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Abstract: In recent years, there has been a growing interest in and research efforts enabling
the use of composite conductive 3D-printing filaments in material extrusion additive man-
ufacturing processes, which can bestow novel and distinctive functions onto 3D-printed
components. These composite filaments, in general blending a thermoplastic with carbon-
based materials, open up new research and development avenues in electronics and sensors.
Additionally, by exploring the underlying piezoresistivity of conductive filaments, they
also enable the creation of novel structural components possessing integrated (intrinsic)
self-sensing capabilities that can be effectively employed in structural health monitoring
of critical components. However, piezoresistivity features require measuring the electri-
cal resistance of structures made with these conductive filaments, which might be hard,
especially when measuring small changes in resistance caused by mechanical loads on
the component. The goal of this study is to compare the two- and four-probe methods
for measuring the electrical resistance of 3D-printed parts and to look at how different
types of electrical contacts and bonding may affect electrical resistivity measurement and
self-sensing capabilities. The research is conducted on 3D-printed specimens using a con-
ductive composite PLA (polylactic acid) filament from Protopasta. The efficiency of each
method and the influence of the bonding and electrodes on the measurements are exper-
imentally analyzed and discussed. Our experiments reveal that the four-probe method
consistently yields resistivity values between 15.35 and 16.38 Ω·cm, while the two-probe
method produces significantly higher values (up to 52.92–62.37 Ω·cm), underscoring the
impact of wire and contact resistances on measurement accuracy.

Keywords: 3D printing; electrical resistivity measurement; conductive filaments; additive
manufacturing; electrical bonding; two-probe; four-probe

1. Introduction
Additive manufacturing has experienced significant advancements in recent years,

driven by innovations in 3D-printing technologies. Among these advancements, conduc-
tive 3D-printing filaments have emerged as a promising area of research, enabling novel
applications in electronics, sensors, and structural health monitoring. In 2012, Leigh et al. [1]
developed an early conductive PLA (polylactic acid) filament for sensory components,
laying the groundwork for subsequent innovations. Later in 2016, Jo et al. [2] demonstrated
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the potential of thermoplastic composites with carbon black, paving the way for low-cost
and efficient 3D-printed electronic devices. These developments have opened new oppor-
tunities to manufacture complex, custom-tailored conductive parts with embedded sensing
capabilities [3–9].

One critical property of conductive filaments is piezoresistivity, which enables them
to exhibit changes in electrical resistance under mechanical stress [10,11]. This property sig-
nificantly enhances their functionality, making them suitable for applications such as strain
and damage sensing. In this context, resistivity—a fundamental electrical property—plays
a key role in the performance and application of these materials. Studies in [12–14] have
shown how factors like layer height, raster patterns, and printing parameters influence
resistivity anisotropy and self-sensing performance. Accurate resistivity measurements are
essential for optimizing filament selection, manufacturing processes, and 3D-printed part
design. However, challenges remain in achieving precise measurements due to issues like
contact resistance and the limitations of conventional methods.

Chung [15] emphasized that resistance measurements should ideally reflect the mate-
rial’s intrinsic resistance, excluding contributions from contact resistance at the electrode
interface. Watschke et al. [16] explored bonding techniques, such as silver paste and inlaid
wiring, to reduce contact resistance and improve measurement precision. These findings
highlight the importance of combining accurate methodologies with well-designed elec-
trodes to ensure reliable resistivity measurements. The two-probe method, though widely
used, is susceptible to errors due to wire and contact resistances [15,17]. In contrast,
the four-probe method has gained prominence for its precision in eliminating extraneous
resistances from wires and contacts [18,19]. This method is particularly critical for charac-
terizing conductive 3D-printed PLA filaments, which are increasingly used in self-sensing
applications. The four-probe method has been widely employed to evaluate the effects
of parameters such as layer height, nozzle temperature, and printing velocity on resistiv-
ity. Dul et al. [13] characterized a composite ABS/carbon nanotube filament using the
four-probe method, while Kwok et al. [3] used the two-probe method to calculate filament
resistance. Watschke et al. [16] further investigated bonding techniques, finding that silver
paste was highly effective in reducing contact resistance.

