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Effect of temperature and humidity 
on mechanical properties 
and constitutive modeling 
of pressure‑sensitive adhesives
Weiquan Luo , Wenzhen Chen , Dashun Liu , Xiaofeng Huang  & Baoguang Ma *

Pressure-sensitive adhesives (PSAs) are crucial for the structural and functional integrity of flexible 
displays. Investigating the intricate mechanical properties of PSAs can help enhance product 
quality and performance. This study conducts systematic mechanical tests, including uniaxial 
tensile, compression, planar shear, and stress relaxation, on PSAs at temperatures ranging from 
– 25 to 85 ℃ and relative humidity levels from 0 to 90%. Our findings reveal that the Anssari-Benam 
model accurately describes the hyperelastic behavior of PSA materials under large deformation, 
outperforming the Ogden model by requiring fewer parameters and better preserving convexity. 
Moreover the results show that temperature markedly affects PSA properties, particularly near 
the glass transition temperature (Tg), with lower temperatures leading to decreased elasticity and 
higher temperatures aiding in stress relaxation. Similarly, humidity impacts PSA behavior, increasing 
elasticity and decreasing stiffness, especially noticeable in stress relaxation tests. These findings 
highlight the substantial influence of environmental conditions on the material properties of PSAs 
and underscore the necessity of understanding both hyperelastic and viscoelastic responses for their 
application in flexible technologies. This research provides critical insights for the optimal utilization of 
PSAs in the rapidly evolving field of flexible electronics, including OLED displays.

Flexible organic light-emitting diode (OLED) displays incorporate a complex layering of components, such as the 
cover window, circular polarizer, touch sensor, OLED panel, and flexible substrate, which are cohesively bonded 
using pressure-sensitive adhesives (PSAs). These adhesives are integral to the structural integrity and functional-
ity of OLED displays1–3. PSAs are characterized by their ability to adhere rapidly to a variety of surfaces, a prop-
erty that is crucial in connecting components in a display. The efficacy of PSAs in adhering to various surfaces can 
be attributed to their specialized polymer composition, which optimally integrates adhesive performance with 
material properties that are adaptable to a wide range of application environments4. In addition to their adhesive 
properties, PSAs serve an important role as stress-dissipating layers, thereby enhancing the structural resilience 
of devices under conditions of flexural stress5. This enhancement is crucial in applications where flexibility and 
mechanical stability are paramount. The mechanical behavior of PSAs, however, is profoundly influenced by 
external factors, including environmental conditions such as temperature and humidity, as well as various stress 
modes6,7. Therefore, understanding the mechanical responses of PSAs to these factors is critical. This knowledge 
is indispensable for developing a comprehensive constitutive model for PSAs, designed to predict and optimize 
their performance under diverse real-world conditions.

In the realm of mechanical performance studies of PSAs, various investigations have provided insights into 
their behavior under different environmental and loading conditions. Chiang et al. utilized rheological tests to 
evaluate the influence of frequency and temperature on the viscosity of PSAs, uncovering a pronounced tempera-
ture sensitivity8. Their findings indicated a sharp decline in viscoelastic properties when transitioning from high 
to low temperatures, and they noted that PSAs with higher elastic moduli do not consistently exhibit increased 
tack across varying temperature conditions and phase angles. Similarly, focusing on temperature effects, Zhao 
et al. conducted experiments involving uniaxial tensile and planar shear on PSA films, analyzing the impact of 
strain rate on mechanical behavior by varying the loading rate9. Their results showed that, at the same strain level, 
both uniaxial tensile and shear stresses in PSA films increased with higher strain rates, underscoring the impor-
tance of strain rate considerations. Regarding the role of PSAs in stress buffering, Ha et al. compared flexible 
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display bending test results with simulation outcomes and found that PSAs could function as a buffering layer, 
reducing stress on both surfaces10. However, their model treated the PSA layer as linearly elastic, which limits 
its applicability in nonlinear, large deformation conditions. Building on this, Jia et al. developed a hyperelastic 
constitutive model specifically for optically transparent adhesives, based on uniaxial tension and simple shear 
experiments11. Although this model achieved high fitting accuracy, it did not account for the rate-dependent 
behavior of viscoelastic materials, highlighting a gap in current modeling approaches.

In the current study, a systematic investigation is conducted to examine the viscoelastic and hyperelastic 
mechanical behavior of PSAs under varied environmental and loading conditions. This research involves a series 
of rigorously designed experiments to characterize the viscoelastic and hyperelastic responses of PSAs to differ-
ent temperature and humidity levels, as well as stress modes such as uniaxial tension, compression, and planar 
shear12. These experimental setups facilitate the determination of both hyperelastic and viscoelastic parameters 
for PSAs. Additionally, the study investigates the effects of environmental factors, specifically temperature and 
humidity, and initial strains on the mechanical behavior of PSAs. The findings from this research are critical, 
not only in elucidating the performance characteristics of PSAs under complex operational conditions but also 
in significantly enhancing the reliability and longevity of flexible OLED displays in practical applications.

Theory
PSAs, due to their high-molecular-weight polymer composition, inherently exhibit a combination of hyperelastic 
and viscoelastic behaviors. These mechanical properties are notably influenced by environmental factors, such 
as temperature and moisture, which are critical for flexible displays13. Flexible displays undergo constant cyclic 
deformations and dynamic transformations during operation, and are subjected to temperature fluctuations14. 
As the bonding agents for all film layers in display modules, the PSA requires high adhesion properties to resist 
the dynamic force. Otherwise, the PSA may detach from the glass and cause air bubbles and wrinkles on the 
surface, which impair the visual effects.

