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Abstract
Triboelectric generators convert repeated contact and separation into surface charge and electrical output, but the measured voltage and  
current  depend  on  contact  mechanics,  surface  chemistry,  roughness,  humidity  and  the  electrical  load.  Printed  photopolymers  offer  
controlled  geometry  and  texture,  yet  cure  state  and  post-processing  can  change  surface  composition  and  dielectric  properties.  
Qualification therefore requires electrical output to be linked to a defined mechanical contact cycle and environmental state. Surface  
charge density, force-displacement history, contact area, humidity, temperature and load resistance establish whether output is stable or  
driven by uncontrolled surface conditioning. The engineering result is a qualified material-pair and surface state, a contact-pressure and  
motion envelope, and a humidity, wear and environmental drift limit. [1,2,3,4]
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1. Qualification problem: triboelectric generators integrated with printed photopolymers
The triboelectric generator is accepted through three decisions: which surface pair and finish are valid, what contact-motion envelope is  
allowed, and how humidity or wear limits service. Charge transfer,  true mechanical contact and charge-retention time are measured 
independently to prevent peak voltage from becoming a surrogate for the whole device.

1.1 Scope boundary.
ER-377  owns  contact  electrification  and  mechanical-to-electrical  conversion  at  polymer  interfaces.  ER-378  addresses  resistance 
modulation inside conductive composites under strain; shared contact mechanics do not make surface-charge generation, charge leakage 
and load-dependent electrical output interchangeable with piezoresistive sensing.

2. Governing balances for triboelectric generators integrated with printed photopolymers
Triboelectric conversion couples charge generation at contact to a changing capacitance and an external electrical circuit. The amount of  
transferable  charge  depends  on  the  material  pair  and  surface  state,  while  voltage  depends  strongly  on  separation  and  capacitance.  
Mechanical force, real contact area and deformation therefore enter the electrical output directly. A printed texture can alter contact area  
and local pressure at the same time, so geometry and surface chemistry cannot be interpreted independently. [1,3,4]

Contact electrification creates surface charge whose magnitude and sign depend on the contacting materials and interfacial state. [1]

The electrical  output  also depends on changing capacitance during separation,  making gap history  and load impedance part  of  the  
transduction chain. [1,4]

Adsorbed water  can change charge transfer,  surface conductivity and adhesion,  so humidity may either enhance or suppress output  
depending on material chemistry and regime. [1,2,3]

Electrical output is meaningful only together with force, motion, surface condition and environmental leakage, because the measurement  
circuit observes their combined effect.

3. Regime boundaries for triboelectric generators integrated with printed photopolymers
At insufficient contact pressure, output is limited by incomplete real contact. In a stable regime, transferred charge and waveform become  
repeatable for a defined force and separation cycle. At high load or long cycling, wear, viscoelastic set and surface contamination can shift  
the contact state. Humid conditions introduce another regime in which charge leakage or screening dominates. Mapping output over force, 
frequency and humidity reveals the incomplete-contact, stable-contact, wear/set and humidity-leakage regime boundaries. [1,2,3,4]

Table 1 keeps charge generation, true mechanical contact and charge-retention time separate so that a high open-circuit voltage is not  
mistaken for robust energy conversion.
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Table 1. Regime indicators and engineering use.

The usable triboelectric domain is the common region in which charge transfer, real contact and leakage time remain consistent with the  
intended motion and environment.

Indicator Engineering meaning Use

transferred charge per nominal contact area
Normalises  generated  charge  to  the  tested  interface 
while retaining the stated contact protocol.

Used to compare material pairs only when contact load, 
history and measurement circuit are equivalent.

real contact area divided by nominal area
Represents  the  fraction  of  the  apparent  interface  that 
actually participates in charge exchange.

Used  to  interpret  force  and  texture  effects  before 
assigning output changes to surface chemistry.

surface-charge decay time divided by separation period
Compares  environmental  charge  leakage  with  the 
mechanical cycle timescale.

