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Abstract  

Emerging forms of soft, flexible and stretchable electronics promise to revolutionize the 

electronics industries of the future offering radically new products that combine multiple 

functionalities, including power generation, with arbitrary form factor. For example, skin-like 

electronics promise to transform the human-machine-interface, but the softness of our skin is 

incompatible with traditional electronic components. To address this issue, new strategies 

towards soft and wearable electronic systems are currently being pursued, which also include 

stretchable photovoltaics as self-powering systems for use in autonomous and stretchable 

electronics of the future. Here we review recent developments in the field of stretchable 

photovoltaics and examine their potential for various emerging applications. Emphasis is placed 

on the different strategies to induce stretchability including extrinsic and intrinsic approaches. 

In the former case, engineering and patterning of the materials and devices are key elements 

while intrinsically stretchable systems rely on mechanically compliant materials such as 

elastomers and organic conjugated polymers. The result is a review article that provides a 

comprehensive summary of the progress to date in the field of stretchable solar cells from the 

nanoscale to macroscopic functional devices. We conclude the article by discussing the 

emerging trends and future developments.  

 

 

1. Introduction 

Broadly speaking, research in modern (opto)electronics and photovoltaics has been dominated 

by a focus on device performance,[1,2] with other key enabling features, such as mechanical 

compliance, processability, stability and sustainability, receiving significantly less attention, 

until recently. These often-overlooked features are nowadays becoming more crucial for 

successful adaptation of electronics in new market sectors such as bioelectronics,[3–6] wearable 

and textile electronics,[7–9] e-paper,[10–12] among others. Undisputedly, silicon (Si)-based 

technologies are still leading the way but despite their high performance and market dominance, 

they are, at least in their present form, incompatible with numerous emerging optoelectronics. 

To address this serious shortcoming, structuration tricks such as origami[13] has been used to 

create so-called “stretchability”, among other approaches. On the other hand, use of intrinsically 
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flexible and stretchable electronic materials such organic composites and conjugated polymers, 

have not been able to compete with Si-based technologies on their home turf, but they offer 

several unique and intriguing advantages that cannot be easily met by Si. The intrinsic 

mechanical softness and stretchability attainable in these organic-based electronic materials is 

a case in point. Additional benefits include the ability to be manufactured in ambient conditions, 

at low-cost, and ease of upscaling lab-process, e.g., spin and blade coating, to industrially large 

area fabrication (e.g. printing, spray coating, evaporation, roll-to-roll).[14,15] In comparison, 

silicon devices are significantly more problematic to apply to large-area electronics both in 

terms of technology and economics.  

Our primary aim with this review article is to provide a detailed introduction to 

stretchable electronics, discuss the opportunities of wearable and stretchable photovoltaic 

devices as a greener energy source, and highlight the evolution of the field in terms of 

applications[3,16–20] and strategies to achieve mechanical stretchability.[6,21–23] Emphasis is 

placed on the most promising approaches to induce elastic behavior in organic, but also 

inorganic materials. Structuration of materials via ingenious designs such as buckling,[21,24,25] 

mesh,[26] fish-net,[6,27] among others, represents one prospective way to create extrinsic 

stretchability up to 200%.[9] Intrinsically stretchable electronic materials provide a potentially 

simpler route to the desire mechanical requirements while simultaneously addressing the need 

for ease of processing. Examples include conductor/polymer composites and inherently 

stretchable conjugated polymers that could be processed in one-step for applications requiring 

mechanical stretching. In this regard, we review a variety of intrinsically stretchable electronics 

materials such as semiconductor and conductor including transparent conducting electrodes 

(TCEs); a key component for organic photovoltaics (OPVs) and optoelectronics. Development 

of hybrid nanocomposites is another approach towards mechanically robust electronic materials. 

For instance, insertion of metal nanowire[22,28,29] or semiconducting polymer[30–32] into an 
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elastomeric matrix yields materials with competing properties between electrical conduction 

and mechanical elasticity. To this end, we analyse the requirements for maintaining the 

percolation conduction pathway under mechanical strain in conductor/polymer composites. 

Moreover, we present the limiting factor of stretchability for elastic conjugated polymers, 

possible ways for improvement and the importance of selectively designing conjugated 

polymers to tailor, and further improve, the device performance and stretchability. We also 

summarize the important developments in the area of stretchable solar cells [33–36] and discuss 

the various design approaches adopted to date. The review concludes with a discussion on how 

these recent developments in designs and implementation of stretchable electronic materials 

and devices will bring a new perspective and guide the development of future generation 

stretchable solar cells.  

 

2. Background and motivation  

2.1. Flexibility and stretchability  

 

Flexible systems can undergo a small bending motion, the extent of which is determined by the 

Young’s modulus of the materials and their thickness.[37–39] All materials, from metals to wood, 

from inorganic to organic materials, are bendable to some extent. Their ability to be bent 

depends on the material’s mechanical properties but also on the geometry of the system. 

Bendability and flexibility increase significantly with the reduction of the thickness of the film 

and the substrate. This implies that even poorly deformable materials can be made bendable 

and rollable if their thickness is sufficiently low. The strain () experienced by a material in the 

bending direction can be calculated by the ratio of the stack thickness, including substrate ts and 

film tf, to twice the radius of curvature, 2r, and is given as:[37] 

𝜀 =
(𝑡𝑠+𝑡𝑓)

2𝑟
       (eq. 1) 
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This equation is an approximation of the induced strain. The actual strain is, in reality, more 

complex in a multi-layer materials system.[40,41] Figure 1a shows the radius of curvature. Any 

brittle material will bend to a radius of curvature approximately a thousand times its 

thickness.[42–44]  

 

 
 

Figure 1. A) Schema of bending material and definition of the curvature radius. B) Evolution 

of interest in flexible and stretchable electronics per years.  

 

 

The first work on an unconventional form of electronics was described in 1984 with the 

thin-film transistor[45] and later, in 1994 with an all-polymer field-effect transistor (FET) made 

with a polyester (polyethylene terephthalate) insulating layer.[46] This effort highlighted the 

tremendous potential of flexible devices, including the possibility for using low-cost fabrication 

techniques over large-area substrates. Several attempts in the '90s led to the development of the 

plastic transistor.[47,48] In particular, Prof. Bao at Stanford University contributed to the progress 

of this emerging field further by incorporating the semiconducting polymer poly(3-

hexylthiophene) (P3HT) to demonstrate high-performance transistors.[48] Since then, the 

interest in flexible electronics has being increasing exponentially as evidence by the increasing 
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volume of publications per year (Figure 1b). Stretchable electronics is a more recent addition 

to this field and focuses on the development of electronic devices that can operate under, or 

conform to, complex mechanical deformation. The strain or deformation that stretchable 

electronic devices can experience include a wide range of deformation (Figure 2), such as 

bending,[42,43] shaping,[3,49] stretching,[50] wrappings,[3] pokings,[51] crumplings,[52] and 

twisting.[51,53]  

 

Figure 2. Schema of deformations. Stretchable material can be bent, shaped, twisted or 

stretched by the mechanical strength.  

 

2.2. Benefits of stretchability for electronic applications  

The intrinsic mechanical properties of the stretchable system allow directly numerous 

advantages that rigid bulk materials like silicon or rigid inorganic thin film semiconductors like 

copper indium gallium selenide (CIGS) solar cell, CdTe and hybrid perovskites, cannot offer 

intrinsically. While the stretchable electronic devices would potentially recover from stress, 

most electronic elements, such as metals and semiconductors, fracture at less than about one 

percent strain.[43] The compliance of stretchable materials offers benefits such as foldability,[54] 

conformability,[6] covering a nonplanar surface,[55] among others. Such properties would allow 
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a broad range of new applications. Next, we list potential applications enabled by stretchable 

electronic devices.  

Figure 3 shows several examples of potential applications that stretchable electronics 

could enable in the near future. These include flexible displays,[56] electronics that cover 

arbitrary surfaces,[57] foldable sensors,[58] e-textile and clothing,[7–9] and paper-like displays or 

e-paper.[10–12] Many of the aforementioned applications have now entered the commercial arena 

with a notable example the commercialization in 2019 of foldable smartphones by different 

companies including Samsung Galaxy Fold,[59] Huawei Mate X, Royole FlexPai. Additional 

examples of the technology include memory applications where the data storage capacity could 

increase in a highly packed folded electronic memory system.[48] The use of such unusual 

materials could not only simplify processing and integration but also reduce weight and 

portability of a range of products including advanced sensors,[6,60] ultra-low cost radio 

frequency identification tags (RFIDs) and smart labels,[61,62] wireless power-transmission 

systems[63], energy harvesting systems,[64] and solar cells.[19,20]  

 
Figure 3. Noticeable applications for stretchable electronics such as: A) Paper-like display. 

Reprinted with permission from [10], copyright © 2001 National Academy of Sciences. B) 

Stretchable photovoltaic. Reprinted with permission from [20], copyright © 2017 Springer 

Nature. C) Ease and cheap roll-to-roll processing. Reprinted with permission from [65], 

copyright © 2014, The Royal Society of Chemistry. D) Stretchable LED. Reprinted with 
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permission from [57], copyright © 2009 Springer Nature. E) Tattoo-like sensors. Reprinted 

with permission from [66], copyright © 2011 American Association for the Advancement of 

Science. F) Eye camera. Reprinted with permission from [67], copyright © 2008, Springer 

Nature. G) Bio-medical smart bandage. Reprinted with permission from [5], copyright © 2014, 

John Wiley and Sons.  

