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A B S T R A C T

Triboelectric generators rely on contact-generated surface charge transfer between materials with different
electron affinities to convert mechanical energy into useful electricity. The ability to modify the surface
chemistry of polymeric materials can therefore lead to significant enhancement of the triboelectric performance.
Poly(methyl methacrylate) (PMMA) is a biocompatible polymer commonly used in medical applications, but its
central position on the triboelectric series, which empirically ranks materials according to their electron-do-
nating or electron accepting tendencies, renders it unsuitable for application in triboelectric generators. Here, we
show that the surface potential of PMMA fibers produced by electrospinning can be tailored through the polarity
of the voltage used during the fabrication process, thereby improving its triboelectric performance, as compared
to typically spin-coated PMMA films. The change in surface chemistry of the electrospun PMMA fibers is verified
using X-ray photoelectron spectroscopy, and this is directly correlated to the changes in surface potential ob-
served by Kelvin probe force microscopy. We demonstrate the enhancement of triboelectric energy harvesting
capability of the electrospun PMMA fibers, suggesting that this surface potential modification approach can be
more widely applied to other materials as well, for improved triboelectric performance.

1. Introduction

The development of wearable and implantable medical devices has
surged in recent years due to their potential to provide real-time health
information and personalized medical care [1–3]. However, the ma-
jority of this equipment relies on external power sources like batteries
to operate, restricting their application for in vivo situations. Further-
more, these batteries require an invasive and costly surgical procedure
to be removed at the end of their operational life [4]. A solution to this
issue is biomechanical energy harvesters, which are devices capable of
transforming human body energy (i.e. kinetic, chemical and thermal)
into electrical power [5,6]. Kinetic energy is one of the most abundant
and easily available energy sources, making triboelectric energy har-
vesters a promising technology, as these are capable of converting
mechanical energy to electrical energy [7]. Triboelectric generators
operate on the principle of a voltage being developed across two dis-
similar materials that are contacted and separated, due to a combined

effect of contact electrification and electrostatic induction. This energy
harvesting method has relatively high efficiency, simple device con-
figuration and low materials cost [8,9]. A key challenge in this field is
improving power output through materials selection and/or geome-
trical modification. The most effective methods to achieve improved
triboelectric performance are increasing surface area and altering the
surface chemistry of the material [4]. Higher surface area allows for
higher charge transfer density, while tailored surface charge properties
improve the charge transfer mechanisms.

Poly(methyl methacrylate) (PMMA) is a widely used polymer
composite component in photovoltaics [10], but importantly it is also a
biocompatible polymer commonly used in orthopedics and optometry
[11,12]. Its rigidity, inertness and in situ polymerization capabilities
make it widely used as bone cement and for intraocular lenses. These
properties make PMMA an interesting material for implantable tribo-
electric generators. On the triboelectric series, which lists materials
according to their electron-donating (tribo-positive) and electron-
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accepting (tribo-negative) tendencies, PMMA typically features near the
middle of this empirical series. PMMA has been used in triboelectric
devices as a tribo-positive material, but its lower degree of tribo-posi-
tivity in comparison with more commonly used materials, such as
polyamides, has limited its usage in triboelectric generators [13].
However, the PMMA surface can be engineered to improve its tribo-
electric output as shown by Taghavi et al. [14], although previous
studies of electrospun PMMA fibers were not used for any triboelectric
performance evaluation [15]. In electrospinning, a high voltage is ap-
plied between the nozzle of a syringe filled with a polymer solution and
a grounded substrate held at some distance away from the nozzle. A
polymer solution jet emerges from the nozzle at a critical voltage, fol-
lowed by evaporation of the solvent to produce solid fibers on the
grounded substrate [16]. Applying a positive or negative voltage to the
nozzle generates charges of equivalent polarity at the liquid jet–air
interface during the electrospinning process, causing molecular or-
ientation of chemical functional groups of the polymer chains at the
surface of fibers [17]. Consequently, electrospinning can be used to
effectively tailor the surface chemistry of fibers by alternating voltage
polarities in a single-step manufacturing process. Therefore, this fabri-
cation technique has the potential to enhance the triboelectric proper-
ties of PMMA by engineering both its surface area (due to the fiber
geometry) as well as the surface chemistry (by controlling the polarity
of applied voltage during electrospinning).

