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Abstract

Triboelectricity — the generation of charge through the contact-separation — underpins technologies
including energy harvesting and sensing. While the charge magnitude is known to depend on surface
chemistry, morphology, and mechanical properties, the role of adhesion — particularly on charge polarity
— remains unclear. Here, we investigate adhesion effects using polydimethylsiloxane (PDMS) films with
different base polymer to curing agent ratios (5:1, 10:1, and 15:1), yielding distinct viscoelastic and
adhesive properties without altering chemical structure. Nanoindentation and pull-off tests revealed that
reduced cross-linking enhances viscoelastic deformation and work of adhesion. Triboelectric
measurements demonstrated that more adhesive PDMS surfaces generate more negative charge
densities. When PDMS films of differing adhesion were contacted, the more adhesive surface charged
negatively, while the less adhesive one positively, enabling polarity control without chemical
modifications. Increased contact duration further enhances both adhesion and charge density. These
findings reveal that adhesion engineering, offers a simple strategy for optimizing triboelectric charging
trends.

Introduction

Triboelectricity is a well-known phenomenon widely observed in daily life. The triboelectric charge
manifests as static electricity on the surface of an insulating material. It occurs when materials such as
non-conductive polymers are contacted and separated due to mechanical friction and surface adhesion
effects. The triboelectric charge has both negative and positive effects. On the one hand, it causes the
ignition and damage of electronic devices, but on the other hand, it provides a large variety of
applications such as particle separation’, waste mechanical energy harvesting?, printing®, sensing?, and
catalysis®.

Higher surface charge density forms when materials with differing triboelectric properties undergo
contact and separation interaction. Specifically, a material with a positive charging tendency, when
paired with a polymer that charges negatively according to the triboelectric series, generates a larger
charge output. Recent studies have shown that the magnitude and polarity of triboelectric charge
depend on the polymer’s mechanical properties, morphology, and adhesion®~8. For instance,
experiments involving 196 polymer combinations revealed that softer materials tend to acquire a
negative charge, while harder materials gain a positive charge’. Similarly, when chemically identical
polymers are tested, rough surfaces typically charge positively, and smooth surfaces charge
negatively®®. Notably, stronger charging occurs when a soft, smooth polymer contacts a hard, rough
polymer®. Here we will report the effect of adhesion on the polarity of triboelectric surface charge by
contacting chemically identical polydimethylsiloxane (PDMS) films with different cross-linking densities.

Several studies have reported the effect of adhesion on triboelectric charging. Ghori et al.’® discovered
that increasing the proportion between hydroxyl and alkyl or silane groups on the cellulose surface led to

a significant reduction in both the electrostatic charge and surface adhesion. Additionally, a direct linear
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relationship was observed between triboelectric charge and particle surface adhesion. Further, surface
adhesion has been suggested as a driving force for heterolytic bond cleavage and mechano-ion
(organoion) transfer''. The energy associated with this separation is most accurately characterized by
the work of adhesion, which defines the energy required to detach two contacted polymer surfaces'%13.
The adhesion effect can be tuned chemically, by changing the cross-linking degree of the polymer.
Maeda et al.’ found that cross-linked polymers exhibit lower adhesion compared to uncross-linked
ones. This reduction is attributed to the restricted mobility of macromolecular chains, which limits their
ability to form strong intermolecular bonding at the surface. Adjusting the cross-linking density can thus
be an effective strategy for controlling polymer adhesion. Sutka et al. showed that the lower cross-
linking density of PDMS increased the separation stress at contact interface from 1.0 N cm™2t0 3.4 N

cm™ 2 (10-34 kPa) and surface charge density from 0.31 t0 3.39 nC cm™2 '°.

However, despite extensive research on how adhesion affects triboelectric surface charge density, the
effect of surface stickiness on charge polarity remains unexplored. The existing research related to the
effect of adhesion on polymer triboelectrification focuses on different material pairings, introducing
several variables into the system such as distinct chemical composition®, hydrophilicity'® or zeta-
potential’’. Therefore, in this work we explore the impact of adhesion on charge polarity in the same
polymer by contacting chemically identical PDMS with different degrees of molecular cross-linking.

Results and Discussion

The surface properties of PDMS samples

To alter the surface adhesion, the samples with different degrees of cross-linking were prepared by
changing the ratio between the base polymer and a curing agent (CA), as illustrated in Fig. 1 (A). Three
different base polymer and CA ratios were chosen: 5:1, 10:1, and 15:1. Smaller ratio provides sample
brittleness while larger ratio results in an incomplete cross-linking'®'°. The different formulations
change the molecular weight between cross-links (Table 1). The determined crosslink densities p
decrease with increasing ratio of base agent to CA.