Used to define humidity and frequency ranges in which 
charge survives long enough to contribute to output.

4. Couplings that move the triboelectric generators integrated with printed photopolymers
Porosity and compliance can improve conformal contact but also increase moisture uptake and mechanical hysteresis. Surface treatments  
can increase charge density but may wear or age differently from the bulk photopolymer. Post-cure affects stiffness and potentially  
surface chemistry. Encapsulation can suppress humidity while changing separation mechanics. Every apparent electrical improvement  
therefore needs a paired mechanical and environmental check. [1,2,3,4]

Printed roughness changes the real contact area divided by nominal area, pressure distribution and wear at the same time. [1,4]

Post-cure, cleaning and ageing can alter the surface chemical groups that control charge transfer. [1,2,3]

Mechanical  wear  changes  topography  and  can  expose  subsurface  material,  coupling  lifetime  to  both  friction  history  and  interface  
chemistry. [1,3,4]

5. Failure signatures and false diagnoses
Declining voltage alone is ambiguous. Constant transferred charge with lower voltage may reflect a capacitance or separation change,  
while falling charge indicates surface-state or leakage degradation. If contact force drifts simultaneously, mechanical creep or wear is  
implicated. Surface microscopy, charge measurement and force-displacement histories should be linked at defined cycle counts to identify  
the dominant branch. [1,3]

Falling output is tested against loss of transferred charge, changing contact area, faster surface leakage and mechanical wear. Charge  
measurements, contact-force traces, humidity steps and surface inspection are kept distinct so one degraded metric is not used to explain 
all failure.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence

humidity-driven charge loss
surface  charge  and  open-circuit  voltage  decrease  as 
humidity rises

controlled humidity sweep at fixed mechanical cycle

surface wear or polishing
output  drifts  with  contact-cycle  count  and  roughness 
change

profilometry and charge measurement at cycle blocks

mechanical contact drift
output  changes  with  force-displacement  loop  despite 
unchanged surface chemistry

instrumented contact-force and separation tracking

load-dependent false comparison
apparent  power  ranking  changes  when  electrical  load 
changes

full voltage-current or load-sweep characterization

6. Measuring triboelectric generators integrated with printed photopolymers with traceable uncertainty
TENG qualification requires simultaneous electrical and mechanical measurement because output depends on contact history. Open-
circuit  voltage,  short-circuit  current  and transferred charge should be measured together with contact force,  contact area,  separation  
distance and frequency.  Reporting only peak voltage can exaggerate performance when source impedance is  high or  when contact  
conditions differ between tests. [1,3,4]

Surface state  must  be controlled.  Roughness,  contamination,  absorbed water  and wear  can change charge generation and retention.  
Contact-angle or surface-energy measurements, microscopy and environmental logging are useful companions to electrical data. Humidity  
deserves explicit control because adsorbed water can screen surface charge or create leakage paths, while some porous structures may  
retain moisture and show delayed recovery after drying. [1,2]

Record transferred charge, open-circuit voltage, short-circuit current and output under a stated load, but interpret them with contact force,  
displacement and frequency. Relative humidity and temperature must be controlled at the interface. Surface roughness and contact angle  
provide useful state descriptors before and after wear. Charge density should be normalized to a defensible contact area and not used as a  
universal material constant. [1,2,3,4]

7. Experiments that discriminate competing mechanisms
Mechanical and electrical causes of output drift can be separated by controlled contact experiments. If transferred charge falls while force-
area histories remain constant, surface-charge loss or leakage is implicated; if force or real contact area changes, mechanical wear or  
viscoelastic  deformation  becomes  more  plausible.  A  reference  contact  material  can  help  distinguish  degradation  of  the  printed 
photopolymer from changes in the counterface. [1,3]
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Frequency sweeps should be interpreted carefully because higher frequency changes both electrical time scales and contact mechanics.  
Matching force and separation trajectories  across  frequency allows the electrical  contribution to  be isolated.  Environmental  cycling  
between dry and humid states provides a strong reversibility test and should include sufficient dwell time to distinguish rapid surface 
adsorption from slower bulk moisture uptake. [1,2,4]

