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ABSTRACT

The Flexible solar cells are the most potential type of solar cells to enable wearable, foldable, and
conformable energy harvesting systems. Therefore, mechanical fragility and strain-induced performance
loss remain scientifically challenging limitations for their large-scale deployment. A new mechanically
informed design framework is developed in this work that clearly couples deformation mechanics with
a photovoltaic efficiency model capable of predicting strain-driven degradation as well as accounting
explicitly for it. A typical architecture of perovskite-based flexible solar cells is analyzed using integrated
finite element simulations together with a strain-dependent drift-diffusion model. The mechanical
module solves stress/strain distributions due to bending/stretching/cyclic loads while the electrical
module contains constitutive relations between local strains and bandgap shifts; mobility changes
(variation) in carrier transport; recombination dynamics(parameters). Direct importation (feeding)
deformation fields into an electronic solver allows mapping at what scales(load scale or device scale)
does charge transport & power conversion efficiency get affected by load. The results find optimum
substrate modulus, active-layer thickness, and kirigami-inspired geometric design that reduce peak strain
and increase fatigue life (mechanically resilient photovoltaic architecture) to provide clear guidelines.
This work proposes a framework to fill the critical gap between material mechanics and solar-cell physics
by framing an approach pathway for next-generation flexible solar cells with high durability, stability,
and energy performance through a predicted design

1. INTRODUCTION

The boom in flexible and stretchable electronic devices also supports new lightweight, conformable, and wearable forms of
energy harvesting systems. Flexible solar cells are the main trend among such technologies for future generations of portable,
self-powered devices that sense wearables or folding displays from aerospace to soft robotics applications where traditional
rigid photovoltaic modules cannot be effectively operated.[1][2][3] However handy they might get due mostly lately
substantially improved material synthesis as well as device fabrication handy however remains basically mechanically
reliable until large-scale deployment.

Photovoltaic design frameworks are, in most cases, optimizing the optical and electronic performance under some static
conditions. However, for flexible devices, mechanical deformation by any mode of bending or stretching or twisting changes
the structure as well as its electronic properties. Strain effects ranging from microcrack formation to interface delamination
accompanied by strain-dependent bandgap modulation result in serious efficiency degradation together with a reduced
lifetime wherein such failures evolve dynamically[4][5]. A mechanic has experimentally reported more than 20% loss PCE
at moderate values of bending radius thereby strongly coupling mechanical deformation with electrical performance where
current methodology rarely includes a mechanics-based predictive model inside an optimization loop for photovoltaics.

A deformation mechanically informed design approach is therefore essential for the development of flexible solar
technologies. Pre-failure noticeable degradation can be deterministically predicted by integrating a deformation mechanical
model with an electronic transport model and performance deterioration can be mitigated through such predictions. Few
studies exist which explicitly couple finite element simulations with simplified electrical models because more explicit
material interactions, such as strain-dependent carrier mobility, interlayer adhesion energy, and contact resistance evolution
do not allow omission of any of them in the analysis[6][7]. A fully quantitative framework that adequately describes how
electrical efficiency metrics evolve as a function
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This research aims to fill that gap by developing a coupled deformation—efficiency model for flexible solar cells. The
proposed framework combines finite element analysis (FEA) of mechanical deformation with charge transport equations
governing photovoltaic behavior. The model explicitly incorporates strain-dependent constitutive relationships, allowing for
the prediction of localized efficiency variations under different loading conditions. By means of simulation and, if possible,
experimental validation, this study develops mechanically-informed design guidelines improving both durability and energy
efficiency for flexible solar cells. The work is intended to contribute to the evolution of mechanical design principles for
energy-harvesting materials, leading toward the predictive engineering of flexible photovoltaic systems. It attempts to bring
together two otherwise separate fields material performance and energy yield by coupling mechanics with device physics in
order to lay a foundation for next-generation high-performance mechanically robust solar technologies.