Dynamic mechanical analysis (DMA) using the nanoindenter probe provided information about the
viscoelastic properties of the samples across a range of frequencies (Fig. 1), such as stiffness, energy
dissipation, and molecular mobility. Both the storage modulus (E') and loss modulus (E") decreased with
reduced cross-linking, reflecting less stiffness and damping capacity in softer composition?®2". The
most cross-linked composition exhibited the highest moduli, consistent with its lower deformation and
higher resistance to detachment observed?2. For 10:1 and 15:1 compositions, loss tangent values were
relatively similar at low frequencies; however, at higher frequencies, the 15:1 composition showed a
slight increase in loss tangent. This suggests enhanced energy dissipation in dynamic conditions, likely
due its greater molecular mobility and viscoelastic damping, which may further contribute to the
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increased work of adhesion observed despite lower pull-off forces (Table 1). The dynamic mechanical
analysis provided direct evidence for the changes of mechanical properties resulting from variations in
cross-linking. This confirms that deviations from the standard formulation significantly influence the
viscoelastic behaviour, stiffness, and energy dissipation capacity.

Further, the surface adhesion of the sample films was examined using both - a macroscopic test and a
microscale measurement by nanoindentation. The adhesion values on the macroscopic scale were
extracted using the INSTRON testing system by measuring the overall separation force (N) across the
entire 2.5 x 2.5 cm? sample interface (Table 1). As expected, the higher adhesion was measured for the
formulations with the higher ratio between the base polymer and a CA. This is attributed to the enhanced
viscoelasticity, lower storage modulus, and greater stress relaxation ability of PDMS with lower cross-
linking density. This combination of mechanical properties enable the material to deform more easily,

conform more effectively to surface irregularities, and maintain contact during detachment?3~2°.

Table 1

Comparison of cross-linking density, molecular weight between cross-links pull-off force, pull-off stress,
work of adhesion and separation force of different PDMS compositions.

PDMS Cross- Molecular Pull-off Pull-off  Work of Separation
composition linking weight force stress adhesion force (N)
density (m™ between (mN) (mPa) (pJ)
3) cross-links (g
mol™ 1)
5:1 26 1416 0.173 ¢ 0.082 + 1962 11.15+1.19
8.76x10 0.002"  0.001
10:1 464x1026 2676 0181+ 0.085+ 273%5 12.30+1.90
’ 0.003 0.001
15:1 0 85x1026 4350 0164t 0077+ 304%3 13.75£2.42
’ 0.001 0.001

The nanoindentation method provides localized measurements at the microscale. By combining
macroscale and microscale techniques, it is possible to assess the overall and local adhesion
characteristics of the samples. For the 5:1 and 10:1 samples a consistent trend is observed: as the
material becomes less cross-linked, all parameters — pull-off force, pull-off stress, and work of adhesion
— increase (Table 1). Interestingly, the least cross-linked sample 15:1 deviated from this trend. While it
exhibited the highest work of adhesion, both the pull-off force and pull-off stress were lower compared
to other compositions. This divergence may be attributed to excessive material deformation, which can
reduce effective stress transfer during detachment despite stronger energy dissipation at the
interface?> 27, These results highlight that beyond a certain level of softness, the mechanical response
of the material may limit the measurable adhesion forces, even when interfacial bonding is more
prominent.
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The load-depth curves obtained from nanoindentation (Fig. 2 (A)) further illustrate the distinct adhesion
characteristics of the three sample compositions. A representative example of a load-depth (P-h) curve
during a pull-off test is shown in Fig. 2 (B), where §.,ntact IS the indentation depth at the jump-to-contact
point, &p1-ofr @Nd Fpy-off are the indentation depth and the load at the point of maximum adhesive force,
respectively. W, 4nhesion iS the work of adhesion incurred during one loading cycle, quantifiable by

integrating the shaded area under the P - h curve. For the 5:1 and 10:1 samples, decreasing in cross-
linking degree results in curves that are both slightly wider and exhibit higher pull-off force,
corresponding to greater resistance during probe detachment and higher work of adhesion. Additionally,
the slope of the loading and unloading segments is steeper for the 5:1 composition, reflecting its higher
stiffness, which is consistent with the probe DMA results discussed earlier. In contrast, the 15:1
composition displays notably different curve profile — shallower in load (lower F o) but significantly
broader in depth - indicating that the material undergoes greater viscoelastic deformation and slower
recovery during the unloading stage. Despite the lower pull-off force and stress, the increased change of
depth during unloading leads to a larger integrated area under the load-depth curve, which translates to a
higher calculated work of adhesion (Table 1). This behaviour underscores the role of viscoelastic energy
dissipation in soft materials and rubbery polymers (elastomers), where substantial deformation can

dominate the adhesion response even when the maximum applied load is reduced?®-3°.