Extensive research has been also conducted to advance conductive filaments [20].
For instance, Zhang et al. [12] demonstrated that parameters like raster width, air gap,
and layer thickness directly affect the resistivity of 3D-printed composites, with printed
parts exhibiting higher resistance than the raw filament. Hampel et al. [21] analyzed con-
ductive filaments based on ABS (acrylonitrile butadiene styrene) and PLA, reporting poor
reproducibility for ABS but effective use of ProtoPasta PLA in developing a flashing LED
(light-emitting diode) circuit board. A systematic evaluation of the resistivity of 14 com-
mercially available filaments as unprocessed filament feedstock, extruded fibers, and 3D-
printed extruded structures was performed in [22]. Reviews in [4,5] provide comprehensive
insights into manufacturers, resistivity, and applications of conductive filaments.

In light of these findings, this study aims to compare the two-probe and four-probe
methods for measuring the electrical resistance of 3D-printed parts, focusing on how testing
methods and electrode designs influence results. Specimens fabricated using a conductive
PLA filament from ProtoPasta [23] were used to evaluate the methods’ effectiveness and the
impact of electrode types and electrical connections on resistivity measurements. The study
also demonstrates the adaptability of the four-probe method, showcasing its ability to
minimize contact resistance effects and provide accurate measurements. By advancing the
understanding of resistivity and piezoresistivity measurements, this study highlights the
potential of conductive 3D-printed PLA materials in structural health monitoring and other
self-sensing applications.
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Despite several studies addressing the electrical properties of conductive filaments [1–9],
a systematic comparison between the two-probe and four-probe methods—especially con-
sidering the effect of different electrical bonding techniques on contact resistance—has
not been reported. This study bridges that gap by providing a detailed experimental
comparison and by quantifying the influence of bonding resistance on the intrinsic resistiv-
ity measurements.

2. Materials and Methods
2.1. Electrical Resistivity Measurement Methods and Techniques

The two-probe method measures a resistance by applying a current across the mate-
rial and measuring the resulting voltage; while the four-probe method provides a more
accurate measurement of the material by using two additional probes to separate the
current-carrying and voltage-sensing paths, minimizing extrinsic resistance effects. As such,
in contrast to the two-probe method, the four-probe method measurement is not affected by
the resistance of the wires and contacts associated with the electrodes. Figure 1 illustrates
the electrical schematics of these two methods.

Vrw

rw

rw
I2

rc rc
Rx

rw
I1

VI 1

rw rw

rcrc
Rx

rc rc

Figure 1. Schematic diagram of the two-probe (left) and four-probe method (right).

With the two-probe method, the electrical resistance is measured with two electrodes.
Each electrode is positioned at one end of the intrinsic resistance being measured, Rx.
A constant current, I1, is supplied through a device, and the resulting voltage, V, is
measured by the same device. A constant current, I = I1, is prescribed into a known value
and the total measured resistance is R = 2rw + 2rc + Rx, yielding from Ohm’s first law,
V = RI, the measured voltage and resistance as

V = I1(2rw + 2rc + Rx) ⇝ Rx =
V
I1

− (2rw + 2rc). (1)

In this case, the extrinsic resistance effects of the wires, rw, and contacts, rc, which are more
difficult to measure and quite often unknown, will always be present in the measured
voltage, consequently affecting the measurement error as the intrinsic resistance to be
measured becomes smaller or the extrinsic resistances effects become more relevant.

With the four-probe method, four electrodes are used, commonly referred to as current
electrodes and potentiometric (voltage) electrodes. The measurement of the voltage drop
and the current source are handled by separate devices. If the current source provides a
constant current I1 and the total current I = I1 + I2 flows across the intrinsic resistance Rx

to be measured, according to Ohm’s first law we have

V = 2I2(rw + rc) + (I1 + I2)Rx ⇝ Rx =
V
I1

(for I2 ≈ 0). (2)

The voltmeter has a high impedance, inducing an extremely low current I2 for voltage
measurement. Therefore, considering I2 ≈ 0 and relatively low extrinsic resistances,
the parasitic resistance effects from external wires and contacts are largely mitigated,
effectively eliminating their influence on the measurement equation.
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2.2. 3D-Printed Self-Sensing Material Specimens