Therefore, developing a constitutive model that can accurately describe the hyperelastic and viscoelastic 
behaviors of PSAs is critically important. These models can help to improve the accuracy of device design and 
analysis results when predicting the performance and longevity of flexible displays using finite element simula-
tion technology10.

Hyperelastic models
PSAs, primarily composed of high molecular weight polymers, are capable of undergoing substantial deforma-
tions and demonstrate nonlinear stress–strain relationships. Over recent decades, two principal approaches 
have been developed to model their mechanical behavior: micromechanical network models and hyperelastic 
potential models, also known as phenomenological models9. Micromechanical network models provide a sta-
tistical interpretation of the molecular chains in the elastomer, allowing for the simulation of complex material 
behaviors with a relatively small number of physically meaningful parameters. However, their integration into 
finite element analysis often requires significantly more computational resources compared to phenomenologi-
cal models. In contrast, phenomenological models utilize a continuum mechanics approach, focusing on the 
macroscopic behavior of the material rather than its microscopic structure. These models, crucial in describing 
nonlinear elastic behavior, formulate the strain energy density as a function of the deformation state. The elastic 
potential in these models is typically expressed through the strain invariants or the principal stretches15. In this 
work, several models, including Neo-Hookean, Mooney-Rivlin, Yeoh, Ogden, and Anssari-Benam models, were 
used to characterize the hyperelastic properties of the OCA material16–19.

Neo-Hookean Model:

Mooney-Rivlin Model:

Yeoh Model:

Ogden Model:

Anssari-Benam Model:

In the above models, U represents the strain energy density function for incompressible material, such as 
PSAs, where C, μ, n, N, and α are material parameters. I1 and I2 denote the first and second invariants of the 
deviatoric strain tensor.
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Several material characterization tests are needed to generate data for the calibration of the constitutive mod-
els for PSAs. For calibrating the hyperelastic material models, one or more of the tests listed below needs to be 
performed on the PSAs: uniaxial tensile, simple shear, biaxial tensile, compression and/or bulk compression tests.

Viscoelastic models
PSAs are distinctively characterized by their viscoelastic properties, alongside non-linear elastic behavior, influ-
enced by their material composition. These properties, particularly stress relaxation and creep, require a spe-
cialized viscoelastic constitutive model for accurate representation. To achieve this, models incorporate basic 
elements like Hooke’s spring and the basic dashpot to represent ideal elastic and viscous behaviors, respectively. 
This approach allows for capturing the complex viscoelastic behaviors of PSAs20. In practice, models such as 
Maxwell, Kelvin, three-parameter, and generalized Maxwell are commonly used for this purpose1. The Prony 
series is particularly effective for modeling PSAs’ stress relaxation function, crucial in determining their viscoe-
lastic parameters accurately.

In the proposed equation, τ represents the shear stress, and P denotes the hydrostatic pressure; these terms 
are critical in characterizing the relaxation stress changes in PSAs. Specifically, τ accounts for the changes due 
to shear deformation, while P relates to those arising from volumetric deformation. Further, G0 and K0 repre-
sent the instantaneous shear modulus and the instantaneous elastic bulk modulus, respectively. The functions 
gR(t) and kR(t) denote the time-dependent, dimensionless forms of the shear and volumetric relaxation moduli. 
These moduli, critical for describing the time-dependent viscoelastic behavior of PSAs, are expressed through 
the Prony series.

where τi represents the state variable governing stress relaxation, gi and ki stand for the shear relaxation coef-
ficient and volumetric relaxation coefficient, respectively, N denotes the number of terms in the Prony series.

For the calibration of the viscoelastic model of PSAs, one effective method involves conducting dynamic 
mechanical analysis tests. These tests generate master curves that depict the storage and loss moduli of the PSAs, 
crucial for calibrating the Prony series18. An alternative method is to use relaxation or creep test data, obtained 
under various strain rates and temperatures, for Prony series calibration. In this study, stress relaxation tests 
were specifically conducted to assess the viscoelastic properties of PSAs and to obtain the necessary parameters 
for the constitutive model.

Experiment
To investigate the hyperelastic and viscoelastic properties of PSAs, this study conducted extensive mechani-
cal experiments on representative samples of CEF3501, a PSA provided by 3M Company. These experiments 
included uniaxial tensile, compression, and planar shear tests, primarily aimed at determining the parameters 
critical for developing the hyperelastic constitutive model. Additionally, a series of stress relaxation experiments 
were conducted to ascertain the viscoelastic parameters for PSAs.

Sample size evaluation and preparation
Due to the absence of uniform standards for preparing PSA material samples, initial experiments were conducted 
to assess the impact of sample size, focusing on varying length-to-width ratios, on their mechanical properties. 
Specimen dimensions for both uniaxial tensile, uniaxial compression and planar shear tests are detailed in 
Tables 1, 2 and 3. Tests were performed using specimens with different length–width ratios, under a constant ten-
sile rate at a controlled temperature of 25 °C. Stress–strain data derived from these tests are presented in Fig. 1a–c.