Surface chemical properties play a critical role in determining the charge affinity of polymers, which
directly impacts their performance in triboelectric generators3'-32. ATR-FTIR and Raman spectroscopy
were employed to detect changes in chemical bonding and molecular structure associated with varying
crosslinking levels. These vibrational spectroscopy techniques are suited for identifying functional group
modifications and evaluating differences in surface and bulk chemical environments, which may
influence charge transfer behaviour and interfacial interactions33. Infrared spectroscopy was used to
assess the chemical structure of the three PDMS compositions (Fig. 3 (A)). All samples exhibited

characteristic peaks associated with PDMS, confirming their consistent base chemistry. Typical

1

absorption bands include Si-CH; symmetric and asymmetric deformation modes near 1260 cm™ ' and

800 cm™ ! and the Si-O-Si stretching vibration around 1000-1130 cm™ ' 34, Notably, subtle but consistent
differences were observed between the samples. In the Si-O-Si stretching region (~ 1060 cm™ '), which
typically presents as a double peak®®, a variation in intensity was evident in the lower part of this feature:
the 5:1 composition with the highest cross-linking agent concentration showed the lowest intensity,
followed by the 10:1 composition, while the 15:1 composition with the lowest cross-linking agent
concentration exhibited the highest intensity of absorbance peak. This trend may reflect differences in
siloxane network flexibility or crosslinking density, which influence segmental mobility. The variation in
the Si-O-Si stretching intensity is a direct reflection of the cross-linking density and flexibility of the
siloxane network. Higher cross-linking agent concentration results in a more rigid network with lower

vibrational intensity, while lower concentrations allow for greater flexibility and higher intensity36-3”.
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Changes in the intensity of the peak at 910 cm™ ! are attributed to Si-H asymmetric bending®®. CA of
Sylgard 184 is known to possess both Si-H and Si-CH; groups along its backbone®®. From the results, we
see that the highest intensity is for 5:1 composition, where CA content is around 17 wt%, while it
decreases both for 10:1 composition (CA = 9 wt%) and 15:1 composition (CA = 6 wt%) for which the peak
is almost indistinguishable. The presence of Si—H bonds in the CA promotes cross-linking between
siloxane backbones containing vinyl groups (Si-C,H,) via the hydrosilylation reaction?®. Results indicate
that for the 5:1 composition, there is a larger fraction of unreacted Si-H bonds than in 10:1 or 15:1
compositions, which is in line with results reported in other studies*°.

Raman spectra also displayed the typical peaks associated with PDMS (Fig. 3 (B)). Key Raman-active

1

modes include strong Si-0-Si symmetric stretching near 490 cm™ ', Si-C stretching around 710 cm™ ' and

characteristic band near 1410 cm™ ' corresponding to CH; deformation*!. A subtle difference was

observed at approximately 760 cm™ ', a region often attributed to Si-CH, rocking or bending vibrations*?.
The 5:1 composition showed the most intense peak at his position, while the 10:1 and 15:1 samples
exhibited slightly lower intensities. This trend may reflect differences in chain packing or crosslinking
density, where a stiffer network structure in the 5:1 sample enhances Raman activity in this mode?%43.

These Raman findings align with FTIR observations.

These spectroscopic distinctions, though subtle, provide further evidence of underlying structural
differences across the compositions that likely contribute to their differing macroscopic behavior. The
CA contains both -H and -CH, functional groups on Si-O-Si backbone®®. The hydride groups participate in
hydrosilylation with the —CH = CH, groups of the base prepolymer, forming Si—CH,—CH,—-Si crosslink
sites (supplementary information, scheme S1). However, the changes in the ratio between C-C bonds
and Si-O bonds are small as evident from differences in the peak intensities (< 4%) and shouldn’t create
an impact on the chemical structure (i.e. charge affinity) of the surface.

