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Abstract. This study investigates how physical and mechanical properties affect the performance of triboelectric nanogenerators (TENGs). 
Polyurethane (PU) was prepared using two methods: (i) one-step PU (non-chain extended polyurethane) and (ii) two-step PU (chain extended 
polyurethane) via the prepolymer method; both types were filled with different concentrations of nanocrystalline cellulose. Mechanical properties 
significantly influence the deformation at the material interface that occurs during contact or friction. Key surface characteristics, including surface 
energy, geometry, and physicochemical properties, affect the effective contact area and potential distribution. One-step PU with 0.1 % CNC 
demonstrates a maximum capacitance of 29.20 pF, a voltage of 2.04 V, an electric current of 0.43 µA and power of 0.89 µW, representing a 74.5 % 
increase in power compared to the neat one-step PU, exhibits significant potential for TENG applications. Performance improvements are associated 
with lower concentrations of cellulose nanocrystals, enhanced hydrogen bonding, and beneficial surface energy. The observed enhancements in 
output are attributed to improved internal polarization from well-dispersed crystalline nanocellulose, increased crystallinity of the soft segment, and 
reduced charge transfer mechanisms due to amino groups in the chain extender. However, the impact of the molecular structure and conformation 
of polyurethanes on triboelectrification remains unclear, highlighting the need for theoretical models and experimental data. This research provides 
a practical approach for developing stretchable triboelectric materials with enhanced mechanical properties, emphasizing the importance of 
considering factors such as mechanical parameters, nanofiller content, and surface physicochemical properties to optimize TENG design.  
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1. Introduction 

TENG (triboelectric nanogenerator) performance, among 
other properties, primarily depends on the interfacial 
interactions of materials and charge generation at the contact 
layers. Modifying surface morphology has been introduced as 
an effective method for enhancing TENG performance (Wang et 
al., 2021). This can be achieved through chemical modification 
of surfaces to improve the materials' tendency to gain or lose 
electrons during interactions with other materials (Yu et al., 
2016). Many authors have focused on finding the optimal 
combination of materials to maximize charge generation, along 
with surface modifications such as pore structures to increase 
contact area. However, few have explored the relationship 
between electrical response and the physical and chemical 
properties of the materials used. There is a substantial need to 
understand and develop advanced, high-performance materials 
to enhance the output power of TENG systems. TENG 
performance depends on various factors, among the most 
important are: (i) interfacial interactions of materials and charge 
generation on the contact layers, (ii) surface morphology 
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modifications, and (iii) chemical modifications (Shen et al., 
2017). Adding nanofibers to elaborate nanocomposites is one 
method of chemical modification (Mi et al., 2018). Several  
materials are used to develop TENG nanogenerators, including 
natural rubber (Bunriw et al., 2021), polytetrafluoroethylene 
(PTFE), polyetheretherketone (PEEK), polyphenylene sulfide 
(PPS), polyethylene terephthalate (PET), pluorinated ethylene 
propylene (FEP), poly(vinylidene fluoride) (PVDF), polyvinyl 
chloride (PVC), nylon (PA), polycarbonate (PC), polyetherimide 
(PEI), polypropylene (PP), polyethylene (PE), polyimide (PI), 
poly(styrene) (PS), Nitrile, polydimethylsiloxane (PDMS) (Zhao 
et al., 2021;  Zhang et al.,2020). On the other hand, polyurethane 
has been studied by some authors (Lee et al., 2015; Zheng et al., 
2021) who have explored the output response of PU and 
modifications such as introducing porous structures and 
incorporating nanoparticles like CNTs, Au, Fe, or self-healable 
materials (Sun et al., 2018). Wang et al. provided an extensive 
list of triboelectric materials and suggested effective pairings. 
They also offered important theoretical insights, which have 
contributed to understanding different modes of triboelectric 
operation (Zou et al., 2019). Therefore, selecting the appropriate 
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materials is crucial for maximizing charge generation in the 
development of TENG devices (Wang et al., 2017; Fan et al., 
2012). Thermoplastic polyurethane (TPU) materials have 
advantages such as flexibility, low cost, processability, market 
availability, and their use in sportswear textiles, like Lycra or 
Spandex®. Additionally, incorporating nanocellulose crystals 
into TPU introduces a large number of oxygen atoms into the 
cellulose, which tends to lose electrons and can induce a slightly 
positive charge in triboelectric devices (Yao et al., 2016; Yao et 
al., 2017). Therefore, they are commonly used as positive 
triboelectric nanofillers in TENGs (Vatankhak et al., 2021). 
Additionally, the nanometer size of nanocellulose provides 
properties such as excellent strength and stiffness, as well as a 
high surface area, which enhances the overall properties of the 
nanocomposite. It is important to note that during the 
triboelectric process, polymeric materials can experience 
irreversible wear and failure, which can reduce energy 
conversion efficiency and limit practical applications. 
Consequently, it is essential to modify and fabricate TENG 
devices with mechanically enhanced properties (Niu et al., 
2018). In this context, employing nanostructured fillers in TENG 
devices could effectively address these challenges. However, it 
remains unclear how the polymer chain structure of PU 
influences the triboelectrification process. Several questions 
arise, such as: What is the effect of the degree of phase 
separation between the soft and hard segments? Does hydrogen 
bonding influence or enhance the triboelectric response in PU? 
Is the use of a chain extender appropriate? Do nanofillers 
contribute to electric charge? These and others questions 
related to the physical and chemical properties studied in this 
work are explored to better understand TENG devices. 

Previously, we reported on the use of PU nanocomposites 
with CNC, exploring their application in creating membranes for 
protein separation (Antolin et al., 2022). These membranes 
demonstrated high mechanical performance, making them 
suitable for use in triboelectric devices. Although there are a few 
reports correlating chemical structure with output response in 
TENGs, it remains uncertain how the intrinsic properties of PU, 
such as hydrogen bonding, mechanical properties, surface 
energy, and crystallinity, affect triboelectric behavior in these 
materials. In this work, we identified a set of considerations that 
determine whether the properties of hard or soft segments are 
suitable for fabricating PU TENGs. 

2. Methodology 

2.1 Materials 

Poly(1,4 butylene adipate) (Diexter G 4400-57) with a hydroxyl 
equivalent weight of 984 was supplied by Coim USA Inc. (West 
Deptford, NJ, USA), isophorone diisocyanate (IPDI), 
Hexamethylene diamine, Tin (II) 2-ethyl hexanoate 
and N,N dimethyl formamide (DMF) ethylenediamine were 
acquired from Aldrich. Dichloroethane and absolute were 
purchased from Merck (Naucalpan, México), and chloroform 
99.8 % from Karal México, All reagents were dried before being 
used. 