At a constant temperature of 25  °C, trends in the mechanical properties for samples with different 
length–width ratios showed consistent patterns. Figure 1 shows the observed variations in sample size resulted 
in deviations within a 10% margin, suggesting that the material’s properties are relatively unaffected by size 
differences. To ensure compatibility with the testing equipment, sample dimensions were standardized to 
50 mm × 10 mm × 0.2 mm for uniaxial tensile tests and 10 mm × 80 mm × 0.2 mm for planar shear tests. The 
sample dimension for uniaxial compression test was 10 mm × 2.5 mm (Diameter × Thickness).
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Experimental procedure

•	 Hyperelastic Experiment

In this study, a series of uniaxial tensile, compression, and planar shear tests were performed to examine the 
hyperelastic mechanical behavior of the PSAs. Schematic diagrams, which illustrate the setups for each of these 
tests, are provided in Fig. 2 for reference.

To investigate the effects of temperature and humidity on the hyperelastic mechanical behaviors of PSAs, 
all experiments were carried out at a constant loading rate ε̇ = 0.01 s−1 on a universal testing machine (Instron 
34TM30), which was equipped with a precision-controlled temperature and humidity chamber. The testing 
machine and the samples are shown in Fig. 3, along with a board frame that prevents mechanical damage from the 
clamps. The specific temperature conditions during the experiments, outlined in Table 4, cover the temperature 
ranges that flexible displays containing PSAs might encounter during operation or storage. The condition of 90% 
relative humidity at 55 °C was chosen to test PSA performance in high-moisture environments.

In the uniaxial tensile and planar shear tests, the strain applied to the PSA samples was extended to 500%. 
These tests were specifically designed to evaluate the hyperelastic behavior of the PSAs under different loading 
modes. In contrast, for the uniaxial compression experiments, the strain was limited to 50%. Special measures 
were implemented to ensure the samples could expand unconfined during compression. This involved plac-
ing thin, rigid sheets with a thickness of 0.5 mm on the surfaces of both clamps, and meticulously lubricating 
them to minimize potential friction between the samples and fixtures. Upon completion of all experiments, 
the displacement-load data collected were transformed into stress–strain curves through post-processing for 
detailed analysis.

•	 Viscoelastic Experiment

In this study, stress relaxation tests were performed on the same machine to assess the viscoelastic charac-
teristics of PSAs. To investigate the viscoelastic properties, uniaxial stress relaxation tests were conducted under 
controlled environmental conditions, as outlined in Table 4, using three specimens in each experimental group. 
The PSA samples were loaded up to 50%, 100%, and 200% engineering strain, and then were held steady for 900 s. 
The time-dependent changes in stress were recorded and subsequently utilized to determine the parameters for 
the viscoelastic constitutive model.

Results and discussion
Hyperelastic behavior of PSAs
Impact of Temperature

Under varying temperature conditions (− 25 °C, 25 °C, 55 °C, and 85 °C), PSAs were subjected to uniaxial 
tensile, compression, and planar shear tests. The resultant stress–strain curves from these experiments are illus-
trated in Fig. 4.

Table 1.   The parameters of uniaxial tensile test specimens.

No. Length (mm) Width (mm) Thickness (mm) Length to width ratio

1 50 10 0.2 5:1

2 100 10 0.2 10:1

3 150 10 0.2 15:1

Table 2.   The parameters of uniaxial compression test specimens.

No. Diameter (mm) Thickness (mm) Diameter to thickness ratio

1 5 2.5 2:1

2 10 2.5 4:1

Table 3.   The parameters of planar shear test specimens.

No. Length (mm) Width (mm) Thickness (mm) Width to length ratio

1 10 40 0.2 4:1

2 10 80 0.2 8:1

3 10 120 0.2 12:1
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The engineering stress–strain curves of the PSAs being investigated distinctly exhibit S-shaped nonlinear char-
acteristics, demonstrating strain hardening effects. These curves indicate three distinct deformation stages during 
the testing process. Initially, the stress–strain relationship is approximately linear, defining the linear-elastic stage 
where stress is directly proportional to strain. As stretching continues, a second region emerges, characterized 
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Figure 1.   Stress–strain curves of PSA specimens with different length–width ratios: (a) uniaxial tensile test; (b) 
uniaxial compression test; (c) planar shear test.

Figure 2.   Schematic diagrams of the hyperelastic tests: (a) uniaxial tensile; (b) compression; (c) planar shear.
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by a gentle slope in the stress–strain curve, which is indicative of a highly elastic stage. Subsequently, the PSAs 
exhibit increased resistance to deformation, indicating a pronounced strain hardening effect.

The stress–strain curve at − 25 °C, as illustrated in Fig. 4, shows marked differences compared to the curves 
at 25 °C, 55 °C, and 85 °C. This variation can be explained by considering the glass transition temperature (Tg) of 
the PSA material, typically between − 80 °C and 0 °C21. At − 25 °C, near or within the Tg range, PSAs transition 
from a rubbery to a glassy state, resulting in reduced polymer chain mobility and a stiffer material less capable 
of large deformations. This shift impacts the stress–strain behavior, leading to a markedly different curve at 
lower temperatures.

Conversely, at temperatures like 25 °C, 55 °C, and 85 °C, which are above the PSA’s Tg, the material remains 
in a rubbery state with greater polymer chain mobility. This results in stress–strain curves characteristic of highly 
elastic materials, showing significant strain without corresponding increases in stress.