 

Stretchable electronics have been also gaining increasing attention in recent years due 

to their extraordinary potential in the field of wearable electronics such as skin-like and bio-

implanted electronics.[16] These represent a challenging class of applications where a system 

can be wrapped conformably around complex curvilinear shapes or integrated with biological 

tissues in ways that only simple bendability is not enough. To this end, mechanical stretchability 

is key as it enables integration with biological tissues for application in bioelectronics. Just like 

our skin and our organs, conformable materials are soft, capable of deep, inward, and non-

invasive integration with soft complex biological tissues.[4] Examples of such bioelectronics 

applications include health sensor,[3] wearable devices,[4] drug delivery materials and systems,[5] 

pressure skin-like sensors,[6,68] rubber-like artificial skin,[66,69,70] conformable sensors and 

displays for human-machine interface,[10–12,71,72] electronic bio-interfaces,[73–75] or  artificial 

muscles.[76–78]  

Most of the aforementioned devices target applications related to personalized 

healthcare monitoring using less/non-invasive methods such as stretchable microelectrode 

arrays (SMEA) with the capability of monitoring neural activity.[79] Similarly, bio-medical 

integrated electronic skin will allow the use of different healthcare sensors (heartbeat, 

temperature, blood pressure, etc.) to monitor and detect health issues in real-time.[5] Thus, 

illness and health conditions could be addressed pro-actively or reactively with very short delay 

and as soon as the device notices physiological changes, thus avoiding a long and potentially 

painful incubation period and thus enhancing health and quality of life while reducing morbidity 
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and mortality. Honda et al. demonstrated the possibility to control and deliver a drug to improve 

health with a “smart band”, making such devices both diagnose and treat ailments.[80]  

The need to facilitate, or improve, access for people with disabilities, has also 

contributed to an increasing interest in new bio-electronic applications including, braille 

displays,[76,81] actuators that can electrically create a sensation of touch,[81] and eye cameras that 

allow communication via the eye motion.[4,55,67,82,83] In addition to visual support, haptics give 

a new dimension of reality for extensive virtual experience and full immersion, with several 

products already made commercially available.[84] Another example is the work by 

Kuchenbecker et al. which developed haptics devices for application in robotic.[17] Similarly, 

textile and wearable electronics gained notable successes in the entertainment sector and virtual 

reality (VR) in particular.[85] 

 

2.3. Viability of stretchable solar cells 

Photovoltaic technologies offer many economic and environmental benefits.[86] The various PV 

technologies available to date are capable of autonomously powering small electronic devices 

including, solar refrigerators, watches, power bank, phone chargers, and outdoor lighting 

devices, all the way to entire cities.[86] Thus, the ability to embed additional functionalities or 

technical features, such as flexibility and stretchability, makes OPVs a hugely attractive, both 

from a technical and economic standpoint, technology for an expanding range of emerging 

applications ranging from self-powered devices to large scale energy generating plants.[6–9,16,87–

90]  

Although stretchable electronics have developed tremendously in recent years, progress 

on soft and stretchable power sources has been slow. Such technologies are now urgently 

needed to power an ecosystem of emerging devices and could ultimately define their 

commercial success. In addition to photovoltaics, other technologies that could potentially 
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address the aforementioned technical challenges include thermoelectrics, piezoelectric, and 

triboelectric generators.[91–94] Piezoelectric and triboelectric generators need a mechanical 

motion or external strength to work and are mainly made of hard materials.[95] Thermoelectric 

generators[96] on the other hand provide energy under a gradient of temperature, but it has so 

far proven inefficient for low-temperature operation. PVs offer the highest power density 

compared to the other previous technologies although light is not omnipresent.[97] Outdoor 

sunlight at noon can produce up to 15 mW/cm2, while the other generator could provide a power 

density a few orders of magnitude lower (piezoelectric 330 µW/cm3 and thermoelectric 40 

µW/cm3).[97] O’Connor et al. discussed the viability of each energy harvesting technology based 

on stretchable bioelectronics devices (Figure 4A).[98] For example piezoelectric and 

thermoelectric harvesters could provide, to some extent, the needed power for certain 

applications such as pacemaker and implantable transmitter where PV sources are unsuitable 

due to the opacity of the human body.[98] On the other hand, the large amount of energy 

generated by PVs makes them ideal for various other emerging applications including wearable 

electronics and bioelectronics.[99]  

Developing solar cells for bio-applications present numerous technical challenges.[100] . 

First, the periodicity (day/night) and the body area influence the amount of optical energy 

received by the PV-based power generator. For prolonged and continuous use, integration of a 

micro-battery or a micro-supercapacitor along the PV could address the limited availability of 

light.[101] Second, the rigidity of conventional photovoltaics makes them incompatible with 

biological materials. Incumbent solar cell technologies are planar and rigid, while in vivo 

materials are elastic, soft, and curved. The ability of the PV device to bend and stretch while 

maintaining its photovoltaic performance at adequate level is thus required for integrating with 

soft materials such as skin, organs, textiles, etc. Next we discuss the various strategies that can 

be used to address these challenges.  
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Figure 4. A) Viability of bioelectronics systems with harvesting technologies determined by 

power density consumption and generation. Reprinted with permission from [98], copyright © 

2016 Springer Nature. B) Range of Young’s modulus regarding the materials. The numbers in 

brackets are in Pa for soft, MPa for tough, and GPa for hard materials, respectively. Reprinted 

with permission from [44], copyright © 2012 Cambridge University Press. 

 

2.4. Characteristics of stretchable materials  

The Young's modulus (E), also called elastic modulus, characterizes the intrinsic stiffness or 

resistance to deformation, and relates to the ability of a material to be deformed reversibly. It is 

independent of the geometrical shape of the material sample. Various methods have been used 

to determine the elastic modulus such as stress-strain,[102] buckling,[103] nanoindentation,[104] 

Peak-force Quantitative Nanomechanical (QNM) mapping,[105] and Brillouin spectroscopy.[106] 

By definition, the way to determine Young's modulus is by measuring the stress under tensile 

strain. New measurements techniques, such as the surface mechanical characterization 

techniques of nanoindentation and Peak force mapping, have also been developed further 

extending the range of characterization tools available.[104] Rayleigh-Brillouin microscopy is 
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another technique and measures the response of light scattering through a viscoelastic 

medium.[106] This technique enables in-depth three-dimensional mapping of a material based 

on mechanical information i.e. longitudinal modulus. It is a non-invasive method and such 

suitable for sensitive samples, such as biological, or those present in an inaccessible 

environment. Similar to nanoindentation and peak force measurements methods, Brillouin 

spectroscopy measures the local properties at the microscale and can provide different results 

compared to the bulk properties. The buckling-based method is a well-known technique to 

define Young's modulus of thin layers and has been described extensively by Stafford et al.[103] 

The process is based on the formation of wrinkles in a relatively rigid film located on a 

compliant and stretchable substrate under compressive strain.[107] The buckling method is 

known to be tedious and approximate, but still suitable for thin films. Tensile strength 

experiments provide an absolute value of Young's modulus and additional information about 

the mechanical characteristics of materials such as ultimate stress and strain at break, but this 

procedure requires thick self-standing films.  

Figure 4B shows the range of Young’s moduli of common materials and their 

classification. One critical challenge is the large mismatch between Young's modulus of bio-

materials and semiconducting materials in general, which leads non-conformability.[44] 

Generally, conventional electronic materials fail when subjected to tensile strain between 1-

3%,[50] and below 1 % in the case of metal electrodes.[108] Depending on the intended application, 

strain range would vary from a few to >100%. For example, hemispherical retinal electronics 

require less than 5% strain,[109,110] while artificial muscles are deformable up to 60%.[108] 

Epidermal technologies need over 30% strain to accommodate the electronics skin-like 

behavior,[66,108] and over 100 % strain at the knee, hip, and ankle joints[97]. A low Young's 

modulus is preferable for an excellent conformability in bio-electronic applications. Usually, a 

soft polymer such as elastomer has a low Young's modulus (<1 MPa) and hard metal have a 
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high elastic modulus (~100 GPa). To this end organic conducting polymers offer significant 

advantages over inorganic materials due to their ability to undergo elastic deformation without 

mechanical fracture or cracking. Crack-onset (CoS) strain defines the strain at which the first 

crack appeared under stress and is commonly associated with detrimental effects on the 

electrical and optical properties of the associated materials. Above CoS, the material is 

irreversibly damaged. CoS is commonly observed in solid films and is determined optically 

during gradual elongation. For bulk materials, the limit of reversible elastic behavior is 

associated with yield strength. Usually, a low elastic modulus improves the resistance to crack 

formation resulting to a high crack-onset.  

In the solid-state, the microstructures of materials play an important role in the 

determination of Young’s modulus and crack-onset. While silicon-based technology is rigid 

due to silicon covalent bonds, organic conducting polymer may offer significant advantages 

over inorganics material, such as the promise of elastic deformation of materials without 

fracture. The bonding interaction explains the main difference between hard silicon and soft 

conducting polymer. Even though most polymers are amorphous because the large size and the 

entanglement of macromolecules, certain favourable factors (short, straight, unbranched chains, 

π effect, van der Waals bond, etc.) induce the organization of the chains, also called 

crystallization. The crystallinity increases strength due to high intermolecular bonding. In a 

semi-crystalline polymer, crystallites play the role of reinforcement, making the polymer more 

prone to crack under strain. The value of Young’s modulus is then more elevated than that of 

an amorphous polymer. 

Even though mechanical characteristics such as Young’s modulus and crack-onset are 

essential, we will see in the next section that they are not necessarily a prerequisite and it is 

possible to get stretchable structures using hard and brittle materials.  
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3. Strategies to make stretchable electronics  

There is currently a limited number of strategies that can be exploited to make solid-state 

devices, and ultimately integrated systems, physically stretchable. In the early days[111] flexible 

electronics were realised using small loadings of high aspect ratio (ratio between the two 

characteristic lengths of an object), low-dimensional functional materials such as 

nanowires,[112] nanoribbons[113–115] carbon nanotubes (CNT)[116]. The approach relies primarily 

on the spontaneous formation of electrically percolating networks in a film or bulk material. 

Importantly, the method can be applied to materials that are not intrinsically stretchable hence 

rendering it compatible for traditional semiconducting materials. However, as the field 

progressed, several new techniques emerged two of which have been adopted to induce 

stretchability, either extrinsically or intrinsically. In the former, the design of a device structure 

is modified so it becomes mechanically stretchable,[117] while in the latter, the materials 

involved are engineered, from molecular structure to material formulation, to exhibit the 

targeted mechanical properties.[32,118–123] In the following sections we review the various 

techniques that can be used to realize state-of-the-art stretchable opto-electronics. Several 

examples will be highlighted to illustrate the different strategies, while the properties of the 

materials will be discussed in a separate section.  

 

3.1. Extrinsically stretchable electronic devices  

Extrinsic stretchability relies upon architectural modifications to a device/system in order to 

influence its stretchability. To date, several different approaches have been exploited to make 

various devices and systems more stretchable with the most important ones discussed next.  