The effect of adhesion on triboelectric charge

The three different compositions of PDMS were tested to study the influence of surface adhesion on
triboelectric charge, by contacting them against ITO in Faraday cup mode as showed in Fig. 4 (A). The
experimental results are presented in Fig. 4 (B) and (C). PDMS samples exhibiting stronger adhesion to
ITO also demonstrate larger charge density. The measured separation force curves are presented in
supplementary figure S1. With increase in the average adhesion from 11.15 N to 13.75 N the charge
density increases and becomes more negative from - 0.18 nC cm™ 2 to - 0.47 nC cm™ 2. This can be
attributed to charge (organoion) transfer due to covalent bond breakage, as the softness and adhesion

increases®#4. Prior studies have linked organoions as the charge species in contact electrification*>49,

proven via XPS, AFM'"#/ Raman*® and IR spectroscopy*®. Furthermore, a clear correlation between

adhesion force and surface charge has been observed?. In highly adhesive interfaces, the energy of the
formed adhesive (physical) bonds between contacting surfaces may exceed the energy of chemical or
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k°9. The increase of adhesion forces enhances the likelihood of covalent

physical bonds within the bul
bond scission and organoion transfer, contributing to the observed triboelectric effects®. On the other
hand, softer materials undergo a larger extent of deformation, thus increasing the specific contacting
area and enhancing charge transfer®'. Interestingly, for all compositions, the first separation cycle
exhibited a noticeably lower force peak compared to subsequent cycles. As the number of cycles
increased, the separation force increased and reached a steady-state value by approximately the 10th
cycle as shown in supplementary figure S2. The relative increase in separation force between the first
and the tenth cycle was 14%, 9% and 19% for the 5:1, 10:1 and 15:1 compositions, respectively. This can
be attributed to electrostatic attraction from triboelectric charges®? or due to formation of free polymer
chains from bond rupture that may entangle with the molecules on the opposite film, thus providing
stronger adhesion'*. When tested against ITO, all three PDMS compositions exhibited the same negative
charge polarity. This coincides with the tendency of PDMS to occupy a negative position in the
triboelectric series when paired with hard, smooth conductive oxides such as ITO%37%%, |n this case, the
nature of the counter surface appears to dominate the polarity outcome, while the differences in base
and CA ratio primarily influence the magnitude of the generated charge.

To reveal the effect of adhesion on charging tendencies, we tested PDMS vs. PDMS samples with the
same or different CA ratio (Fig. 5 (A), (B) and (C)). Contacting PDMS films with similar surface adhesion
produced a negligible charge of 0.002 nC cm™ 2. This is attributed to the same extent as bi-directional
material transfer. It is known that bidirectional material transfer occurs between contacted polymers®®.
Both positive and negative organoions may be transferred, forming the so-called surface charge
mosaics®’. If the mechanical hardness, morphology, and adhesion are the same for both contacted
polymer films, the same amount of charges will be exchanged between the two surfaces, and the net
surface charge density will be zero.

When two PDMS films with different adhesion were contacted, the surface charge increased by an order
of magnitude. The surface charge 0.06 nC cm™? was measured by contacting PDMS 5:1 vs. PDMS 15:1,
which is 6 times higher result than the combination of 5:1 vs. 10:1 and 30 times higher if compared to
TENG made out of the same composition PDMS (Fig. 5(D)). These results highlight the critical role of
surface adhesion in triboelectric charge generation.

Prior studies have shown that this process is strongly influenced by mechanical softness. It has been
reported' !4’ that soft polymers tend to undergo greater mass transfer during contact, with transfer
occurring in both directions but predominantly from the softer material to the harder one. Additionally,

our group has previously shown’ that when different polymers are contacted, softer material typically
becomes negatively charged while the harder material charges positively. Regarding PDMS polarity,
Pandey et al'’ showed that when PDMS films with different stiffnesses (E) are contacted against much
more rigid PVC, the less crosslinked (lower E) PDMS charges more negatively than the more crosslinked
formulation (higher E). Our results therefore extend existing theory by demonstrating that, even in
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chemically identical elastomers, adhesion-mediated differences in mechanical response are sufficient to
switch the sign of the charge polarity.

More interestingly, we observe that the stickier surface of two PDMS mutually contacted surfaces
charges negatively, while the surface with lower adhesiveness charges positively (Fig. 5 (E)).
Coincidently, the more adhesive surface is the one with lower crosslink density and lower E, thus
providing increased chain mobility and greater conformity to the asperities of the contacted surface.
This observation reveals the polarity of the triboelectric charge can be tuned through surface
adhesion/crosslink density. This represents a significant advancement in the understanding of
triboelectric phenomena, demonstrating that polarity—previously considered a material-specific property
—can be modulated through physical modifications of the surface, without substantially altering its
chemistry. Since bond scission is expected in the material with least crosslinks (lower E), mass transfer
most likely occurs from the most adhesive PDMS surface to the least adhesive PDMS. Given that most
elastomers tend to charge negatively®®%% enhancing adhesion offers a practical route to boost charge
density and tailor polarity in device design simultaneously, especially in configurations where the same
material is used for both triboelectric layers.