Screen material pairs under a single calibrated contact cycle, then vary normal force and separation amplitude independently. Conduct  
humidity sweeps after the mechanical baseline is stable. Long cycling should include surface topography and contact-angle measurements  
to distinguish wear from purely electrical drift. A load sweep at several ageing states establishes whether changes are in charge generation  
or in the effective source impedance. [1,2]

8. Model identification and validation for triboelectric generators integrated with printed photopolymers
Models should connect contact electrification, capacitance change and leakage. Pure electrostatic models can reproduce ideal voltage  
trends but cannot predict wear, humidity effects or incomplete charge retention. Mechanical contact models should therefore supply real  
contact area and separation history, while an electrical leakage term represents environmental and material conductivity. [1,2,3,4]

Validation should use charge as well as voltage because charge is less sensitive to external measurement capacitance. Load tests through  
defined resistances or power-management circuits are also required when energy harvesting is claimed. Transfer to another printed texture  
or porosity should be treated cautiously because those changes alter both contact mechanics and moisture sensitivity. [1,4]

A triboelectric model couples transferred charge to the evolving contact capacitance and the external electrical load. Surface charge is  
inferred only within a  stated measurement  architecture,  because open-circuit  voltage and short-circuit  current  respond differently to  
capacitance, motion and leakage.

Model discrimination uses controlled normal load, separation speed and humidity. If output changes with load while surface chemistry is 
fixed,  the real-contact-area contribution is  exposed;  if  decay changes strongly with humidity at  fixed mechanics,  surface leakage is  
implicated. Wear is evaluated by repeating the same contact protocol after defined cycle blocks.

Force, displacement, area, voltage, current and humidity uncertainties are propagated to separate metrics rather than collapsed into one  
efficiency number. Charge-transfer uncertainty bounds material-pair comparison, mechanical uncertainty bounds the motion envelope,  
and decay-time uncertainty bounds environmental retention.

9. Qualification envelope and technology decisions
Qualification should specify the triboelectric pair, surface preparation, contact force and waveform, frequency, humidity, temperature,  
electrical load and required retained charge or power after cycling. Peak open-circuit voltage is not an adequate acceptance criterion. The  
usable envelope is defined by stable transferred charge and electrical output under the same mechanical and environmental cycle that the  
application imposes. [1,2,3,4]

Table 3. Technology-decision matrix.

Material-pair  selection,  contact-motion  conditions  and  environmental  drift  are  closed  independently.  Electrical  output  under  one  
mechanical waveform is therefore not used to infer charge retention at another humidity or after a different wear history.

Decision Minimum evidence Acceptance logic

material-pair and surface-condition selection

Calibrated  measurements  spanning  the  proposed  limit 
for material-pair and surface-condition selection, with at 
least  one independent replicate near the boundary and 
the  controlling transferred  charge  per  nominal  contact 
area reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'controlled 
humidity  sweep  at  fixed  mechanical  cycle'  does  not 
trigger  humidity-driven  charge  loss  or  move  surface 
charge  and  open-circuit  voltage  decrease  as  humidity 
rises outside the qualified range.

contact-force and motion envelope

Calibrated  measurements  spanning  the  proposed  limit 
for contact-force and motion envelope, with at least one 
independent  replicate  near  the  boundary  and  the 
controlling  real  contact  area  divided  by  nominal  area 
reported with uncertainty.

Accept only while the measured response remains inside 
the stated boundary and the challenge 'profilometry and 
charge  measurement  at  cycle  blocks'  does  not  trigger 
surface  wear  or  polishing  or  move  output  drifts  with 
contact-cycle  count  and roughness  change outside  the 
qualified range.

humidity, wear and environmental drift limit

Calibrated  measurements  spanning  the  proposed  limit 
for humidity, wear and environmental drift limit, with at 
least  one independent replicate near the boundary and 
the  controlling  surface-charge  decay  time  divided  by 
separation period reported with uncertainty.