Furthermore, the stress–strain curves at 55 °C and 85 °C are observed to be relatively similar, indicating 
that the PSA material maintains a highly elastic state within this temperature range, with minimal variation in 
its hyperelastic properties. This similarity can be primarily attributed to the low Tg of PSAs, typically ranging 
between − 80 and 0 °C. Consequently, at both 55 °C and 85 °C, the material remains well above its Tg, ensuring 
it is in a rubbery and highly elastic state. At temperatures significantly above the Tg, the PSAs exhibit increased 
chain mobility and flexibility, leading to pronounced elastic behavior.

In the temperature range of 55–85 °C, the molecular structure of the PSA facilitates extensive elastic deforma-
tion with nearly consistent hyperelastic parameters, suggesting a threshold beyond which further temperature 
increases do not significantly alter the material’s hyperelastic response. This behavior indicates a consistent 
resistance to deformation despite the temperature increase and underscores the resilience of PSAs in maintain-
ing their mechanical integrity under varying thermal conditions. Such a finding is crucial for applications where 
PSAs are expected to perform reliably in higher temperature environments. This resilience, coupled with the 
observed consistency in hyperelastic parameters, as highlighted in Fig. 4, provides valuable insights into the 
thermal stability and performance consistency of PSAs across different operating environments.

•	 Impact of humidity

PSAs are frequently assessed for their reliability and durability in environments characterized by high tem-
peratures and humidity, such as conditions of 55 °C and 90% RH. The behavior of PSAs under such elevated 
thermal and moisture levels plays a pivotal role in determining the reliability and durability of flexible devices 
that incorporate multiple layers of these adhesives. In high-humidity conditions, PSAs are prone to moisture 
absorption, often reaching a state of supersaturation at elevated temperatures22. This phenomenon can result in 

Figure 3.   The testing machine with samples: (a) uniaxial tensile; (b) compression; (c) planar shear.

Table 4.   Environmental conditions for hyperelastic tests.

T (℃) RH (%) μ [MPa] α [−] n [−] N [−] R2

− 25 0 0.651 0.155 22.814 1.032 0.978

25 0 0.143 0.521 47.112 1.628 0.985

55 0 0.044 1.078 1.325 3.798 0.998

55 90 0.023 1.359 1.471 7.934 0.997

85 0 0.057 0.872 2.162 2.857 0.989



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:14634  | https://doi.org/10.1038/s41598-024-64960-2

www.nature.com/scientificreports/

bulk plasticization within the PSA material, thereby altering its hyperelastic and viscoelastic properties. Hence, 
a thorough characterization of PSA properties under these hygrothermal conditions is crucial to ensure their 
effective performance and longevity in practical applications.

To investigate the impact of humidity on the hyperelastic mechanical behavior of PSAs, this study conducted 
experiments at a constant temperature of 55 °C under two distinct relative humidity conditions: 0% RH and 90% 
RH. Similar to the aforementioned experiments, the PSAs were subjected to uniaxial tensile, compression, and 

Figure 4.   Experimental stress-strain curves for PSAs at different temperatures (− 25 ℃, 25 ℃, 55 ℃ and 85 ℃): 
(a) uniaxial tensile; (b) compression; (c) planar shear.
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planar shear tests. The stress–strain curves obtained from these tests, which offer an extensive depiction of the 
material’s response under varying humidity conditions, are comprehensively illustrated in Fig. 5.

The results presented in Fig. 5 clearly indicate that humidity differentially affects the mechanical behavior 
of PSAs in uniaxial tensile, compression, and planar shear tests. There is a notable variance in the material’s 
response to each testing modality when subjected to high humidity conditions. Generally, moisture absorption 
in adhesives occurs through free water, causing plasticization, and bound water, which forms hydrogen bonds 
leading to swelling and a reduced bulk modulus and Tg

23. At 90% RH, moisture acts as a plasticizer in the PSA 
matrix, enhancing polymer chain mobility, reducing intermolecular forces, and allowing for increased elasticity 
and viscosity, thereby softening the material.

The results in Fig. 5 reveal that humidity distinctively influences the mechanical behavior of PSAs under uni-
axial tensile, compression, and planar shear tests. At 90% RH, the material exhibits notable changes: it becomes 
more compliant and ductile in uniaxial tensile tests, showing higher strains at lower stress levels. In compression 
tests, differences in response are less pronounced at small strains but become more evident at higher strains, 
with a noticeable reduction in stiffness. However, planar shear tests demonstrate minimal variation, suggesting 
consistent shear properties across different humidity levels. These behavioral variations can be attributed to 
humidity-induced changes in the PSA’s microstructure and molecular interactions as follows:

Firstly, humidity can impact the orientation of polymer chains. In uniaxial tensile tests, where the stress direc-
tion aligns with elongation, humidity may facilitate polymer chains to align more in this direction, enhancing 
the material’s extensibility. In contrast, in compression tests, humidity may lead to greater alignment of polymer 
chains along the compression direction, modifying the material’s compressive resistance22.
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Figure 5.   Experimental stress-strain curves for PSAs under different humidity conditions (55 ℃ and 55 ℃ 90% 
RH): (a) uniaxial tensile; (b) compression; (c) planar shear.
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Secondly, humidity plays a role in altering intermolecular interactions within the PSA. The presence of mois-
ture can change the way molecules interact, such as through the formation or breaking of hydrogen bonds. These 
alterations in molecular interactions significantly affect the material’s elasticity and viscoelastic properties. Under 
different stress conditions, the effects of humidity on these molecular dynamics can lead to distinct changes in 
the material’s mechanical behavior. While it enhances extensibility in uniaxial tensile tests, in compression tests, 
it influences the compressive behavior, and in planar shear tests, the impact is minimal, maintaining consistent 
shear properties24.

