]. It should be
noted that liquid metals such as eGaIn corrode other metals
and therefore, might cause damage to the printers in which
they are used [85].
Which conductive material is most suitable depends on the
application, as illustrated in Table V. FDM filaments offer
a low-cost solution for real 3D conductors. However, their
conductivity is limited. Copper fibers, liquid metals and silver
inks allow a much higher current density in stiff structures.
Besides their high conductivity, stretchable silver inks and
liquid metals also can be stretched up to multiple times their
length.
B. Sensing materials
This section will give a short overview of 3D printable
functional materials that can be useful in the fabrication of
electro- and biomechanical sensors.
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TABLE III
OVERVIEW OF COMMERCIALLY AVAILABLE CONDUCTIVE MATERIALS FOR FDM PRINTING [54].
Name
Proto-Pasta [55], [56]
BlackMagic3D Conductive Graphene [57], [58]
Multi3D, Electrify [59]
PI-ETPU 95-250 Carbon Black [60]
EEL [61], [62]

Host
PLA
PLA
Biodegradable polyester
TPU
TPU

Doping
Carbon black
Graphene and Graphite
Copper
Carbon black
Carbon black

Volume resistivity [Ω cm]
30 (x,y) 115(z)
0.6
0.006
< 300
1.5 × 103

TABLE IV
E XAMPLES OF COMMERCIALLY AVAILABLE AG BASED CONDUCTIVE INKS
Name

Curing

Stretchability

Viscosity (mPa s)

Surface resistivity mΩ sq−1

EMS CI-1036 [76], [77]
LOCTITE EDAG PD004A E&C [78]
Electrolube SCP [79]
Dupont PE410 [80]

Thermal
UV
Thermal
Thermal

Stretchable
Flexible
Not specified
Not Specified

104
800
70
20-40

10 @ 25 µm
6 @ 25 µm
6 @ 20 mg cm−2
5 @ 25 µm and 130 ◦C

TABLE V
C OMPARISON OF EXTRUDABLE CONDUCTORS

3D interconnects
Conductivity
Stretchable

Filaments

Inks

Fibers

Easy
Poor
Yes

Difficult
Good
Yes

Difficult
Excellent
No

Liquid
metals
Moderate
Excellent
Yes

1) Piezoresistive materials: When a conductive material is
strained, the resistance changes due to a change in diameter,
length and specific resistivity. However, in most conductive
polymer composites, the resistance change is bigger than
expected by the geometrical effect due to the piezoresistive
effect, resulting in a higher strain sensitivity. Conductive
polymer composites show this piezoresistive effect due to
the change of conductive paths in the polymer matrix under
strain [86]. A major drawback of conductive polymer composites is the nonlinear resistance changes when the material
is strained. Usually the resistance first decreases at small
strains, due to optimal alignment of the conductive particles
in the matrix, and subsequently increases at higher strain [64].
Furthermore, while the material is strained, there is a formation
caused by polymer mobility and breakdown of conductive networks. At low strain rates these effects are in balance resulting
in minimal resistivity changes, whereas at high strain rates the
breakdown effect is more dominant [87], [88]. Furthermore,
some of the used polymers, such as TPU, are viscoelastic
themselves [89], which further increases the hysteresis and
nonlinearity in the response of the piezoresistors. However,
it might be possible to model these effects and compensate
for them in software, as is discussed further in section VI.
Besides conductive polymer composites, piezoresistive sensors
could also be fabricated using conductive inks [17], [90], liquid
metals [91], [92] or conductive fibers [29], [30].
2) Piezoelectric materials: A common piezoelectric material in 3D printing is PVDF. The material can directly be
printed [93], and so can PVDF-ceramic composites [94]. The
material can also be dissolved and used as ink, with the
addition of a co-polymer [95] or ceramic particles [96]. Often
the material is polarised after the fabrication process in order
to increase the piezoelectric constant [97]. The formation of
the piezoelectric β-crystal structure of PVDF can be enhanced
by printing with a high voltage applied between the nozzle and

