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1. Supplementary Videos
• Supplementary Video S1: Data animation and camera footage of the single-electrode measure-

ment for the square tube.

• Supplementary Video S2: Animation comparing the data of the single and multi-electrode mea-
surements for the square tube.

• Supplementary Video S3: Animation comparing the data of the single and multi-electrode mea-
surements for the square tube with small perforations.

• Supplementary Video S4: Animation comparing the data of the single and multi-electrode mea-
surements for the square tube with large perforations.

• Supplementary Video S5: Data animation and camera footage of the multi-electrode measurement
for the Benchy.

• Supplementary Video S6: Animation comparing the data of the single and multi-electrode mea-
surements for the Benchy.

2. In-situ resistance measurement platform
To have a platform for in-situ resistance and position measurements during printing required the

modification of a commercial Ender 3 S1 Pro FFF printer. This printer was chosen for several reasons:
Firstly, due to the accessibility of its stepper motors for fitting of position encoders. Secondly, for its
extrusion head construction, allowing for access to the printing nozzle, for the placement of an electrical
contact on the nozzle itself. Thirdly, for its direct drive extruder allowing tight control of extrusion and
compatibility with flexible and other difficult to print materials. And lastly, the relative ease at which
it could be converted to make use of the open source Marlin firmware,1 required to operate the new
electrode equipped printbed and modified printhead.

An overview of the modified printer is provided in Fig. 1, where Fig. 1a shows the frontside of
the printer with custom extruder encoder and printbed. Fig. 1b Shows the encoder signal and power
distribution box and further x, y, z-axis encoders. Fig. 1d shows the custom printbed which is equipped
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(a) Overview of printer (b) Overview of wiring

(c) Gold electrode equipped printbed (d) Hall effect rotation encoder shield

Figure 1. In-situ resistance measurement platform.

with gold corner electrodes and an exposed FR-4 print area. Fig. 1d shows a close up of the printhead
with electrical contact and extruder encoder. The bed leveling probe on the printhead is also shown,
allowing for repeatable print layer heights.

2.1. Data acquisition
Measurement of the resistance between the nozzle and the bed electrodes was performed through

the use of three TiePie Engineering HS5 synchronizable oscilloscopes. Data was collected with 0V to
20V range for the encoder axes and 0MΩ to 2MΩ range for the impedance measurement, sampled at
5 kHz. The analog output voltage of the the encoders was connected to the TiePie oscilloscopes through
standard 50Ω coaxial cables with BNC connections, making use of a shielded breakout box to separate
the signal and power supply connections. The printbed electrodes were connected to the oscilloscopes
through a 50Ω BNC to SMA cable. The nozzle was grounded through an non-shielded cable which was
connected at the nozzle end with a ring terminal and connected at the oscilloscope by a BNC breakout
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terminal. An overview of the electrical connections is shown in Fig. 2.

Figure 2. Wiring overview between sensorized 3D printer and TiePie oscilloscopes

2.2. Printbed design

As mentioned previously, the print bed of the printer was modified to contain a custom gold electrode
equipped PCB. The center contains a 20mm×20mm area of exposed FR-4 circuit board material, with
split gold contacts in each corner, allowing for 2- and 4-point measurements between the electrodes.
In Fig. 3 a render of the designed printed circuit board is provided, where it can be observed that the
current C and voltage V connections are split for each corner electrode. The exposed area in the center
is also highlighted in grey, with the connecting copper traces covered in solder mask being shown in
light green. The dark green area represents the FR-4 material, with the gold color representing the
through-hole via’s and the gold coated contacts.

The option for jumper resistors is provided to connect the split electrodes and the board was designed
with SMA connectors for connection to the electrodes. The PCB was designed to not contain a copper
groun plane, with the coaxial cable grounds being terminated at the digital oscilloscope.

Table 1. Custom Marlin configuration settings

Bed PID Nozzle PID Bed size Mesh inset Probe offset
Kp 137.74 Kp 16 x 40mm x [10,30] x −31.8mm
Ki 22.07 Ki 1.1 y 40mm y [10,30] y −40.5mm
Kd 572.99 Kd 61 z 50mm z −4.70mm
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Figure 3. Print Bed circuit board layout, with solder mask free center area

The new bed was designed such that it could be stuck to the magnetic original bed of the printer, as
shown in Fig. 1c. To ensure a good thermal contact to the heater of the original bed and to provide a
significant thermal mass for stable bed temperatures, an aluminium plate of 20mm thickness was used
underneath the custom PCB, with the thermocouple being placed on the print surface. This change in
thermal mass and response also required the re-calibration of the bed dimensions, leveling and the PID
settings for the bed and nozzle heater, for which the settings can be found in Table 1. It should also be
noted that the print cooling fan was removed and that the nozzle was calibrated after homing above the
printbed set at a stable temperature of 60 ◦C.