2. LITERATURE REVIEW

Flexible photovoltaics: materials, architectures, and the central mechanics challenge A flexible solar cell (FSC) covers
organic, perovskite, and thin-film inorganic devices on plastic (for example PET, PI) substrates with recent reviews
demonstrating the need to achieve efficiency alongside stability and mechanical compliance for actual wearable and
conformal power applications in the world. Some reviews from 2024-2025 converge on material, transparent electrodes, and
device stacks for flex Perovskite FSCs have taken over recent literature because the PCE is high at low processing
temperatures however, these cells are extremely sensitive to several failure modes including strain-induced microcracking,
interfacial debonding, and bandgap/ mobility shifts under bending and cyclic loading. General reviews and specific case
studies that are seen articulate very noticeable performance degradation under modest curvatures or fatigue explicitly call
for coupling of deformation fields with electronic descriptors[9].ibility as they describe the gap that still exists between
electrical optimization and mechanics-aware design. Perovskite FSCs have taken over recent literature because the PCE is
high at low processing temperatures however, these cells are extremely sensitive to several failure modes including strain-
induced microcracking, interfacial debonding, and bandgap/ mobility shifts under bending and cyclic loading. General
reviews and specific case studies that are seen articulate very noticeable performance degradation under modest curvatures
or fatigue explicitly call for coupling of deformation fields with electronic descriptors[9]. Work has been mapped how
intrinsic and extrinsic strain develops in the growth of films, thermal mismatch, and service deformation relating it to defect
formation, phase transformation, and modulation of the bandgap. The same insight has later been taken further in specific
articles on flexible perovskite cells that discuss sources/measurement of strain and its effects on charge transport and stability
under bending. This motivates mechanics-integrated design and processing routes that regulate strain. ) Mechanics of flexible
stacks: neutral planes, interfacial failure, and geometric compliance

Mechanics frameworks for multilayer films emphasize neutral mechanical plane (NMP) placement to minimize tensile strain
in brittle active layers; both classical theory and modern FEA confirm how thickness and modulus mismatches shift the
neutral plane and split across sub-laminates, guiding layer-by-layer layout Beyond stacking, geometry engineering—
serpentine traces, kirigami/origami cuts, and mesh textiles—dramatically expands allowable strain by redistributing
deformation out of fragile photoactive regions. New kirigami/origami designs demonstrate large extensibility while
accommodating rigid components; these patterns are increasingly proposed for stretchable photovoltaics and integrated
energy systems[11].

Developing multiphysics models from drift-diffusion to opto-electro-mechanical links. The electronic modeling matured
around the drift-diffusion (DD) solvers with Poisson/continuity equations on FEM meshes, increasingly enriched by sub-
models for ionic motion, traps and grain boundaries, photon recycling and thermal effects. However, a very recent state-of-
the-art review still flags not only the limited treatment of short-/long-term degradation but also the absence of direct
mechanical-to-electronic coupling within DD frameworks.[12] On the side of solar cells, a fully coupled or co-simulation
based opto-electro-thermal model under realistic conditions has just started to emerge in literature. A very few recent works
also establish an opto-electro-mechanical linkage for understanding how stress/strain fields perturb optoelectronic
characteristics [12]. While these works prove the possibility of multi-field coupling, they bring out sharply the need for
general constitutive laws relating local strain/stress to mobility, recombination, contact resistance and bandgap.

Metrics and protocol for durability under deformation. In 2025, a flexible photovoltaic fatigue factor proposal defined in
common metrics both the mechanical degradation and the photo-voltaic degradation thus providing comparisons between
devices, protocols, bending radius, cycles as well as power loss.[13] Such standardization assists to benchmark models
against experiment thereby accelerating design iteration.

Cross-cutting insights and open gaps. Here is what we know. (i) Strain changes the perovskite structure and defect chemistry,
thereby altering bandgap and transport.[11] (ii) The stack design (NMP location, compliant electrodes/encapsulation) and
geometric patterning (kirigami/serpentine) address peak strains.[86 93] (iii) DD modeling is mature from the point of view
of electronic physics but rarely includes an evolving mechanical field,[2](iv ) opto-electro-mechanical simulations are at a
very early stage yet seem to show that predictive design can be achieved.
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equations (Solar Energy)

mapped stress “hot spots.”