ISO/ASTM standards classify additive manufacturing technologies into seven types
based on layer creation, energy source, and fuse material. Material extrusion, one of these
seven additive manufacturing methods, builds 3D parts from thermoplastic or composite
filaments, where continuous thermoplastic filament is fed through a heated nozzle and
deposited layer by layer onto the build platform. Material extrusion was initially developed
and patented as fused deposition modeling (FDM), currently trademarked by Stratasys
(Rehovot, Israel). Fused filament fabrication (FFF) is another alternative designation that
falls under this category developed by the members of the RepRap project. Material
extrusion uses a variety of materials, but thermoplastics like ABS, PA (Nylon), HIPS, PLA,
and TPU are the most popular. Extrusion can be used with composite materials if enough
base thermoplastic material is present to ensure fusion between layers. This implies that
printed components can contain wood, metal, or carbon fiber, with increased functionality.

The electrically conductive material specimens considered in this work were 3D
printed with an Ender-3 v2 extrusion material printer from Creality and a 1.75 mm di-
ameter electrically conductive composite PLA filament from Protopasta [23]. Due to the
inherent piezoresistive properties exhibited by these materials that make them suitable for
applications involving structural health monitoring of critical engineering components,
we have designated them as “self-sensing”. The adopted printing parameters were as
follows: layer height 0.2 mm, infill density 100%, printing temperature of 210 ◦C, built plate
temperature 60 ◦C, and line width 0.4 mm.

Slicing, defining the path and parameters of the printer head, and G-code generation
were performed with Ultimaker Cura 5.7.2. The path was enforced such that the material
deposition lines formed an infill pattern that results in a unidirectional material structure.
The deposition lines of the extruded material are longitudinal to the specimen and parallel
to the direction of the imposed electric current applied to the material. The dimensions and
geometric shape of the material specimens were defined according to the tensile testing
standard ASTM D638 [24], choosing the type IV model. The geometry of the specimens is
suitable for the execution of the mechanical tensile tests on plastics, to be subsequently used
for the characterization of the material’s piezoresistivity. Additionally, the dimensions and
geometry were selected so as to not disrupt the electrodes or the electrical measurements.

As shown in Figure 2, the specimens were equipped with four electrodes. For the mea-
surement of electrical resistance using the two-probe method, only the central electrodes E3

and E4 are used. The central part of the specimen has a constant cross-section with a width
l2 and height l3. The electrodes are separated along the length by a distance le. For the
four-probe method, the electrodes E1 and E2 are considered. In this method, E1 and E2,
known as the current electrodes, apply the current, while the voltage drop is measured
using the electrodes E3 and E4.

The implemented electrical connections consist of conductive wires, where one end of
the wire is carefully stripped and subsequently interconnected with the specimens. This
allows for the implementation of various electrical bonding techniques. As we can see in
Figure 3, three techniques were implemented. In technique (a), a layer of silver-conductive
paint (RS Pro Silver Conductive Paint 123-9911) is applied to the areas of the specimen
where the wires will be connected. The wire is then glued to the painted surface using
a silver-conductive epoxy adhesive (MG Chemicals 8330-19G). Technique (b) involves
the use of common crocodile clips to establish the connection, as frequently employed in
laboratories. Lastly, using the third technique in (c), the wires were fixed into the specimen
during the printing process (inlaid during printing). Part of the printing was executed over
the wires, securing them to the inside of the specimen.
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Figure 2. Illustration of the specimen and the position of the electrodes (left); cross-section in the
central area of the specimen (right).

(a)

(b)

(c)

Figure 3. Normalized tensile testing specimen with different variants of electrical connections
(bonding): (a) Silver paste and silver paint; (b) crocodile clips; (c) inlaid during printing.

During the assembly of the electrodes, it is challenging to control the positioning of the
wires. As a result, for each case, the distance between electrodes le presents different values.
The measurement of le is subsequently carried out using a good resolution caliper, ensuring
the consistent acquisition of the smallest distance between the contacts. Table 1 displays the
distance le for each case and the dimensions of the central section of the specimens. These
data will be necessary for calculation of the resistivity.

Table 1. Internal electrodes distance and cross-section dimensions of the specimens used with
different electrical connections.

le/mm l2/mm l3/mm A := l2l3/mm2

Silver paint and silver paste 20.0 5.85 3.77 22.05
Crocodile clips 20.2 6.10 3.92 23.91

Inlaid during printing 26.2 6.10 3.92 23.91
Note: the ASTM D638 specimen (Type IV) nominal dimensions are l1 = 115, l2 = 6 and l3 = 3.2 mm.