the bed, as shown in [97], [98]. It should be noted that an
effect similar to that of a piezoelectric material can be achieved
using an electret, which can be 3D printed as well [99].
3) Magnetic materials: Both soft magnetic thermoplastics [100] as well as hard magnetic thermo-plastics [101]
are commercially available. These thermo-plastics can be 3D
printed and subsequently poled to produce a material with a
remnant magnetisation [102], [103], [104]. However, the use
of thermoplastics that are optimized for injection molding
instead of FDM might result in brittle filament that is difficult
to handle [105]. Specific magnetic thermoplastic composites
can also be fabricated for specific research purposes [106],
[107] on magnets and sensors. Another option is to include
wires of ferromagnetic materials, such as nickel, for their
magnetic properties [31].
Piezoresistive materials offer a simple and low-cost solution
for adding pressure sensitivity to 3D printed parts. However,
when the 3D printed piezoresistors are made using conductive
polymer composites, they often show hysteresis and large
nonlinearities. Piezoelectric and hard magnetic materials can
be printed. However, for most applications, they need to be
poled after or during printing.
IV. B ONDING TECHNOLOGY
Bonding wires to 3D printed sensors is important because
of the significant influence of the connection on the resistance [108]. Despite this importance, it is a largely unexplored
field and currently no standard exists. Table VI shows the most
important methods used in literature. The 3D printing process
specifically enables printing of connector geometries [109] and
inserting electrical conductors during manufacturing [108].
The methods have large differences in contact resistance
(from 1.6 Ω [26] up to more than 1000 Ω [108]). To bypass the high contact resistance, often four-wire measurements
are used [6]. For connectors that are pushed in or onto the
sample afterwards, the resistance strongly depends on the
applied pressure [108], and therefore the contact resistance
might influence the measurement. Especially for flexible and
stretchable sensors, the connections are still challenging [110].
For connecting to carbon fiber, special steps need to be taken
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Fig. 4. VCSEM result (left) and the derived electric potential distribution
(right) for a 3D printed sheet with in-plane anisotropic conduction [7]
( c [2020] IEEE).

in order to access the fiber and to remove the matrix [26],
[30].
V. A NISOTROPIC CONDUCTION IN 3D PRINTED
MATERIALS

