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The spontaneous electrification of surfaces and interfaces is a widespread

phenomenon that produces unexpected effects in chemical reactivity and
mass charge transfer, revealed in abundant literature over the past twenty
years. The pervasive presence of electrostatic charges originates from many
sources, including friction, mechanochemical reactions, phase change, flex-
oelectricity, and others. Since fused deposition modeling undergoes most
well-known electrification mechanisms, it would be not surprising that 3D-
printed objects display large amounts of charge. Here we uncover the hitherto
unexplored realm of electrostatic charging in 3D printing, underscores the
impact of printing parameters on charge generation in polymers. Substrates,
printing speed, temperature, and printing direction each exert distinct
impacts on charge buildup, depending upon the material used for printing. We
also develop simple protocols employing common multimeters for charge
monitoring, while substrates subjected to corona charging or triboelec-
trification demonstrate effective methods for charge control or mitigation. An
original development is achieved by demonstrating the ability to print quasi-
electrets, indicating a potential revolution in electret technology. The impli-
cations of these findings establish the groundwork for advancements in 3D
printing technology and electrostatics, creating new scientific opportunities
for a better understanding of matter.

M Check for updates

Electrostatic charges have an inherent nature of being discrete, invi-
sible, and unpredictable’. These are probably the reasons why so many
scientists and engineers often invoke the Electroneutrality Principle?,
where bulk matter is conveniently assumed as electrically neutral. On
the other hand, for most systems (and even pure isolated substances)
the widespread belief in electroneutrality is hardly verified**, As the
result of steady state charge dissipation rates, even materials carrying a
net charge close to zero frequently display stable mosaics of fixed
positive and negative charges®”, reaching electrostatic potential gra-
dients as high as 20 kv m™. Extensive literature®*, has shown that
electrostatic charges are ubiquitous in all real systems, regardless of
whether they are natural or anthropic ones.

The difficulty to predict, detect and identify electrostatic charges
(mainly on dielectric insulators) is the root of many undesirable
situations and large-scale property losses: damage of electronic
equipment®?, unwanted adhesion during the processing, bulking and
shipping of powder®?, and serious industrial accidents and
explosions® ™, Despite the hazards and problems triggered by elec-
trostatic discharge, electrostatic charging plays a central role in many
important technologies such as photocopying®?, electrostatic
painting®, electrospinning®™, electrets***, and electrostatic pre-
cipitators/separators*®*’,

Contact electrification (CE) is one of the main causes of systems
that have a net electrostatic charge, and it is expected whenever two
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surfaces are brought into contact**~°, Although CE is commonly
associated with the solid-solid contact>®”, charge transfer is a uni-
versal phenomenon and most interfaces are important sites for electric
charge accumulation and exchange®. In fact, liquid-liquid®™¥, liquid-
solid*® %3, gas-liquid®* and gas-solid®® systems can develop a net charge
as the result of charge transferring between phases3,7,°°® Moreover,
even the contact between two identical materials®*”?, can separate
charge mediated by microscopic-level fluctuations™ (surface compo-
sition and/or structure of the material) and translated into macro-
scopic electrical effects. Also, charge transfer through sliding contact
(triboelectrification)’’®, is much faster’”” and often greater’® than from
static contact due an increase in contact area, heating and material
transfer*®. In fact, a high energy state"”**, is developed at the inter-
face when two solids are rubbed together, bringing the interface to a
non-equilibrium state, and generating a triboplasma®.

Complex mechanochemical reactions are also the source of
electrostatic charges during extrusion, injection molding and other
polymer manufacturing and finishing processes. Although mechan-
ochemistry is a now considered a mature science and rapidly devel-
oping field®®, the study of mechanical forces driving chemical
reactions in polymers was first carried out in the 1930s, a period in
which polymers were starting to be the basis of important industrial
goods®. The use of extrusion to melt and mold plastics induces
polymer chain scission®®, reducing molecular weight, viscosity, and
strength®. Moreover, bond breakage due to shear drives the formation
of free radical species® that undergo redox reactions® with the for-
mation of electrostatic charges and can be trapped within the bulk
polymer.

Many materials under strain or temperature gradients can also
experience spontaneous electric polarization. Flexoelectricity® ", is
an electromechanical coupling effect where charge accumulation is an
instantaneous outcome of strain gradients. It is also a universal effect®
allowed by symmetry in any material”®, but polymers™ ¢, and
elastomers”*°, are highly suitable to electromechanical coupling.
Also, dielectrics are susceptible to charge separation during solidifi-
cation or melting (thermodielectric effect)'**'”, Interfaces are impor-
tant sites for charge buildup, but phase boundaries are moving across
the material at the phase transition. Charge carriers are then also
moving across the interface, but through phases with different
dielectric constants (Maxwell-Wagner effect) and thus producing a
charge accumulation at the interface'®'®®, Finally, excess space char-
ges can be trapped within the solidified material, transforming it in an
electret'**'%,

With several sources of electrostatic charging, electrostatics is
related to everyday phenomena, impacting daily life activities, indus-
trial processes and/or routine laboratory procedures. Thus, consider-
ing the mechanisms by which insulator materials become electrified,
objects produced in 3D printers through Fused Deposition Modeling
(FDM) process must also spontaneously undergo the build-up of
electrostatic charge. Here, we show that 3D printing brings together all
the electrostatic charging characteristics described above: extrusion,
friction, phase changing, strain gradient, contacting surfaces between
different (polymer/substrate) and/or identical materials and, solid-
liquid interfaces under temperature gradients. Despite the widespread
use of FDM, there is a lack of systematic studies describing the elec-
trostatic charging characteristics of printed objects. Preliminary
results, as shown in Supplementary Information Fig. S1, confirm our
initial suspicion that even small objects with a few layers of polymer
can accumulate thousands of volts.