Here we demonstrate a one-step process using electrospinning to
substantially alter the surface chemistry of PMMA fibers and conse-
quently improve their triboelectric output performance. The PMMA
fibers were produced using opposite voltage polarities to modify the
surface chemistry. The change in surface chemistry was correlated with
a shift in spatially resolved surface potential and charge transfer affi-
nity. The variation of the nanoscale surface potential properties was
directly related to the distinct enhancement of the triboelectric per-
formance observed in the electrospun PMMA fibers.

2. Results and discussion

PMMA fibers were successfully fabricated using positive (PMMA+)
and negative (PMMA−) voltage polarities, as indicated in Fig. 1. The

scanning electron microscopy (SEM) images and corresponding fiber
diameter histograms revealed similar size distribution for both samples.
The average PMMA+ fiber diameter was 1.56 ± 0.2 µm, and the
average PMMA− fiber diameter was 1.6 ± 0.24 µm. The morphology
of both types of fibers was found to be smooth and uniform across all
surfaces, regardless of the applied voltage polarities during electro-
spinning.

The surface chemistry of the electrospun PMMA fibers was analyzed
using X-ray photoelectron spectroscopy (XPS). The analysis depth was
restricted to 1−2 nm as the angle between analyzer and sample surface
was set to 10°. Deconvoluted spectra collected for O1s regions for
PMMA+ and PMMA− samples (see Supplementary Fig. S2) with the
atomic concentrations representing each chemical state are collectively
presented in Table 1. C1s spectra can be fitted with four components
arising from different chemical states of carbons within the PMMA
structure.

From Table 1, it can be noticed that in case of positive voltage
polarity applied during electrospinning (PMMA+), more oxygen con-
taining groups were present at the surface (and sub-surface) region,
whereas in case of negative voltage polarity (PMMA−), the surface
contained more C–C type bonds. The largest variation is seen in O1 as
its molecular arrangement is more mobile than O2 (Fig. 1d). Interest-
ingly, a spin-coated PMMA film in comparison showed significantly
different O1 and O2 content compared to the electrospun PMMA fibers,
confirming that molecular reorientation does occur according to the
voltage polarity applied during electrospinning. These results indicated
that the position of oxygen in the ester group in relation to the fiber
surface can be controlled by the applied voltage polarity during the

Fig. 1. SEM image of electrospun PMMA fibers produced with a) positive b), negative voltage polarities. c) Fiber average diameter histograms. d) Schematic structure
of the single unit of PMMA polymer chain, the atomic label refers to the XPS data shown in Table 1.

Table 1
XPS results from the grazing angle measurement (10°), expressed as % atomic,
for electrospun PMMA fibers produced with positive (PMMA+) and negative
(PMMA−) voltage polarities, and spin coated PMMA film.

C1 [%] C2 [%] C3 [%] C4 [%] O1 [%] O2 [%]

PMMA+ 27.8 16.1 14.0 15.7 12.1 14.4
PMMA− 34.4 15.4 9.8 14.6 11.6 14.3
PMMA film 31.0 14.8 13.2 14.3 10.9 15.8
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production of PMMA fibers, as previously shown for other polymers
[17–20].

The effect of the tailored surface chemistry on the surface potential
of PMMA fibers was investigated using spatially resolved scanning
probe techniques, namely atomic force microscopy (AFM) for topo-
graphic imaging, and Kelvin probe force microscopy (KPFM) for surface
potential imaging. Fig. 2 shows the height and surface potential of
various electrospun PMMA fibers on Au coated Si substrate. Although
the two PMMA fiber types had similar topography, their surface po-
tential showed a distinct difference. In the case of PMMA+, the surface
potential of the fiber had an approximate value of 0.6 V. On the other
hand, the surface potential of the PMMA− fiber was approximately
1.2 V.

The difference in surface potential was directly correlated with the
shift in surface chemistry displayed in the XPS data. PMMA+ fibers
exhibited a lower surface potential due to the higher content of oxygen
on their surface compared to PMMA− fibers. Fewer methyl groups
were also present on the PMMA+ fibers surface, but the high electro-
negativity of oxygen is the main contributor to the reduction in surface
potential observed. The surface potential of the electrospun PMMA film
was found to be 1.05 V, which was in between the surface potential
values of the two types of electrospun PMMA fibers, see Supplementary
Fig. S4. This is in agreement with different oxygen content (O1 and O2)
on the surface between the film and the fibers.