•	 Constitutive model investigation

Based on the results of the uniaxial tensile, compression, and planar shear tests under the various temperature 
and humidity conditions described above, this section investigates the appropriate constitutive model to describe 
their hyperelastic mechanical behavior. The focus is on comparing the accuracy and applicability of five widely 
employed models: Neo-Hookean, Mooney-Rivlin, Yeoh, Ogden, and Anssari-Benam. The material parameters 
are determined through minimizing the objective function E, where E =

∑
i

(
f model
i

(
xtesti

∣∣a
)
− ytesti

)2 . ytesti  and 

xtesti  are experimental stress and strain. f model
i

(
xtesti

∣∣a
)
 is the stress calculated from the strain energy density 

function, where a is the material parameters. By optimizing this function using the genetic algorithm and the 
least squares method, parameters for the model were determined. Figure 6 depicts the fitting curves for these 
five models, derived under controlled conditions at 25 °C and 0% RH.
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Figure 6.   Fitting results of analytical expressions and experimental data. The analytical expressions encompass 
the third-order Ogden, Mooney-Rivlin, Neo-Hookean, Yeoh, and Anssari-Benam models. Mechanical 
characterizations involve (a) uniaxial tensile, (b) compression, and (c) planar shear tests.
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Among all the models analyzed, the Yeoh model’s S-shaped pattern in both uniaxial tensile and planar 
shear stress–strain curves suggests less accuracy in capturing the non-linear hyperelastic behavior of PSAs. 
The Mooney-Rivlin and Neo-Hookean models, displaying more linear fitting curves, diverge significantly from 
the experimental findings. Consistent with the findings of previous research by Zhang18, it is observed that the 
Mooney-Rivlin and Neo-Hookean models approximate linear responses and are suitable for describing small to 
moderate deformations. On the contrary, the third-order Ogden model offers heightened flexibility and affords 
superior fitting accuracy. The Anssari-Benam model also shows accurate performance, aligning closely with 
the experimental stress–strain data. While both these two models achieve good fitting results, Anssari-Benam 
model demonstrates superior convexity preservation compared to the third-order Ogden model, as depicted in 
the Fig. 7. When the strain energy function loses convexity, the stress and strain are not uniquely related. This 
can cause problems for the material in numerical simulations.

The comparative analysis led to the selection of the Anssari-Benam model, which provides a more accurate 
characterization of the non-linear hyperelastic behavior of PSAs. Additionally, this model can achieve the same 
effectiveness as the third-order Ogden model with fewer parameters. Table 5 shows the Anssari-Benam model 
parameters obtained through curve fitting based on the uniaxial tensile, compression, and planar shear test results 
under the different temperature and humidity conditions mentioned above.

The determination coefficient R2 (R-Square) is calculated as follow:

where the numerator part represents the sum of the square difference between the real value and the predicted 
value; the denominator part represents the sum of the square difference between the real value and the mean 
value. The R-Squared value ranges between 0 and 1 and serves as an indicator of the model’s accuracy: a value 
of 0 implies poor model fitting, indicating that the model fails to accurately predict the data, whereas a value of 
1 denotes perfect accuracy, suggesting that the model predicts the data without any error.

Viscoelastic behavior of PSAs

•	 Impact of Temperature

(10)R2
= 1−

∑
i(ŷi − yi)

2

∑
i(yi − yi)

2

Figure 7.   Iso-energy plots in the principal stretches plane (a) Ogden model, (b) Anssari-Benam model.

Table 5.   Anssari-Benam model parameter values under varying temperature and humidity conditions.

No. Temperature (℃) Humidity (% RH)

1 − 25 0

2 25 0

3 55 0

4 55 90

5 85 0
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PSAs were tested under different temperature conditions (− 25 °C, 25 °C, 55 °C, and 85 °C) using a uniaxial 
tensile stress relaxation method. In these tests, PSA samples underwent strain levels of 50%, 100%, and 200%, 
with three specimens for each experimental group. The resulting stress–strain curves from these tests are depicted 
in Fig. 8.

The results distinctly show the pronounced effects of both temperature and initial strain on the stress relaxa-
tion properties of the PSAs. Notably, at a constant temperature, stress equilibrium values post-relaxation dem-
onstrates an increasing trend with higher initial strain levels. This trend is evident in Fig. 8, where normalized 
stress at equilibrium is greater for larger initial strains, indicating less stress relaxation at these higher strains—a 
phenomenon supported by other literature1. This behavior is attributable to the viscoelastic nature of PSAs. At 
elevated initial strains, the internal structure of the adhesive undergoes more significant deformation. This leads 
to greater alignment or stretching of the polymer chains and adhesive network, resulting in increased resistance to 
further deformation25. During relaxation, the internal structures may not completely revert to their original state, 
particularly at higher strain levels, likely due to physical entanglements and possible irreversible changes within 
the polymer network. Consequently, at higher initial strains, PSAs exhibit a larger residual stress, maintaining a 
higher normalized stress even after relaxation. The reduced relaxation at these strains also reflects the material’s 
non-linear viscoelastic response, which becomes more evident at higher deformation levels.