The line-by-line, layer-per-layer FDM printing process creates anisotropic structures in 3D prints. These structures yield
anisotropy in physical properties, which has been studied
for e.g. the mechanical [120], thermal [121], magnetic [122]
and electrical [123] domains. For the thermal and electrical
properties, interfacial or interlayer contact resistance in the
build direction in combination with the presence of voids are
mentioned as the fundamental reasons for anisotropy [121],
[123], [117]. This interlayer contact resistance strongly depends on raster angle, layer height and extrusion temperature [108], [124], [123]. For multiple printed layers, crossply infill patterns yield a lower resistivity, possibly because
current paths more easily divert around areas of high local
resistance [125]. The anisotropic resistivity can also be observed in-plane as a function of the raster angle (infill orientation) [108], [124]. A solution for reducing in-plane anisotropy
could be to use different infill patterns, e.g. by means of a
slicer that creates a maze-like (randomized) infill to obtain
isotropic macroscopic properties [126]. On the other hand, the
anisotropy can be purposely used for improvement of sensors,
where inter-layer or inter-traxel resistance aids in sensitivity or
directionality [63], [127]. For example, directional anisotropic
strain sensors are printed with a meander-like infill, where the
sensitivity and anisotropy can be tuned by means of the air
gap between adjacent traxels, the infill density, and the build
orientation [127].
A. Characterisation of anisotropic conduction
Modeling and measurements have been used to gain a better
understanding of the anisotropic electrical properties. Hampel
et al. [117] presented a model for anisotropic conduction,
which assumes a different layer, intra-layer (inter-traxel) and
inter-layer resistance due to improper fusion in different directions and demonstrated its use with a 1D example. MonteCarlo simulations have been used to study the effect of local
resistance variations in resistor networks to represent 3D
printed conductors [125]. FEM simulations are used to study
anisotropy in all directions [123]. A small cell of traxel pieces
represents the material with voids and layer bonding. Since
voids, raster orientation and layer bonding are important for
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the anisotropic conductivity [124], these features need to be
included in modeling. In previous work the authors therefore
used the model of Hampel to simulate the in-plane anisotropy
by including the inter-traxel resistance and meanders [7].
Impedance measurements are used for experimental characterization. In this way, inter-traxel and inter-layer resistance
can be measured with rectangular samples in-between conductive plates in different orientations [108], [124], [123].
Research indicates that in-situ resistance measurements during
printing can also be used for characterization of conductive
prints [114]. In-plane anisotropy, however, can also be measured with a voltage contrast method in the scanning electron microscope (SEM) and with infrared (IR) thermography
measurements via Joule heating [7]. Voltage contrast SEM
(VCSEM) measures potential distributions since a difference
in electric potential gives rise to contrast. In Figure 4 on the
left, the contrast in an SEM image can be seen, whereas,
on the right, the derived electric potential distribution is
displayed. A small amount of anisotropic conduction is present
in this case since the voltage distribution extends more along
the traxels than across the traxel’s interfaces [7]. During IR
thermography measurements, an IR camera measures local
temperature increases due to Joule heating, which is linked to
the power dissipation. Hence, these two methods can be used
to study the anisotropic conduction in sheet-like sensors [7].
VI. C OMPENSATION METHODS
A. Drift compensation
Drift is the generic name for slowly varying random
changes, which can caused by, e.g., variations in temperature
or humidity, unstable power supplies or 1/f noise [128]. In
3D printed sensors, these random errors might be caused
by, for example, the positive temperature coefficient of the
used piezoresistors [129], [130] or the creep of the used
polymers [131], [132]. In order to compensate for this drift,
a differential measurement might be used [133], or a separate
temperature measurement can be used to compensate for this
effect [134].
B. Nonlinearity compensation
Soft polymers have been shown to exhibit strong hysteresis [135], time-dependence, as well as cyclic softening [89]. It
is shown that the effects of these nonlinearities are even more
emphasized towards resistive sensors [136]. Compensation
methods are then required before the application range of such
sensors can be extended.
An overview of the most common techniques used in
hysteresis modeling can be found in the work of Hassani et
al. [138]. Focusing on FDM manufactured sensors, in [133]
it is shown that a differential measurement significantly decreases the nonlinear response of 3D printed strain sensor.
Additionally, towards the same sensor principle, in [137],
[139] it is shown that it is possible to adapt a Power-law model
so that the hysteresis is sufficiently captured under certain
excitations.
Often hysteresis models are categorized based on the main
method used (see Table VII). Operator-base describes the
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TABLE VI
OVERVIEW OF B ONDING T ECHNOLOGY FOR 3D PRINTED SENSORS .
Bonding Technique
Silver ink, paste and epoxy
Embedding wires by melting
Copper tape inserted during printing
Connectors, headers and jumper wires
3D printed snap-on connector
Screwed or bolted
Soldering

References
[86], [26], [111], [28]
[112], [63], [113]
[108], [114]
[6], [108], [109], [115]
[10], [116]
[117], [66], [118]
[119]

Advantage
Low contact resistance
Mechanically strong
Mechanically strong
Compatible with standard electronics
Compatible with EMG hardware
Mechanically strong
Low contact resistance

Fig. 5. 3D printed strain-sensor differential response and fit versus cyclic
(sine-wave) excitation [137].
TABLE VII
C ANDIDATE MODELS FOR CAPTURING NONLINEARITIES

Preisach [140]
Krasnosel’skii–Pokrovskii (KP) [138]
Prandtl-Ishlinskii (PI) [138]
Kuhnen [141]
Bouc-Wen [142]
Power-Law [143], Duhem [144]

