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4. Conclusion 

In conclusion, we have systematically studied the temporal behavior 
and stability of the nanoscale patterned tribocharges generated on 
highly deformable elastomer surfaces through the newly established 
replica molding technique. For data collection, we repeatedly performed 
short-interval KPFM scans of the same area, which turned out to be very 
effective in grasping both the big picture and the underlying details. The 
measured surface potential’s temporal behavior revealed that the tri
bocharge underwent a double-decay in which an initial fast decay is 
followed by a slower one, eventually leaving only a DC component. We 
hypothesized that the two decays can be attributed to two distinct tri
bocharge groups which, in turn, can be traced to two different charging 
mechanisms, and performed curve-fitting analysis to verify the hy
pothesis. The analysis identified two exponential decay functions, with 
their decay time constants in the range of 0.5 hr and 10 hr, and also 
revealed that the two exponential decays are common to all areas and 
samples. By combining the curve-fitting results and the mechano- 
triboelectric charging model, we could attribute the fast and slowly 
decaying tribocharges to the tangential sliding and surface-normal 
separation of the material interface during the peel-off action, respec
tively. Furthermore, by extending the curve-fitting analysis, we esti
mated the DC component of the measured potential which reveals the 
long-term stability of the tribocharge. The analysis results indicate 
that both the fast and slow decays may be relatively small perturbations 
to the DC components. We experimentally confirmed the existence of 
such a long-term stable charge on the PDMS surface by measuring the 
surface potential levels at the 14-day point after the sample preparation. 
This work extends our previous mechano-triboelectric charging model 
by adding one more charge generation mechanism and relating it to the 
tribocharge’s temporal behavior. Both the model and the analysis 
method can be utilized to analyze and predict the spatial and temporal 
behaviors of the tribocharges on elastomer surfaces, facilitating their 
future utilizations for energy harvesting, flexible electronics and medi
cal applications. 

5. Methods and materials 

5.1. Fabrication of the tribocharged PDMS nanocup arrays 

To fabricate the tribocharged PDMS nanocup arrays, we initially 
prepared two different types of PET molds with a 750 nm-pitch trian
gular array of nanocones (500 nm in base diameter, 110 nm (Sample A) 
and 50 nm (Sample B) in height, MicroContinuum Inc.). We proceeded 
to prepare liquid phase PDMS (Sylgard 184, Dow Corning) mixed with 
curing agent 10:1 wt% and desiccated the mixture for 30 min to remove 
air bubbles. Then, we poured the PDMS mixture onto the PET master 
molds. The PET master molds with the liquid-phase PDMS was placed on 
the hot plate (65 ◦C) over 24 h. Upon its complete solidification, we 
peeled the PDMS off from the master molds obtaining a matching 
nanocup array. The depth d of the nanocup arrays was varied to be 
105 ± 6 nm (Sample A), and 45 ± 4 nm (Sample B). 

5.2. Tribocharge characterization via AFM/KPFM 

Each sample was cut into a 1 cm × 1 cm square and placed in atomic 
force microscope (AFM) (Multimode, Bruker) to characterize the surface 
morphology. Then we carried out the KPFM using a conductive Pt/Ir 
coated tip (SCM-PIT-V2, k = 2.8 N/m, f0 = 75 kHz, Bruker) for 24 h. 
The lift height was set to 50 nm and the scanning rate was 0.5 Hz over 
the same spatial area (2 µm × 1 µm) for 24 h. The time interval was set 

to 30 mins to provide sufficient data points. 

5.3. Extraction of regional surface potential data 

The VLE, VTE, and VINT values for further analysis were obtained as 
follows. We first separated the target area (2 µm × 1 µm) into the 
crescent-shaped and circle-shaped regions (shown in Fig. 2c and d) and 
marked them as the LE and TE regions. The rest of the target area was 
marked as the INT region. Then, we collected the measured surface 
potential from 3 LE and TE regions. From each LE and TE region, we 
collected 4 data sets, making the total data count 12. From the INT re
gion, we also collected 4 data sets. Then, we obtained their averages and 
standard deviations that are plotted in Fig. 3. The spatial interval for the 
KPFM probe’s scanning operation was 5 nm in both horizontal and 
vertical directions. Since the LE and TE regions took the shape of circles 
and crescents with >100 nm extents, we could safely set multiple data 
points near the center of the regions and record the values. 
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