Results and Discussions

The investigation of charge buildup and dissipation in 3D printing was
done employing five thermoplastics without any pigments: acryloni-
trile butadiene styrene (ABS), polyethylene terephthalate glycol-
modified (PETG), polylactic acid (PLA), polycaprolactam (Nylon 6),

and thermoplastic polyurethane (TPU). While all the filaments dis-
played charge accumulation during the 3D printing processes, the
magnitude of charge on each polymer was influenced differently by
printing parameters. As shown in Fig. 1a, we recall that many
mechanisms are inherently associated with the 3D printing process.
However, due to the viscoelastic and/or chemical nature of the melted
and extruded thermoplastic, one phenomenon may be more pro-
nounced than the other.

The polymers were printed on three different substrate that fre-
quently appeared at distinct positions in the triboelectric
series3,59,'°1%  float glass (soda-lime); steel and; polytetra-
fluorethylene (PTFE). The selection was based on the triboelectric
series, where glass is typically positioned at the top and tends to
acquire a predominantly positive charge after contact with other
materials. PTFE is recognized for becoming negatively charged upon
contact with various materials, and steel, situated in the middle of the
series, tends to become either positive or negative, depending on the
material it comes into contact with.

Figure 1b shows the influence of these substrates (at room-tem-
perature) on the electrostatic potential of the objects printed. Most of
the representative maps have a quasi-homogeneous electrostatic
potential, predominantly negatively charged when printed on glass
and positively charged for those printed on PTFE. Only the objects
printed on steel display both positive and negative charges on the
surface. The heterogeneous charge domains of materials printed on
steel can be understood considering its position on the triboelectric
series and its role as an electronic conductor substrate. The electro-
static potential maps reveal that objects often perceived as electro-
neutral can exhibit significant electric potential gradients when
considering adjacent pixels. Moreover, only Nylon and TPU printed in
glass and steel have mappings with electrostatic potentials uniformly
distributed and close to zero.

The average electrostatic potentials on the pixels of the maps are
shown in Fig. 1c helps to comprehend the polarity of the objects and it
was used to construct the triboelectric series seen in Fig. 1d. First, a
very important generalization comes out from Fig. 1c: all objects
printed on PTFE are positively charges while all objects printed on
glass are negatively charged. The charge magnitude of objects printed
on steel is usually low, except for PETG and PLA. As a metal conductor,
steel can dissipate part of the charges accumulated by the polymers
but PETG'*’ and PLA™ have the characteristic to accumulate and hold
electrostatic charges. ABS holds particular significance as a repre-
sentative material, primarily due to its widespread use in 3D printing.
Additionally, its ability to accumulate both positive (PTFE as substrate)
and negative (glass as substrate) charges, ultimately reaching a net
charge close to zero (steel as substrate), makes it a key filament to
modulate the electrostatic charges in printed objects.

Selected spots with the highest electrostatic potentials on the
printed objects were monitored over time and the results are shown in
Fig. 1e. On glass, PETG and PLA maintain their potentials for extended
periods, whereas Nylon, TPU, and ABS exhibit rapid charge dissipation.
PETG, PLA and ABS objects keep the electrostatic potential on both
steel and PTFE. As expected, the high-insulating PTFE substrate trap
the charges on the printed materials, excepted for Nylon that has a
linear charge decay in the first 3 h and then undergoing a steady state
but at low potentials. Although, some works are intended to add fillers
to Nylon to increase the electrostatic charge dissipation™, Nylon is a
hydrophilic material and tends to dissipate charges even on PTFE
substrate.

Recent works have highlighted the influence of printing para-
meters on the mechanical and tribological properties printed
bodies™'”, For example, an increase in the extruder’s printing tem-
perature has been observed to initially elevate the tensile strength and
elastic modulus, followed by a subsequent decline'. Higher tensile
strength is usually obtained elevated print speeds™, and even the
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Fig. 1| Polymer-substrate electrification. a Illustration of polymer electrification
mechanisms observed during 3D printing. b Electrostatic mapping of five polymers
(ABS, PETG, PLA, TPU, and Nylon) on three different substrates: glass, steel, and
PTFE. ¢ Average potential of pixels in each electrostatic mapping. d Triboelectric
series depicting the electrification tendencies of five polymers on three different
substrates. e Dissipation of the most electrified region of the samples for each

substrate. All electrostatic maps are sized at 30 mm x 30 mm and only one layer
with a thickness of 0.2 mm. Objects were printed with the substrates under room-
temperature. Error bars represent the standard deviation of the electrostatic
potential values, averaged over at least three independent experiments per
condition.

raster direction has been found to significantly influence the strength
of the specimens'®. Here, we also aimed to assess the effect of printing
parameters on the electrostatic charge of the specimens. As seen in
Fig. 2a, four printing parameters were investigated using glass as
standard substrate: raster orientations (direction); print speeds; sub-
strate temperature; and extruder temperature. The detailed procedure
for printing protocols and electrostatic measurements can be found in
the methods section.