3.1.1. Buckling structures  

Taking advantage of a material’s ability to bend, even to a small extent, a strategy has been 

developed to convert local bending/unbending of stiff and non-stretchable material to 
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macroscopic stretchable devices. This so-called ‘buckling method’ relies on the deposition of a 

very thin layer of rigid material on a pre-strained elastomer. After releasing the strain, the stack 

reaches an internal equilibrium of stresses to form a periodic wavy structure (Figure 5A).[21,124] 

In this type of structures, the difference between the elastic modulus and the Poisson 

coefficients of the two materials causes buckling upon release resulting to the formation of a 

wrinkled structure. Experimentally, such structures can be easily realized by evaporating a thin 

metal layer atop a pre-strained elastomeric substrate and then release it.[21] Yoo et al., has 

performed pioneering studies on wavy structures produced by the buckling method and 

provided the fundamental understanding of the buckling process and its technological 

potential.[24,25,125,126] It was shown that the formed sine waves are characterized by an amplitude 

and period both of which relate to the thickness and the Young's moduli of the substrate and the 

thin film atop. A good example of the applicability of the method is the work by Kim et al.,[127] 

which used graphene layers deposited on pre-stretched polydimethylsiloxane (PDMS) 

substrates and showed that the ensuing bilayer electrode could be further stretched by up to 

11% without reducing the electrical resistance of graphene. Only when the system was stretched 

to ≥25% the electrical resistance increased by about one order of magnitude.  
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Figure 5. Structures based on the buckling process. A) Drawing of buckling strategy principle 

by deposition on thin material on the soft elastomer. AFM images of a buckling-induced 

structure of silicon membrane on B) uniaxially and C) biaxially pre-strained substrate. 

Reprinted with permission from [128], copyright © 2007 American Chemical Society. D) SEM 

image of single-crystal Si ribbons on elastomeric substrate. Reprinted with permission from 
[129], copyright © 2006 The American Association for the Advancement of Science.  

 

Wrinkled stiff inorganic materials, including silicon, deposited atop of a soft substrate 

have been exploited for high-performance stretchable electronics. To this end, creating 

stretchable silicon-based electronics has become one of the most studied topics.[54,129,130] For 

example, wavy silicon in the form of continuous layers[54,117,128] or nanoribbons[54,129,130] can be 

designed to exhibit high mechanical tolerance to both uniaxial or biaxial deformation. Figure 

5B-D shows examples of such wrinkled silicon structures.[128,129] In general, wavelike structures 

have been extensively examined for a variety of inorganic materials.[6,54,117,124,131–135] Uniaxial 

pre-stretching results to uniaxially stretchable systems,[117] while biaxial[128,136] or radial[137] pre-

stretching supports lead to biaxially stretchable devices and systems.  
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Figure 6. Illustration of GaAs ribbons formed at the controlled oxidation patterned surface of 

PDMS. (A) Schematic of process and (B) SEM images of the final ribbons. Reprinted with 

permission from [133], copyright © 2006 Springer Nature.  

 

Numerous other strategies have also been developed and studied in order to improve the 

extrinsic stretchability of materials and electronic devices/systems. The controlled delamination 

buckling is one such method. The latter is similar to the aforementioned buckling method, but 

the surface of the elastomer here is modified as to enable delamination of the top thin layer 

material on certain parts of the wavy structure.[117,124,132,133] In the case of elastomeric substrates 

such as PDMS, spatial patterning can be achieved via ultraviolet (UV)-ozone passivation of its 

surface, leading to a change in surface energy/adhesion.[111,133] Following the deposition of the 

ribbons atop the pre-strained PDMS, the relaxation results to buckling and the spontaneous 

formation of the targeted wavy structure. The only difference is the existence of delaminated 

ribbons on the non-oxidized sites defined by the patterning step (see Figure 6). The ensuing 

wavy structure leads to system-level stretchability enhancement of up to 100% of the overall 

structure.[129]103]  

3.1.2. Spring-like structures  
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Patterning and shaping of inorganic materials have a well-proven track record of inducing 

extrinsic stretchability in various materials.[138–140] Figure 7A shows an example of a spring-

like structure.[139] The helical structure can elongate considerably, even though the material 

itself is intrinsically stiff.[53,139,141] Such structures behave like a spring, which in turn behaves 

as a model elastic architecture. An ideal spring has elastic behavior, i.e., after deformation, it 

returns promptly to its initial position.  

In-plane meanders or serpentine shapes enhance the ability of patterned materials to be 

stretched in-plane as well.[4,53,70,133,142] Here, the principle of the spring is transposed to two 

dimensions to form a so-called "2D spring". The metal deposition is performed on the substrate 

in a pattern designed to resist elongation mechanically. Nanosprings made of thin films with 

helical or zigzag columnar shapes can be fabricated via glancing angle deposition (GLAD) or 

dynamic oblique angle deposition (DOD), leading to a drastic decrease of the stiffness 

compared to dense films.[143–146] 

3.1.3. Mesh structure  

In open mesh geometry such as fishnet[6] or more complex meshes with fractal motifs,[26] the 

framework is a repetition of motifs forming a network that gives the overall architecture 

anisotropic deformation properties. Contrary to the wavy structure, a mesh offers uniaxial, 

biaxial, and radial strains. It may also accommodate other out-of-plane deformation modes such 

as scissors, twisting, and shaping, achieving a deformity for which the overall behaviour is 

similar to an elastomer. This is why mesh structures can be easily stretched up to 25%[27] with 

a few examples of metal-coated mesh shown in Figure 7B-F. 

3.1.4. Origami and kirigami structure  

Three-dimensional (3D) structures derived from mesh designs and origami/kirigami-inspired 

folding techniques, using flexible interconnections,[138,147–149] have also been exploited for use 

in flexible and stretchable electronics. The approach relies on structures equipped with rigid 
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islands electrically connected with each other via soft metal interconnects (Figure 7 G, 

H),[4,67,150,151] which in turn makes the entire system mechanically stretchable. The arts of 

origami and kirigami have inspired various highly deformable structures in electronics and 

other applications further details of which can be found in several focused reviews.[13,152,153] 

3.1.5. Textile structure  

Inspired by traditional weaving techniques, the concept of electronic textile (e-textile) has 

emerged as an appealing option for application in stretchable electronics. Conventional fabrics 

consists of intertwined threads, which themselves are made of micro-fibers. Theoretical models 

have been employed to predict the mechanical properties of textiles.[154–157] The weaving nature 

of threads and fibers give rise to excellent mechanical properties such as flexibility[158–161] and 

stretchability.[162] One such example is the Lycra Spandex which can be stretched up to 200%. 

By soaking Lycra Spandex in a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) solution and combining it with an electrochromic material, stretchable 

conductive electrochromic e-textiles (Figure 7 I-J) have been demonstrated.[162] However, the 

complexity associated with components fabrication and integration, makes e-textiles tedious to 

manufacture and optimise.  Despite that, textile-based structures which can be stretched without 

fracture up to 200% have been successfully used in stretchable batteries and supercapacitors 

(Figure 7 K-L) paving the way to exciting new opportunities.[9,163]  
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Figure 7. Patterned structure for stretchable electronics. A) Spring-like structure for dye-

sensitized solar cells. Reprinted with permission from [139], copyright © 2014 John Wiley and 

Sons. B-C) Stretching an open mesh geometry. Reprinted with permission from [6], copyright 

© 2005 National Academy of Sciences. D) Photographic, (E) optical and F) scanning electron 

microscopy image of metal fractal design mesh. Reprinted with permission from [26], copyright 

© 2014 Springer Nature. G) Designs of interconnecting meshes. Reprinted with permission 

from [148], copyright © 2010 IEEE. H) Silicon S-shaped patterned structure. Reprinted with 

permission from [138], copyright © 2008 AIP Publishing. I-J) Stretchable electrochromic E-

textile. Reprinted with permission from [162], copyright © 2010 American Chemical Society. K-

L) Stretchable battery made of E-textile. Reprinted with permission from [163], copyright © 2012 

John Wiley and Sons. 

 

3.2. Intrinsically stretchable electronic materials  

Intrinsically stretchable materials include composites as well as organic materials. Engineered 

electronic devices based on such materials can withstand mechanical deformation within their 

constituent materials as opposed to extrinsic and architected systems. Next, we discuss a few 

examples of intrinsically stretchable materials while highlighting a few of their applications.  

3.2.1. Stretchable composites  

The approach is straightforward and relies on the formation of composite soft elastomers with 

electronic materials. The embedment of an electronically active material(s) in a stretchable 
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matrix allows withstanding extreme stretching motions while preserving the electronic 

functionality. The strategy has been exploited for the development of stretchable conducting 

materials where charge transport relies on the formation of a percolation network of the 

electronically active component(s).[28,164] The density of conducting material must therefore be 

high enough to form a percolated network within the entire composite matrix and yet remain 

sufficiently low not to hinder the stretchability of the matrix. In Section 4.2, we will detail the 

electronic and mechanical characteristics associated with stretchable conductor composites.  

 

3.2.2. Inherently stretchable semiconducting and conducting polymers  

The design of elastomers has inspired chemists to replicate their mechanical properties using 

conjugated polymers, whereby the molecular structure can be chemically tailored to enable 

improved elasticity without compromising their electrical properties. The elastic properties of 

non-conjugated materials relate to the chemical nature of the monomer, the branching, the 

conformation, the packing structure, the extent of crosslinking, and the chain length of 

macromolecules. By exploiting similar attributes of conjugated polymers, is possible to achieve 

similar enhancements on the mechanical properties in electrically active polymers. Details of 

the interrelation between the physical characteristics of conjugated polymer structure with the 

mechanical and electronic properties, will be discussed later in Section 4.2.  

 

4. Materials for intrinsically stretchable organic solar cell  

The use of intrinsically stretchable materials offer numerous potential advantages over their 

rigid counterparts, including direct deformability in any direction, low-cost and processing 

versatility. Indeed, the rapid manufacturing methods specific to stretchable and flexible 

electronics allow low-cost and large-scale production. These processes include printing 

methods and solution coatings such as blade coating, spin coating, dip coating, slot-die coating, 
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and spray coating. Roll-to-roll processing can be used for mass production at high speed in 

addition to these manufacturing methods. 