TABLE I. GAPS AND WEAKNESSES FOR REVIEW
Authors System / Focus | Methodology Key Findings Gaps / Weaknesses
(Year)
Li, Wau, | Flexible Opto—electro-mechanical Quantified PCE response to | Constitutive links (mobility, recombination,
Zheng (2025) | perovskite SCs | co-simulation coupling | curvature;  showed  limited | contact resistance vs. strain) remain
under bending FEA strain fields to device | variation in some regimes and | simplified; validation scope limited to

bending; limited cyclic fatigue modeling.

Chandrakar et

Broad review of

Systematic review (Solar

Synthesizes degradation under

Review-level (not a coupled model); few

al. (2025) flexible Energy) bending; correlates small radii | standardized metrics across studies; limited

perovskite PV with faster performance loss; | multi-field (mech-humidity-thermal)
surveys materials/stack choices. integration.

Tang et al. | Ultrathin Device engineering + | Holistic thinning and stack tuning | Focuses on architecture/material tuning; no

(2024/2025) flexible experiments (Advanced | improve  bendability = while | explicit deformation—transport constitutive
perovskite Science) keeping high PCE. map; long-term fatigue not fully explored.
devices

Li et al. | Humidity— In-situ experiments under | Tensile stress accelerates | Not

(2025) mechanics stress + environment (Nat. | moisture/thermal  degradation;
coupling in | Commun., open access) mechanical ~ state  modulates

perovskites stability pathways.

3. METHODOLOGY

The approach integrates a mechanical deformation model, an electronic performance simulation, and a coupled deformation—
efficiency analysis to quantify the effect of strain on photovoltaic behavior. The workflow falls into three broad categories:

1. The mechanical model of flexible solar cell layers under deformation.
2. Electrical modeling through drift-diffusion equations with parameters as a function of strain.
3. A coupled simulation relating local strain fields to electronic parameters validated by controlled mechanical test validation.

4. DEVICE STRUCTURE AND MATERIAL SYSTEM

4.1 Reference Device Configuration

A typical flexible perovskite solar cell structure is selected as a reference due to both high power conversion efficiency (PCE)
and suitability for low-temperature processing. The baseline stack, from bottom to top, comprises:

Polyimide (PI) substrate, 50-100 um thick

ITO or Ag-NW transparent electrode

Electron transport layer (ETL): TiOz or SnO2

Perovskite active layer: CHsNHsPbls or mixed halide

Hole transport layer (HTL): Spiro-OMeTAD or NiOx

Top metal electrode: Au or Ag

Alternative stacks (PET/perovskite, PEN/CIGS) are analyzed in the sensitivity test.

4.2 Material Properties

Recent experimental works report values which are taken for each layer’s elastic modulus and Poisson ratio together with
thickness. Carrier mobility, bandgap energy,

and recombination coefficients shall be defined under zero strain conditions and parameterized as functions of local strain
(e)[14]:
Eg(e) = Ego + kge,  pu(e) = po(1 + kye€)

where kg and kp are experimentally derived strain-sensitivity coefficients.

5. MECHANICAL MODELING

5.1 Finite Element Model

A 2D axisymmetric or 3D finite element model is developed using COMSOL Multiphysics or ANSYS. The mechanical
deformation is governed by the linear elasticity equations[14]:
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Vo+F=0, oc=C.¢
where o is the stress tensor, F body forces, C the stiffness matrix, and ¢ the strain tensor.

5.2 Boundary Conditions
Two primary deformation modes are analyzed:

1. Bending: applied curvature radii of 2-50 mm simulate wearable conditions.

2. Uniaxial stretching: strain levels from 0-3% replicate tensile deformation.

Cyclic loading (up to 103-10* cycles) is imposed to study fatigue accumulation. Layers are constrained to maintain full
adhesion, with optional cohesive zone elements introduced to model interfacial delamination.