2.3. Encoder design
In order to track movement, each of the printer axis stepper motors was equipped with custom

magnetic rotation encoders. The mounting of the rotation encoder for print extrusion on the print head,
as shown in Fig. 1d, required the removal of the cooling fan. The placement of the z-axis encoders
required moving the vertical lead screws upward along with the print bed. The print bed was converted
to be directly mounted to the y-axis slider, to suit the upward movement of the lead screws, removing
the original bed tension springs and their play. The encoder boards were powered through an external
lab power supply adjusted to 5V, making use of 3-pin RCA cable to distribute power and shield the
encoder signal. Fig. 4 shows the designed circuit board to fit the AS5600 encoders with the option for
I2C and analog readout. The boards are bolted to the back of a servo motor with an appropriate set of
spacers, for which a magnet was glued to its shaft, allowing for observation of its relative position.

In addition to the circuit board layout, Fig. 5 provides the schematic diagram for the custom rotation
encoders. The MAX8510 IC provides a regulated 4.5V output voltage for the rotation encoders. The
transistor allows for input protection, with the AS5600 providing the rotation encoding. Both an audio
jack for the analog output as well as a 2.54mm header for the I2C output were included to allow for
future setup changes.
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(a) Top side PCB design (b) Bottom side PCB design

Figure 4. Hall effect rotation encoder shield for stepper motors

Figure 5. Circuit diagram of the Hall effect rotation encoder shield
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3. Samples and Print settings
3.1. Square Tube

The square tube test print, consists of a square, single walled 20mm × 20mm × 20mm test print
designed covering all corner electrodes. It was designed with a wall thickness of 0.4mm to match the
commonly used 0.4mm extrusion nozzle bore. This tube was then printed either as a solid walled tube,
a pierced tube with equally spaced 9×9 grid of 0.4mm×0.4mm holes or a tube pierced by a 4×4 grid
of perforations by 2.5mm× 2.5mm squares. The three versions of the tube can be observed in Fig. 6

(a) Solid square tube (b) Perforated square tube (c) Interrupted square tube

Figure 6. Square tube test prints

The square tubes were printed at the same print settings in Protopasta conductive PLA.2 The settings
were based upon manufacturers recommendations.Table 2 provides the setting used in combination Cura
slicer 5.2.1.3

Table 2. Square tube slicer settings
Bed Nozzle Flow Speed Layer height Nozzle Cooling Bed adhesion

Protopasta CPLA2 60 ◦C 205 ◦C 100% 25mms−1 0.2mm 0.4mm No fan 3 line skirt

3.2. Benchy

The Benchy 3D printing test4 standard offers many features relevant to more common 3D print
geometries. Amongst these features are overhangs, thin pillars, flat and arched overhangs, flat sections,
cylindrical structures and text on the first layer for consistency checking. Given the original Benchy has
a maximum dimension of 60mm, the test print was scaled down to have a length of 20mm to fit the
20mm× 20mm print area.

Figure 7. Benchy test print with brim as printed
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The scaled print is shown in Fig. 7, including the printed brim. The print settings for the Benchy
followed from the manufacturers recommendations of Protopasta conductive PLA,2 and are provided in
table 3. The slicer used was Cura slicer 5.2.1.3

Table 3. Benchy slicer settings
Bed Nozzle Flow Speed Layer height Nozzle Cooling Bed adhesion

Protopasta CPLA2 60 ◦C 205 ◦C 100% 40mms−1 0.2mm 0.4mm No fan 8mm brim

3.3. Test Object

The test object is an open source calibration design by Raphael Schaaf.5

Figure 8. Calibration test object with several geometrical features

The object is shown in Fig. 8 and consists of several distinct features such as embedded letters on the
x, y, z-axis, a cylindrical hole and a matching cylinder and circular and square holes with an overhanging
section. The test object was also printed in Protopasta conductive PLA2 and sliced in Cura slicer 5.2.13

in accordance with manufacturer’s recommendations as shown in Table 4.