Here, we focus our discussion on intrinsically stretchable materials including composites and 

organic electronic materials for use in photovoltaic applications. In its simplest form an organic 

solar cell (OSC) consists of a photoactive layer sandwiched between two conductive electrodes, 

the anode and cathode. Conventional electrodes are made of ductile metals, brittle metal oxides 

or soft conducting polymers.[165] Irrespective of the electrode material, a high electrical 

conductivity (low resistance) is a prerequisite for deploying in practical applications. Thus, 

developing intrinsically stretchable electrode while preserving their conductivity presents 

numerous technical challenges. On the contrary, the active layer in state-of-the-art OSCs 

consists of a mixture of soft semiconducting polymers and small molecules. To this end, light 

absorption and charge transport and are essential and should not be disrupted while making 

these components intrinsically stretchable. In the following sections we discuss the different 

strategies for developing stretchable substrates, conductors and semi-conductors for OSCs.  

4.1. Stretchable Substrates 

Stretchable solar cells that use intrinsically or extrinsically stretchable materials require a 

stretchable substrate to withstand deformation. The compliance of the substrate is critical for 

the fabrication of stretchable electronic devices, whatever it is for embedment of material into 

a stretchable matrix, configuring buckling structures, supporting inherent stretchable materials, 

especially for application in bioelectronics, as it allows intimate integration with biological 

tissues. Therefore, the stretchable substrate is essential in the stretchable solar cell. Elastomers 

are often used as stretchable substrates as they define the class of polymer-based materials that 

can endure significant strain with high recovery. The macroscopic properties of elastomers, 

namely viscoelastic properties, are largely driven by the crosslinking density (number of inter-

chain bridges per unit volume or mass of material), which is crucial for low Young’s 
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modulus.[166] Poly(dimethylsiloxane) (PDMS) is the elastomer of choice and the most widely 

used due to its availability, ease to manufacture, good stretchability, transparency, and 

biocompatibility. Depending on the polymerization conditions, such as the curing temperature 

and the siloxane base to curing agent ratio, PDMS can elongate up to 200% strain which content 

for most applications.[167] Besides PDMS, natural rubber, silicone rubber such as Ecoflex, 

polyurethane (PU), styrene-ethylene butylene styrene block copolymer (SEBS), 3M VHB tape 

are also excellent candidates as stretchable substrates. Further efforts still remain to be made on 

elastomeric substrates to ensure optimal functionality when integrated into a stretchable solar 

cell. 

4.2. Stretchable Conductors  

Stretchable conductors combine good electrical conductivity with elasticity. Different 

approaches towards extrinsically stretchable conductors have been developed and explored in 

the literature.[71,168–170] In this respect, intrinsically stretchable conductive materials such as 

elastomer-based composites and conducting polymer represent excellent candidates for 

application in flexible and stretchable electronics. However, addition of more attractive 

properties such as optical transparency, needed for transparent conducting electrodes (TCE), 

reduces the number of materials candidates dramatically. Next we discuss recent developments 

in the field of stretchable transparent electrodes based on nanowires, carbon nanotubes (CNTs), 

graphene and organic polymers.  

 

4.2.1. Metallic nano-scale materials  

The electrical charge transport in a composite material is determined by the carrier percolating 

pathways within and between the electrically active inclusions in the composite. As a result, 

the dispersion of the inclusion, its aspect ratio and its wettability on the elastomer and vice versa 

are key parameters which have been shown to impact the conductivity of the ensuing 
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composite.[171] To this end, different approaches have been explored one of which is the 

incorporation of conducting particles in a stretchable matrix or substrate.[75,164] However, 

despite the simplicity of this approach, the properties of the resulting composites remain 

inadequate for use in stretchable electronics. Specifically, the maximum conductivities are 

generally low (~10-2 to 10 S/cm) when compared to benchmark materials such as indium tin 

oxide (ITO) or to metals (~800 to 106 S/cm), whilst the stretching range of such composites 

remains rather limited. Although the conductivity can be improved by increasing the loading of 

the conductive particles this is often accompanied by adverse effects on the composite’s 

deformability.[171,172]  

In order to develop improved stretchable conductive electrodes, Rosset et al. treated 

PDMS using a metal vapor arc and demonstrated stretching up to 175% without compromising 

its electrical conductivity.[164] Similarly, gold-implanted PDMS strips were developed with high 

cyclic durability at 10% strain and low resistance (R0=354 Ω.sq-1)(Figure 8 A).[164] Using a 

slightly different approach, Seker et al. developed a composite where PDMS was infused into 

a nanoporous gold film.[173] The ensuing conductor was able to stretch up to 25%, while 

maintaining an electrical resistivity only 1400 times greater than that of pure gold. Ionic 

polymer-metal composites (IPMCs)[174,175] and polymer-metal salt composites[110] have also 

been used and shown high mechanical response for use as linear actuators. Insertion of platinum 

into an elastomer yielded a sheet resistance of 2 Ω.sq-1 before stretching followed by one order 

of magnitude increase upon stretching to 140 % (Figure 8 B).[110] Metal-based nanoparticles 

(NP) and nanowires (NW) such as copper,[28,176] silver [29,177–179] or ruthenium[180], have also 

been combined with soft polymers to form transparent stretchable conductors for use in 

emerging forms of electronics (Figure 8 C). For example, CuNWs/polyurethane composite 

conductors with low sheet resistance (<102 Ohm.sq-1) and high optical transparency (overage 

transmittance, T, of ≈80%) even when subjected to 60% strain, have been demonstrated.[28] 
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Similarly, silver nanowires (AgNWs) and graphene oxide (GO) have been blended with 

polyurethane acrylate acting as the matrix material to form stretchable transparent (T=82%) and 

highly conductive electrodes (14 Ohm∙sq-1) for application in polymer light-emitting diodes 

(PLEDs).[29] These studies demonstrate the potential of metallic nanomaterials/polymer 

composites but also highlight the remaining challenges. Moreover, Kim et al. have 

demonstrated that the dependence of thin film surface geometry obtained from gold evaporation 

on elastomeric thiolated support.[181] They showed that radially nanocracked films present a 

higher stretchability than uncracked films, because the propagation of cracks is retarded in the 

stretching direction.  

4.2.2. Carbonaceous materials  

An improvement in the performance characteristics of stretchable conductive materials has 

been achieved through the use of carbonaceous materials, including carbon black[182–184] and 

various carbon allotropes such as  nanotubes[171,185,186] and graphene (Figure 8 D), embedded 

in an polymeric matrix.[22,127] It was shown that in such systems formation of a percolating 

conductive network is more efficient thanks to the superior nature of the contacts formed 

between the carbon-based nanomaterials.[171] Single-wall carbon nanotubes (SWCNTs) 

dispersed into an elastomeric matrix were shown to yield extremely elastic conductive materials 

with numerous attractive features.[57,187–190] For example, Sekitani et al. demonstrated different 

elastic conductor composites based on SWCNTs, ionic liquids and fluorinated rubber, with 

electrical conductivity up to 9.7 S.cm-1 at 118% strain.[57] Metal-free SWCNTs/polymer 

composites have also been developed by impregnating SWCNT aerogels with PDMS.[22] The 

transparent resulting electrodes were found to retain promising conductivity even when 

subjected to mechanical strain of up to 250% and have a transmittance of 93% in the visible. 

Increasing the strain from 0 to 100% was shown to increase their electrical resistance by only 

≈15% while maintaining robust during 20 cycles of stretching. These studies demonstrated that 
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carbon-based nanomaterials possess excellent potential for use in highly elastic electrodes with 

conductivity and optical transparency adequate for various optoelectronic applications.[22,191]  

4.2.3. Eutectic gallium-indium alloys  

Eutectic gallium-indium (EGaIn) is a chemically stable metallic liquid at room temperature that 

can be mechanically deformed,[192] and has already been used as a non-transparent top electrode 

in stretchable solar cells.[120,193–198] One major drawback however is the vulnerability of the 

devices to leakage as the metal remains constantly in liquid state. Embedding the EGaIn into 

an elastomeric matrix can provide a solution.[199–203] Indeed, liquid-alloy-filled elastomeric 

microchannels have been shown to maintain metallic electrical conductivity even under 

extreme strain (Figure 9A). One excellent example is electrodes made with liquid EGaIn 

incorporated in styrene ethylene butylene styrene block copolymer (SEBS) fibers which could 

be stretched up to 700% while preserving their metallic conductivity.[204] Although EGaIn is a 

promising candidate in stretchable electronics, its low transparency limits its use as a light-

facing conducting electrode in solar cell devices. 

4.2.4. Conducting polymers  

Semiconducting polymers, in their doped state, such as polyaniline (PANI),[205] and 

polypyrrole[206,207] can also be combined with elastomers to produce composites for a variety 

of applications. PEDOT:PSS represents a solution-processable alternative to ITO and for 

stretchable TCE.[119] Use of such inherently stretchable materials may offer stretchability, but 

in the case of PEDOT:PSS, Young's modulus is found to be between 0.9-2.8 GPa, depending 

on the testing conditions (relative humidity, characterization technique etc.).[208,209] To improve 

the elasticity of PEDOT:PSS, numerous studies have exploited the use of elastomeric materials 

such as PDMS[210,211] or polyurethane,[209,212–214] surfactants such as Zonyl,[119,198,215–218] 

Triton[219,220] or Xylitol,[221] and soft polymers, including poly(ethylene glycol), or poly(vinyl 

alcohol),[222] acid[223] or ionic liquids.[224] The mechanical properties of PEDOT:PSS were also 
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enhanced by the buckling method or forming into micro/nanostructures.[195,225,226] Recently, a 

combination of DMSO, Zonyl and polymerizable PEG precursors were used as additives for 

PEDOT:PSS leading to highly conducting electrodes (1230 S/cm) with 93.5% transparency 

(113 nm).[218] 

Recently, the use of various ionic liquids as additives has emerged as an efficient route 

to improve both the conductivity and softness of conductive electrodes simultaneously. For 

example, when 1-ethyl-3-methylimidazolium tetracyanoborate (EMImTCB) was added into 

PEDOT:PSS, an electrode conductivity over 1000 S.cm−1 was achieved attesting the critical 

role of EMImTCB as a secondary dopant.[23] However, the latter was also found to act as a 

plasticizer for PEDOT:PSS and reduced its elastic modulus down to 38 MPa yielding 

stretchability up to 50% (Figure 9B). Other ionic liquids have also been tested and shown to 

induce similar effects on conductivity and mechanical properties of the ensuing electrodes.[224] 

A noteworthy example is that of bis(trifluoromethane) sulfonimide lithium salt (termed STEC1) 

which when added into commercial PEDOT:PSS product PH1000, yielded electrodes with 

conductivity of 3390 S.cm−1 under 100% strain with 75% transmittance (Figure 9C).[224] Key 

attractive attributes of the aforementioned additive approach is its simplicity and reliance on a 

large library of existing materials.  