The direction in which the sample is printed can drives the elec-
trification pattern. As seen in Fig. 2b, the electrostatic potential maps
show that charge accumulation is dependent on the printing direction.
Although it is easier to observe the effect of concentric printing on the
electrostatic potential, all other maps have features derived from the
direction of printing. For example, higher electrostatic potentials are
found in the corner of ABS printed diagonally. PETG displays a diag-
onal distribution of charge accumulation running through the center
of the piece, while PLA presents a more homogeneous distribution,
albeit with lower potentials at the top-left corner. Negative charges
accumulate near the perimeter of ABS and PLA prints when done
diagonally, but PETG undergoes charge buildup at the center.

Moreover, the vertical direction aligns negative charges perpendicu-
larly. The average potential plot shows that the diagonal direction
(which is the standard raster orientation for most printers) has the
highest charge buildup on ABS and PETG, but electrostatic potential
peaks are found on PLA printed in both concentric and vertical
direetions orientations. As already mentioned, TPU and Nylon have
fast dissipation rates (see Supporting Information Fig. S2) and their
average potentials remain consistently low, with minimal influence
from the printing direction. It is important to note that the experi-
ments in Fig. 2b were conducted under identical parameters, meaning
the results presented here should not be taken as general cases. As we
discuss in the following paragraphs, other parameters can easily
override the effect of printing direction.

Print speed is an important parameter for the quality of printed
objects. Increased print speeds result in the formation of voids and
other morphological defects within the printed product, affecting
both its internal structure and surface quality, but having low impact
on micromechanical properties'”. The results seen in Fig. 2c show that
at 20 mmy/s, ABS buildup positive charges, while at higher speeds
(80 mm/s and 140 mm/s) accumulates negative charges. At a low print
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Fig. 2 | Impact of printing parameters on electrostatic charging. a lllustration of
the tested parameters, along with representative electrostatic potential maps and
average potentials for (b) printing direction, (c) print speed mappings, (d) sub-

strate temperature, and (e) extruder temperature. All electrostatic maps are sized

at 30 mm x 30 mm and have a thickness of 0.2 mm. Error bars represent the stan-
dard deviation of the electrostatic potential values, averaged over at least three
independent experiments per condition.

speed (20 mm/s) PETG has a very negative region, but a more homo-
geneous charge distribution is found at 80 mm/s. In fact, the moder-
ated print speed (80 mm/s) generates the more homogeneous charge
distribution for all tested materials. Such as ABS, PLA also display the
feature of changing between positive and negative charges, depending
on the velocity. As seen in the average potential plot there is marginal
effect of velocity on TPU, but the higher positive potentials were found
on Nylon under low print speed. Usually, the velocity of sliding con-
tacts does not have a huge impact on the electrostatic charging of
objects"®, although for some cases it may lead to a reduction in the
charge-to-mass ratio'. Here, the higher print speed also reduces
charge buildup for most materials, expect ABS.

As mentioned before, temperature plays a key role on 3D printing.
For example, increasing the printing temperature can effectively
improve the mechanical properties”®'”, and the quality™ of the
material. Here, we observed that objects printed under higher tem-
peratures (whether in the substrate or the extruder) tend to accumu-
late more electrical charge. Figure 2d shows that the standard objects
printed using ABS, PETG or PLA on the glass substrate under room
temperature display low and homogeneous electrostatic charge pat-
terns. The electrostatic potential increases for the standard tempera-
ture of each printed material, reaching even higher potentials with a
10°C increase in the substrate temperature. Also, under elevated
temperatures, electrostatic charges display a more heterogeneous
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Fig. 3 | Direct charge measurement using a Faraday cup. a Schematic illustration
of the setup used to measure the charge of extruded filaments, following 24 hour
conditioning in a desiccator at controlled humidity levels. Influence of (b) relative
humidity, (c) extrusion temperature, (d) extrusion speed, and (e) the amount of

extruded material on the charge detected by the Faraday cup. f Charge acquired by

different polymer filaments after extrusion. The experiments seen in (b-e) used
ABS as filament. Error bars represent the standard deviation of the electrostatic
potential values, averaged over at least three independent experiments per
condition.

distribution. Moreover, the average potential plot shows that the
effect of temperature for TPU and Nylon is negligible.

The extruder temperature has a similar effect on the charging
behavior of the printed objects. As seen in Fig. 2e, the melting tem-
perature generates homogeneous potentials for all polymers, lower
potentials for ABS but also a relatively low charging for PETG, PLA, TPU
and Nylon. When the temperature is decreased, ABS and PETG are
more electrified while PLA displays a close to zero potential map. On
the other hand, negative charges are accumulated when the tem-
perature is 10 °C higher than the melting temperature of each polymer.
Moreover, as observed in the average potential graph, TPU and Nylon
have electrostatic potentials oscillating close to zero volts, indepen-
dent of the temperature of the extruder.

We recall that charge transfer is facilitated at higher temperatures.
Usually, with an increase temperature, the interface became more
excited, making it more susceptible to mediate charge transfer'?>'>,
Also, contact charging is associated with rising temperatures at the
contacting junctions of sliding surfaces, forming a triboplasma’>’,
Moreover, due to the different nature of polymers, with variations in
mechanical, electrical, thermal, and chemical properties, it is expected
that each printing parameter will exert a unique influence on the
electrostatic pattern of each printed object.