Rate
Dependency
No
No
No
Yes
No
Yes

Base
method
Operator
Operator
Operator
Operator
Differential
Differential

approach that models hysteresis with a so-called hysteresis
operator [140], [138], [141]. A simple form of such operators
can be thought of a two-position relay, as the one found in
the Preisach model [140]. Another common method uses a
differential equation as means to describe hysteresis [142],
[143], [144].
All of these models use a similar working principle: a set
of experimental measurements is obtained on which the model
parameters are fitted in an identification procedure [138]. Most
often, the models are designed such that they capture the
behavior of a given system (e.g. PEA), the nonlinear response
can then be compensated with the use of the inverse of the
model [141], [145], [146]. Alternatively, the model can also
directly be fitted to the inverted data, as was shown in [139].
VII. E XAMPLES OF 3D PRINTED SENSORS
This section shows some examples of 3D printed sensors
that may be useful in electro and biomechanical applications.
A. Piezoresistive sensors
Traxel based 3D printed sensors using piezoresistive materials have a high sensitivity to strain and are therefore
ideal for use in force and tactile sensing applications [4].
These sensors have been fabricated using co-printing with
conductive pastes such as the bending sensor demonstrated

Disadvantage
Can be mechanically weak
Risk of deforming sensor
High electrical contact resistance
Contact resistance pressure dependent
Only suited for specific cases
Bulky
Only suited for e.g. electrodeposition

by Nassar et al. [17] that uses silver palladium paste as the
functional material. Gue et al. [90] demonstrated a small
tactile sensor that is capable of sensing a person’s pulse using
a custom-made ink by using a mixture of silver particles
and silicone elastomer. More practical applications of strain
sensors can be found on sensing structures that use conductive
polymer composites as functional material, such as tactile and
touch sensors printed using soft conductive and nonconductive
thermoplastic polyurethane (TPU) materials [112], [10]. These
TPU materials allow for high flexibility, as shown in a proof
of concept glove for measuring finger flexion by Christ et
al. [147]. Kim et al. [86] demonstrated a multi-axial force
sensor consisting of a 3D cross that allows for sensing forces
in x, y and z direction using the same type of materials.
B. Capacitive sensors
In comparison to piezoresistive sensing methods, the capacitive sensing method has the advantage that the drift,
nonlinearity and hysteresis in the conductive elements do not
influence the measurement. The ability to 3D print very soft
materials allows the fabrication of force sensors that consist
of a parallel plate capacitor with a dielectric that is directly
compressed [32], [148], [130], [149]. It should be noted that
capacitive sensors often need shielding or guarding in order
to reduce the influence of parasitic capacitances. Another
commonly used technique is to print a conductive structure
that forms a capacitive structure, which can detect changes in
the dielectric constant of the materials in its environment. E.g.,
the capacitance will be changed by the presence of a finger,
wood, glass or steel [150], [130].
C. Inductive sensors
The limited conductivity of carbon-based filaments is
generally not sufficient for serving as inductors [66], [151].
3D printed inductors can e.g. be fabricated by means of
directly printing with Electrifi filament (see Table III ) [66]
or electroplating onto Electrifi material [119]. Other inductive
coils and sensors are printed by means of embedding copper
and nickel wire [31], by filling a 3D print with silver
paste [152] or liquid metal [153], [154] or by spraying a
graphene-filament coil with silver nano ink [151].
Because of the large piezoresistive constant of many of the
conductors used in 3D printing, a piezoresistive sensor often
is the easiest to implement solution. However, most piezoresistive materials show a large nonlinearity, and therefore a
capacitive sensor might be useful in applications where a high
linearity is desired, compensation is not feasible and shielding
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from parasitic capacitances is an option. When the used
printing technology supports the fabrication of conductors with
a high conductivity, inductive sensing methods can become
another sensor that can be 3D printed.
VIII. A PPLICATIONS OF 3D PRINTED SENSORS
A. Biomedical
3D printing technology enables the creation of low-cost
and highly personalized structures [158]. Furthermore, the
availability of soft and flexible materials make 3D printing
an ideal technology for biomedical applications [147], [86],
[112], [10], [113], [124] (see Table VIII). These soft materials
easily follow complex body contours and have proven to be
a useful alternative to gold standard electrodes for the use
as biopotential electrodes to capture electroencephalography
(EEG) [155] and electromyography (EMG) [10] signals. This
opens the opportunity to create personalized electrode grids
that could, for example, be co-printed with a prosthetic socket.
Other applications are found in the development of finger
strain sensor gloves to measures finger bending [147], tactile
and pulse sensing [90] and minimal obtrusive fingertip shearforce sensors [113] as shown in Figure 6.a.
B. Soft Robotics
The current advancements in 3D printing and functional
materials enable the development of 3D printed soft sensors.
By means of multi-material embedded 3D printing, sensors
with customized geometry and functionality can be embedded
in soft robots together with soft actuators, where integration
is a key component for closed-loop control [159]. A big
advantage of multi-material FDM in this respect is that a
single fabrication process can fabricate soft robots with integrated sensors, actuators, control and power delivery [160].
The required limited dimension and spatial distribution are
still challenges for current 3D printing technology. Among
others, FDM still has limitations in terms of resolution, speed
and material compatibility and can only use thermoplastics,
which may not be resilient and stretchable enough [160]. If
the printing resolution can be increased, a higher density of
sensors and actuators becomes possible, enabling improved
soft robots.
Current research mainly focuses on single sensors, where
piezoresistive and capacitive sensors are used mostly for strain
measurements [161], [160]. However, so far integrated 3D
printed sensors with actuators for soft robotics are limited
in literature [159]. The bulk of the work with traxel-based
printing focuses on integrated piezoresistive strain sensors in
3D printed pneumatic actuators [124], [127], [162], [156] (see
Table VIII). For pneumatic actuators either the full actuator
can be made out of piezoresistive material [124] (fig 6, or
strain gauges can be embedded by means of printing [127],
[163] (fig 6) or including conductors e.g. silver paste [162].
Other work presents the use of conductive TPU as a combined
heater and piezoresistive angle sensor in a variable stiffness
gripper [157]. 3D printing provides new opportunities for
developing autonomous soft robots, however, research on this
topic has only just started.