2.3. Instrumentation and Experimental Apparatus

The experimental setup depicted in Figure 4 illustrates the apparatus employed to con-
duct a comparative analysis and investigation of the accuracy of both two- and four-probe
methods and the influence of the type of electrode electrical bonding on the measurements.
The electrical resistance of the specimens was measured with a Keysight 34460A multimeter
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using both the two- and four-probe options available by the equipment according to the
manufacturer’s instructions [25]. For the electrical connections, common electrical parts
like crocodile clips, contact plugs, and coaxial BNC socket to terminal block adaptors were
used with UL-standard cables having a stranded tinned copper conductor (RS UL1007 300V
Hook-up Wire) with a cross-sectional area of 0.08 mm2 and PVC insulation. In addition,
an experimental in-house methodology was developed for the four-probe measurement.
In this regard, a USB 6002 low-cost, multifunction DAQ device with eight analog inputs
(16-bit, 50 kS/s) from National Instruments was used and connected to a computer through
a USB connection. All analog signals were synchronously acquired with a 16-bit resolution
and a sampling frequency of at least 1 kHz.

(d)

(b)

(c)

(a)

Figure 4. Illustration of the experimental setup for the four-probe measurement with the DAQ
system from National Instruments: (a) 3D-printed normalized conductive PLA specimen; (b) National
Instruments USB 6002 DAQ system; (c) computer with DAQ Express software for signal acquisition
and manipulation; (d) KeySight E36312A power supply.

Regarding the current source for the developed in-house methodology, a constant
current I was applied to the external electrodes, E1 and E2, using a E36312A power supply
from Keysight. With the USB 6002 data acquisition system, the voltage drop between the
central electrodes was measured, and the electrical resistance of the 3D-printed specimen
between the internal contacts E3 and E4 was determined using Equation (2).

Upon conducting the calculations for electrical resistance using both a multimeter
and a data acquisition system, it becomes possible to subsequently determine the material
resistivity through Ohm’s second law

ρ =
Rx A

le
, (3)

where ρ is the filament material resistivity, le is the length between the internal electrodes
E3 and E4, and A is the constant cross-sectional area of the specimen in the inner region
between the internal electrodes.

3. Results and Discussion
3.1. Research Rationale and Test Plan

Three specimens were used for the measurements, each with a different electrical
connection (electrical bonding variant): specimen (a) with silver paint plus silver paste;
specimen (b) with crocodile clips; and specimen (c) with inlaid connections during printing.
The measurements were performed at a constant temperature of 25 ◦C, and the results
were collected only after two minutes to allow the measurement devices to stabilize after
the electrical connections with the specimens. First, the resistance of each specimen was
measured using the four-probe method with the Keysight 34460A multimeter. Then,
the resistance was measured again using the same multimeter, but this time with the
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two-probe method. The results of these measurements are presented in Table 2. Further
measurements were conducted using the USB 6002 data acquisition system with the four-
probe method. These measurements were performed for each specimen at different current
values of 5 mA, 10 mA, 15 mA, and 20 mA. The results are shown in Table 3. The average
values from Table 3 are also presented in Table 2 for comparison.

Table 2. Net electrical resistance and material resistivity obtained from measurements carried out
using both a multimeter and an in-house procedure with the NI DAQ system.

Four-Probe (Multimeter) Two-Probe (Multimeter) Four-Probe 1 (NI DAQ System)

Electrical Connection Variant R/Ω ρ/Ω·cm R/Ω ρ/Ω·cm R/Ω ρ/Ω·cm

(a) Silver paint & silver paste 148.20 16.38 151.93 16.79 150.47 16.59
(b) Crocodile clips 140.11 16.58 447.43 52.92 142.73 16.89
(c) Inlaid during printing 169.70 15.36 729.00 62.37 171.70 15.55

1: average value of all measurements.

Table 3. Net electrical resistance and material resistivity obtained using the four-point method and
an in-house procedure with the NI DAQ system; measurements were made for different values
of current.