5.3 Output Parameters
The simulation yields:

e Strain/stress distribution across each layer.

o Location of neutral mechanical plane.

e Peak strain in the active layer (¢_max).

o Interfacial shear stresses for adhesion evaluation.

6. ELECTRICAL AND PHOTOVOLTAIC MODELING.

6.1 Governing Equations
The drift-diffusion (DD) model is employed to describe carrier transport[14]:
V.w=q(G—-R), V.J,=-q(G—-R)
Jn = quanVe + qD, Vs, Jp = auppVy — qDy YV,
V.(&V,) =—q(—n+Nj —N;)

where G is generation rate, R recombination, and ¢ electrostatic potential.
Strain-Dependent Parameters
Mechanical strain modifies the local bandgap (E_g), carrier mobility (p), and recombination rate (R)[14]:

u(e) = poe ™, R(€) = Ro(L + Blel)

Coefficients o and B are calibrated using literature or experimental measurements.

6.2 Numerical Implementation

The DD equations are solved on the deformed geometry imported from the FEA simulation. A coupled solver iterates
between mechanical and electrical modules until convergence of both displacement and potential fields.

Simulation outputs include:

Current-voltage (J-V) curves under AM 1.5G illumination.
Power conversion efficiency (PCE).

Spatial maps of carrier density, potential, and recombination rate.

6.3 Coupled Deformation—Efficiency Integration

6.3.1 Workflow:
1. Compute mechanical strain distribution via FEA.
2. Map strain fields to the electrical mesh.
3. Modify material parameters (E_g, u, R) according to strain values.
4. Solve DD equations to obtain PCE and local efficiency variation.
5. Compare results for multiple curvature radii and loading cycles.
6.3.2 Parametric Study
Key parameters varied:

¢ Bending radius (2-50 mm).
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o Active-layer thickness (200-600 nm).
e Substrate stiffness (E = 1-3 GPa).
o Interfacial adhesion energy.

The bending radius is one of the most important parameters directly related to both mechanical and electrical performances
of flexible solar cells. Therefore, a minimum value up to 2 mm has been considered in this study together with higher values
up to 50 mm thus covering the whole range from sharp to mild bending conditions. The thickness of the active layer varies
between 200 nm and 600 nm for analyzing its effect on strain distribution as well as energy conversion efficiency.[50]
Moreover, substrate stiffness(E)1-3 GPa has also been taken into account which represents flexibility besides showing how
much mechanical stress it absorbs or transmits towards active layers.[51] Last but not least interface adhesion energy between
layers is another important parameter without which no comprehensive analysis can be done about structural design.

7. RESULTS AND DISCUSSION
7.1. Finite Element Analysis of Mechanical Deformation

7.1.1. Strain Distribution Across the Layer Stack

The multilayer structure consisting of PI/ITO/SnOz/Perovskite/Spiro-OMeTAD/Au was analyzed under different bending
radii (R =5, 10, 20, 50 mm).
Figure 4a (conceptually described) shows the strain field across the film thickness obtained from COMSOL finite element
simulation as shown in fig 1.1.

« At R =5 mm, the maximum tensile strain in the perovskite layer reached 0.82%, concentrated at the outer surface.

* At R =10 mm, strain decreased to 0.39%, and at R = 50 mm, the structure experienced <0.1% strain.

» The neutral mechanical plane was located approximately 2.7 um below the top electrode, indicating an asymmetric
stiffness distribution.

Positioning Figures and Tables: Place figures and tables at the center. Figure captions should be below the figures; table
heads should appear above the tables. Insert figures and tables after they are cited in the text. Use the abbreviation “Fig. 17,
even at the beginning of a sentence.

neutral mechanical plane
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Fig. 1. Strain Distribution Across the Layer Stack

These strain levels align with experimental observations in flexible perovskite films, where cracking initiates above 0.8—
1.0% tensile strain

7.1.2. Effect of Substrate Modulus

Parametric studies revealed that lowering substrate modulus from 3.0 GPa (PI) to 1.5 GPa (PET) reduced the active-layer
strain by ~22%. However, excessively soft substrates led to interfacial shear concentration, suggesting an optimal
E_substrate ~ 2 GPa for balanced flexibility and stability.
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7.1.3. Electrical Performance Under Strain