To verify the effect of tailored surface potential on the surface
charge transfer affinity, we performed localized triboelectric experi-
ments using a cobalt–chromium (CoCr) coated Si AFM tip. The surface
charge transfer properties of the PMMA fibers were investigated in the
AFM setup, by rubbing the sample surface with the tip in contact-mode
AFM, as shown in Fig. 3. Immediately after the rubbing, the surface
potential was measured using KPFM and compared with the initial
KPFM data prior to rubbing shown in Fig. 2. It was observed that the
surface potential of the rubbed region significantly dropped in both
fiber types. The surface potential of the rubbed PMMA+ and PMMA−

were −1.2 and 0.1 V, respectively. The surface potential of rubbed
spin-coated PMMA film was −1.09 V in comparison, which was again
in between the surface potential values of the rubbed PMMA fibers (see
Supplementary Fig. S5).

The reduction in surface potential was due to the transfer of charges
from the AFM tip to the fiber surface during the rubbing process, in-
dicating a higher position of the tip on the triboelectric series relative to
both types of PMMA fibers. Interestingly, the KPFM data from the
rubbing tests showed that upon contact, PMMA+ fibers a higher ten-
dency to accept charges than PMMA− fibers, thus indicating that the
surface of the former was more electronegative. This was again related
to the higher oxygen content present on the surface of PMMA+ fibers,
as confirmed by XPS, and as reflected in the initial KPFM data shown in
Fig. 2. The charge transfer affinity measured with this experiment has
been shown to be related to the work function of the material and
therefore its position on the triboelectric series [21]. This suggests that
the position of the PMMA on the triboelectric series could be effectively
tuned by the manufacturing method. In particular, electrospinning
while applying positive voltage polarities results in PMMA fibers that
are lower down in the triboelectric series, whereas negative applied
voltage during electrospinning resulted in PMMA fibers that were more
tribo-positive. In comparison, the data shows that the position of spin-
coated PMMA film (with no applied voltage) on the triboelectric series
was in between those of the respective electrospun PMMA fibers.

The triboelectric performance of the two types of PMMA fibers was
investigated by fabricating triboelectric generators based on these. The
fibers were deposited onto an aluminium foil and periodically impacted
with a copper substrate that served as the counter-electrode, as shown
in Fig. 4f. The fibers were tested with a cyclic force of ~0.7 N at a
frequency of 2 Hz using a bespoke measurement setup that has been
previously described [22,23].

The open-circuit voltage (Voc) and short-circuit current (Isc) of the
PMMA− fiber based triboelectric generator were measured as bench-
marks for triboelectric output (see Supplementary Fig. S6). Under

Fig. 2. AFM data of PMMA fibers. a) Topography. b) Surface potential. The dashed line shows the position of the line scan. c) X axis line profile of surface potential of
PMMA+. d) Topography. The dashed line shows the position of the line scan. f) X axis line profile of PMMA− fibers.
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identical mechanical excitation, and for identical device geometries, the
PMMA+ and PMMA− generators produced a peak Voc of 2.9 and 5.7 V,
respectively. The peak Isc of these samples were found to be 67.7 and

148.7 nA, respectively. To further evaluate the power generation po-
tential of the electrospun PMMA fibers, the root mean squared (RMS)
voltage and current of the triboelectric generators were measured

Fig. 3. AFM data of PMMA fibers after rubbing. a) Topography. b) Surface potential. The dotted rectangle indicates the rubbed area. The dashed line shows the
position of the line scan. c) X axis line profile of surface potential of PMMA+. d) Topography. e) Surface potential. The dotted rectangle indicates the rubbed area.
The dashed line shows the position of the line scan. f) X axis line profile of PMMA− fibers.

Fig. 4. Triboelectric performance of
electrospun PMMA fibers. a) RMS vol-
tage and current of PMMA+ across
several load resistances. b) RMS vol-
tage and current of PMMA− across
several load resistances. c) Power
output of PMMA+ and PMMA− tri-
boelectric generators. d) Schematic of
the effect of the surface charge tai-
loring process on the position of PMMA
fibers on the triboelectric series.
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across several external load resistances, as shown in Fig. 4. The RMS
value was representative of the equivalent steady DC voltage and cur-
rent that the triboelectric generators can supply to a device. Fig. 4a and
b show that the PMMA− based triboelectric generator had higher RMS
voltage and current than that of PMMA+ based triboelectric generator
across all load resistances measured. The average power output of the
two triboelectric generators is plotted in Fig. 4c. The PMMA− tribo-
electric generator had a maximum average power output of 234.4 nW at
a load resistance of 80MΩ, whereas the PMMA+ triboelectric gen-
erator had a maximum average output of 46.6 nW at 40MΩ, under the
testing conditions used. The PMMA− device therefore produced a
maximum output power that was five times higher than that of the
PMMA+ device. The power output of a triboelectric generator based on
spin-coated PMMA film was found to be significantly lower in com-
parison to the electrospun fibers (see Supplementary Fig. S7).