Four-Probe (NI DAQ System)

5.40 mA 10.03 mA 15.04 mA 19.97 mA

Electrical Connection Variant R/Ω ρ/Ω·cm R/Ω ρ/Ω·cm R/Ω ρ/Ω·cm R/Ω ρ/Ω·cm

(a) Silver paint and silver paste 148.15 16.34 148.11 16.33 152.88 16.86 152.75 16.84
(b) Crocodile clips 140.56 16.63 140.37 16.61 144.24 17.07 145.74 17.24
(c) Inlaid during printing 169.59 15.35 169.41 15.34 173.49 15.71 174.29 15.78

3.2. Electrical Resistivity Measurement Results

The results presented in Table 3 reveal that the four-probe method remains unaffected
by wire and electrical contact resistance. The consistent values obtained across various
electrical bonding variations support this conclusion. Notably, when currents of 15.04 mA
and 19.97 mA are applied, there is a clear upward trend in the resistivity values. These out-
comes align with previous research conducted by Watschke et al. [16], which demonstrated
that resistance in their specimens tends to increase when currents exceed approximately
10 mA. Thus, it is evident that specific current values play a significant role in the electrical
resistance of the material.

Based on Table 2, it is evident that the resistivity obtained using the two-probe mea-
surement method is higher compared to the four-probe method. This difference can be
attributed to the resistance of the wires and contacts used and, therefore, the resistance of
the bonding area. As expected, even with the multimeter, the four-probe method is not
affected by the resistance of the wires and electrical contacts, having similar values to the
four-probe method performed using the data acquisition system.

Additionally, it can be observed that the contact surfaces with the lowest resistances
and, thus, preferred for measurements, are those composed of silver paint plus silver paste.
This observation is supported by the smaller difference in resistance obtained between the
four-probe and two-probe measurements with the multimeter. The Table 4 presents the
resistance values of the wires and contacts.



Eng. Proc. 2025, 87, 26 8 of 10

Table 4. Net resistance of the wires and contacts (including electrical bonding resistance).

Electrical Connection Variant R/Ω

(a) Silver paint and silver paste 3.73
(b) Crocodile clips 304.6
(c) Inlaid during printing 559.3

The resistivity values of the printing material obtained in this experiment can be
compared to those provided by the manufacturer and those obtained from other experi-
mental studies. Discrepancies in values may arise due to variations in printing parameters.
Therefore, these values can serve as references but not as definitive target values. The man-
ufacturer specifies that the resistivity of the resin used for filament fabrication is 15 Ω·cm,
and the resistivity along the xy layers is 30 Ω·cm [23]. Ahr et al. [26] obtained resistance
values of 21 Ω·cm for specimens produced using the same filament and similar printing
parameters. In the study conducted by Watschke [16], for specimens fabricated using the
same filament and similar printing parameters, the obtained resistivity value was 6 Ω·cm.
Our study emphasizes that such discrepancies underscore the importance of selecting an
appropriate measurement technique for accurate resistivity characterization. It is important
to note that the electrical bonding area, in the case of silver paste and silver paint, can
vary depending on the user’s application. Similarly, in the case of inlaid connections
made during printing, they can be made with wires of different sizes, and, over time,
the crocodile clips tend to penetrate the material. These factors will directly impact the
electrical bonding resistance.

Our findings not only confirm that the four-probe method significantly reduces mea-
surement errors associated with wire and contact resistances but also quantitatively demon-
strate the impact of different bonding techniques, thereby advancing the current under-
standing of measurement accuracy beyond what has been reported in prior studies.

4. Conclusions
The results obtained with both the multimeter and the DAQ system demonstrate that

the four-probe method is both reliable and practical for accurately measuring the electrical
resistivity of conductive 3D-printing filaments. Our findings confirm that the influence of
wire and contact resistances is significantly reduced when using the four-probe method
compared to the conventional two-probe technique. Quantitatively, the four-probe method
yielded resistivity values between 15.36 and 16.38 Ω·cm, whereas the two-probe method
produced values as high as 52.92–62.37 Ω·cm. These results confirm that the four-probe
technique effectively minimizes errors associated with extraneous resistances, providing a
more accurate assessment of the material’s intrinsic resistivity. This improvement in mea-
surement accuracy validates the superiority of the four-probe approach and underscores its
importance for future studies involving conductive materials and self-sensing applications.
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