In terms of temperature impact, the stress relaxation behavior of PSAs also varies markedly. The curves in 
Fig. 8 reveal that normalized stress decreases as temperature increases. At − 25 °C, the curve shows the highest 
normalized stress over time, whereas at 85 °C, it is significantly lower. This trend highlights the influence of 
temperature on the stress relaxation properties of PSAs, in line with their viscoelastic and temperature-sensitive 
nature. At higher temperatures, the increased thermal energy enhances polymer chain mobility and reduces 
internal friction, leading to a more rapid relaxation process. This behavior aligns with the time–temperature 
superposition principle typical of viscoelastic materials, where higher temperatures effectively accelerate relaxa-
tion processes6. Additionally, the temperature affects the relaxation mechanisms: at lower temperatures, PSAs 
exhibit a predominantly elastic response due to restricted molecular mobility, while at higher temperatures, a 
more pronounced viscoelastic response emerges due to increased molecular rearrangement25.

Figure 9 shows that as temperature increases, normalized stress in PSAs decreases over time. The curve at 
− 25 °C shows the highest normalized stress, while at 85 °C, it is significantly lower. This behavior is attributed to 
the viscoelastic and temperature-sensitive nature of PSAs. Elevated temperatures enhance polymer chain mobility 
and reduce internal friction, leading to faster stress relaxation. This aligns with the time–temperature superposi-
tion principle in viscoelastic materials, where higher temperatures accelerate relaxation processes26. Temperature 
variations also lead to different relaxation mechanisms: at lower temperatures, PSAs show a predominantly elastic 
response with slower relaxation due to restricted molecular mobility, whereas higher temperatures induce a more 
pronounced viscoelastic response through facilitated molecular rearrangement27.

•	 Impact of Humidity

This section examines the influence of humidity on the viscoelastic properties of PSAs by conducting experi-
ments at a constant temperature of 55 °C under two humidity levels: 0% RH and 90% RH. Using a uniaxial 
tensile stress relaxation method, PSAs were tested at strain levels of 50%, 100%, and 200%, with three specimens 
for each condition. The resulting stress–strain curves, shown in Figs. 10 and 11, reveal that at 90% RH, PSAs 
exhibit lower normalized stress over time compared to those in a dry environment, indicating enhanced stress 
relaxation due to humidity.

As demonstrated in Figs. 10 and 11, PSAs tested in a higher humidity environment at 90% RH exhibit 
lower normalized stress levels over time compared to those in a dry environment. This observation suggests an 
enhancement in the stress relaxation process of PSAs due to humidity28. Under these humid conditions, PSAs 
maintain lower normalized stress for an extended duration, indicating accelerated stress relaxation. Humid-
ity influences the stress relaxation behavior of PSAs through several mechanisms. Firstly, moisture serves as 
a plasticizer, increasing the mobility of polymer chains and paradoxically leading to a material that is more 
elastic, thereby accelerating the relaxation rate29. Secondly, moisture absorption causes the polymer matrix to 
swell, expanding its internal structure, which likely increases chain mobility and results in lower stress levels 
over time30. Finally, the presence of humidity facilitates hydrogen bonding between polymer chains and water 
molecules, which promotes molecular rearrangement and consequently lowers stress levels22. These collective 
effects significantly modulate the viscoelastic response of PSAs in the presence of humidity.

•	 Constitutive Model Investigation

At present, the widely recognized models for viscoelastic constitutive behavior include the Maxwell, Kelvin, 
three-parameter, and generalized Maxwell models. The Prony series method is applied to effectively determine 
these viscoelastic parameters, particularly for the purpose of modeling the stress relaxation behaviors in PSAs5.

Differing from the fitting approach used for hyperelastic constitutive parameters, the relationship between 
the relaxation modulus and time can be directly calculated from stress relaxation experiments. Subsequently, the 
data undergo least-squares fitting to obtain the Prony series of viscoelastic constitutive parameters that meet the 
required accuracy. Figure 12 displays the experimental fitting curve of PSAs at 25 °C and 100% strain, revealing 
close alignment between the experimental and fitted data.

Upon calculations, it has been ascertained that a third-order Prony series conforms to the stringent fitting 
precision requirements. The viscoelastic parameters obtained from the fitting procedure are comprehensively 
documented in Table 6.
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The summary of viscoelastic constitutive parameters and fitting accuracy for PSAs is presented in Table 6. 
Analysis reveals that the Maxwell model exhibits a robust fit to the experimental data across all testing condi-
tions. The match between the model curves and experimental data is remarkable, as indicated by R2 values 
surpassing 0.99.

Conclusions
This study provides significant insights into the mechanical behavior of PSAs under various environmental condi-
tions, integral to their application in flexible devices. A key discovery is that the Anssari-Benam model precisely 
captures the hyperelastic behavior of PSAs, with an R-Square value exceeding 0.97 in all fittings, demonstrating 
its effectiveness in representing large deformations. Temperature exerts a notable impact on PSA materials, par-
ticularly around their Tg. Near the Tg, lower temperatures result in reduced elasticity, while higher temperatures 
lead to increased stress relaxation due to enhanced polymer chain mobility. In the context of humidity, its pres-
ence serves as a plasticizer, rendering PSAs more elastic and reducing stiffness, which is particularly evident in 
stress relaxation behaviors. These findings underscore the intricate relationship between environmental factors 
and PSA material properties, emphasizing the need to consider both hyperelastic and viscoelastic responses for 
their effective use in flexible devices. The study’s comprehensive analysis advances our understanding of PSAs 
in varied operational conditions, providing a solid foundation for their optimized utilization in the evolving 
field of flexible technology.