2.2 Synthesis of Cellulose Nanocrystal 

CNCs were prepared by the acid hydrolysis of commercial 
cellulose microcrystals (MCCs), following a method reported in 
the literature (Cranston et al., 2006; Fortunati et al., 2012; 
Navarro et al., 2014). First, 20 g of MCC and 175 mL of sulfuric 
acid solution (64 % (w/w)) were mixed in a 250 mL three-neck 
round-bottom flask and homogenized with a mechanical stirrer. 
Hydrolysis was carried out at 45 °C for 30 min. The resulting 
product was diluted in 4 L of deionized water to stop the 
hydrolysis reaction. Next, to remove excess acid, the 
suspension was centrifuged, yielding 1 L of CNC suspension. 
The suspension was then dialyzed for 5 days to achieve 
neutralization. To purify the suspension, ion exchange resin 
(Dowex Marathon MR-3 in hydrogen and hydroxide form) was 
added and stirred for 24 h, then removed by filtration. The pH 
of the CNC suspension was adjusted to around 9.0 by adding a 
1.0 % NaOH aqueous solution dropwise while stirring (Arrieta et 
al., 2016). The CNC suspension was then sonicated to obtain a 
stable suspension of the nanocrystals and stored in a 
refrigerator at 3 °C to prevent bacterial growth. 

2.3 Synthesis of PU and their Nanocomposites 

One-step PU were elaborate mixing Diexter diol (2.5 g) 
and IPDI (0.57 g) with a equimolar ratio (OH:NCO = 1:1) with 
25 mL of 1,2-dichloroethane (see figure 1) into a flat bottom 
flask. Then, the catalyst, stannous 2-ethylhexanoate (Tin II) 
(1:100 mol by diol moles), was added and stirred vigorously for 
6 h at 80 °C. The resulting polymer solution was poured over a 

 

Fig 1. Chemical pathway of: a) for one-step, and b) two-step polyurethanes 
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Teflon mold and kept at ambient temperature for 36 hours to 
evaporate the excess of solvent.  

Two-step PU (prepolymer method). Dry polyester diol 
and isophorone diisocyanate (OH:NCO mol ratio 1:2) were 
added to a 100 mL round-bottom flask, which already contained 
a solution of 1,2 dichloroethane (25 mL) and stannous 2-
ethylhexanoate as the catalyst (18 μL, 0.055 mmol). The mixture 
was stirred for 3 h at 80 °C. Then, the chain extender (HMDA, 
0.15 g, 2.58 meq with 2 mL of N,N dimethyl formamide) was 
added dropwise. The reaction mixture was maintained at the 
same temperature for 3 h. 

For nanocomposite synthesis, specific amount of CNC 
(0.1, 0.5, 1, and 2 % wt) were added to the initial solution of 
polyester diol and IPDI in 1,2 dichloroethane, and this mixture 
was sonicated for 15 min. Then the catalyst was added, and the 
reaction mixture was heated at 80 °C under stirring for 3 h. and 
the same procedure was followed for both one-step and two-
step PU. The product was poured into a leveled Teflon mold 
and allowed to set at room temperature for 24 h. Solvent 
evaporation continued for 36 hours until a film was obtained. 
The film was then removed and dried in a vacuum at room 
temperature for 12 hours. 

2.4 Differential Scanning Calorimetry (DSC) 

DSC was used to study the thermal properties of the prepared 
nanocomposites. The measurements were carried out on a 
Mettler Toledo DSC model DSC822e previously calibrated with 
indium. All tests were performed under a nitrogen atmosphere.  
Thermograms were recorded by heating the samples from −90 
to 80 °C at 10 °C/min; only the second scan was reported. 
Sample weights ranged between 5 and 10 mg. The glass 
transition temperature (Tg) of the polymer matrix was evaluated 
by the inflection point criteria and the melting enthalpy was 
calculated from the area under the endothermic peak. 

2.5 Mechanical Test 

Tensile stress–strain tests were conducted at a deformation rate 
of 50 mm/min using a United Model SFM-10 machine. The 
samples tested were rectangular prisms with dimensions 55 × 
12 × 0.5 mm in accordance with the ASTM D882 standard test 
method. Five samples were tested for each polymer 
composition. In addition, it is essential to investigate the 
inherent relationship between hardness and elastic modulus in 
soft materials, such as polyurethanes. Several investigations 
have explored the connection between the elastic modulus and 

hardness of soft materials, based on the Gent's theory (Gent et 
al., 1958). 

 

𝐸 =
0.0981(56+7.66𝑆𝐴)

0.137505(254−2.5𝑆𝐴)
                                                       (1) 

 

According to Ruess's study, the linear relationship between 
hardness and material elastic modulus is given by: (Bakošová et 
al., 2022).  
 
𝐿𝑜𝑔10𝐸 = 0.0235𝑆𝐴 − 0.6403                                          (2) 
 

where 𝑺𝑨 refers to the ASTM D2240 type 𝑨 shore hardness, and 
𝑬 refers to Young’s modulus in MPa. 

2.6 Infrared Spectroscopy (FTIR) 

FTIR spectra of CNC, PU, and the nanocomposites were 
obtained using an Alpha II spectrophotometer from Bruker with 
an attenuated total reflection (ATR) unit. Each spectrum 
represents an average of four scans with a resolution of 2 cm−1. 
Additionally, the degree of carbonyl groups participating in 
hydrogen bonding for one-step PU can be estimated using the 
carbonyl hydrogen bonding index, 𝑹, as defined by equations 3. 
Equation 4 was the used to calculate the degree of phase 
separation (DPS). Finally, equation 5 was used for calculate DPS 
of the two-step PU. 

 

𝑅 =
𝐶𝑏𝑜𝑛𝑑𝑒𝑑𝜀𝑏𝑜𝑛𝑑𝑒𝑑

𝐶𝑓𝑟𝑒𝑒𝜀𝑓𝑟𝑒𝑒
=

𝐴1680

𝐴1720
                                                   (3) 

 

𝐷𝑃𝑆 =
𝑅

𝑅+1
                                                                          (4) 

 

𝐷𝑃𝑆 =
𝐴1645+𝐴1680

𝐴1645+𝐴1680+𝐴1670+𝐴1720
=

𝐴𝑏𝑜𝑛𝑑𝑒𝑑

𝐴𝑏𝑜𝑛𝑑𝑒𝑑+𝐴𝑓𝑟𝑒𝑒
                   (5)                                                       

 

Where 𝐴 represents the intensity of the characteristic 
absorbance, 𝐶𝑏𝑜𝑛𝑑𝑒𝑑, 𝐶𝑓𝑟𝑒𝑒, 𝜀𝑏𝑜𝑛𝑑𝑒𝑑 and 𝜀𝑓𝑟𝑒𝑒 are the 

concentration and extinction coefficients of the bonded and the 
free carbonyl groups, respectively. The ratio 𝜀𝑏𝑜𝑛𝑑𝑒𝑑/
𝜀𝑓𝑟𝑒𝑒 ranges from 1.0 to 1.2 (Pimentel et al., 1960). 