Although the wide range of results presented in Fig. 2 may seem
complex due to the inherent variability of triboelectrification across
different polymers, several key trends can be extracted. These trends
are summarized in Table S1, which outlines the optimal printing con-
ditions for either minimizing or maximizing electrostatic charge
accumulation. This summary also helps clarify how certain variables

can dominate or even override others—for example, a high-speed print
may still result in low charge if paired with vertical print direction and a
heated substrate. Among all parameters studied, temperature—parti-
cularly of the substrate and extruder—emerges as the most influential
factor. This is especially evident in Fig. 2d, e, where the bar scales
display a broader potential range compared to other experiments,
highlighting that temperature can effectively dominate the overall
charge behavior regardless of other settings. Taken together, these
insights establish a foundational framework to tailor the electrostatic
behavior of 3D printed materials through controlled parameter tuning.

Figure 3 demonstrates how charge accumulation during extrusion
is strongly influenced by environmental and process parameters
Fig. 3a. illustrates how the filaments were pre-conditioned in a con-
trolled environment before undergoing extrusion. As shown in Fig. 3b,
relative humidity has a marked inverse relationship with charge
buildup: filaments conditioned under low humidity (<5%) exhibited
significantly higher charge levels than those at moderate (~50%) or
high humidity (>90%). This supports the hypothesis that adsorbed
water facilitates charge dissipation, likely by enhancing surface con-
ductivity or acting as a mobile ion reservoir. Although controlling
humidity inside the 3D printer chamber proved to be a challenging
task once the printing process begins, we successfully printed mate-
rials using filaments that had been conditioned at specific humidity
levels for 24 h. As shown in Fig. S3, low humidity conditions result in
printed pieces with high electrostatic potential. In some cases, as
illustrated in Fig. S4, filaments with excessive moisture adsorption can
produce bubbles that burst during extrusion—a well-known issue in
polymer processing. These defects lead to irregular printed pieces,
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Fig. 4 | Polymer-polymer electrification analysis. a Electrostatic mappings
depicting the influence of layer count (one to four layers) for the five polymers.
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from the mappings shown in (b). d Charge build-up and decay experiments
showcasing 2 layers of PLA printed on top of 2 previously printed layers. All elec-
trostatic maps are sized at 40 mm x 40 mm and each layer is 0.2 mm thick.

with the burst bubble locations often corresponding to areas of high
electrostatic potential.

Temperature (Fig. 3¢) also plays a pivotal role, with higher nozzle
temperatures leading to greater charge accumulation. This could be
attributed to increased polymer chain mobility and mechanochemical
activation at elevated temperatures, enhancing charge transfer during
extrusion. Interestingly, slower extrusion speeds (Fig. 3d) also corre-
late with higher charge levels, possibly due to prolonged contact times
and increased friction between the filament and hotend surfaces. As
expected, the total amount of extruded material (Fig. 3e) is directly
proportional to the recorded charge, reflecting a cumulative charging
process. Finally, Fig. 3f reveals material-dependent charging behavior,
with PLA acquiring the highest charge, followed by Nylon, PETG, ABS,
and TPU. These differences likely stem from variations in polymer
polarity, chain mobility, and surface chemistry, highlighting the com-
plex interplay of material properties with triboelectric and thermodi-
electric effects during 3D printing. Together, these results emphasize
the importance of both environmental conditioning and printing
parameters in controlling electrostatic behavior of printed materials.

Contact charging is not exclusive to dissimilar materials; identical
insulating materials can also undergo tribocharging’. For example, the
direction of average charge transfer is material-dependent: for PTFE-
PTFE contact, the surface with the larger contacting area charges
positively, while in Nylon-Nylon contact, the surface with the larger
contacting area charges negatively'*. Thus, we have printed objects
with more layers to investigate the polymer-polymer electrification.
Figure 4a shows representative potential maps for the polymers

printed on glass under room temperature. Charge accumulation
usually increases with the number of layers, clearly observed on ABS
and PETG when comparing objects with one and two layers. The
number of layers does not affect TPU and Nylon but have an important
effect on PLA tribocharging, linearly increasing negative potentials
with the number of layers. Finally, the electrostatic potential decay in
samples with one and four layers (Supporting Information Fig. S5) was
further evaluated. The results indicate that with more layers the dis-
sipation is slower, probably due to the entrapment of charges within
the bulk polymer.

The effect of the number of layers on contact charging is high-
lighted when the substrate is heated up to the standard temperature to
print ABS. As seen in Fig. 4b, ABS accumulates large amounts of
negative charges on objects printed with increasing layers with regions
reaching roughly -150V. In fact, ABS displays large and heterogeneous
electrostatic potentials, leading to electric fields as high as 30 kV/m
across adjacent spots on the polymer’s surface (Fig. 4c). We have
observed that positive charges can be trapped within PLA for long
periods of time (Fig. 4d), while this PLA with a positive net charge
induces negative potentials on subsequent layers printed atop it.