 

4.3. Stretchable Semiconductors  

4.3.1. Intrinsically stretchable semiconducting polymer composites  

Semiconducting polymers play a crucial role in emerging forms of large area electronics such 

as OPVs, organic light-emitting diodes (OLEDs), and organic field-effect transistors (OFETs), 

but many of the conjugated materials involved are not intrinsically stretchable due to their rigid 

structure of the polymer.[227,228] Blending of conjugated polymers with soft elastomers has been 

shown to improve the stretchability significantly. Polymer/elastomer composites with poly(3-
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hexylthiophene) (P3HT) have led to high materials compliance without experiencing 

significant mobility degradation.[118,229] Layers composed of 10 wt% P3HT in a PDMS matrix 

exhibited constant carrier mobility under 100% strain over 1000 stretched-and-release 

cycles.[118] Even when the P3HT content was reduced to 0.49 wt% many of the attractive 

properties were retained, highlighting the potential of this simple approach.[31] Key to these 

remarkable achievements is the ability of these all-organic composites to maintain a percolation 

pathway even for very small loading of the semiconducting polymer, and a high transparency 

(> 90% at 550nm). The same concept is applicable to other materials systems one example of 

which is the highly stretchable poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-

yl)diketopyrrolo[3,4-c]pyrrole-1,4-dione-alt-thieno[3,2-b]thiophen) (DPPT-TT) mixed into a 

styrene ethylene butylene styrene block copolymer (SEBS) matrix which shows only a slight 

decrease in carrier mobility even under 200% strain (Figure 9D).[32]  

 
Figure 9. All-polymer stretchable electronic composite. A) PDMS filling with liquid metal and 

evolution of its resistance under tensile strain. Reprinted with permission from [202], copyright 

© 2012 Springer Nature. B) Electroluminescent device based on PEDOT:PSS/EMIM TCB 

Composite Electrodes. Reprinted with permission from [23], copyright © 2017 American 

Chemical Society. C) Enhancement of conductivity and mechanical properties of PEDOT by 

incorporation of ionic liquid (STEC). Reprinted with permission from [224], copyright © 2017 

The American Association for the Advancement of Science. D) Carrier mobility of DPPT-TT 

confined into SEBS matrix versus stretching cycle. Reprinted with permission from [32], 

copyright © 2017 The American Association for the Advancement of Science. 
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4.3.2. Inherently stretchable semiconducting polymers  

Organic conjugated polymers form solids that are held together via weak van der Waals bonds 

which in turn renders them intrinsically softer than their inorganic counterparts.[100] While the 

hybridization of the carbon atoms and the molecular arrangement defines the electronic 

properties of polymer semiconductors, the hierarchical arrangement of the chains can make the 

resulting solid either more or less stretchable. On the other hand, the strength and degree of π-

π stacking that exists between polymer chains defines the crystallinity of the formed solid with 

direct consequences on its mechanical properties. Figure 10 illustrates the effect of the various 

material properties on the electronic and mechanical characteristics of the polymeric layer. Next 

we discuss how the molecular structure, packing and crystalline order of the polymer chains 

affect the electrical and mechanical properties of the formed layers.[230–234] Several examples 

are presented and discussed with emphasis on the design of conjugated polymers that enable 

the required mechanical compliance for the envisioned applications of the future.  

 
Figure 10. Schematic example of conjugated polymer engineering for improving intrinsically 

the stretchability.  

 

Backbone - Fused Aromatic Ring  
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The inclusion of fused aromatic rings on the conjugated backbone is well known to enhance 

electron delocalization and hence charge carrier transport along the polymer chain.[235–237] 

Fused rings also give rise to rigid planar geometries with reduced disorder and higher carrier 

mobility.[238–240] Moreover, the co-planarity increases the π−π stacking order which in turns 

favours inter-chain transport, although the latter characteristic could render the polymer 

insoluble.[241] In non-conjugated polymers, the higher order and improved crystallinity can 

increase the Young's modulus.[242] An extreme case is graphene which can be considered as a 

highly fused system extended in two-dimensions with an elastic modulus of 1 TPa.[243] A similar 

behaviour is, in principle, expected for highly conjugated polymers. Indeed, fully conjugated 

fused polymers -also known as conjugated ladder polymers (cLPs)- are a class of polymers in 

which the backbone is a succession of π-conjugated fused rings.[244] cLPs show unique 

properties such as chemical and thermal stability, high π-π stacking interactions and ultra-fast 

charge carrier transport, among other interesting properties.[244] Polyacene is an exemplary cLP 

system. Although the latter has yet to be synthesized, its Young’s modulus has been calculated, 

using density functional theory (DFT), to reach 745 GPa.[245] Poly(benzimidazole 

benzophenanthroline) (BBL) is a polymer containing six fused rings and is extensively 

investigated in electronic applications.[244] The charge mobility of BBL is high (0.1 cm2V-1s-1) 

due to its extensive conjugation and electronic configuration[246] with a Young's modulus of 

about 120 GPa.[247] Despite their attractive properties, however, cLPs also possess several 

disadvantages including low solubility and high elastic moduli, making them unsuitable for 

application in stretchable electronics.  

Lowering the number of fused rings in conjugated polymers leads to higher ductility. 

Roth et al. demonstrated that fused rings are stiffer than a single isolated ring.[248] Another study 

observed a correlation between electrical and mechanical properties, i.e., Young's modulus of 

fused and non-fused thiophenes (Figure 11). They compared regioregular P3HT and poly-(2,5-
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bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT), which contains a fused 

thienothiophene ring, before and after thermal annealing.[231] Highly crystalline pBTTT 

samples showed a more substantial increase in charge mobility than P3HT due to the stability 

and order of the backbone and sidechains.[249] In an independent study, O'Connor et al., 

confirmed the charge transport enhancement and the correlation between sample crystallinity 

and stiffness.[231] It was concluded that the compliance of pBTTT films reduces due to the 

crystallization of the interdigitated sidechains and densely packed pBTTT chromophores which 

leads to reduced chain flow and movement. Consequently, the Young's modulus of pBTTT was 

found to be higher than that for P3HT.  

 

Figure 11. Effect of the introduction of the fused rings on mobility and Young's modulus. 

Comparison of fused pBTTT as-cast (AC) and annealed at 180 °C (AN) with non-fused P3HT. 

Reprinted with permission from [231], copyright © 2010 American Chemical Society.  

 

It is now established that both the brittleness and intrinsic carrier mobility of state-of-

the-art conjugated polymers relate to the sample’s crystallinity.[231] Polymers containing fused 

ring often exhibit improved molecular packing with dramatic consequences on the material’s 

mechanical properties.[250] The π-conjugation of the backbone and its degree of planarity, on 

the other hand, are critical for efficient intrachain carrier transport while good interchain 

order/stacking facilitates charge transport through the percolating polymer network. On the 
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other for a polymer to be inherently stretchable the material should combine high backbone 

flexibility with low crystallinity without compromising electronic transport.  

Regioregularity  

Similarly to elastomers, the spatial configuration and the regioregularity of semiconducting 

polymers play a crucial role on the electronic behavior due to their impact on π-interactions. 

For example, regioregular poly(3-alkylthiophene) (P3AT) shows better conductivity and 

mobility than randomly arranged P3AT.[251,252] Charge transport and crystallization are both 

increased in regioregular versions of the polymer, while the randomness of the non-regioregular 

chains makes P3AT amorphous and reduces its charge mobility. The regioregularity of the 

P3HT polymer also increased visible absorption due to the enhanced organization of the lamella 

chain packing. Kim et al., demonstrated a strong relationship between regioregularity, self-

assembly, crystallinity and electronic performances of P3HT.[252] Indeed, controlling the 

regioregular portions in P3HT, via fine tuning of the polymerization conditions, has been shown 

to affect the mechanical, optical, and transport characteristics of the polymer.[253] In particular, 

the degree of crystallinity was shown to increase linearly with the regioregularity ratio, while 

preserving the carrier mobility and Young's modulus of the polymer.[253] Highly crystalline 

samples based on regioregular P3HT shows significantly higher stiffness and brittleness than 

samples with low regioregular content (Figure 12). Thus, regioregular P3HT will, hence, 

possess a higher chance of failure under mechanical strain.[253]  
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Figure 12. Effect of the regioregularity rate on the optoelectronic and mechanical properties in 

conjugated P3HT polymer. Reprinted with permission from [253], copyright © 2015 American 

Chemical Society.  

Molecular weight  

The molecular weight (MW) of a conjugated polymer influences both the charge transport and 

its mechanical properties and has been the subject of extensive research in recent years.[254–256] 

In the case of P3HT, increasing the MW has been shown to improve the carrier mobility up to 

a value, beyond which crystallinity, and hence charge transport, decrease.[256] Li et al., who 

observed that an optimal MW of ≈40,000 g/mol was required to adjust the competition between 

electronic and morphological properties in the acceptor polymer PBnDT-FTAZ which mixes 

benzodithiophene (BnDT) and fluorinated benzotriazole (FTAZ).[255] Increasing the MW to 

>>40,000 g/mol had a deleterious effect on charge transport. Similarly, the Heeger group 

observed that solar cells base on P3HT with a MW of ≈55 000 g/mol yielded optimal 

photovoltaic performance as compared to cells based on lower and higher MW acceptor 

polymers.[257]  

Although increasing the MW of conjugated polymers up to a certain level is important 

for improving charge carrier conduction, the impact on the mechanical properties of the 

polymers has to be considered as well.[230] Koch et al., showed that the side-chain interdigitation 

is thermodynamically favoured for short regioregular oligo(3-hexylthiophene)s (3HT)n, while 

long oligomers tend to organize end-to-end and do not interdigitate.[258] Moreover, 

interdigitation was found to increase the crystalline order and lead to the formation of 

“somewhat brittle” samples while polymers with a lower degree of interdigitation appeared 

more “plastic”.[258] It was concluded that increasing the MW of the polymer lead to improved 

elasticity due to higher chain entanglement. Koch et al. also confirmed the softening effect of 

MW in P3HT polymer and related it to the structural organization.[259] High MW P3HT (> 

90,000 g/mol) can be stretched almost to 300% while highly crystalline and low MW chains 



  
 

 

 

34 

break after few percents.[259] Rodriquez et al. reaffirmed that the elasticity of P3HT increased 

with the MW.[260] They also remarked that higher MW induces an absorption at lower energy. 