2.7 Determination of Surface energy by contact angle measurement 

Measuring contact angle and surface energy provides a 
better understanding of interactions between solids and liquids. 
These interactions play a key role in understanding adhesion, 
material wettability, and biocompatibility, particularly between 
PU and copper foil (conductive terminals). 

The surface energies of solids can be determined by 
measuring the contact angle between the solid surface and 
liquids with known surface tensions. The equilibrium forces at 
the edge of a resting drop can be described by the interfacial 
energies of the surfaces involved using the Owens-Wendt 
method (Cranston et al., 2006), from the equilibrium of these 
forces; both the surface energy and the interfacial tension can 
be obtained: 
 
𝜎𝑙(1+𝑐𝑜𝑠𝜃)

2
= (𝜎𝐿

𝐷𝜎𝑆
𝐷)1/2+ (𝜎𝐿

𝑃𝜎𝑆
𝑃)1/2                               (6) 

 

Where  𝜎𝐿
𝐷 and 𝜎𝐿

𝑃 represent the dispersive and polar part of the 

liquid, respectively, while 𝝈𝑺
𝑫 and 𝝈𝑺

𝑷 denote the corresponding 
contributions from the solid surface. 

Owens, Wendt, Rabel, and Kaelble observed that 
interfacial tension consists of two components, considering the 
interactions between molecules. Based on their studies, they 
concluded that there are two main types of interactions: polar 
and dispersive. Polar interactions include Coulomb interactions 
between permanent dipoles, as well as interactions between 
permanent and induced dipoles. Dispersive interactions arise 
from the time-dependent fluctuations of charge distributions 
within molecules. The combination of these contributions 
determines the surface energy and surface tension of solids and 
liquids, respectively. 

In this work, the surface energies of urethanes and copper 
foil were evaluated by measuring static contact angle (𝜽) with a 
smartphone camera for comparison. The tests were conducted 
on the air-facing surfaces of the samples using four liquids: 
water, formamide, ethylene glycol, and glycerol applying the 
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sessile drop method (Owens et al., 1969). Thus, the contact 
angles were measured with two of these liquids, resulting in two 
equations in the form of equation 6, each with different values 
of the constant coefficients. This procedure yields a system of 
two linear equations: 
 
𝑦1 = 𝑎𝑥1 + 𝑏, 𝑦2 = 𝑎𝑥2 + 𝑏                                              (7) 
 

𝑦𝑖 =
(1+𝑐𝑜𝑠𝜃)

2

𝜎𝐿

√𝜎𝐿
𝐷
; 𝑎 = √𝜎𝑆

𝑃; 𝑥𝑖 = √
𝜎𝐿
𝑃

𝜎𝐿
𝐷 and 𝑏 = √𝜎𝑆

𝐷         (8) 

 

Where 𝒙𝒊 and 𝒚𝒊 are the contact angle values for the two 
measuring liquids, 𝒂 and 𝒃 are the coefficients dependent on the 
kinds of these liquids. Then the solution of the system of 

equations (7 and 8) will determine 𝝈𝑺
𝑫 and 𝝈𝑺

𝑷 components. 

2.8 Design and testing of triboelectric nanogenerator 

The PU nanocomposite films were assembled into a 
vertical contact-separation configuration TENG. They were 
placed on a 2 × 2 cm copper foil at the base of the vibration 
exciter a force of 4 N and a frequency of 23 Hz and covered with 
an additional copper foil on top. Conductive wires were 
attached to both copper foils to enable electrical measurements. 
The films underwent a series of press-and-release cycles, with 
vertical movements of up to 5.5 mm, the electrical 
characterization was performed with an oscilloscope (UNI-T 
UTD4204C). Voltage and current values were obtained by 
averaging the peak-voltage and peak-current measurements, 
respectively. 

The capacitance was measured using an LCR meter (UNI-
T UT612) at a frequency of 100 KHz. The PU samples were 
placed between copper foils, effectively creating a parallel plate 
capacitor. The dielectric constant was then calculated using 
equation 9 (Zenkiewicz et al., 2007), where 𝑪 represents the 
capacitance, 𝜺𝟎 and 𝜺𝒓 are the dielectric constants of free space 
and relative, respectively, 𝑺 is the area of the copper foils, and 
𝒅 is the thickness of the PU samples, with had an average 
thickness of 0.30 mm. 

 

𝑪 =
𝜺𝟎𝜺𝒓𝑺

𝒅
                                                                             (9) 

3. Results and Discussion  

3.1 Infrared spectroscopy 

FTIR spectra of nanocomposites prepared at different CNC 
concentrations reveal that the addition of CNC affects the peak 
patterns observed in both families of PU. The FTIR spectra of 
neat PU and its nanocomposites are shown in Figure 2, with 
expanded views of the carbonyl (Figure 2a) and amine (Figure 
2b) regions. The ester carbonyl band of the pure PU is centered 
at around 1720 cm−1. In the nanocomposites, two main 
differences are observed: (i) the ester carbonyl band shifts 
slightly to higher frequencies, and (ii) a shoulder appears around 
1680 cm−1. These changes suggest that the carbonyl groups in 
the PU matrix are more associated through hydrogen bonds in 
the nanocomposites. A Gaussian deconvolution analysis was 
conducted to assess the contributions to the ester carbonyl 
absorption. The carbonyl bands of both pure PU and the 
nanocomposites were normalized before analysis. Also, as 
mentioned above, the carbonyl hydrogen bonding index, 𝑅, was 
estimated using equations 3, while the DPS of the one-step PU 
was calculated using equation 4. 

Equation 5 is used to calculate DPS in two-step PU, where 
urea moieties are divided into three spectral contributions: (i) 
free urea at 1670 cm−1, (ii) H-bonded at 1645 cm−1 and 
carboxylic acid groups (free at 1720 cm−1, H-bonded 1700 
cm−1). DPS is calculated using the absorbance of hydrogen 
bonded carbonyl groups (absorbance at 1700, and 1645 cm−1), 
and free carbonyl groups (Absorbance at 1730, 1720 cm−1 and 
1670 cm−1).  Where 𝐴𝑏𝑜𝑛𝑑𝑒𝑑 is the absorbance of a hydrogen 
bonded carbonyl group (𝐴1700 + 𝐴1645), 𝐴𝑓𝑟𝑒𝑒  is the absorbance 

of a free carbonyl group (𝐴1730 + 𝐴1720 + 𝐴1670) (Chuang et al., 
2021).    