The contrasting behaviors of ABS and PLA observed in Fig. 4 can
be attributed to their distinct positions in the triboelectric series and
their material-specific charge transport properties. ABS typically
resides in the negative region of the triboelectric series and shows a
tendency to accumulate and retain negative charge after contact
interactions'””. In contrast, PLA has been reported to develop positive
surface charges, particularly in triboelectric nanogenerators, where it
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has demonstrated efficient charge accumulation and retention'”.
These intrinsic differences are reflected in our results: ABS exhibits
charge stabilization with increasing layers, while PLA shows a nearly
linear increase in surface potential, indicating continued charge build-
up. This suggests that PLA is more responsive to polymer—-polymer
contact charging across layers, while ABS may be more influenced by
interfacial or substrate effects.

The electrostatic potential maps analyzed thus far were recorded
in situ but only after the printing process. In contrast, as schematically
shown in Fig. 5a, we have now attached the Kelvin probe to the arm of
the printer’s hot end to enable an online, real-time survey of electro-
static charge buildup while printing a single line of extruded polymer.
Due to the reciprocating nature of the printing process, the Kelvin
probe only reads the potential of every other printed line—it records
the first line, skips the second, records the third, skips the fourth, and
so on. This is an important consideration when interpreting Fig. 4b.
The electrostatic potential trends in Fig. 5b, ¢ reveal that PLA uniquely
exhibits a nearly linear increase in charge with the number of layers.
This suggests that polymer-polymer electrification is significant for
PLA (as it was seen in Fig. 3f), but not for most other materials. In
contrast, ABS and PETG exhibit charge stabilization with subsequent
layers (a behavior also observed in Fig. 3a), while TPU, initially posi-
tively charged, undergoes a polarity reversal. Nylon displays minimal
electrification, aligning with the results from electrostatic potential
maps. Importantly, although the charge in subsequent layers does not
drastically change, it consistently becomes more negative with
increasing layers. This explains why most multi-layered printed mate-
rials exhibit stronger negative potentials compared to single-layer
prints. The persistent charge buildup in PLA, even after 60 overlapping
layers (Fig. 5d), indicates strong interactions not only with the glass

substrate (which maintains lower potentials, as highlighted in Fig. 4e)
but also with its underlayers, preventing spontaneous detachment—a
behavior not observed in other tested polymers.

In addition to the Kelvin probes arrangements showed before, a
common multimeter was employed for monitoring the charge during
3D printing (Fig. 6a). This simplified apparatus serves two purposes: (1)
it provides a straightforward and accessible method for researchers
less familiar with traditional electrostatic measurements, and (2) it
enables further investigation of polymers with seemingly low charge
buildup. While Kelvin probes are the gold standard for electrostatic
measurements on dielectric polymers, the use of a multimeter is par-
ticularly useful in cases such as TPU and Nylon printing, where charges
can dissipate rapidly at the interface. In principle, using a metallic
substrate we could measure the charge transfer at the interface during
printing.

The charging curves starting at the beginning of printing and
stabilizing upon completion indicate electrification resulting from
polymer electrification mechanisms, aligning with post-printing elec-
trostatic mappings. After printing TPU (Fig. 6b), there is a potential
decay over time, even though the system is highly insulated from the
ground. Although TPU (and Nylon) did not accumulate high electro-
static potentials, they transfer large amounts of charge to the sub-
strate. In fact, TPU has a higher maximum voltage during printing
when compared to other polymers (Fig. 6¢). Also, TPU samples at
lower speeds exhibit higher electrification levels (Fig. 6d), with a 0.2V
difference between the lowest (20 mm/s) and highest (60 mm/s)
speeds due to prolonged polymer-metal contact and, consequently,
more tribocharging.

Adjusting metallic substrate and extrusion temperatures influ-
ences polymer charging (Fig. 6e, f). Higher substrate temperatures

Nature Communications | (2025)16:7727


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61566-8

0
100 150 200 250 300
(s)

[PC] b
08 0.8| Printing |
Metal < 06
< 0.6 S
substrate > 04
o) 0.2
To4
K
>

o
N

Insulator

o

0 2 4 6 8 10 12 14
Cc d Time (h)
0.5 0.5
— — Printing speed for TPU
204 =04 (mm)
(] (]
03 D03
g 0.2 g 0.2
3 &
® 0.1 @ 0.1
o o
0 0
TPU ABS PETG PLA 20 30 40 50 60
€5 f
— Extruder temperature __1.2{ Steel temperature for
S 0.4{ for TPU (°C) S ol TPUCC)
] (]
o3 Qos
© 'S 0.6
Qo2 g
X < 0.4
® 0.1 [
g o2
0 0
210 220 230 Room temp. 55 75
2.0 0.5
g TPU sample h ° Capacitor charging with
> size (mm) 0.4/ Nylon printing
%1'5 > | —4.7uF
8 © 03 10pF
510 = 100uF | |=
> = 0.2
= S ——2004F,
@© 0.5
[} 0.1
o Metal substrate ’_}L
0 00 50 100 150 200 250 300
Time (s)

Fig. 6 | Charge transfer during TPU printing. a Configuration of the experimental
setup. b Metal charging observed during printing and subsequent dissipation.

c Presentation of average and standard deviation values of the maximum voltage
during metal charging for TPU, ABS, PETG, and PLA. d Average and standard
deviation of the maximum TPU voltage during metal charging at various printing
speeds. e Average and standard deviation of the maximum TPU voltage during
metal charging at different extrusion temperatures. f Average and standard
deviation of the maximum TPU voltage during metal charging at different metal
temperatures. g Average and standard deviation of the maximum TPU voltage
during metal charging with varying sample sizes. h Ceramic capacitor charging
comparison during Nylon printing on a metallic substrate.