Influence of compression time to change the interfacial adhesion

To further investigate the role of contact conditions, we conducted additional measurements in the
Instron tester focusing on the effect of contacting time on both charge generation and interfacial
adhesion. It is expected that increased contact time will result in stronger separation force and surface
charge. PDMS film samples were tested against ITO electrode in the Faraday cup mode as shown before
in Fig. 4 (A). The results reveal that both charge density and separation force are strongly dependent on
the compression time linked to the stress relaxation of elastomers (Fig. 6 (A)).

Separation force initially increases with compression time, reaching a maximum value at approximately
240 seconds, after which a gradual decline is observed. This behaviour suggests that a more prolonged
contact enhances interfacial interactions, possibly due to the formation of more adhesive intermolecular
bonds, molecular rearrangement, or improved contact conformity as a function of time®':62. The

subsequent decrease may be due to viscoelastic relaxation®®®4. A similar trend is seen in charge density,
which also sharply increases and then slightly decreases. Notably, a correlation is observed between
separation force and absolute values of charge density (Fig. 6 (B)), indicating that compression time
induced adhesiveness follows a trend where higher stickiness between PDMS and ITO results in more
negative charge.

Conclusion

In this work, the mechanical properties and surface adhesion of PDMS was effectively varied by
changing the degree of crosslinking. The least crosslinked PDMS shown pronounced mechanical

softness, as well as highest separation force and work of adhesion. Moreover, the less cross-linked
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PDMS also shown tendency to exhibit a larger surface charge density upon contact-separation versus
ITO due to enhanced specific contacting area and organoion transfer. Upon identical PDMS vs PDMS
material contact the more adhesive (less cross-linked) surface acquired negative surface charge, while
the less adhesive PDMS became positively charged. This work demonstrates the significance of surface
adhesion on triboelectric charge density and polarity. This new knowledge can be used to tune the
triboelectric charging of materials in future.

Methods
Sample preparation

PDMS (DOW, Sylgard™ 184) samples were made by mixing base polymer and CA in different weight
ratios (5:1; 10:1, and 15:1) and spin-coated on the indium tin oxide (ITO) substrate at 2500 rpm for 10 s.
Then, the PDMS samples were cured at 80°C for 24 h. The size of the obtained sample films was 5 cm?
and the thickness was 100 pm.

Material characterization

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectroscopy
measurements were performed to determine structural differences of various compositions of PDMS by
using Nicolet iS10 FTIR spectrometer equipped with an attenuated total reflectance (ATR) module.

The chemical composition was studied using Raman spectroscopy which was performed with Renishaw

InVia Reflex confocal Raman microscope. Raman spectra were collected in the range of 300 to 1700

cm” ! under irradiation with 514 nm laser using 20 mW laser power.

To study the mechanical properties, probe-based dynamic mechanical analysis (probeDMA) was
performed implementing the technique developed for the KLA iMicro nanoindenter. A flat-ended
diamond cylindrical punch (radius =26 um) was used to apply an oscillating stress on the sample at
varying frequency, and the resultant displacement oscillation was recorded to reveal information about
the storage modulus, loss modulus and the loss tangent of the viscoelastic sample. The storage
modulus (E') is a measure of stored energy under deformation and quantifies the elastic property of the
sample. The loss modulus (E") quantifies the viscous response, and it measures energy dissipation
during loading cycle. The ratio of loss modulus and storage modulus gives the loss tangent (tané =
E'/E), which characterizes damping in the material by energy dissipation. A total of 16 tests were
performed in 4 discrete regions on a 2.5 x 2.5 cm? nominal sample area, and 4 points were selected in
each region. Using the obtained storage moduli values at 1 Hz, the molecular weight between crosslinks
( M¢) was calculated with the formula

Mc =3p R,TE™*
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.

where p is the density of polymer, R, the gas constant and T the absolute temperature®®. Crosslink
densities were calculated using formula

3

2

where E is tensile modulus, k is the Boltzmann constant, and T is the absolute temperature®®. As the loss
tangent at 1 Hz frequency is low (under 0.08), indicating that the material response was elastic, we can
assume that storage modulus E’ is a good approximation of tensile Young's modulus E for the purpose
of calculating crosslink density®’.