The relationship between the structure and triboelectric 
properties of PUs can be attributed to hydrogen bonding. Figure 
2 shows partial IR spectra of both families of nanocomposites, 

 
Fig 2. Partial infrared spectral contributions of the carbonyl and -NH regions of a) one-step PU (upper) and b) two-step PU (lower). 
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highlighting the characteristic peaks in the carbonyl and -NH 
region groups. For one-step PU materials (Figure 2a), a single 
hydrogen bonding contribution is evident around 1680 cm-1, 

corresponding to the urethane groups. In contrast, two-step PU 
materials exhibit a similar hydrogen bonding contribution, but 
they also show an additional peak at 1630 cm-1 due to the 
formation of urea groups. This peak indicates additional 
hydrogen bonding contribution form the formation of bidentate 
urea associations (Fernandez et al., 1997). The deconvoluted -
NH region shows bands attributable to free -NH, hydrogen 
bonded type I (-NH….O=C), and hydrogen bonded type II (-
NH…O-C-ester), respectively. In this region, the peaks for two-
step PU are shifted to lower frequencies and exhibit broader 
bands compared to one-step PU (Ourique et al., 2019). This shift 
indicates that two-step PU has a greater hydrogen bonding 
contribution due to the formation of urea bonds and the broader 
band associated with hydrogen bonding between hard 
segments. The presence of more hydrogen bonding interactions 
is evident from the bands, where a higher hard segment content 
correlates with increased hydrogen bonding. To understand the 
role of hydrogen bonding in triboelectric devices, Ning et al 
report that the disruption of hydrogen bonding enhances the 
dipole polarizability and thus dielectric constant in 
thermoplastic PU, in this sense one-step PU contains less 
hydrogen bonding than two-step PU and one-step PU could 
have better performance in triboelectrification than two-step PU 
(Ning et al., 2017). 

Table 1 shows the degree phase separation (DPS) 
calculated using equations 3, 4, and 5 for both families of PU 
and their nanocomposites. The two-step family of PU has larger 
values of hydrogen bonding contribution compared to the one-
step PU. Also, the incorporation of CNC increases the DPS in 
one-step PU, and conversely DPS diminished in two-step PU 
nanocomposites. The increase of content CNC favors simple 
chain structures in one-step PU. In contrast, the presence of 
CNC in two-step PU implies a disorder in chain folding. CNC 
can serve as an effective conductive filler to enhance the 
dielectric constant of the PU matrix, utilizing mechanisms 
similar to those employed by high dielectric fillers (Jin et al., 
2020).  On the other hand, it has been demonstrated that 
stronger hydrogen bonds can form between the N–H group of 
PU and the free hydroxyl group of CNC, this can lead to the 
disruption of hydrogen bonds within the PU chains, this fact 
could be affected in two-step PU since DPS decrease in their 
nanocomposites (Mattia et al., 2007).  

The introduction of CNC into two-step PU reduces 
interactions among PU chains, promotes the migration of 
polarized groups, and enhances the polarization ability of PU 
chains. Additionally, as CNC content increases, the number of 
free C═O groups in PU rise, while the number of hydrogen-
bonded C═O groups decrease due to the formation of hydrogen 
bonds between PU and CNC (Kim et al 2023, Guo et al., 2023). 
In the case of one-step PU, the ratio of free C═O bands to 
hydrogen-bonded C═O bands detected from the FTIR spectra 
increases as the CNC content rises. According to Table 1, The 

peak-area ratio (free C═O bands to hydrogen-bonded C═O 
bands) increases from 15 to 21 as the CNC content grows from 
0 % to 0.1 % wt, As expected, the addition of CNC slightly 
enhances the permittivity of the PU nanocomposite due to the 
partial increase in free charge polarization in the PU-CNC 
interface (Sung et al., 1977). 

3.2 Differential scanning calorimetry (DSC) 

Figure 3 clearly shows the differing structural behaviors 
between the two polyurethane families. The one-step PUs 
exhibit both exothermic and endothermic peaks, indicating their 
ability to form crystals. In contrast, the two-step PUs shows 
amorphous behavior with no tendency to crystallize. For both 
PU families, the glass transition temperature (Tg) of the 
nanocomposites remains unchanged at -49 °C for one-step PU 
and -52 °C for two-step PU. Figure 3a shows the impact of CNC 
on the nanocomposite, evident from the increased enthalpy of 
fusion in the one-step PU nanocomposite. Figure 3b shows a 
slight decrease in heat flux for the two-step PU around 20 °C, 
likely due to the appearance of the Tg of the hard segment, 
which shifts from 17 to 25 °C with CNC incorporation, 
suggesting an interaction with the hard segment of the two-step 
PU. CNC significantly influences the one-step PU by increasing 
its crystallinity. Crystallinity is an important factor in designing 
triboelectric generation, as some authors found that crystallinity 
in the polymer is associated with triboelectric output 
(Margaronis et al., 2021, Smith et al., 2020).  

Based on the DSC data presented in Table 2, one-step PUs 
could experience significant changes in morphology during the 
triboelectrification process because their crystallization and 
melting temperatures are close to room temperature (which is 
encountered during triboelectrification). While, two-step PUs 
may show higher mechanical stiffness due to the increased Tg 
of the hard segment. When environmental temperatures 
approach the crystallization (Tc) or melting temperatures (Tm) of 
the macrodiol  in a shape fixed material, the morphology may 
be substantially altered towards a pre-determined shape 
(Saralegi et al., 2013). 

Table 1 
DPS of one-step PU, two-step PU, and their nanocomposites. 

Sample One-step PU Two-step PU 

 DPS 
Neat PU 15.82 28.69 
PU 0.1 % 21.69 30.36 
PU 0.5 % 19.20 27.15 
PU 1 % 18.22 20.24 
PU 2 % 17.85 26.21 

 

 
Fig 3. DSC curves of a) one-step PU and b) two-step PU and their 
nanocomposites (0.5 % wt CNC). 
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3.3 Mechanical properties  

Figure 4 shows the stress-strain curves of both families of 
PU. The initial slope of these curves indicates the typical 

behavior used to calculate Young's modulus. An increase in this 
slope suggests higher crystallinity, as the crystal content is 
influenced by the soft segment in PU. Additionally, higher CNC 

content leads to increased values of Young's modulus for both 
PU families. Similarly, the yield point also shows a 
corresponding increase with CNC content, indicating greater 
stiffness and hardness in the nanocomposites. Consequently, 
one-step PU is more prone to deformation in a TENG device 
compared to two-step PU.   