(a)

(b)

Fig. 6. (a) 3D Printed fingertip shear and normal force sensor [113]
( c [2019] IEEE). (b) Pneumatic actuator with integrated strain sensor for
angle measurements [156]
.

IX. C ONCLUSION
This work has described the different techniques that can
be used to extrude filaments, inks and fibers. The extrusion of
flexible filaments is ideally done using a direct-drive, despite a
Bowden extruder offers a lower mass. Fiber placement and coextrusion both appear to be well suited for the fabrication of
3D printed sensors, however, printing anything else than prepreg carbon fibers and printing fibers outside of the x−y plane
appears still to be challenging. The extrusion of relatively
low-cost and viscous inks is best done using a progressive
cavity extruder, while for more expensive or less viscous inks,
respectively, a pneumatic or syringe extruder might be better
suited.
Furthermore, this work has provided a list of techniques that
are in use to overcome the challenges of switching between
different materials. It also listed some of the work done on
overcoming some of the challenges of 3D printed sensors, such
as how to characterize the anisotropic conduction of the 3D
printed conductors, how to connect the sensors to the readout
electronics, how to reduce the drift of the sensors and how to
model and subsequently compensate for nonlinear behavior.
It was shown that 3D printing is already being used to print
a wide range of electro- and biomechanical sensors where
piezoresistive sensors offer a simple and cheap way to integrate
sensing, whereas capacitive sensors offer a way to create more
linear sensors in exchange for added complexity.
X. D ISCUSSION AND FUTURE OUTLOOK
Recently techniques have become available that allow
switching between different types of extruders. Once the
mutual alignment-precision of the different tool-heads has
been sufficiently taken care of, it can be expected that there
will be an increase in the number of systems that combine
multiple extrusion techniques.
When the ability of 3D printers to deposit an increasing
variety of materials, and with better resolutions, is realised the
complexity of sensor systems that can be printed eventually
will become comparable to those of integrated circuits or even
to nature. Once sensor systems of this degree of complexity
are combined with actuators of similar complexity and paired
with artificial intelligence, such systems might eventually get
closer to nature’s capabilities of sensing and manipulating in
real world applications.
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TABLE VIII
OVERVIEW APPLICATION AND FABRICATION OF 3D PRINTED SENSORS
Reference