Figure 13 shown the dependence of the mechanical properties of P3HT as a function of the 

MW.  

 
Figure 13. Determination of the molecular weight dependence of P3HT characterized by 

Stress-Strain curved by film-on-water (FOW) technique. Reprinted with permission from [260], 

copyright © 2017 American Chemical Society.  

 

Copolymerization  

Block copolymerization has been proposed as a promising route to engineer the mechanical and 

electronic properties of conjugated polymers.[123,261–264] Lipomi et al., studied the impact of 

alkyl side chains on the electronic and mechanical properties of conjugated polymers 

synthesized via copolymerization of different monomers.[121] Systematic comparisons of 

P3HpT, a P3HT:P3OT blend, a block copolymer (P3HT-b-P3OT) and a random copolymer 

(P3HT-co-P3OT) were reported (Figure 14A). Although the P3HT-b-P3OT yielded a tensile 

modulus between the two homopolymers, the random copolymer and the blend exhibited a 

lower modulus than anticipated highlighting the benefits of random copolymerization or 

blending. The phase behaviour of semiconducting diblock copolymers was studied by with 

Müller et al.[263] The copolymerization of semiconducting P3HT with insulator polyethylene 

(PE) resulted in a highly crystalline structure capable of being elongated over 600% with a true 
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tensile strength of around 70 MPa. The charge carrier mobility in the diblock copolymers was 

shown to vary with the P3HT and PE content but remained high for P3HT >10 wt%. Printz et 

al. examined the plasticizing effect of copolymerization in two semiconducting polymers.[123] 

The possibility of tuning the mechanical properties of soft-hard-soft copolymers poly(3-

hexylthiophene)-block-poly(δ-decanolactone)s (P3HT-b-PDLs) without breaking the assembly 

of P3HT has been recently shown and the mobility of the P3HT-b-PDLs based OFET was 

preserved at 75% after 500 stretch-and-release cycles at 50% strain.[261] Random association of 

PDPP2FT and 2T blocks resulted in PDPP2FT-seg-2T polymers (see Figure 14B for structure) 

that combined the soft character of PT2F with the electronic properties of PDPP2FT. The 

segmentation of the block copolymers was also shown to determine the structural disorder and 

the mechanical properties of the solid.[123] These studies highlighted the potential of random 

copolymerization for the development of all-conjugated polymers with engineered mechanical 

and electronic properties.  

 
Figure 14. Copolymerization of A) poly(3-alkylthiophene). Reprinted with permission from 
[121], copyright © 2014 American Chemical Society. and B) PDPP2FT-seg-2T for tunable 

tensile modulus and photovoltaic performance. Reprinted with permission from [123], copyright 

© 2014 The Royal Society of Chemistry. 

 

Molecular spacers  

The introduction of spacer groups in the polymer’s backbone has been shown to improve both 

the processability and morphology of conjugated polymers.[265–268] Use of flexible conjugation 

linkers provides a unique way to design materials that possess the desirable electrical and 
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mechanical properties. Savagatrup et al., exploited this strategy to improve the elasticity of 

diketopyrrolopyrrole (DPP) polymers using an alkyl chain.[269] They showed that increasing the 

ratio of flexible conjugation spacer improves the crack-onset and the elastic modulus of the 

ensuing polymers. On the other hand, the carrier mobility was found to reduce significantly 

with the addition of spacer groups (Figure 15).[266] Microfibers prepared by the melt-drawing 

process using these polymers exhibited improved carrier mobility and a fracture strain of about 

130%.[270] Lu et al., found that the addition of thiophene spacer in the main chain affects the 

structural organization and mechanical properties of the ensuing polymer with a hole mobility 

maintained at 0.1 cm2V-1s-1 even when stretched up to 40% without the appearance of 

cracks.[271]  

 
Figure 15. Effect of the spacer incorporation in DPP-x on mobility and elasticity. Reprinted 

with permission from [266], copyright © 2015 American Chemical Society. Reprinted with 

permission from [269], copyright © 2016 John Wiley and Sons.  

 

Side-chains  

The side-chain bonded to the conjugated backbone affects several properties of the polymer 

including its solubility, microstructure and MW, among others, which in turn influence the 
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charge transport, morphology and ductility.[264,272–276] Depending the material, the distribution 

of the side chain can either improve or disturb the intermolecular π-packing. In a ring-like 

polymer, such as polythiophene, the position the length and the spatial size of the side chain 

can affect the solubility as well as the optical and structural organization of the polymer chains 

due to steric hindrance.[235] To this end, Cho et al., studied the effects of the side-chain 

substitution in poly(2,7-dihydroindeno[2,1-a]indene-co-4,7-di-2-thienyl-2,1,3-

benzothiadiazole) (PININE-DHTBT).[277] They showed that the steric hindrance generated by 

substituting some of the hydrogen atoms with alkyl chains, reduced the carrier mobility and the 

photovoltaic performance of resulting cells. The position of the substitution was found to be 

crucial for the polymer’s solubility, conjugation and electronic properties.[274] For example, 

Ocheje et al., showed that inclusion of amide-containing side-chains into a 

diketopyrrolopyrrole-based polymer affected its softness.[278] Jayakannan et al., reported that 

for PBDT-DTBT, a donor-acceptor polymer mixing a donor unit, benzo[2,1-b:3,4-

b’]dithiophene (BDT) and an acceptor unit, 4,7-di-2-thienyl-2,1,3-benzothiadiazole (DTBT) 

the position of the side chain influenced its electronic properties.[275] Overall, conjugated 

polymers without side chains appear more brittle while the inclusion of side chains improves 

their elasticity. Even though the reported data on the impact of the side-chain position on 

mechanical properties of conjugated polymer is limited, one can speculate that the position of 

the pendant group can be beneficial due to steric hindrance effects.  

The effect of side chain length and geometry on the physical properties of conjugated 

polymers have also been investigated and exploited. Lipomi et al., studied “molecularly 

stretchable” electronics by comparing and manipulating polymer chains with primary aim to 

induce mechanical softness.[121,122,193,279,280] Examples include studies of the impact of the alkyl-

side chain length on the mechanical and electronic properties of poly(3-alkylthiophene)s 

(P3ATs).[122,194] Poly(3-octylthiophene) (P3OT) was also studied and displayed higher 
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mechanical compliance than P3HT.[194] The crack-onset was pushed to 11% strain for P3OT 

while films of P3HT started cracking at 4% strain. To demonstrate the advantageous properties 

for practical applications, the researchers  mounted P3OT-based solar cells on a hemispherical 

surface and demonstrated significantly improved photovoltaic performance as compared to 

P3HT-based devices which undergone extensive cracking and rapid performance deterioration 

upon mechanical stressing.[194] The impact of alkyl-chain length was further investigated by the 

same group more closely.[122] The number of carbon atoms in the side-chain was increased from 

4 to 12 by developing a series of P3ATs with A = butyl, hexyl, octyl and dodecyl, while the 

backbone was kept the same.[122] Figure 16A displays the effect of side-chains on the elasticity 

of the polymer. The chain folding decreases with the length of alkyl-chain, generating a large 

decrease in the elastic modulus and consequently, an increase in ductility.  

In terms of the electronic properties, several studies reported that the main-chain and 

side-chain crystallizations depend on the alkyl side chains, which ultimately influences charge-

transport.[281–283] Park et al., investigated the consequence of the alkyl length on the carrier 

mobility and deduced that the hole mobility reduces with increasing alkyl chain length.[283] The 

latter was also found to affect the absorption and energy levels of the polymer.[273] Several 

studies followed Lipomi’s work on P3AT[196] aiming to further improve the polymers’ elasticity 

using random segmentation of P3ATs copolymers.[121,123,284] Similar work on poly(3-

heptylthiophene) (P3HpT) showed that the use of longer carbon side-chains resulted to 

improved ductility and reduced Young's modulus, as compared to the use of shorter side-

chains.[121] Despite the difference in the mechanical characteristics between P3HT and P3HpT, 

their electronic properties remained similar,[121] highlighting the fact that these properties are 

not entirely orthogonal as previously suggested.[231,285] The high mechanical compliance of 

P3HpT:PC61BM blends allowed the realization of solar cells with excellent cyclic bending 

stability able power a small wearable electronic device.[280] The aforementioned studies 
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highlight the critical role of side-chains in conjugated polymers for engineering their optical, 

mechanical and electronic properties with molecular precision.[286–289]  

 
Figure 16. Effect of (A) length and (B) bulkiness of side chain on the mechanical properties. 

(A) Reprinted with permission from [112], copyright © 2013 John Wiley and Sons. (B) 

Reprinted with permission from [290], copyright © 2018 The Royal Society of Chemistry.  

 

Making the side-chains bulkier (e.g. by branching) has also been used to decrease the 

polymer’s Young's modulus since the space occupied by a branched-chain is larger than that of 

a linear chain. This is confirmed in Roth's library of low bandgap polymers, where the Young's 

modulus of fifty conjugated polymers was measured and listed according to their backbone, 

side-chain length, and degree of branching.[248] They concluded that branched side-chains 

exhibited lower tensile modulus and higher elasticity compared to linear side chain.[248] Yiu et 

al. examined the effects of chain length and branching on the optical, structural and electronic 

properties of the furan-containing polymer (PDPP2FT).[288,291] They confirmed that the length 

of the side chain mainly affects the lamellar spacing over the π−π stacking.[288] Decorating the 

PDPP2FT polymer with branched chains resulted in a smaller correlation length of π-π stacking 

than in the polymer based on linear side chain, even if the number of carbon was lower in the 

branched chains.[288] Lipomi et al., incorporated linear alkyl, branched alkyl and linear 

oligo(ethylene oxide) side chains on PDPP2FT and studied the impact on the mechanical and 

electronic properties (Figure 16B).[290]  As expected, the oligomer sidechain induced a negative 

linear regression with the elastic modulus whereas the linear and branched carbon sidechains 
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yielded improved electronic properties. Furthermore, branched chains with the same number of 

carbon atoms to linear chains was found to increase the crack-onset, in accordance with Roth’s 

library.[248] Based on these findings, it was concluded that along with bulkiness the flexibility 

of the sidechain is also crucial, implying that the chemical structure of the side chain is as 

important as its size.[290]  

 

Figure 17. A) Chemical structure of DPP-based co-polymer with cross-linkable sidechains and 

PDMS crosslinker. B) The network formed after crosslinking. C) Measured mobility of the non-

crosslinked and crosslinked polymers. D) Effect of the crosslinking on the Young’s modulus. 