On the other hand, in the plastic deformation zone, a 
contrasting effect is observed: higher CNC content results in 
reduce material extensibility. In this region of the stress-strain 
curve, the soft segment typically stretches due to the 
interconnection between hard and soft segments. However, the 
presence of CNC impedes or obstructs the chain extensibility. 
Both segments in PU contribute to strain-induced crystallization 
(SIC), which involves the rotation and alignment of hard 
segments and the stretching of soft segments (Khan et al., 2010). 
This SIC behavior significantly impacts the electrification 
performance and the induced intermolecular forces (Šutka et al., 
2020, Xu et al., 2019) leading to changes in the effective contact 
area (Šutka et al., 2019, Lee et al., 2013). During stretching, 
applied stress can alter the conformation of functional groups 
exposed on the polymer surface (Wang et al., 2019, Wang et al., 
2019, Sow et al., 2012). SIC can be a valuable feature for contact 
electrification and the development of TENGs. Figure 4 shows 
a soft plateau in the middle of the stress-strain curve for neat PU 
and also with 0.1 % wt CNC in both PU families. This suggests 
that neat PUs and those with lower CNC concentrations exhibit 
SIC behavior. Conversely, high CNC concentrations (0.5, 1 and 
2 % wt CNC) disrupt stress-induced crystallization, making 
these materials less suitable for triboelectrification due to 
increased hardness and lower extensibility. 

Table 3 shows the mechanical parameters obtained from 
the stress-strain curves shown in Figure 4. The two-step PU 

family exhibited higher values for most mechanical parameters 

(Young' s modulus, yield points, ultimate strength, strain at 
break, and toughness) compared to the one-step PU. This 
indicates that the two-step PU, both in its neat form and as a 
nanocomposite, has superior mechanical properties. Based on 
the data in Table 3, one-step PU is a softer, more flexible 
material that deforms more easily at low strains, which is 
advantageous during the triboelectrification process. Both PU 
families exhibit SIC behavior at very low CNC concentration 
(0.1 % wt), suggesting that low concentrations of CNC are below 
the percolation threshold and promote effective interaction and 
interconnection between the hard and soft segments of both 
PUs. 
 
3.4 Physical properties of PU 

3.4.1 Hardness 

Equations 1 and 2, the Reuss model predicts Young's modulus 
with good accuracy for neat PU and nanocomposites with lower 
CNC concentrations (0.1 and 0.5 % wt). However, at higher CNC 
concentrations (1 and 2 % wt) hardness values decrease. This 
decrease can be attributed to the inhomogeneities in PU 
nanocomposites caused by percolation effects. Hardness 

Table 2  
Data obtained from the DSC curves of PU and their nanocomposites. 

Sample Tg (°C) Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g) 
One-step PU 

Neat PU -49 -4 30 43 37 
PU 0.5 % -49 -10 16 44 41 

Two-step PU 

Neat PU -52 - - - - 
PU 0.5 % -52 - - - - 

 
 
Table 3 
Mechanical parameter from the stress- strain curves of neat PU and its nanocomposites. 

Sample Young modulus 
(Mpa) 

Yield point (MPa) Ultimate strength 
(MPa) 

Strain at break 
(%) 

Toughness 
(J/m3) 

One-step PU 
Neat PU 6.7 ± 0.5 0.4 ± 0.04 1.40 ± 0.09 751 ± 73 4.3 ± 0.3 
PU 0.1 % 23.3 ± 0.8 1.4 ± 0.10 3.02 ± 0.28 611 ± 60 12.5 ± 0.4 
PU 0.5 % 58.8 ± 4.1 5.4 ± 0.53 9.30 ± 0.68 350 ± 25 41.1 ± 2.4 

PU 1 % 184.1 ± 13 5.8 ± 0.16 7.61 ± 0.61 325 ± 11 9.4 ± 21.7 
PU 2 % 163.1 ± 6.8 6.7 ± 0.23 6.90 ± 0.52 129 ± 8 8.1 ± 0.5 

Two-step PU 
Neat PU 16.7 ± 0.6 0.6 ± 0.03 3.96 ± 0.12 756 ± 46 12.93 ± 1.0 
PU 0.1 % 29.5 ± 1.9 2.8 ± 0.10 9.85 ± 0.74 591 ± 37 60.81 ± 3.6 
PU 0.5 % 38.4 ± 2.2 2.2 ± 0.14 17.81 ± 1.58 565 ± 54 47.68 ± 3.0 
PU 1 % 176.3 ± 17.2 7.2 ± 0.48 14.32 ± 0.57 483 ± 33 43.35 ± 3.2 
PU 2 % 342.2±11.9 7.0±0.18 7.01±0.60 5.2±0.4 0.27±0.01 

 

 
Fig 4. Strain-stress curves of a) one-step PU and b) two-step PU, 
and their nanocomposites. 
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measurements create small holes on the surface, suggesting a 
disruption in the interconnection between the soft and hard 
segments of PU during the penetration process. The contact 
area is a crucial factor affecting the charge capacity of 
triboelectric nanogenerators. Therefore, it is essential to obtain 
the contact area between PU and external material (copper). 
Guan found a relationship between type A shore hardness and 
the contact area of soft materials in TENG experiments. Their 
results indicate that lower type A shore hardness values result 
in a larger contact area and consequently more generated 
charge. The recorded results show that transferred charge 
decreases nonlinearly with hardness, with the rate of decrease 
slowing as hardness increases. In other words, softer PU 
materials generate higher transferred charges with each contact 
(Guan et al., 2021). 
 
3.4.2 Coefficient of friction (COF) 

Given the inherent relationship between triboelectricity and 
friction, combining an electric energy collection system with 
friction can also facilitate the design of in-situ sensor for 
monitoring frictional states, which is important for practical 
applications (Erdemir et al., 2000). Liqiang Zhang reports that 
reducing the coefficient of friction (COF) to less than 0.01 is 
significant for triboelectric nanogenerators (TENGs), they found 
that a high friction coefficient detrimental to the development of 
TENGs (Zhang et al., 2022). The differences in friction 
coefficients can be related to the hardness values of the surface. 
A surface with greater hardness exhibits less drag resistance 
and lower apparent friction coefficients. CNC can migrate to the 
surface films, and with higher cellulose content, the material 
surfaces become harder, allowing for the formation of 
agglomerates that can be dispersed on the external surface 
(Hormaiztegui et al., 2020, Zakani et al., 2022 de Oliveira et al., 
2013). 
 
3.4.3 Surface energy 

Table 4 lists the surface energy of both PU families obtained 
from equations 6-8. The surface tension of solids is 
differentiated into polar and dispersive interactions.  The results 
show a slight difference in solid surface tension. Essentially, the 
two PU nanocomposites exhibit opposite behaviors in terms of 
surface energy. Nanocomposites from the one-step PU family 
show higher values for dispersive forces and lower values of the 
polar part of surface tension. In contrast, the two-step PU family 
shows the opposite behavior. Non-chain extended PU exhibits 
better compatibility with cooper electrodes, as its dispersive 

part is closer in value compared to the two-step PU, also there 
is a minimal difference in the total surface tension between the 
two PU types, suggesting low adhesion between electrodes and 
the PUs. PU materials with low surface tension have certain 
advantages. For instance, Jang reports that in TENG 
applications, low surface energy materials lead to increased air 
trapping at the interface between copper and PU and reduced 
moisture absorption. According to the data in Table 4, the one-
step PU family composites exhibit lower polar and higher 
dispersive force contributions on the surface compared to the 
two-step PU family materials, this suggests a difference in 
hydrophobicity. In this context, one-step PU can effectively 
prevent the formation of a moisture layer or minimize the 
contact area between the moisture layer and PU surface. This is 
because moisture has greater difficulty infiltrating surface with 
hydrophobic properties. Such phenomena can lead to a 
significant decrease in triboelectric charging capacity; therefore, 
hydrophobicity helps maintain stable performance in various 
environments (Jang et al., 2016). As observed earlier, the 
hydrogen bonding detected by FTIR in two-step PU is related 
to the polar part of chain extended PU. During triboelectric 
experiments, the output voltage performance can be modulated 
by modifying the PU surface with different functional groups. In 
this case, PU with a chain extender containing an amine group 
exhibits lower voltage output compared to one-step PU.  