Application

[113]
[147]
[112]
[54]
[155]
[90]
[124]
[127]
[156]
[157]

Biomedical
Biomedical
Biomedical
Biomedical
Biomedical
Biomedical
Soft Robotics
Soft Robotics
Soft Robotics
Soft Robotics

Sensor
type
Shear
Bending angle
Force
EMG
EEG
Pressure
Bending angle
Bending angle
Bending angle
Bending angle

Transduction
method
Piezoresistive
Piezoresistive
Piezoresistive
Biopotential
Biopotential
Piezoresistive
Piezoresistive
Piezoresistive
Piezoresistive
Piezoresistive

Extrusion
method
FDM
FDM
FDM
FDM
FDM
Direct ink writing
FDM
FDM
FDM
FDM
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“3D Printed Conductive Thermoplastic Polyurethane/Carbon Nanotube
Composites for Capacitive and Piezoresistive Sensing in Soft Pneumatic Actuators,” Additive Manufacturing, p. 101281, 2020.
[125] L. Truman, E. Whitwam, B. B. Nelson-Cheeseman, and L. J. Koerner,
“Conductive 3D printing: resistivity dependence upon infill pattern
and application to EMI shielding,” Journal of Materials Science:
Materials in Electronics, no. 0123456789, 2020. [Online]. Available:
https://doi.org/10.1007/s10854-020-03965-9
[126] S. Lin, L. Xia, G. Ma, S. Zhou, and Y. M. Xie, “A maze-like
path generation scheme for fused deposition modeling,” International
Journal of Advanced Manufacturing Technology, vol. 104, no. 1-4, pp.
1509–1519, 2019.
[127] S. Mousavi, D. Howard, F. Zhang, J. Leng, and C. H. Wang, “Direct
3D Printing of Highly Anisotropic, Flexible, Constriction-Resistive
Sensors for Multidirectional Proprioception in Soft Robots,” ACS
Applied Materials & Interfaces, vol. 12, no. 13, pp. 15 631–15 643,
2020.
[128] P. P. L. Regtien, F. van der Heijden, M. J. Korsten, and W. Olthuis,
Meurement Science for Engineers. Kogan Page Science, 2004.
[129] G. Wolterink, A. Umrani, S. Martijn, R. Sanders, and G. Krijnen, “3DPrinted Calorimetric Flow Sensor,” in Proceedings of IEEE Sensors,
2020, to be published.
[130] X. Aeby, R. v. Dommelen, and D. Briand, “Fully FDM 3D Printed
Flexible Capacitive and Resistive Transducers,” 2019 20th International Conference on Solid-State Sensors, Actuators and Microsystems
& Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS XXXIII),
no. June, pp. 2440–2443, 2019.
[131] M. Mohammadizadeh, I. Fidan, M. Allen, and A. Imeri, “Creep behavior analysis of additively manufactured fiber-reinforced components,”
International Journal of Advanced Manufacturing Technology, vol. 99,
no. 5-8, pp. 1225–1234, 2018.
[132] K. V. Niaza, F. S. Senatov, A. Stepashkin, N. Y. Anisimova, and M. V.
Kiselevsky, “Long-Term Creep and Impact Strength of Biocompatible
3D-Printed PLA-Based Scaffolds,” Nano Hybrids and Composites,
vol. 13, pp. 15–20, 2017.
[133] M. Schouten, B. Prakken, R. Sanders, and G. Krijnen, “Linearisation
of a 3D printed flexible tactile sensor based on piezoresistive sensing,”
Proceedings of IEEE Sensors, vol. 2019-Octob, 2020.