and/or standard extrusion temperature result in greater electrification
while smaller sample sizes lead to lower charging levels (Fig. 6g).
Moreover, since charges are transferred from the polymer to the metal
substrate, we explored the possibility of harvesting energy during 3D
printing. Nylon exhibits a notably high voltage peak during printing
quickly exceeding 2V (not shown) and it was used for energy har-
vesting and/or charge monitoring through capacitor charging. As seen
in Fig. 6h, there is a linear increase in the voltage recorded on the
capacitor charging during the Nylon printing process. Finally, the
setup seen in Fig. 6 introduces a novel approach to monitor and
quantify electrostatic charges using regular multimeters, providing a
practical and accessible method for researchers, practitioners and
hobbyists that work with 3D printing.

The electrostatic potentials displayed on the printed materials can
be high enough to cause electrostatic discharge (ESD)'*, mainly con-
sidering the heterogeneity of charge distribution and the electric field
associated with it. ESD becomes even more significant in the context of
the ongoing trend towards the downscaling of circuits®?, character-
ized by reductions in both size and weight. In fact, electronics, com-
prising intricate circuits and delicate components and do not support
more than few volts'”’. Thus, we developed simple and accessible

procedures to control and mitigate the electrostatic charge in printed
objects. First, Zerostat piezoelectric gun (a tool commonly utilized by
enthusiasts to remove electrostatic charges from vinyl records) was
used to charge the substrate prior to the printing. As observed in
Fig. 7a, the “U” letter printed with PLA has a close to zero-volt potential
after 5 positive shots done with the Zerostat gun on the glass substrate
but displaying a homogeneous positive potential with 15 posi-
tive shots.

Charge control can also be done by triboelectrification. A poly-
ethylene (PE) film as rubbed against the glass substrate that accumu-
lated positive charges (Fig. 7b). When TPU is printed on glass, the result
is a slight positive system, but the detachment of TPU revel a very
important feature: TPU top face is positive while its bottom face is
strongly negative. This means that the electrostatic potentials maps
recorded in situ are underrated because image charges induced in the
substrate can decrease charge on the polymers'®, In fact, electrostatic
maps recorded ex situ (removing the objects from the glass substrate
and supporting them on a metallic plate grounded) show that the
potentials can easily reach -500 V with a few layers of ABS (Fig. 7c). This
more realistic use of 3D printed materials shows that the electrification
should be a significant concern when employing such objects for
electronic supports or in microfluidic applications”. Figure 7d pre-
sents an illustration (top) of the setup used to print a multi-filament
sample composed of ABS, PETG, and Nylon on a textured poly-
etherimide (PEI) substrate. All filaments were printed using the same
extruder and bed temperatures to ensure consistent thermal condi-
tions. Also shown at the top is a photograph of the printed sample,
with the corresponding electrostatic potential map displayed below. In
this configuration, ABS and Nylon exhibit positive surface potentials
(the later showing the highest) while PETG develops a more negative
potential on the same substrate. This simple experiment highlights the
value of combining electrostatic mapping with multi-material 3D
printing. It offers a promising tool not only for fundamental investi-
gations of interfacial charging phenomena but also for advancing the
design of mechanically robust multi-material prints, where electro-
static interactions may contribute to improved interfacial adhesion.

To further explore the functional implications of electrostatic
charging in 3D printing, we investigated the fabrication of electret
materials™*™"*, using controlled printing conditions. The electret fab-
rication process is illustrated in Fig. 8a, demonstrating a straightfor-
ward approach: 3D printing was conducted on a polarized metal
substrate, which was subsequently grounded before electrostatic
mapping. A key observation is that a metal plate polarized with a
positive potential results in a negatively charged electret, and vice
versa. We hypothesize that this phenomenon arises from charge
induction in the filament due to the polarized substrate. As observed in
other systems, a polarized surface influences the chemical activity of
ions in the filament—favoring cation accumulation under negative
potential and anion accumulation under positive potential.

Figure 8b presents ABS-based electrets with both positive and
negative charging, while Fig. 8c shows PETG electrets. An important
observation is that the electrostatic potential increases in magnitude
over the first 12 h after printing, suggesting a redistribution of charge
within the material. While the precise mechanism is still under inves-
tigation, we hypothesize that this effect may be linked to thermal
gradients established during cooling, which could facilitate charge
migration toward the surface™. Additionally, PETG demonstrates
superior charge retention compared to ABS. Under the same polar-
ization conditions (+200 V), PETG exhibits more homogeneous charge
distribution and higher electrostatic potential.