Reprinted with permission from [292], copyright © 2016 John Wiley and Sons. 

 

 

Crosslinking  

Crosslinking strategies have recently attracted much attention in the field of OPVs as a viable 

route to improve the operational stability of the devices.[293–295] Rumer and McCulloch have 

reviewed the different strategies aiming to lock the active layer morphology by crosslinking.[295] 

In the case of stretchable OPVs the molecular network formed spontaneously upon crosslinking 

could prevent/supress the mechanical instability of the photoactive layer and potentially 

improve its elasticity and strength. Despite the promise, however, there is currently only a few 

experimental studies to support this hypothesis. To prevent chain sliding and hence improve 

the elastic deformation, Wang et al. introduced PDMS as a crosslinker into 3,6-di-2-thienyl-

pyrrolo[3,4-c]pyrrole-1,4-dione (DPP)-based conjugated polymer.[292] It was found that the 
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elastic modulus of the resulting material decreased while the crack-onset increased with 

reducing layer crystallinity due to the presence of PDMS (Figure 17). The same group also 

disclosed a strategy involving non-covalent crosslinking of the conducting polymers via 

hydrogen bonding and used it to develop stretchable and healable OFETs.[296] These studies 

suggest that three-dimensional network is a promising way to increase the elastic deformation 

of conjugated polymers without necessarily affecting charge transport across the percolating 

network.  

Influence of stress on properties of conjugated polymers  

Conducting polymer chains interact to some extent with each other and in many cases form 

structurally ordered domains, which in one hand can enhance the charge carrier mobility but on 

the other make the material more fragile upon stretching. Heeger et al., have studied the effect 

of chain alignment on the conductivity and the mechanical behavior in conducting 

polymers.[232,233,297] In polyacetylene films, the Young’s modulus increased linearly with the 

conductivity due to the improvement of chain alignment under stress.[232,233] They highlighted 

the strong correlation between charge transport, morphology and mechanical properties. P3HT, 

a prototypical semiconducting polymer, has also attracted attention regarding its mechanical 

and electrical properties under applied stress. Similarly to conducting polymers, O'Connor et 

al. reported a strong correlation between strain-alignment and charge mobility in P3HT 

layers.[298,299] The strain-dependence of P3HT packing orientation revealed an anisotropic 

structure with a higher mobility along the polymer backbone (Figure 18).[298] The enhancement 

of charge carrier transport in regioregular P3HT along the stretching direction was also 

investigated and verified by Yasudal et al.[300] Field-effect measurements showed that stretch-

aligned P3HT exhibits increased hole mobility along the stretching direction and attributed to 

improved alignment of the polymer chains.  
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Figure 18. Stress-alignment of P3HT and effect on mobility. On the left, a schema of P3HT 

film: A) at rest, P3HT is randomly oriented with a preferential edge-on arrangement. B) Under 

stress, there is a reorientation of P3HT nanocrystals with the alignment of the backbone with 

the strain direction. Characterization of carrier mobility with the applied strain: C) Effect of the 

strain on the mobility and the stretching direction with the transistor channel (parallel and 

perpendicular to the channel). D) Evolution of anisotropic mobility with the strain. Reprinted 

with permission from [298], copyright © 2011 John Wiley and Sons.  

 

Blend systems  

Blending of conjugated organic materials (polymers and small molecules) has also been 

exploited for altering the mechanical properties of the ensuing composites. For instance, the 

widely studied photovoltaic blend of P3HT:PC61BM becomes stiffer upon solidification than 

the pristine P3HT used.[193,226] This is because blending leads to polymer dilution that changes 

the morphology, cohesion and viscosity, among other physical characteristics, ultimately 

impacting both the electronic and mechanical properties of the solid. Interestingly, the stiffness 

of such organic blends is both predictable [122,301] but also random.[121,193] For example, 

polymer:fullerene bulk-heterojunction (BHJ) films exhibit a correlation between stiffness of the 

blend and stiffness of the pristine polymers.[301] Here, the presence of fullerenes does not 
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contribute to the stiffness of the BHJ as much as it affects the electronic properties of the blend. 

Unfortunately, this behaviour cannot be generalized to all donor-acceptor BHJ blends. For 

example, blending P3HT with P3OT lowers the Young’s modulus of the resulting solid more 

than expected i.e. between the Young’s modulus of the pure homopolymers.[121] To this end, 

the Roth’s library outlines some general rules to predict the mechanical and electronic 

properties and introduce an electronic-mechanical factor of merit.[248] Nevertheless, the authors 

of that study did warn of exceptions due to dispersivity and the varying microstructure of 

organic blends.[248]  

 

5. Stretchable photovoltaics  

A typical solar cell consists of several material layers that are integrated together to form the 

functional device. Thus, building stretchable photovoltaics demand radical mechanical 

improvements in all components involved in order to ensure mechanical compliance. In Section 

3 we discussed a variety of strategies that could be exploited to create deformable material and 

structures. Next, we discuss key recent progress in stretchable photovoltaics with focus on the 

different strategies adopted and on device performance measured under mechanical stress.  

 

5.1. Stretchable inorganic solar cell  

The vast majority of commercial solar cells are made of inorganic materials such as silicon. 

Although inorganic materials are generally considered brittle, in Section 5.1 we reviewed 

different approaches that can be used to enable extrinsic stretchability. For example, the 

buckling method has been used to pattern silicon nanoribbons on PDMS.[302] The wavy 

structures obtained exhibit at least 10 % stretching without delamination. Such nanoribbons 

have been used to create stretchable pn silicon diodes, which could sustain a strain of 15.5% 

without performance deterioration.[129] Moreover, highly flexible amorphous silicon solar cell 
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have been successfully obtained using a transfer printing technique and has been tested under 

50% strain without performance degradation (Figure 19A).[303] Yoon et al. developed silicon 

solar cell using a new approach that relies on an array of Si micropillars embedded into the 

elastomeric matrix.[304] They showed that carefully engineered devices could be stretched up to 

40% while sustaining the power conversion efficiency (PCE) of 3.3%.  

Besides silicon, other inorganic semiconductors have also been engineered to be 

extrinsically stretchable and applied to emerging forms of optoelectronics. For instance, Lee et 

al., exploited the interconnect–island geometry to develop GaInP/GaAs solar cells able to 

sustain biaxial stretching of 60%.[305] Copper indium gallium selenide (CIGS) photovoltaic cells 

fabricated on glass‐fibre textiles demonstrated PCE of >8% and some degree of stretchability 

due to the weaving textile structure.[158] Another interesting example is that of Lee et al. who 

developed stretchable solar cells based on GaAs microcells.[34] The design offered high 

stretchability without affecting the device functionality with the PCE maintained at 12.5% even 

after 500 stretching cycles (Figure 19B). Although inorganic solar cells are long-term stable 

outdoors (>20 years),[306] only the mechanical stability during cycling was explored, letting the 

long-term and environmental stability aside in these articles. 

 
Figure 19. Stretchable inorganic: A) Silicon based. Reprinted with permission from [303], 

copyright © 2016 John Wiley and Sons. And B) GaAs based solar cells. Reprinted with 

permission from [34], copyright © 2011 John Wiley and Sons. C) Stretchable 

methylammonium lead trihalide based perovskite solar cell. Reprinted with permission from 
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[307], copyright © 2015 Springer Nature. D) Stretchable dye-sensitized solar cell. Reprinted with 

permission from [139], copyright © 2014 John Wiley and Sons. 

 

5.2. Stretchable dye-sensitized solar cell  

Dye-sensitized solar cells (DSSCs) shaped as fibres have also been developed and integrated in 

textiles for stretchable optoelectronic applications, but studies of their mechanical properties 

remain limited.[139,159,308] Hou et al., demonstrated prototype flexible conductive threads and 

integrated them in fibre-like DSSCs with a PCE of 4.8%.[159] They have shown that these yarns 

have a good electrochemical stability, which makes them potentially suitable for use in harsh 

environments. Yang et al., was able to increase the PCE to 7.13% by developing spring-like 

DSSCs incorporating two fiber electrodes.[139]  Because of the peculiar cell design, the high 

PCE was retained even after 50 stretching cycles at ~20% strain. These studies demonstrated 

the potential of fibre-like solar cells.  

 

5.3. Stretchable organic solar cell  

Stretchable OPVs continue to receive more attention than any other type of stretchable 

photovoltaic technologies as they combine an infinite library of materials with the intrinsically 

advantageous mechanical characteristics of polymers with several proof of concept devices 

already demonstrated. Next, we discuss recent developments in organic materials exploited for 

stretchable OPVs.  