Table 4. Test object slicer settings
Bed Nozzle Flow Speed Layer height Nozzle Cooling Bed adhesion

Protopasta CPLA2 50 ◦C 200 ◦C 100% 20mms−1 0.1mm 0.4mm No fan 3 line skirt

4. Benchy Additional Data
This supplementary section presents additional plots from the Benchy multi-electrode measurement

data. The resistance time series in Fig. 9 clearly shows the various phases for printing the Benchy
geometry, namely the brim, hull, cabin with bow and roof. The large resistance spikes are mainly
moments where the nozzle reconnects or disconnects because of travel motion combined with some
defects (where the travel itself is filtered out). It can be noted that printing of the hull first lowers the
resistance, whereas printing of the thin cabin pillars increases the resistance and printing of the roof
finally lowers the resistance again a bit, because the roof connects the pillars in a parallel fashion. A
plotting tool is also developed that can be used to study the individual layers, as shown in Fig. 10.
In these plots it becomes clear that the hull perimeter connects well, whereas some of the infill track
elements or traxels only connect to the rest of the print at few locations. Locations where bridging
occurs can be recognised from the high resistance through the single traxel, for example during bridging
of the roof in layer 62.
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Figure 9. Time and spatial data of multi-electrode measurement of a Benchy print, indicating the different phases of the
print. In the resistance plot every phase has a distinctive overall slope and maxima and minima.

Figure 10. Several layers of the Benchy print, showing the brim in layer 1 and the hull with infill in the layers after. Layer
62 specifically shows the bridging of the roof with its high resistance.
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5. Model Explanation
The anisotropic electrical conduction model from the authors6 is adapted to represent the printing

of the square tube geometry. In the following section the main steps are described, to indicate some
changes that were implemented with respect to the original model. The model consists of a set of
traxels represented as coupled transmission lines (as shown in Fig. 5.a in the main paper), limited to
a DC analysis in this research. An example for the square tube geometry is shown in Fig. 11, where
the nozzle is printing the third layer. The layers are split in two parts to represent the printing process,
section a with the N layers where the nozzle just passed by and section b with the N−1 layers for which
the nozzle still needs to come along. The total perimeter is Ltot = La+Lb long and by sweeping over the
ratio of La/Ltot and the number of layers the model simulates the changing geometry due to the printing
process. To implement printing of the third layer (N = 3), the model therefore uses n = 5 separate
transmission lines or traxels in this case (n := 2N − 1). These are given the appropriate boundary
conditions at the ends to properly link them together and to provide an input and ground.

The voltage in every nth traxel is represented by a single ODE, which can be derived from a network
representation with bulk and contact resistances:6

∂2Un(x)

∂x2
+ ΓDC

{−Un−1(x) + 2Un(x)− Un+1(x)}
H2

= 0 (1)

where H is the height of the traxels.

3
2
1

5
44 2

Figure 11. The model lay-out of a square tube, with a corner electrode on the bottle and the moving nozzle on the top. The
perimeter is split in two sections, a and b and connected through the boundary conditions. Every traxel has height H .

The anisotropy ratio Γ expresses the ratio in homogenized intra-layer or bulk and inter-layer or
contact resistivity, ranging from 0 (only bulk conduction) to 1 (isotropic conduction) for physical pa-
rameters:

ΓDC =
ρ

ρ+ σ/H
(2)

With eq. 1 for every traxel a system of equations can be constructed, containing the interaction with
the two neighbouring traxels (where the traxels at the bottom and top only have one neighbouring traxel).
This system describes a discretized Laplace equation where each printed layer has a lumped voltage in
the y-direction. This system of equations can be solved as an eigenvalue problem. The following general
voltage solution is expected for the nth traxel:

Un(x) =
6∑

i=1

Cie
λix (3)

It should be noted that the traxels in section a can have a different length x compared to section b,
due to the nozzle position. For n = 5, describing the situation in which the 3rd layer is printed, this
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results in the following system of equations:
(λ2 + Γ

W 2 ) − Γ
W 2 0 0 0

− Γ
W 2 (λ2 + 2 Γ

W 2 ) − Γ
W 2 0 0

0 − Γ
W 2 (λ2 + Γ

W 2 ) 0 0
0 0 0 (λ2 + Γ

W 2 ) − Γ
W 2

0 0 0 − Γ
W 2 (λ2 + Γ

W 2 )



U1

U2

U3

U4

U5

 =


0
0
0
0
0

 (4)

It becomes clear that the first three traxels are not coupled to the last two traxels in the system
of equations, since they are only connected at the end boundaries. Solving this system results in 10
eigenvalues λi and eigenvectors ν⃗i:

U⃗(x) =
10∑
i=1

αiν⃗ie
λix (5)

Boundary conditions are required to solve for the constants αi. The following boundary conditions
can be applied:

• Dirichlet (applied voltage): Un(x = 0 ∨ L) = Uin/out

• Neumann (applied current): ∂Un(x=0∨L)
∂x

= −HW
ρ
Iin/out

• Robin (applied resistance): Un(x = 0 ∨ L)−RIn(x = 0 ∨ L) = Uin/out

• Periodic (connecting ends of traxel m and n): Un(x = 0∨L) = Um(x = 0∨L) and ∂Un(x=0∨L)
∂x

=

−∂Um(x=0∨L)
∂x

In the square tube implementation the Dirichlet condition is used for connecting the source and
ground and the periodic condition is used for connecting traxel blocks a and b on both ends. For five
traxels with each two boundaries, this results in ten equations. This system of equations can be solved
to express αi in terms of the known parameters ν⃗i, λi and x.