[134] D. Coleman, M. Khalid, and X. Tan, “Temperature-compensation of
3D-printed polymer-based strain gauge,” PROCEEDINGS OF SPIE,
no. March 2019, p. 20, 2019.
[135] H. T. Banks, “A brief review of some approaches to hysteresis
in viscoelastic polymers,” Nonlinear Analysis, Theory, Methods and
Applications, vol. 69, no. 3, pp. 807–815, 2008.
[136] J. Shintake, E. Piskarev, S. H. Jeong, and D. Floreano, “Ultrastretchable Strain Sensors Using Carbon Black-Filled Elastomer Composites
and Comparison of Capacitive Versus Resistive Sensors,” Advanced
Materials Technologies, vol. 3, no. 3, pp. 1–8, 2018.
[137] D. Kosmas, M. Schouten, and G. Krijnen, “Hysteresis Compensation of
3D Printed Sensors by a Power Law Model with Reduced Parameters,”
in FLEPS 2020 - IEEE International Conference on Flexible and
Printable Sensors and Systems, Proceedings, 2020, to be published.
[138] V. Hassani, T. Tjahjowidodo, and T. N. Do, “A survey on hysteresis
modeling, identification and control,” Mechanical Systems and Signal
Processing, vol. 49, no. 1-2, pp. 209–233, 2014. [Online]. Available:
http://dx.doi.org/10.1016/j.ymssp.2014.04.012
[139] M. Schouten, D. Kosmas, and G. Krijnen, “Hysteresis Compensation of
3D Printed Sensors by a Power Law Model for Various input signals,”
Proceedings of IEEE Sensors, vol. 2020-Octob, 2020, to be published.
[140] I. Mayergoyz, “The Classical Preisach Model of Hysteresis,” in Mathematical Models of Hysteresis and Their Applications. Elsevier, 2003,
ch. 1, pp. 1–63.
[141] K. Kuhnen, “Modelling, identification, and compensation of complex
hysteretic and log(t)-type creep nonlinearities,” Control and Intelligent
Systems, vol. 33, no. 2, pp. 134–147, 2005.
[142] T. Kalmár-Nagy, D. Bernardini, B. Carboni, and W. Lacarbonara,
“Quantifying rate dependence of hysteretic systems,” Procedia
Engineering, vol. 199, pp. 1447–1453, 2017. [Online]. Available:
http://dx.doi.org/10.1016/j.proeng.2017.09.483
[143] M. Biggio, A. Oliveri, F. Stellino, M. Parodi, and M. Storace, “A circuit
model of hysteresis and creep,” IEEE Transactions on Circuits and
Systems II: Express Briefs, vol. 62, no. 5, pp. 501–505, 2015.

12

[144] J. Gan, Z. Mei, X. Chen, Y. Zhou, and M. F. Ge, “A modified
Duhem model for rate-dependent hysteresis behaviors,” Micromachines, vol. 10, no. 10, 2019.
[145] K. Kuhnen, “Modeling, identification and compensation of complex
hysteretic nonlinearities: A modified prandtl-ishlinskii approach,” European Journal of Control, vol. 9, no. 4, pp. 407–418, 2003.
[146] A. Oliveri, F. Stellino, G. Caluori, M. Parodi, and M. Storace, “OpenLoop Compensation of Hysteresis and Creep Through a Power-Law
Circuit Model,” IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 63, no. 3, pp. 413–422, 2016.
[147] J. F. Christ, N. Aliheidari, P. Pötschke, and A. Ameli, “Bidirectional and
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