Until now, several successful water-TENGs have been 
reported (Cheng et al., 2014, Liang et al., 2015), most of which 
require micro-/nanostructures and hydrophobic surfaces to 
maximize performance. Hydrophobicity is a key factor in 
optimizing TENG performance. Since the metallic surface used 
in this work is intrinsically hydrophilic due to the presence of 
native oxide, a low surface energy coating is necessary for PU 
polymers. It is also important to consider the chemical 
composition of the PU surface, as it significantly affects surface 
wettability. Good wettability and easy detachment between PU 
and copper contribute to high-fidelity surface transfer from PU 
to copper. According to Jin, TENG devices that effectively repel 
moisture from the materials surface maximize TENG output (Jin 
et al., 2018). 

The triboelectric effect results from several parameters: 
charge affinity, interaction between triboelectric layers, mode of 
interaction (sliding or contact-separation), mechanical 
properties, surface geometry, and other variables discussed 
earlier. Charge affinity, determined by the chemical 
compositions of the materials, affects their ability to attract 
electrons. The chemical structures of the materials influence 
their polarities, which are crucial in triboelectrification 

Table 4 
Physical properties of one-step PU and two-step PU. 

Sample  Hardness  
(shore A) 

COF     
Static friction  

COF  
Dynamic friction 

Surface energy 
σs
D mJ/m2 

Surface energy 
σs
P mJ/m2 

Surface Energy σs 
mJ/m2 

One-step PU  
Neat PU  62.5 ±  4.6 0.56 ± 0.02 0.42 ± 0.01 16.30  19.98 36.29 
PU 0.1 %  67.3 ± 6.0 0.49 ± 0.02 0.38 ± 0.02 15.83 20.37 36.21 
PU 0.5 %  78 ± 3.7 0.43 ± 0.02 0.29 ± 0.01 13.77 28.63 42.40 

PU 1 % 66.8 ± 3.3 0.44 ± 0.02 0.30 ± 0.01 12.05 22.04 34.09 
PU 2 % 73.6 ± 5.6 0.38 ± 0.03 0.28 ± 0.02 11.29 29.13 40.42  

Two-step PU  
Neat PU  77.5 ± 6.82 0.73 ± 0.06 0.41 ± 0.04 7.24 33.66 40.90 
PU 0.1 % 80 ± 5.6 0.48 ± 0.04 0.35 ± 0.02 6.08 35.94 42.02 
PU 0.5 %  94.2 ± 5.3 0.43 ± 0.02 0.29 ± 0.01 9.44 37.53 46.97    
PU 1 %  88 ± 6.7 0.40 ± 0.02 0.30 ± 0.03 8.43 36.35 44.78 
PU 2 % 82 ± 4.6 0.42 ± 0.03 0.30 ± 0.02 6.27 42.11 48.39 
Cu - - - 30.32 3.68 34.00 
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processes. The interaction between triboelectric layers is 
influenced by the surface energies of the materials and 
determines the energy difference at the interface, guiding 
electron transfer. The mode of interaction (sliding or contact-
separation) affects the effective contact area of the interface 
(Kim et al., 2017). When two surfaces come into full contact, for 
example, through a shaker, electrons transfer from the material 
with higher surface energy to the material with low surface 
energy (Wang et al., 2016). 

3.5 DFT Calculations 

To study the potential distribution of functional groups in a 
segment of PU, chain elements were calculated using density 
functional theory (DFT). Figure 5 shows the repeating units of 
both PU families, including the HOMO and LUMO orbitals state 
(Frisch et al., 2016, Li et al., 2020), which contain electrons that 
can easily be donated during the triboelectric process. The 
observed differences in results are proposed to be due to the 
significant electronegativity difference between the amine 
group (from the chain extender) and the hydroxyl group, rather 
than any other combination (Li et al., 2020).  

Many studies have revealed that the characteristics and 
density of functional groups in a polymer can influence the 
electron transfer process during contact electrification (Tao et 
al., 2021, Wang et al., 2021, Lapčinskis et al., 2021, Xu et al., 
2019, Sow et al., 2012). For commonly used stretchable 
triboelectric materials, such as PUs, the strain applied during 
triboelectrification can induce significant changes in the 
electrification process. Typically, changes in the effective 
contact area (Šutka et al., 2020, Lee et al., 2013) and the induced 
intermolecular forces (Šutka et al., 2019, Liu et al., 2022) are 
considered primary factors affecting electrification 
performance. During stretching, the applied stress may alter the 
composition of functional groups exposed on the polymer 
surface. Additionally, stretching-induced crystallization of soft 
segments may occur in these PUs and their 
nanocomposites (Wang et al., 2019, Kwak et al., 2019). The 
electrostatic potential diagram of a segmented chain of both PU 
is shown in 5, where the blue and red areas represent positive 
and negative potential regions, corresponding to electron-poor 
and electron-rich areas, respectively. Therefore, the C−C bonds 
provide an electron donating conjugation effect within PU 
molecule. Molecular orbital simulation diagrams also show that 
the electron cloud density associated with the C−O bond is 
greater than that associated with the C−H bond. Consequently, 
the crystallization of the soft segment in PU arranges the 
molecular chains more orderly, exposing the electron-poor 
areas (C–H) at the surface while hiding the electron-donating 
bonds (C−O) in the bulk region. This arrangement enhances the 
overall electron-withdrawing capability of PU. Meanwhile, the 
SIC effect also alters the functional groups in PU, significantly 
reducing the presence of ethyl (−CH2CH3), methylene (−CH2), 
urethane and urea bonds due to hydrogen bonding interactions. 
The reduction of electron-donor groups in the surface region 
leads to a strain-induced shift in the triboelectric series. FTIR 
has been used to verify changes in the surface functional groups 
of PU. Specifically, a decrease in the ether group in two-step PU 
nanocomposites and an increase in the C–O group in one-step 
PU nanocomposites near the surface region have been 
confirmed (Lorenzini et al., 2013). Figure 5 (inset) shows the 
partial spectra of one-step and two-step PU in the stretching 
C−O region. Both spectra were normalized to 1 based on the 
highest signal (carbonyl peak) to facilitate the visualization and 
comparison of ether bond intensities. In the case of one-step PU, 
the intensity of the nanocomposite bands is greater than that of 

neat PU, whereas, for two-step PU, the intensity of the 
nanocomposites bands is lower compared to neat PU. This 
suggests that C-O bonds are more available during the 
triboelectrification process.  