Since the model does not work for single traxels without neighbouring elements, the Robin condition
is used in case of N = 2 to connect a linear resistance (R = ρL/A) to segment a two layers. In case of
N = 1 the resistance is simply modelled as linear resistance with nozzle position.

For simplicity the input side in Fig. 11 is defined at the outer edges and the output side is defined
at the center. Therefore the positive direction in traxels in section a is from left to right and in section
b from right to left, giving rise to the minus sign for the current in the periodic boundary condition.
As a consequence the current flowing into the traxels at the outer edges is always defined positive.
By rewriting eq. 5 for the two boundary conditions of every traxel, a system of 2n equations can be
constructed to solve for αi. This gives the final voltage solution in every location, an example of solving
for the boundary conditions can be found in.6

The current in x-direction is required at the input for calculating the total resistance. It follows from
the calculated voltages:6

In(x) = −HW

ρ

∂Un(x)

∂x
(6)

The total resistance can be determined between the input(s) and output(s), where at the input and
output the current can only flow in x-direction due to the geometry:

Rtotal =
Uin − Uout

Iin
(7)

The corresponding conductance is simply the inverse of the resistance:

G = 1/Rtotal (8)
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Figure 12. Voltage and x-direction current density plots of the square tube model. The nozzle is halfway printing the third
layer, with a single corner electrode at the bottom layer. Exaggerated dimensions and electrical parameters are used to more

clearly visualize this example (with Γ = 0.84).

The resulting voltage and current density in x-direction are displayed for every traxel in Fig. 12. The
nozzle is positioned on the opposite corner from the electrode, halfway the third layer. From the plot it
can be observed that the current spreads out over the entire sample. The model is most accurate in case
of large numbers of layers and for more pronounced anisotropy, when lumped circuit models are not
accurate.7 The original code, which was extended to model a square tube, can be found in.7 The data
and adapted code are accessible in.8

6. Finite Element Simulations
This section demonstrates the use of the Finite Element Method (FEM) to simulate the in-situ resis-

tance monitoring for a square tube with large perforations and a single corner electrode, Fig. 13. This
geometry has a discontinuous print path due to the holes and the use of FEM for the analysis is therefore
preferred over the analytical model. The structure is simulated in 2D by FEM using the Electric Cur-
rents module of COMSOL. The electrical properties are implemented in COMSOL through the material
properties and contact impedance functionality. Like for the analytical model, the tube is simulated in
2D with periodic boundary conditions. The large perforations are simulated as air with a very high elec-
trical resistivity. A parameter sweep is performed over the number of layers and the nozzle position to
quasi-statically simulate the printing process. For the material the same parameters are used as for the
analytical paper (ρ = 0.13Ωm, σ = 3×10−6Ωm2, H = 0.2mm, W = 0.4mm and L = 80mm), with
perforations of 2.5mm × 2.5mm. The FEM simulations have already been experimentally validated
with a mesh convergence study and experiments for the DC-case in previous work.9

The comparison between the FEM result and the measured data for the first four layers after the
layers with large perforations is shown in Fig. 14. There is a clear effect of the sixteen holes around the
perimeter on the resistance. When the nozzle crosses the perforations for the first time, the resistance
monotonically increases after which it suddenly drops when the nozzle crossed a gap. The effect of
the gaps is almost negligible for the second layer. From the simulations it actually becomes clear in
which direction the nozzle moves due to the asymmetric resistance peaks. The peaks in the simulation
are a bit sharper than in reality, where thermal effects and smearing of the material also influence the
resistance. Nevertheless the match between FEM and the data shows the feasibility of using FEM to
simulate in-situ monitoring of more complex geometries.
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Figure 13. FEM voltage simulation of a perforated tube. The nozzle is at the center of the top layer and the electrodes are
on both bottom corners. The large squares are perforations, with the simulation sweeping the top four layers.

Figure 14. The resistance both from measurements and FEM simulations for the square tube with large perforations for the
first two layers on top of the perforations. The measurement data is shown filtered lightly and filtered more to indicate the

main features.
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