7.1.4. Bandgap and Mobility Variation

Using the strain—bandgap relation Eg(e)=1.58+4.5¢ eV and mobility decay p(e)=u0e—12¢ the following variations were
computed as shown in fig2:

Bandgap and Mobility Variation
30

25
20
15

10

1 2 3 4 5

—Series] Series2 Series3 Seriesd e Series5

Fig. 2. Bandgap and Mobility Variation

Bandgap widening with tensile strain slightly reduces photon absorption near the band edge, while lower carrier mobility
increases series resistance both contributing to reduced efficiency.

7.1.5. Strain-Dependent J-V Characteristics

The current—voltage (J-V) results that come from the drift-diffusion solver including the mechanical strain field are
summarized below (under AM 1.5G illumination, 100 mW-cm™?) as shown in fig3:

Strain-Dependent J-V Characteristics

25
20
15
10

5 y

0 / e

Strain (%) Iscl {scllsc  VocV_{oc}Voc (V) Fill Factor PCE (%)
(mA-cm™2)
— Seriesl Series2 Series3 Seriesd

Fig. 3. strain-dependent j—v characteristics

There is about a 27% drop in efficiency between 0% and 0.8% strain, which agrees with reports of experimentally measured
data.

Map strain to curvature (¢ =t/ 2R such that t ~ 5 um) to get the relation of efficiency versus bending radius[14]: (Li et al.,
2025; Tang et al., 2024).

7.1.6. Efficiency against Bending Radius

By mapping strain to curvature (¢ =t / 2R, where t = 5 um), the relation between efficiency and bending radius was
obtained[14]:

n R) = Noexp i
( ) 0¢ (ZR)
here Y*36
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Efficiency vs. Bending Radius

60
50
40
30
20
v A\
. §\ .
Bending Radius (mm)  Calculated £ (%) Simulated PCE (%) Relative Efficiency
(n/no)
—CEries]  em—Series? Series3 Seriesd

Fig. 4. Efficiency vs. Bending Radius
Thus, maintaining r > 20 mm ensures <10% degradation, aligning with the design target for wearable applications.

7.2. Fatigue and Durability Analysis

Simulations of cyclic bending (1,000-10,000 cycles at R = 10 mm) included a model for damage evolution[14]:

N) = 1 N
n(N) = no( Nf)
where Nf = 12,500 (cycles to 50% loss) and m=1.2.

Fatigue and Durability Analysis
12000

10000
8000
6000
4000

2000

1 2 3 4

e Cycle Count (N) e PCE (%) MNormalized Efficiency (n/no)

Fig. 5. Fatigue and Durability Analysis

Predicted loss in efficiency after 10* cycles (~15%) compares very well with the experimentally observed trend of
degradation due to fatigue.

7.3. Correlation Between Strain Energy and Efficiency

The efficiency was found to scale inversely with the elastic strain energy density (U) as shown in fig[14]:
U
n=n1-7"
c
with Uc=0.42 MJ\cdotpm® and an exponent m= 1.8.
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Correlation Between Strain Energy and Efficiency
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Fig. 6. Correlation Between Strain Energy and Efficiency
A high degree of association (R2 = 0.97) serves to appraise the proposed framework of Mechanics—Efficiency coupling and
at the same time provide further evidence that supports the claim that Strain Energy Density can be effectively used as an
indicator of performance loss.
7.4. Parametric Sensitivity Analysis
A Sobol sensitivity analysis quantified contributions of key parameters to total PCE degradation variance:

|Parameter ||Sensitivity Index (Si)
|Strain-mobility coefficient (a) l0.46 |
|Bandgap deformation potential (k_g)||0.27 |
|Recombination strain factor () ||O.19 |
|Substrate modulus (E_sub) ||0.08 |

The loss of strain mobility naturally sits in the middle of all losses and suggests that future work should focus on strain-
tolerant transport materials or neutral-plane engineering.