The clear difference observed in the triboelectric generator perfor-
mance between the two types of electrospun PMMA fibers was clearly
related to the change in surface chemistry induced by the fabrication
process. The triboelectric output is empirically related to the position of
the two materials on the triboelectric series, while the position of a
material is related to its surface potential. A high surface potential
material tends to donate charge (tribo-positive), whereas a low surface
potential material prefers to gain charge (tribo-negative). In practical
terms, the larger the difference in surface potential between the ma-
terials, the higher the triboelectric performance of the corresponding
generator. PMMA is marginally more positive on the triboelectric series
than copper [13], and therefore triboelectric generators comprising
spin-coated PMMA films with no surface modification and copper,
showed almost negligible power output in response to the mechanical
excitation used here. However, electrospinning PMMA was found to
permanently modify the surface potential of PMMA, shifting its position
on the series. The long-term stability of the surface modification for
both types of PMMA fibers was demonstrated by fatigue testing (see
Supplementary Fig. S8), with the PMMA− fibers showing more reliable
fatigue performance than the PMMA+ fibers.

The PMMA− fiber surface had a lower oxygen content which was
correlated with an increase in surface potential. On the contrary, the
PMMA+ fibers show a higher oxygen content on the surface and thus a
lower surface potential. This indicates that the applied voltage in the
electrospinning process caused the PMMA− fibers to be more tribo-
negative, while using the opposite polarity caused the PMMA+ fiber to
be more tribo-positive. Fig. 4d indicates how the shift in surface
chemistry is related to the position of PMMA in the triboelectric series,
and how this affects the triboelectric performance. PMMA+ fibers had
the larger surface potential difference with respect to copper and
therefore had the highest triboelectric output. This argument is further
supported by the nature of the Isc curves shown in Supplementary Fig.
S6. Triboelectric generators based on both PMMA+ fibers and spin-
coated PMMA films showed a positive output during pressing and a
negative output during releasing. On the other hand, the triboelectric
generator based on PMMA− fibers exhibited the opposite output po-
larity upon press and release. The difference in the triboelectric per-
formance observed between the two types of electrospun fibers can be
attributed to the surface chemistry tailoring process, rather than to
differences in surface morphology, as both have been shown to have
nominally identical surface morphologies in Figs. 1 and 2. The results
were found to be consistent and reproducible across several devices that
were tested.

3. Conclusions

In this work, we have demonstrated the surface potential mod-
ification of PMMA fibers produced by electrospinning, resulting from
changing the polarity of the voltage applied to the nozzle during the
fabrication process. We showed, using XPS data from the surfaces of the
electrospun PMMA fibers, that in the case of positive voltage polarity

applied during electrospinning (PMMA+), more oxygen containing
groups were present at the surface (and sub-surface) region, than in the
case of negative voltage polarity (PMMA−). A typical spin-coated
PMMA film showed significantly different O1 and O2 content compared
to the electrospun PMMA fibers, confirming that molecular reorienta-
tion does occur according to the voltage polarity applied during elec-
trospinning. The modified surface chemistry of the electrospun PMMA
fibers resulted in differences in surface potential as observed by KPFM,
indicating that PMMA+ fibers adopted a more tribo-negative char-
acter, while PMMA− adopted a much higher tribo-positive character.
The implication of this on the triboelectric performance was tested
measuring the electrical output of triboelectric generators based on
these fibers, where the counter-electrode was chosen to be copper. We
found that devices based on both PMMA+ and PMMA− fibers sig-
nificantly outperformed PMMA film-based triboelectric generators,
with PMMA− fibers producing the highest power output under the
same mechanical testing conditions. We therefore conclude that con-
trolling the polarity of the voltage applied during electrospinning can
be used as an effective method to tailor the surface chemistry of poly-
meric materials, giving rise to a significant improvement in their tri-
boelectric performance. In this way, biocompatible materials, such as
PMMA, which are not ordinarily suitable for triboelectric generators,
can be made to have enhanced triboelectric properties, possibly for in
vivo energy harvesting applications.