Accept only while the measured response remains inside 
the  stated  boundary  and  the  challenge  'instrumented 
contact-force and separation  tracking'  does  not  trigger 
mechanical contact  drift  or move output changes with 
force-displacement  loop  despite  unchanged  surface 
chemistry outside the qualified range.

10. Design consequences for triboelectric generators integrated with printed photopolymers
Printed surface texture offers a route to increase effective contact area, but features that improve initial output can wear rapidly or trap  
contaminants. Design should therefore optimize retained charge and mechanical durability, not initial peak signal. Porous or compliant  
layers may improve contact conformability yet increase humidity uptake and creep. [1,2,4]

Device  packaging  is  part  of  the  environmental  qualification.  Barriers  that  reduce  humidity  exposure  may  also  change  mechanical  
compliance  or  contact  spacing.  Requalification  should  follow  changes  in  surface  treatment,  post-cure,  texture,  counterface  or  
encapsulation because each can alter the triboelectric pair and its charge-decay path. [1,2,3]
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Stable contact mechanics and environmental sealing may improve reliability more than maximizing initial voltage. Surface microtexture  
should be designed with wear in mind, because features that increase real area can also concentrate stress. Hydrophobic treatment can 
improve high-humidity retention but may alter triboelectric polarity or adhesion, so it requires full requalification. [1,2,3,4]

Triboelectric production control prioritises the finished contact surface: roughness, contamination, coating, porosity and wear state are 
recorded alongside bulk print settings. Post-processing that changes surface chemistry is therefore requalified through charge-transfer and  
decay tests rather than through dimensional inspection alone.

11. Evidence gaps for triboelectric generators integrated with printed photopolymers
The largest evidence gap is long-term performance under controlled but changing humidity and wear. Many studies report initial output  
without  complete  contact-force  histories  or  surface  characterization.  Future  work  should  retain  charge,  voltage,  current,  force  and  
environmental state over the same cycle sequence. [1,2,3,4]

Another gap is comparability between laboratories. Different measurement impedances, contact modes and reporting conventions can  
produce large apparent performance differences. Standardized mechanical waveforms and reporting of transferred charge per effective  
contact area would make printed photopolymer TENG data more transferable. [1,3]

The main gap is long-duration evidence for printed photopolymer surfaces whose chemistry evolves under UV post-cure, cleaning and  
rubbing. Comparisons also remain difficult because many reports omit force, humidity or load conditions. Future qualification should use 
synchronized mechanical and electrical traces and periodic surface characterization. [1,2,3]

For triboelectric  systems,  raw force, displacement,  voltage and current should be synchronized with humidity and surface-condition  
measurements over wear cycles. Such records would allow contact-area evolution and charge leakage to be separated without relying on  
peak voltage as a proxy for material quality.

Recent LCD-photopolymerization evidence shows that humidity need not always reduce triboelectric output if the polymer network is  
deliberately engineered. Zhuo et al. reported a hygroscopic photocopolymer TENG containing 5 wt.% sulfobetaine methacrylate that  
produced 45.6 microA, 802 V and a peak power density of 48.4 W m-2 at 90% relative humidity. These values are architecture-specific,  
but  they  demonstrate  that  humidity  response  is  a  material-state  variable  to  be  mapped  experimentally  rather  than  assumed  to  be  
monotonically detrimental. [5]

12. Qualification outcome for triboelectric generators integrated with printed photopolymers
The engineering claim is therefore conditional on a defined contact pair and contact mechanics. Changes in texture, counterface, humidity  
protection,  post-cure  or  mechanical  loading  alter  the  charge-generation  and  leakage  state  and  require  new  evidence  rather  than  
extrapolation from the original peak output.

No  universal  triboelectric  ranking  is  claimed.  Qualification  applies  only  to  the  tested  material  pair,  printed  surface  state,  force-
displacement trajectory, frequency, electrical load, humidity and wear state. Surface charge, contact mechanics and environmental drift  
remain separate controls.
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