During the pull-off test performed in the iMicro nanoindenter, a cylindrical flat punch with a radius of 26
um was initially withdrawn 2 pm from the sample surface, ensuring that the tip was fully out of the
adhesion interaction zone. The tip then started approaching the surface at a speed of 100 nm s™ ! until it
was in the vicinity of the surface. To allow more accurate surface detection, the phase signal was
monitored in this process until a phase change larger than 15° was detected. After contacting the
surface, an indent was performed at a loading rate of 0.01 mN s~ ' to a maximum load of 0.1 mN. The tip
was held in peak load position for 2 s before it was unloaded at the same rate, and eventually withdrawn
5 um from the sample surface. The nominal pull-off stress was determined by dividing the pull-off force
by the contact area of the flat-ended punch (nominal area = 2124 um?). Pull-off force and pull-off stress
values were averaged from 12 measurements performed on different regions of the same sample. The
work of adhesion was determined by calculating the enclosed area established under the load-depth
curve. A total of 12 tests were performed in 3 discrete regions on a 2.5 x 2.5 cm? sample area and 4
points were selected in each region. Work of adhesion values were calculated by integrating the area
under the load-depth curve and averaged from 12 separate measurements.

Triboelectric measurements

The contact-separation study was carried out using an Instron E1000 material testing machine, which
ensures the repeatability of triboelectric measurements. They were performed under controlled
conditions — a separation distance of 5 mm, a compression force of 10 N, and a separation speed of 0.1

m s~ . The generated current signals were measured using a Keithley 6514 electrometer connected to a
Picoscope 5444B PC oscilloscope system. Surface charges, Q (nC), were calculated by

o[ ia
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where i is the instantaneous current (nA) and dt is the differential of time (s). Integration was done for
the high, narrow peaks, which correspond to the separation stage. The charge generated by individual
PDMS films was determined after contact-separation with ITO, which was connected to an electrometer,
and the current was measured against ground. This measurement setup was used as a Faraday cup
mode to determine the magnitude and polarity of triboelectric charges formed on the PDMS samples, as
well as to measure the force (N) necessary for separation of PDMS films. Three parallel sets of sample
pairs were tested for each combination. The separation force values were taken from dynamic
mechanical tests and averaged from 20 separation peaks of each sample. The separation force
difference (AN) between two PDMS samples was calculated as

AN = N; — N,
4

where N, and N, represent separation forces obtained from separate tests of each composition against
ITO. This allowed us to isolate the intrinsic triboelectric properties of each PDMS composition sample
before testing them against one another, reducing the effect of adhesion and mass transfer between
PDMS surfaces. The PDMS films were also used to prepare triboelectric generator. For triboelectric
generator tests, the electrometer was connected to both electrodes, therefore measuring the current
induced in the outer circuit by potential difference on both contact layers.

Data availability
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Information, or available from the corresponding author upon reasonable request.
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PDMS composition and viscoelastic response under dynamic mechanical loading. (A) Schematic of
PDMS molecular structure and 3 different compositions. Comparison of (B) storage modulus (E’), (C)
loss modulus (E"), and (D) loss tangent (tan &) of various PDMS composition samples tested under the
probe DMA mode under a flat-punch nanoindenter at frequencies between 1 and 200 Hz.
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Figure 2

Nanoindentation pull-off response of PDMS. A) Load-depth curves of 3 PDMS compositions during a
pull-off test performed by nanoindentation. (B) Schematic illustration of a typical nanoindentation load-
displacement curve.
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Figure 3

Spectroscopic characterization of PDMS. FTIR (A) and Raman (B) spectra of different PDMS
compositions.
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Adhesion-dependent triboelectric response of PDMS. (A) Schematic of Faraday cup setup. Adhesion

and charge density correlation (B) and current peaks (C) of various PDMS compositions, tested against
ITO in Faraday cup mode.
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TENG performance and adhesion-dependent charging in PDMS. (A) Schematic of triboelectric
generator measurement setup. Current (B) and voltage (C) peaks, charge density (D) of TENG devices
made from various PDMS. (E) Dependence of charge density on the adhesion difference between
different PDMS.
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Figure 6

Charge-force relationships in PDMS triboelectric testing. Charge density and separation force
dependence on compression time (A) for PDMS, tested against ITO in Faraday cup mode. Charge density
dependence on separation force (B) for PDMS.
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