The highest occupied molecular orbital (HOMO) is a state 
filled with electrons, making it readily capable of donating 
electrons to a material in contact through friction during the 
triboelectric process. Thus, the hydrogen atoms in a molecule 
or functional group can give rise to HOMO states. 
Complementarily, the distributions of the lowest unoccupied 
molecular orbital (LUMO) for the PU families, which can act as 
electron acceptor states, were also calculated in this simulation. 
When triboelectrification occurs between PU and copper, 
charge can be transferred from the HOMO of PU, making it 
positively charged, to the LUMO of the copper terminal, making 
it negatively charged. According to this assertion, electrons 
transfer from the hard segment to the soft segment. This occurs 
because the hydrogen atoms in the diisocyanate can contribute 
with more electrons to the surface of the counter material during 
repeated contact, leaving the surface positively charged (Ning 
et al,. 2017; Jin et al., 2020; Mattia et al., 2007; Kim et al., 2023; 
Guo et al., 2023). The interactions between hydrogen atoms 
(likely due to van der Waals forces, the large surface area, and 
the polarizability around the diisocyanates hydrogen atoms) can 
result in a more robust and complex polymeric structure 
(Lorenzini et al., 2013). In Figure 5, the separation between the 
HOMO and LUMO is observed. A larger HOMO-LUMO orbital 
energy gap indicates greater resistance to changes in electronic 
distribution and polarization. This suggests that one-step PU, 
with its higher band gap values, behaves more like a dielectric 
material and can store more charge compared to two-step PU. 
According to Lorenzini, urethane bonds have a higher dielectric 
constant than urea bonds due to their electronegativity. 
Additionally, it is reported that increasing the number of 
carbons in the backbone lowers the dielectric constant, which is 
attributed to the increased free volume that reduces the number 
of polarizable groups per unit volume (Simpson et al., 1997; 
Hwang et al., 2006; Chen et al., 2016). In this sense, two-step PU 
contains both characteristics (urea bonds and a higher number 
of carbons due to the chain extender) and thus has a lower 
capacity to generate triboelectric gain compared to one-step 
PU. 

 
Fig 5. Electrostatic potential maps and electron cloud orbitals 
corresponding to the HOMO and LUMO of a) one-step PU and b) 
two-step PU, calculated at the B3LYP/cc-pVTZ level. 

 

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00767#fig4
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3.6 Measurements TENG 

The measurements of capacitance and dielectric constant 
are summarized in Table 5. It is observed that maximum values 
are archived with a concentration of 0.1 % wt of CNC, followed 
by a slight tendency to decrease in both families of PU. In this 
context, a low concentration of CNC implies enhanced 
dispersion of the nanofiller, leading to better distribution within 
both PU segments. As mentioned earlier in the FTIR 
characterization, these parameters may be related to hydrogen 
bonding content. Table 5 shows the calculations obtained using 
equation 9, where a direct relationship between dielectric 
constant and capacitance is observed. Higher values of 
capacitance or permittivity indicate a greater capacity for the 
electrification process. It was previously note that the dielectric 
constant is a key parameter influencing TENG systems. A high 
dielectric material is more susceptible to interacting with 
electric fields and more likely to polarize. Therefore, calculating 
the dielectric constant is crucial, as it serves as an indicator of 
the proper functioning of TENG systems and is a key to their 
effectiveness (Hwang et al., 2006; Chen et al., 2026). In this 
context, one-step PU, with a dielectric constant of 2.19, is a 
promising candidate for use in these types of devices.     

The lower gain in voltage and current in nanocomposites 
with high CNC content is due to the weak polarization tendency 
of cellulose/nanocellulose, which restricts its capacity to 
generate surface charge (Xia et al., 2017, Adonijah et al., 2020, 
Sriphan et al 2020, Wang et al., 2017), this makes it a weak 

tribopositive material resulting in inferior output performance of 
nanocellulose-based TENGs (Yao et al., 2017). 

Also, the increased output power of the one-step PU TENG 
may be attributed to its sufficiently rough surface, which has a 
friction coefficient of 0.56 (see Table 4). When in contact with 
the copper foil, the friction between the surfaces generates a 
triboelectric charge density on the PU surface. Additionally, the 
PU exhibits elasticity, which, when subjected to external force, 
increases the surface contact area between the PU and the 
copper foil. This deformation helps cover gaps between the 
surfaces, enhancing contact friction and thereby increasing the 
triboelectric charge density, resulting in improved TENG 
performance (Mi et al., 2018; Mao et al., 2015; Tcho et al., 2017). 
The elasticity of the PU is confirmed by its measured rigidity, 
with a hardness value of 62.5, indicating good flexibility when 
compressed. This is also related to Young's modulus, which is 
relatively low at 6.73 Mpa, suggesting good longitudinal 
elasticity. Furthermore, FTIR characterization (Figure 2a) and 
DPS calculation (see Table 1) reveal that the one-step PU film 
contains a higher proportion of soft segments. These soft 
segments interact to enhance the ordering of the polymer 
chains, thereby improving thermal, viscoelastic and superficial 
properties (Guan et al., 2021). On the other hand, the similar 
surface energy of both the copper foils and the one-step PU films 
indicates effective interaction and better adhesion between 
these two surfaces. 

The two-step PU has dielectric constant and capacitance 
values that are closer to those of the one-step PU. However, it 
exhibits greater rigidity and a higher coefficient of friction, 
which impedes deformation and results in a reduced contact 
area and lower charge density, leading to poorer TENG 
performance. The increased rigidity of nanocomposites with 

high CNC content is reflected in a higher Young's modulus, 
which is more pronounced in two-step nanocomposites, where 

the Young's modulus is 2.5 times higher than that of the one-
step PU. Furthermore, the permeation limit is reached, causing 
CNC agglomeration that adversely affects the surface contact 
area and disrupts the electrical charge capture process (Jin et 
al., 2020; Chen et al., 2016).   

Figure 6a shows the open-circuit voltage curves, while 
Figure 6b shows the rectified output electric short-circuit 
current curves as a function of time for the different TENG 
systems studied, under operating conditions of 23 Hz and a 
force of approximately 4 N. The black and olive green curves, 
representing the neat PU samples for the one-step and two-step 
PU systems respectively (i.e., the reference systems without 
CNC), show voltages of 1.47 V and 0.98 V and currents of 0.35 
µA and 0.31 µA, respectively. This corresponds to a difference 
of approximately 64.5 % in output power between these two 
systems (see Table 5). Figure 6 also shows the voltage and 

 
Fig 6. a) Voltage curves and b) output electrical current curves 
versus time for the different TENG systems in both PU families 
with varying CNC concentrations. 