4. Methods

4.1. Materials

Polymethyl methacrylate (PMMA, Mw =350,000 gmol−1) and
N,N-dimethylformamide (DMF) were purchased from Sigma Aldrich,
UK. Prior to the solution preparation, the polymer was dried at 70 °C for
24 h. The 12 wt% PMMA solution was stirred for 2.5 h at the 55 °C set
on the hot plate (IKA RCT basic, Germany).

4.2. Electrospinning

Electrospinning of PMMA was achieved using apparatus EC-DIG
with climate chamber system (IME Technologies, the Netherlands) at
the temperature of 25 °C and humidity 40%, (see Supplementary Fig.
S1). A positive and negative voltage polarities of 12 kV were applied
between the needle and counter electrode covered with an aluminium
sheet, keeping the distance between them at 15 cm. The flow rate for
the polymer solution was 4ml h−1. For XPS and KPFM the PMMA fibers
were deposited on Au coated Si wafers.

4.3. Spin-coating

PMMA films from were spin-coated (L2001A v.3, Ossila, UK) at the
rotation speed of 2500 rpm for 20 s after placing 0.1mL of the same
PMMA solution used for electrospinning on the aluminium foil attached
to glass slides.

4.4. Scanning electron microscopy

PMMA fibers were imaged using Scanning Electron Microscope
(SEM, Merlin Gemini II, ZEISS, Germany). Fiber diameters (Df) were
analyzed from SEM images using ImageJ (v.1.51g, USA) to produce
histograms based on 100 measurements.

4.5. XPS

XPS analysis were taken using PHI VersaProbeII apparatus (ULVAC-
PHI, Chigasaki, Japan) equipped with monochromatic Al Kα
(1486.8 eV) X-ray source focused to 25 µm spot. The hemispherical
analyzer with pass energy set to 23.50 eV was used to determine the
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kinetic energy of emitted photoelectrons. The photoelectron take-off
angle, defined as an angle between sample surface and analyzer, was set
to 10° which limits the depth of analysis to 1÷2 nm. Charge neu-
tralization was done by irradiating the surface with 1 eV electrons and
7 eV Ar+ ions. Spectra have been charge corrected to the main line of
the carbon C 1s spectrum set to 284.8 eV. Spectra deconvolution and
further analysis were performed using PHI Multipak (v 9.8.0.19) soft-
ware.

4.6. KPFM

The AFM-based measurements were performed using a commercial
system (Multi mode 8, Bruker). The surface potential and triboelectric
properties of PMMA film and fiber (diameter≈ 3 µm) were measured
via Kelvin probe force microscopy (KPFM), see Fig. S4d. We used the
conducting AFM cantilever (MESP-RC-V2, Bruker) with a spring con-
stant of 5 N/m, a resonance frequency of 150 kHz and Cobalt–Chro-
mium (CoCr) coated Si tip. For the KPFM measurements, a 2 V AC
signal with a frequency of 20 kHz was applied to the sample by the inter
lock-in amplifier in non-contact mode.

The surface potential was determined at the highest point of the
fiber as it is the location with minimal height induced error. The
samples for KPFM analysis were prepared by direct deposition of PMMA
fibers on the Au coated silicon wafers. The substrates were placed in the
applied electric field therefore a minimal shift in surface potential in Au
coating is expected. AFM analysis was performed on PMMA fibers of
similar diameter to minimize the measurement error caused by the size
difference. The surface potential of the gold substrate was measured for
calibration, see Fig. S4.

4.7. Electrical output characterization

The electrical output performance of triboelectric generators was
measured using a bespoke energy harvesting measurement setup
[22,23]. The output voltage and current were recorded via a multimeter
(Keithley 2002) and a picoammeter (Keithley 6487), respectively. A
copper electrode was used to cyclic tap the PMMA sample. The applied
force was ~0.7 N at 2 Hz frequency. The low testing force and fre-
quency were purposely selected to simulate realistic human body op-
erating conditions The contact area was 676mm2. All samples have
comparable thickness to minimize measurement variation. The mea-
surements were recorded after 30min of tapping in order to stabilize
the electrical output. Three devices of each PMMA fiber type and film
were tested.
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