An important trend in the triboelectric series is also reflected in
the results. Polyesters, such as PETG, are typically positioned in the
positive region of the triboelectric series, indicating a natural tendency
to acquire positive charge. This characteristic is evident in the positive
PETG electret, which not only retains charge effectively but also
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Fig. 7 | Charge control and mitigation. a Charge control performed with a
Zerostat” piezoelectric gun applying 5 positive shots and 15 positive shots on a
printed sample in the "U" shape. b Electrification of glass and PTFE by friction with a
polyethylene plate and impression of a TPU sample on the electrified surfaces

(electrostatic mappings of PTFE see Supplementary Information Fig. S6). ¢ Ex situ
mapping of ABS with increasing layers. d Multi-filament sample composed of ABS,
PETG, and Nylon, printed on a Bambu Lab textured PEI plate. Dotted red rectangles
indicate the positions of the materials within the electrostatic map.

highlights the material’s molecular properties that enhance its ability
to trap positive charges. Another set of experiments using a different
setup (Fig. S8) to produce electrets is shown in Fig. S9. Two copper
tapes were applied atop the glass substrate and linked to a+200 V DC.
The resultis a homogeneous negative charged ABS material with a very
slow potential dissipation. This quasi-electret is the result of trapped
charges within the electric field that is facilitated during the melting/
solidification process of the polymer. Water adsorption mediate
negative charge buildup on polarized glass surfaces' and this nega-
tive charge can be transferred to the polymer during the 3D printing
process.

To further probe the role of internal structure in both standard
charging and electret formation, we examined the effect of infill den-
sity and print thickness on surface potential. As shown in Supple-
mentary Fig. S10, two ABS samples with identical external geometry
but differing infill densities (10% and 100%) display markedly different
electrostatic behavior: the low-density structure exhibits minimal
surface potential, while the fully filled sample reaches values
approaching -100 V. In contrast, for electret fabrication (Fig. S11), infill
density appears to play a minor role. Here, the surface potential cor-
relates more strongly with the number of printed layers. Electrets
printed with five layers at 100% infill reached surface potentials near
-350V, while samples with fewer layers, regardless of infill, exhibited
significantly lower potentials. These electrets were printed on a posi-
tively polarized metal plate (+500V) and mapped using a Trek 347
electrostatic voltmeter to capture the higher surface voltages. Toge-
ther, these findings suggest that for conventional charging, infill den-
sity influences field distribution, whereas for electret applications, the
overall charge-holding capacity is more dependent on the bulk mate-
rial volume and interface area.

Throughout this work, we identified and systematically evaluated
the key parameters governing charge accumulation during the 3D
printing of polymers. First, electrostatic charging is a universal phe-
nomenon in printed filaments, with its magnitude and polarity
dependent on both environmental and printing conditions. Relative
humidity and temperature were shown to significantly affect charge
generation, with lower humidity and higher extrusion temperatures

promoting greater charge accumulation. Among all variables tested,
temperature—particularly of the extruder and the substrate—con-
sistently exerted the strongest influence, capable of overriding the
effects of speed, print direction, and material type. Additionally, spe-
cific combinations such as vertical printing at low speed on a heated
substrate were effective in minimizing charges, while diagonal or
concentric patterns under elevated temperatures and low humidity
conditions maximized electrostatic potentials.

It is now clear that the only outcome of a 3D printing process
would be a charged material. This inevitable result brings a lot of
attention to printed substrates used in electronics and other segments
due the inherent risk of ESD. In fact, objects with a few layers of
polymers can reach thousands of volts, but printing parameters and
simple procedures such as corona charging or triboelectrification can
control and/or mitigate charges. Also, the ability to monitor electro-
static charges using readily available multimeters provides a practical
procedure for many users.

The ability to produce electrets directly through the 3D printing
process may offer new opportunities for integrating charge function-
ality into additive manufacturing. Energy harvesting and sensor devi-
ces relying on charged materials for input and/or feedback systems
stand to benefit significantly from this easily constructed electret. We
believe that even the fundamental, long-standing, and persistent
questions of electrostatics, such as the nature of charge carriers, could
be addressed through 3D printing.

Methods

Materials

The thermoplastic filaments (ABS, PLA, PETG, TPU, Nylon), each with a
diameter of 1.75mm, were obtained from a local supplier (3DLab,
Brazil) and extruded through a hot nozzle (0.5mm) using a 3D
printer (S3X, Sethi 3D, Brazil). The sample areas were defined as square
(30x30 mm?, 40x40 mm?, or 50x50 mm?2), and their designs were
generated using Simplify 3D software and controlled by Repetier-Host.
The 3D-printing parameters were set to 0.2 mm per layer with three
printing directions (diagonal, vertical, and concentric), three printing
speeds (20mm/s, 80mm/s, and 140 mm/s), three substrate
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Fig. 8 | Electret production. a Schematic illustration of the experimental proce-
dure for electret fabrication, where 3D printing is conducted on a polarized metal
substrate (heated to the standard settings for each polymer: 110°C for ABS and
85°C for PETG), followed by grounding and electrostatic potential mapping.

b Electrostatic potential maps of ABS-based electrets measured at 15 min, 12 h, 48 h,
and 72 h after printing for both positively and negatively charged samples.

c Electrostatic potential maps of PETG-based electrets recorded at the same time
intervals, highlighting differences in charge retention and distribution between the
two materials. Temperature during the experiments and the electrostatic mappings
was kept the room temperature at 22-25 °C and RH was in the range of 40-50%.

temperatures, and three extruder temperatures. The substrates
included glass, PTFE, and steel plates, each with a thickness of 3 mm.
All printing parameters are in Supplementary Information Table 1
(TS1). Prior to experiments, the substrates were cleaned with 99.5%
isopropyl alcohol (Dinamica, Brazil) to eliminate residual electrostatic
charges®". Humidity and temperature levels were monitored using a
thermo-hygrometer (KR420, Akron, Brazil).