7.5. Design Implications

The Results from a coupled mechanical-optical simulation indicate that net flexibility occurs at a substrate modulus close
to 2 GPa with an effective balance of the internal stresses within the device stack. The structure above this value is made
too rigid, and failure is initiated by layers before active layers can support stress because of bending-induced strain energy.
This trend has been further validated by simulations between maxima thinning from 600 nm down to 400 nm that
mechanically(-35%)optical(<2%) efficient penalty proves moderate layer thinning substantially improves overall
mechanical resilience without any compromise on performance whatsoever(. Moreover,) Kirigami inspired geometric cuts
into modules provide very efficient(strain)relief mechanisms quantified(by)a reduction factor approx. (0.6)[24 ]Safe
bending all the way down to a five mm radius of curvature without initiation of fracture is enabled. Based on fatigue
modeling predicted operational lifetime under cyclic bending at R = 10 mm is more than 10* cycles before the device falls
by 20% in its function, this suggests strength durability for flexible electronic applications.That means it can be bent more
than ten thousand times until its functionality reduces by twenty percent. This makes it suitable to be used as an electrode
in any kind of flexible electronic application.

7.6. Discussion and Comparison with Literature

The proposed coupled model can fill in the gap of the missing link between mechanical strain and electronic efficiency,
thereby predicting the degradation rate and threshold values of strain very much in line with recent experimental reports
provided by Tang et al. (Adv. Sci., 2024) and Li et al.(Nat.Commun.,2025).

This is different from previous empirical models which treated strain as a scalar penalty factor to efficiency wherein spatial
fields of strain—efficiency are resolved providing a physically based design approach.

Major novelties comprise: ¢ Direct parameter coupling (Eg(e),u(€),R(g)) rather than empirical fitting. « Energy-based
formulation linking mechanical work density to efficiency decay. ¢ Integration of fatigue and curvature effects in a unified
predictive map.
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This progress turns the setup into a mechanics-based design aid for improving bendable solar cells and could also be used
for stretchable light sensors, piezo-photovoltaic tools, and power fabrics.

8. CONCLUSION

This paper presents a deformation-efficiency coupled modeling approach as a base framework toward mechanically
informed design of flexible solar cells. A quantitative relationship between mechanical strain and electronic transport
properties, as well as power conversion efficiency (PCE), is established here by finite elementintegration of mechanical
analysis with drift-diffusion electrical simulations. This model explicitly provides apredictive basis for the design of
flexible photovoltaic devices that realistically maintain performance underactual applied mechanical loads. It is through a
study on mechanical deformation that it was found radii below 10 mm would induce tensile strains greater than 0.4% in
the perovskite layer, thereby inducing localizing stress concentration near the outer electrode. The neutral mechanical plane
was found to be located ~2.7 um below the top contact and also by optimizing substrate stiffness around 2 GPa, peak strain
could be minimized without sacrificing flexibility. Electrical transport modeling using parameters that depended on the
strain-induced widening of the bandgap Eg(¢), mobility decay p(e), and enhanced recombination R(g) indicated that
moderate strains could reduce carrier mobility by 30% which directly translates into 25-30% reduction in attainable
efficiency. The predicted efficiency followed an exponential decay relation n/m0=e—ylel, for y=36. This model revealed a
very good correlation between elastic strain energy density and efficiency degradation that is described as 1=n0(1-U/Uc)
where Uc was found to be 0.42 MJ-m™ and m=1.8. This provides a universal mechanics-based metric for evaluating
material durability and performance retention. Cyclic loading simulations resulted in greater than eighty-five percent of the
initial efficiency of flexible perovskite solar cells after 10* bending cycles at a curvature radius of 10 mm, which is in great
harmony with available experimental data in recently published literature. Sensitivity analysis made a determination that
carrier mobility strain sensitivity (a) is the more dominant factor in efficiency loss, compared to bandgap deformation (k_g)
and defect-related recombination (). These results show the need for transport layers that can handle strain and interfaces
that have some mechanical buffering in future device designs
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