Table 5 
Measuring the electrical performance of TENG and calculating capacitance and permittivity. 

Sample Permittivity Capacitance (pF) Voltage (V) Current (µA) Power (µW) 
One-step PU 

Neat PU 2.19 25.00 1.47 ± 0.05 0.35 ± 0.01 0.51 ± 0.07 
PU 0.1 % 2.47 29.20 2.04 ± 0.09 0.43 ± 0.02 0.89 ± 0.09 
PU 0.5 % 2.20 25.92 1.25 ± 0.05 0.30 ± 0.01 0.39 ± 0.05 
PU 1 % 2.19 25.90 1.32 ± 0.06 0.29 ± 0.01 0.38 ± 0.08 
PU 2 % 2.16 26.43 1.15 ± 0.04 0.19 ± 0.05 0.22 ± 0.05 

Two-step PU 
Neat PU 2.18 24.90 0.98 ± 0.02 0.31 ± 0.01 0.31 ± 0.05 
PU 0.1 % 2.62 29.00 1.49 ± 0.06 0.35 ± 0.01 0.46 ± 0.07 
PU 0.5 % 2.45 28.90 1.08 ± 0.02 0.27 ± 0.01 0.29 ± 0.03 
PU 1 % 2.18 27.60 0.60 ± 0.02 0.17 ± 0.01 0.10 ± 0.05 
PU 2 % 2.27 27.70 0.75 ± 0.02 0.19 ± 0.01 0.14 ± 0.04 
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current outputs of all PU samples prepared; it is evident that the 
curves for the one-step PU exhibit higher values compared to 
the two-step PU. A slight trend can be observed in the 
nanocomposites, where the values decrease as the CNC 
concentration increase, with the maximum values observed at 
0.1 % wt CNC for both PU families. The red curve corresponds 
to a one-step PU sample with 0.1 % wt CNC, which exhibits the 
highest values: a voltage of 2.04 V, an electrical current of 0.34 
μA, and an output power of 0.89 μW. This represents a 74.5 % 
increase in power compared to the neat one-step PU. A similar 
behavior is observed in the two-step PU, where 0.1 % wt CNC 
also yields the highest values within this PU family. 

To evaluate which of the two PU families has more potential 
market applications, the output electrical signals of both PU 
families filled with 0.1 % wt CNC, which showed the best 

performance, were compared. The mechanical properties with 
CNC incorporation were also considered. Although the rigidity 

of the two-step PU nanocomposites (e.g., Young's modulus, 
hardness and friction coefficient) is higher, resulting in slightly 
lower surface charge density, this increased rigidity may help 
maintain shape, reduce mechanical wear, and provide a longer 
useful lifetime compared to the one-step PU.  

On the other hand, the stability and durability of the TENG 
system using one-step PU with 0.1 % wt CNC were tested by 
subjecting the system to mechanical movement for 60 minutes 
with a compression force of approximately 4 N and a frequency 
of 32 Hz.  During this process, the output voltage was measured 
every 16200 cycles over a period of 15 minutes (see Figure 7a). 
The sample exhibited only slight variations between 16200 to 
64800 cycles. This study indicates that the TENG system 
maintains stable electric charge production over extended 
periods of continuous operation, demonstrating good stability 
and durability of nanocomposite films. This stability may be 
attributed to the previously calculated mechanical properties, 
such as elastic modulus, which help resist localized deformation 
and stress. These properties contribute to maintaining the shape 
of the samples under mechanical compression for prolonged 
periods. Additionally, this study suggests that the materials 
tested are suitable as dielectric materials, offering versatility and 
reliability in TENG systems. 

Figure 7b shows the output voltage and electric current 
measurements of the one-step PU TENG system filled with 0.1 
% wt CNC at different external resistances. The voltage 
decreases with lower resistance and increases with high 
resistance, reaching a maximum of 2.01 V with 3 MΩ and then 
remaining relatively unchanged. In contrast, the current shows 
the opposite trend, peaking at 0.011 µA with a 10 MΩ resistance. 
These measurements reveal two intersecting curves, indicating 
the optimal (ideal) operating conditions of the TENG device. 
The maximum power output of the TENG can be adjusted by 
varying the external resistance, which is crucial for its 
application in a wide range of uses. Additionally, Figure 8 shows 
a photograph of the system with rectified current successfully 
powering 35 commercial red LEDs connected in a parallel 
configuration with a 1 µF capacitor. The LEDs turn on every 5 
seconds, demonstrating the system's functionality. The test 
setup included a one-step PU TENG system with 0.1 % wt CNC, 
which effectively generated a sufficient electric current to power 
the LEDs. The LEDs, arranged in parallel, provided consistent 
illumination, and the 1 µF capacitor helped stabilize the power 
output, ensuring that the system could deliver energy in a 
controlled manner. This test demonstrates that the PU TENG 
system is functional and capable of generating a useful electric 
current for self-powered devices with low energy consumption.   

6. Conclusion 

A TENG device was built using two families of PU and their 
nanocomposites filled with CNC to relate physical and chemical 
properties to the electrical output of the TENG devices. The 
findings describe the main properties involved in the 
triboelectrification process. Specifically, the contribution of 
hydrogen bonding may be a factor in choosing a PU with a 
simple structure (non-chain extended) over a two-step PU. This 
is because the increase in hard segments in the two-step PU 
generates more urea bonds, leading to increased hydrogen 
bonding and more polar interactions, which hinder polarization 
in the PU. One of the most important properties to consider in 
triboelectrification in a PU matrix is stress-induced 
crystallization (SIC), which affects the mechanical behavior of 

 
Fig 7. a) Durability and stability of the output voltage of the one-
step PU TENG system with 0.1 % CNC, and b) Electrical output 
of the one-step PU TENG system with 0.1 % CNC at different 
external resistances. 

 

 
Fig 8. Photograph of the LEDs being turned on by the one-step 
PU TENG system with 0.1 % wt CNC. 
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PU by allowing it to exhibit extensibility over a wide range of 
deformations. According to this work, it is recommended to use 
chain extenders with diols instead of diamines and to select 
diisocyanates with a high hydrogen atom content, such as cyclo-
aliphatic or aromatic isocyanates. Using a lower content of 
nanofiller, bellow the percolation threshold, is advisable due to 
the transfer of stiffness from the nanoparticles to the matrix. 
Incorporating crystallizable diols as soft segment enhances 
electrostatic interactions in well-packed structures. While 
crystalline nanocellulose may provide only minimal advantages 
for charge acquisition, it can significantly improve the structural 
ordering of hard and soft segment in PU. 
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