Electrostatic potential mappings

A high-sensitivity non-contact Kelvin probe (3250, Trek, USA) with a
6.35 mm diameter was utilized for in situ electrostatic mappings con-
ducted post-printing. The probe was connected to a voltmeter (320 C,
Trek, USA), and its 20:1 voltage monitor output was measured using a
multimeter equipped with an RS232 data logger. Data transmission
occurred through the RS232 interface using Python-based software,
which enabled real-time reading, recording, and plotting of the data.
Mounted on a mechanical arm, the Kelvin probe moves in the x-y
plane, driven by two NEMAI17 stepping motors controlled by an

Arduino UNO R3 microcontroller (see Supporting Information Fig. S5).
The system enables scanning the upper area of the sample holder at a
constant height, maintaining a probe-to-surface separation of 2 mm, as
recommended by the manufacturer. For mappings conducted with
substrate heating, the printer was allowed to cool down to 40°C before
performing the mappings due to Kelvin probe temperature limita-
tions. The electrostatic potential mapping system can record maps
with a 1 mm x 1 mm pixel resolution.

In-situ real-time measurements of electrostatic potential

A high-resolution Kelvin probe (6000B-8, Trek Inc., USA) with a
1.32mm diameter and rapid response (<3 ms) was connected to a
voltmeter (347, Trek Inc., USA), capable of measuring electrostatic
potentials within the range of +3 kV. The voltmeter’s buffered output
(low-voltage replica of the measured potential) was connected to a
digital multimeter (DMM, 4020, Tektronix) and recorded via an RS$232
interface. Mounted on the printer arm carrying the extruder, the probe
was positioned 5 mm away from the printed sample and 20 mm from
the hotend, enabling real-time electrostatic potential measurements
during printing. The thermoplastics were extruded in lines with a1 mm
diameter, deposited layer by layer at room temperature. (see Sup-
porting Information Fig. S7 and Supplementary Movie 1).

Faraday cup charge measurements

Filaments were collected directly into a Faraday cup composed of two
concentric metallic cylinders: the inner cup was connected to the input
of an electrometer (Keithley 6514) via a low-noise triaxial cable, while
the outer cup was grounded. Charge measurements were acquired
using a USB-to-GPIB interface (Keithley KUSB-488B) and recorded with
LabVIEW Datalogger software (NI LabVIEW 2011). Prior to the experi-
ments, filaments were conditioned in a desiccator for at least 24 h at
controlled humidity levels. Low humidity (<5%) was achieved using
silica gel, high humidity (> 90%) by placing water in the desiccator, and
intermediate humidity (~50%) using a saturated magnesium nitrate
solution.

Electret manufacturing

A metal plate (heated to the standard settings for each polymer: 110°C
for ABS and 85°C for PETG), initially grounded, was used as the sub-
strate for 3D printing. Just before the printing process began, the metal
substrate was connected to a DC power source and polarized with
either a positive or negative potential, depending on the desired
charge of the electret. Once printing was complete, the metal plate was
electrically grounded again, and electrostatic potential mapping
was performed. Another set of experiments shown in Supporting
Information Figs. S8 and S9 was done with copper tapes placed on
glass substrate with a separation distance of 11 cm, where an object
(50 mm x 50 mm x 0.8 mm) was 3D printed using ABS with the glass at
room temperature. The copper tapes were connected to a DC power
supply (3B Scientific, U33010-230) operating under a + 200 V potential
difference. The printing process started 60 min after turning on the DC
power supply. This experimental configuration builds upon a prior
finding from our group', demonstrating that, under an electrostatic
potential difference, the glass surface becomes negatively charged at
humidities higher than 30%. All the electrets were produced under
ambient laboratory conditions: temperature approximately 22-25°C
(controlled by an air conditioning system) and relative humidity in the
range of 40-50% (controlled by a dehumidifier - ArSec 160).

Multi-filament printing

A Bambu Lab X1 Carbon 3D printer equipped with an Automatic
Material System (AMS) was used for multi-filament printing. Prior to
printing, the ABS, PETG, and Nylon filaments were stored in the AMS
under low humidity conditions ( < 5% RH) for 24 h to ensure consistent
moisture content. All materials were printed using the same
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parameters: a bed temperature of 100 °C, an extruder temperature of
260 °C, and a print speed of 300 mmy/s. The samples were printed in a
vertical direction with a single layer, using the Bambu Lab textured
polyetherimide (PEI) build plate as the substrate.

Net charge calculation

Surface charge density on each pixel of the electrostatic potential
mappings was calculated following a previously described
procedure®'™. Pixels on the surface map are squares with 1 mm sides,
where virtual charges are placed. The electrostatic potential (V7)
measured 2 mm from the matrix plane is generated by all charges (g;)
weighted by the distance r from the charge to the measuring point and
can be calculated using a C + + code for the equation of the principle of
superposition defined as follows:

V=Y v Loy M
T 4y 1

i=1

The number of excess charge per pixel is adjusted by trial and
error, until the calculated and measured potentials match, within
experimental error. Charge density was also confirmed by using Eq. 2,
which is the solution to Poisson’s equation for a uniform surface
charge distribution in a circle:

O (VR 1) o

V = E
where R is the radius of the circle, r is the distance from the surface to
the Kelvin probe and o is the charge density (Coulomb m™).

Data availability

Source data are provided with this paper.
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