Table 6.   Prony coefficients obtained from the generalized Maxwell model.

T (℃) RH (%) Prony series gi ki τi R2

− 25 0

1 0.09987 0.09987 3.5589

0.9982 0.29489 0.29489 35.486

3 0.26224 0.26224 281.15

25 0

1 0.10254 0.10254 12.958

0.9982 0.56938 0.56938 0.78209

3 0.06598 0.06598 79.927

55 0

1 0.02705 0.02705 855.47

0.9982 0.02987 0.02987 58.877

3 0.80424 0.80424 3.742

55 90

1 0.03574 0.03574 42.695

0.9952 3.2E-07 3.2E-07 0.61861

3 0.8509 0.8509 0.33983

85 0

1 0.05220 0.05220 1821.2

0.9952 0.03002 0.03002 51.686

3 0.80997 0.80997 0.51948
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Figure 8.   Experimental stress-time curves for PSAs at different temperatures: (a) – 25 ℃; (b) 25 ℃; (c) 55 ℃; 
(d) 85 ℃.
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Figure 9.   Experimental stress-time curves for PSAs at different temperatures under a constant initial strain of 
50%.
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Figure 10.   Experimental stress-strain curves for PSAs at varied humidity levels: (a) 55 ℃; (b) 55 ℃ 90% RH.



15

Vol.:(0123456789)

Scientific Reports |        (2024) 14:14634  | https://doi.org/10.1038/s41598-024-64960-2

www.nature.com/scientificreports/

Received: 26 January 2024; Accepted: 14 June 2024

References
	 1.	 Ma, L. & Gu, J. 3D bending simulation and mechanical properties of the OLED bending area. Open Phys. 18(1), 397–407 (2020).
	 2.	 Campbell, C. J., Clapper, J., Behling, R. E., Erdogan, B., Beagi, H. Z., Abrahamson, J. T. & Everaerts, A. I. P‐198: Optically clear 

adhesives enabling foldable and flexible OLED displays. In SID Symposium Digest of Technical Papers (Vol. 48, No. 1, pp. 2009–2011) 
(2017).

	 3.	 Abrahamson, J. T., Yeh, C. H. J., Hedegaard, A. T. & McDaniel, D. J. 69‐3: Non‐Linear Mechanics of Adhesives for Robust Flexible 
Displays. In SID Symposium Digest of Technical Papers (Vol. 52, No. 1, pp. 1036–1039) (2021).

	 4.	 Lim, D., Baek, M. J., Kim, H. S., Baig, C. & Lee, D. W. Carboxyethyl acrylate incorporated optically clear adhesives with outstanding 
adhesion strength and immediate strain recoverability for stretchable electronics. Chem. Eng. J. 437, 135390 (2022).

	 5.	 Hsu, H. H. & Tsai, J. L. Characterizing the hyper-viscoelastic behavior of adhesive films. J. Mech. 37, 446–453 (2021).
	 6.	 Villey, R. et al. Rate-dependent elastic hysteresis during the peeling of pressure sensitive adhesives. Soft Matter 11(17), 3480–3491 

(2015).
	 7.	 Annapooranan, R., Suresh Jeyakumar, S., Chambers, R. J., Long, R. & Cai, S. Ultra rate-dependent pressure sensitive adhesives 

enabled by soft elasticity of liquid crystal elastomers. Adv. Funct. Mater. 34(1), 2309123 (2024).

Figure 11.   Experimental Stress-Time Curves for PSAs at varied humidity levels with a constant initial strain of 
100%.

Figure 12.   Fitting result of stress relaxation test.



16

Vol:.(1234567890)

Scientific Reports |        (2024) 14:14634  | https://doi.org/10.1038/s41598-024-64960-2

www.nature.com/scientificreports/

	 8.	 Chiang, W. K., Ghassemieh, E., Lewis, R., Rowson, J. & Thompson, C. Comparison of tack of pressure-sensitive Adhesives (PSAs) 
at different temperatures. J. Adhes. Sci. Technol. 24(11–12), 1949–1957 (2010).

	 9.	 Zhao, T. et al. A network-based visco-hyperelastic constitutive model for optically clear adhesives. Extreme Mech. Lett. 51, 101594 
(2022).

	10.	 Ha, M. H., Choi, J. K., Park, B. M. & Han, K. Y. Highly flexible cover window using ultra-thin glass for foldable displays. J. Mech. 
Sci. Technol. 35, 661–668 (2021).

	11.	 Fang, Y. & Xia, J. Highly stretchable, soft, and clear viscoelastic film with good recoverability for flexible display. ACS Appl. Mater. 
Interfaces 14(33), 38398–39384 (2022).

	12.	 Mohammed, I. K., Charalambides, M. N. & Kinloch, A. J. Modeling the effect of rate and geometry on peeling and tack of pressure-
sensitive adhesives. J. Non-Newton. Fluid Mech. 233, 85–94 (2016).

	13.	 Jia, Y., Liu, Z., Wu, D., Chen, J. & Meng, H. Mechanical simulation of foldable AMOLED panel with a module structure. Org. 
Electron. 65, 185–192 (2019).

	14.	 Lee, M. H., Jang, S. J., Hwang, B. H., Kwak, T. H., Kim, J. J. & Yoon, S. 53‐1: The foldable display architecture technique depending 
on the wide temperature range and the folding curvature. In SID Symposium Digest of Technical Papers (Vol. 53, No. 1, pp. 692–695) 
(2022).

	15.	 Hesebeck, O. & Wulf, A. Hyperelastic constitutive modeling with exponential decay and application to a viscoelastic adhesive. Int. 
J. Solids Struct. 141, 60–72 (2018).

	16.	 Bergström, J. S. & Hayman, D. An overview of mechanical properties and material modeling of polylactide (PLA) for medical 
applications. Ann. Biomed. Eng. 44, 330–340 (2016).

	17.	 Ogden, R. W. Large deformation isotropic elasticity–on the correlation of theory and experiment for incompressible rubberlike 
solids. Proc. R. Soc. Lond. A Math. Phys. Sci. 326(1567), 565–584 (1972).

	18.	 Zhang, Y. et al. Mechanical behavior and constitutive model characterization of optically clear adhesive in flexible devices. Microma-
chines 13(2), 301 (2022).

	19.	 Anssari-Benam, A. Large isotropic elastic deformations: on a comprehensive model to correlate the theory and experiments for 
incompressible rubber-like materials. J. Elast. 153(2), 219–244 (2023).

	20.	 Xiang, Y. et al. A physically based visco-hyperelastic constitutive model for soft materials. J. Mech. Phys. Solids 128, 208–218 (2019).
	21.	 Lee, J. H., Shim, G. S., Kim, H. J. & Kim, Y. Adhesion performance and recovery of acrylic PSA with acrylic elastomer (AE) blends 

via thermal crosslinking for application in flexible displays. Polymers 11(12), 1959 (2019).
	22.	 Feldstein, M. M., Dormidontova, E. E. & Khokhlov, A. R. Pressure sensitive adhesives based on interpolymer complexes. Prog. 

Polym. Sci. 42, 79–153 (2015).
	23.	 Sartori, T., Feltre, G., do Amaral Sobral, P. J., da Cunha, R. L. & Menegalli, F. C. Biodegradable pressure sensitive adhesives produced 

from vital wheat gluten: Effect of glycerol as plasticizer. Colloids Surf. A Physicochem. Eng. Aspects 560, 42–49 (2019).
	24.	 Schindler, M., Koller, M. & Müller-Buschbaum, P. Pressure-sensitive adhesives under the influence of relative humidity: Inner 

structure and failure mechanisms. ACS Appl. Mater. Interfaces 7(23), 12319–12327 (2015).
	25.	 Simões, B. D. et al. Rheological and mechanical properties of an acrylic PSA. Polymers 15(18), 3843 (2023).
	26.	 Novikov, M. B., Gdalin, B. E., Anosova, J. V. & Feldstein, M. M. Stress relaxation during bond formation and adhesion of pressure-

sensitive adhesives. J. Adhes. 84(2), 164–190 (2008).
	27.	 Lee, J. H. & Lee, D. W. Contact-induced molecular rearrangement of acrylic acid-incorporated pressure sensitive adhesives. Appl. 

Surf. Sci. 500, 144246 (2020).
	28.	 Sun, S., Li, M. & Liu, A. A review on mechanical properties of pressure sensitive adhesives. Int. J. Adhes. Adhes. 41, 98–106 (2013).
	29.	 Seok, W. C., Leem, J. T. & Song, H. J. Acrylic pressure-sensitive adhesives based on ethylene glycol acrylate for flexible display 

application: Highly elastic and recoverable properties. Polym. Testing 108, 107491 (2022).
	30.	 Vendamme, R. et al. Interplay between viscoelastic and chemical tunings in fatty-acid-based polyester adhesives: engineering 

biomass toward functionalized step-growth polymers and soft networks. Biomacromolecules 13(6), 1933–1944 (2012).

Author contributions
Weiquan Luo and Wenzhen Chen wrote the main manuscript text and Dashun Liu prepared figures 1-11. 
Xiaofeng Huang checked the data and the analysis part of the manuscript. Baoguang Ma is in charged of the 
review and approval of the manuscript, as well as correspondence and responsibility.  All authors reviewed the 
manuscript.

Funding
1) Science and Technological Bureau of Guangzhou Huangpu District (Project #: 2021GH09). 2) Changzhou 
Science and Technology Bureau (Project #: CZ20220001). 3) Department of Science and Technology of Guang-
dong Province (Project #: 2023A0505030017). 4) Guangzhou Municipal Science and Technology Bureau (Project 
#:2024A03J0234). 5) Science and Technological Bureau of Guangzhou Huangpu District (Project #:2022GH04). 
6) The Science and Technology Project of Nansha District, Guangzhou (Project #:2023ZD005).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​64960-2.

Correspondence and requests for materials should be addressed to B.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-024-64960-2
https://doi.org/10.1038/s41598-024-64960-2
www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |        (2024) 14:14634  | https://doi.org/10.1038/s41598-024-64960-2

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Effect of temperature and humidity on mechanical properties and constitutive modeling of pressure-sensitive adhesives
	Theory
	Hyperelastic models
	Viscoelastic models

	Experiment
	Sample size evaluation and preparation

	Experimental procedure
	Results and discussion
	Hyperelastic behavior of PSAs
	Viscoelastic behavior of PSAs

	Conclusions
	References