To improve the ductility of prototypical P3HT:PC61BM-based blends (elastic modulus 

of2 GPa)[122], different strategies have been explored. Approaches include the buckling 

method and the use of spring-like structures, among the various other techniques described 

previously. To this end enhancing the extrinsic flexibility of the entire device is particularly 

efficient since the standard electrodes are inorganic materials such as ITO, aluminum (Al), 

titanium dioxide (TiO2), among others, with limited mechanical compliance. An excellent 
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example is the pioneering work by Lipomi et al. which demonstrated the first stretchable 

P3HT:PC61BM-based OPVs using the well-known buckling method.[197] Interestingly, a 

PEDOT:PSS anode electrode was combined with the eutectic metallic liquid gallium-indium 

(EGaIn), acting as the cathode, to realize functional stretchable OPVs. Kaltenbrunner et al. 

designed and developed a wavy structure of PEDOT:PSS/P3HT:PC61BM/Ca/Al OPVs with a 

maximum PCE of 3.9% capable of being uniaxially compressed by up to 80%.[309] Zhang et al. 

exploited another extrinsically stretchable technique based on spring-like fiber-shaped 

OPVs.[140] They used P3HT:PC61BM as a photoactive layer and Ti/TiO2 and 

MWCNT/PEDOT:PSS as the cathode and anode electrodes, respectively. The fiber-like OPVs 

were integrated with conventional fibres to produce textile-like OPVs that sustained a PCE 

within 15% of its initial value (1.23%) even under 50% strain (Figure 20A).[140]  

Moving away from P3HT:PC61BM and replacing it with better performing BHJ blends, 

such as poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-

[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] named PTB7 or poly[4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-

fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] named PTB7-th blend with PC71BM 

among many others, has helped to dramatically increase the PCE of stretchable OPVs. Using 

the buckling method in combination with a cell architecture comprised of 

PEDOT:PSS/PTB7:PC71BM/EGaIn, a maximum PCE of 5.2% has been demonstrated.[310] The 

resulting OPVs retained 80% of the original PCE even after 50 cycles of stretching at 20% 

strain.[310] Using an elastomeric substrate and PTB7-Th:PC71BM as the BHJ, cells with PCE of 

2.82% following the application of 10% strain, were also demonstrated.[311] Chen et al., 

combined the same BHJ system with the buckling method to produce OPVs with a maximum 

PCE of 5.32%, which was retained even after 50 cycles of stretching under 20% strain.[312] The 

same group reported stretchable OPVs able to sustain 30% compression with a 25% loss of the 
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initial PCE value of 5.6%.[313] Using the controlled delamination buckling method, stretchable 

PCDTBT:PC71BM-based OPVs with a PCE of 5.1%, were demonstrated. Compressing-and-

releasing the cells 12,000 times at 20% strain, was found to reduce the PCE by approximately 

35%.[314] Combining a silver mesh electrode and the buckling method, PTzNTz:PC71BM-based 

OPVs with a PCE  9.7% were developed. The ensuing cells exhibited mechanical robustness 

with 74% of the PCE being retained even after 500 compression cycles at 37% strain.[315] Using 

Naphtho[1,2-c:5,6-c′]bis[1,2,5]thiadiazole (NTz) (PNTz4T) and PC71BM as the BHJ, efficient 

stretchable OPVs (PCE = 7.9%) able to sustain 52% compression were demonstrated although 

the efficiency dropped by 50% (Figure 20B).[20]  

Instead of manipulating the device structure, Mok et al. demonstrated the possibility of 

integrating P3HT:PC61BM into a network formed spontaneously using thiol-ene crosslinked by 

UV light.[33] For small quantities of the reactive molecule (< 20%), the OPV performance 

remained similar with control cells based on neat P3HT:PC61BM, although the ductility was 

drastically improved as evidenced by the increase in the crack-onset strain and decrease of 

elastic moduli. The photovoltaic behavior under stress and as function of thiol-ene 

concentration, was also reported. Results highlighted the potential of the approach to produce 

stretchable OPVs capable of maintaining 90% of the original PCE (1%) under 20% strain 

(Figure 20C).  

Using a similar approach, Chen et al. incorporated poly(dimethylsiloxane‐co‐methyl 

phenethylsiloxane) (PDPS), into poly(6-fluoro-2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-

dyl-alt-thiophene-2,5-diyl) (TQ-F) : poly((N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8- 

bis(dicarboximide)-2,6-diyl)-alt-5,5’-(2,2’-bithiophene)) (P(NDI2OD known as N2200) 

matrix.[316] The all‐polymer OPVs exhibited a PCE of 5.60 %, with 90 % of it being maintained 

even after 100 bending cycles at low curvature radius (3 mm). Along the same lines, Li et al. 

added diiodooctane (DIO) in PTB7:PC71BM and showed that the ensuing solar cells become 
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both softer and more efficient (Figure 20D).[35] The findings were attributed to the synergistic 

effects of DIO, acting both as an efficient morphology modifier, which helps improve the cell’s 

PCE,[317] while at the same time altering the mechanical properties of the BHJ. DIO-containing 

solar cell showed a PCE of 3.48%, which dropped to 2.99% after 100 stretching cycles at 50% 

strain. The optimization of the morphology using a mixture of fullerene and non-fullerene 

acceptors has led to a state-of-art certified PCE of 12.3%, which is maintained at 89% after 

1000 cycles at 45% compression.[318]  

 
Figure 20. Stretchable organic solar cell based on A) P3HT:PC61BM using buckling method, 

B) PNTz4T:PC61BM using buckling method, C) P3HT:PC61BM using network of thiolene, D) 

PTB7:PC71BM:DIO and E) molecularly change of alkyl chain in P3AT:PC61BM. A) Reprinted 

with permission from [309], copyright © 2012 Springer Nature. B) Reprinted with permission 

from [20], copyright © 2017 Springer Nature. C) Reprinted with permission from [33], 

copyright © 2018 American Chemical Society. D) Reprinted with permission from [35], 

copyright © 2017 American Chemical Society. E) Reprinted with permission from [122], 

copyright © 2013 John Wiley and Sons.  
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To understand the structure-property relationship, early work focused on studying the 

mechanical compliance of various polymers and their blends. For example, Lipomi  et al., 

investigated the stiffening effect in P3HT:PC61BM and a diketo pyrrolo-pyrrole moiety, 

thiophene, thienothiophene, and thiophene (DPPT-TT):PC61BM blends and the impact on OPV 

performance.[193] To this end, intrinsically stretchable OPVs were demonstrated employing 

EGaIn as the cathode electrodes. As compared to P3HT, DPPT-TT-based cells showed 

improved mechanical compliance highlighting the importance of the polymer’s chemical 

structure. The impact of alkyl side chain on the brittleness of poly(3-alkylthiophenes) (P3AT) 

has also been studied and its importance demonstrated.[122] Figure 20E shows the difference 

between P3HT and poly(3-dodecylthiophene) (P3DDT) under strain. Evidently, the 

performance of P3HT-based cells degrades while devices based on P3DDT maintain their 

performance upon stretching <20%. Cells based on P3HpT:PC61BM were also developed and 

studied.[280] Promisingly, cells subjected to 1000 cycles of 75% compressive strain were shown 

to be able to maintain >80% of the original PCE. Use of P3OT as the donor polymer was also 

found to improve the cell’s stretchability due to its low crack-onset (47%).[122] The polymer 

was shown to be able to conform onto curved surfaces with an equivalent biaxial tensile strain 

of 24%.[194] Despite the fair mechanical compliance, however, P3OT:PC61BM based solar cells 

are highly inefficient with a PCE of 0.36% making the technology impractical.  

Chemical addition of spacer groups onto the conjugated polymer has also been explored 

to tune the mechanical properties of the polymers and the ensuing OPV cells.[319] To this end, 

the recent review by Lipomi et al., provides an excellent summary of the mechanical properties 

and behavior of conjugated polymer for solar cell applications via molecular design.[320] 

Replacing the highly aggregated and stiff fullerene-based acceptors (e.g. PC61BM or PC71BM) 

with polymer acceptors can induce mechanical ductility while maintaining good cell 

performance.[321,322] To this end, a systematic comparison between an electron donor poly[4,8-
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bis(5-(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b0]dithiophene-alt-1,3-bis(thiophen-2-yl)-

5-(2-hexyldecyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione] (PBDTTTPD) blended with 

PC61BM or with an electron acceptor poly[[N,N’-bis (2-hexyldecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,50-thiophene] (P(NDI2HD-T)) has demonstrated the benefit 

of all-polymer based OPVs both in terms of PCE (up to 6.64%) and crack-onset (7.16%).[321] 

Recently, Park et al. have shown an ultra-flexible and stretchable all-polymer solar device 

demonstrating a PCE of 9.82% that decreases to 7.33% after 900 cycles at 33% compression 

strain.[322] This performance is owned to a moulding process making nano-grating 

morphologies.[322] Achieving high stretchability and high charge mobility is a major challenge 

in all-polymers OSCs. Changing the proportion of donor:acceptor and molecular weight in all-

polymer solar cells has demonstrated that long chains provide high D:A ratio tolerance and high 

mechanical compliance.[323] The optimization of the blend achieved a CoS of 37.0% for 

poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-

(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))] 

(PBDB-T):poly[[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-

alt-5,5’-(2,2’-bithiophene)] (P(NDI2OD-T2)) while the blend gives a PCE of 6.89% on 

glass.[323] While flexible solar cell has reached an efficiency of 12.5% with a non-fullerene 

acceptor,[324] state-of-art stretchable all-polymer cell has attained a PCE of 15% which is 

maintained at 89% after 100 cycles at 45% compression, thanks to the low-work function 

interlayer of Zinc ion chelated polyethylenimine introduced in non-fullerene active layer 

(PBDB-T-2F:Y6).[325] The potential of stretchable, all-polymer OPVs is certainly tremendous 

and future work is anticipated to lead to interesting developments both in terms of improved 

mechanical behaviour and performance.  
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5.4. Stretchable hybrid perovskite solar cells  

Recently, metal halide perovskites have emerged as a candidate material technology for 

application in mechanically stable solar cells. Using a structured wavy layout similar to those 

discussed previously, stretchable methylammonium lead trihalide (MAPI)-based perovskite 

solar cells (PSCs) have been developed with a PCE of 12%.[307] Although subjecting the cells 

to mechanical compression of up to 50% reduced the PCE by approximately 65% (Figure 19C), 

the devices exhibited significant mechanical endurance to 100 compression-and-relaxed cycles 

(25%) with only a 30% reduction in PCE. Stretchable, fiber-like perovskite-based solar cell 

have also been developed with a PCE of 3.3 %.[326] The operation of the ensuing cells remained 

stable during bending hence paving the way for the use of the technology in electronic textiles. 

A hierarchical multilevel fiber PSC design comprised of P3HT/SWCNT/Ag nanowires has also 

been designed with a PCE of 3.03% and good mechanical robustness (>1000 bending 

cycles).[36] The introduction of the polyurethanes (PU) has shown an enhancement of the 

stretchability of perovskite cells up to 20% with the best power efficiency recorded of 

18.4%.[327] The authors support that PU fills as the grain boundaries and enhance the 

crystallinity of the perovskite film. Recently, kirigami design was used to achieve a perovskite 

cell that stretches up to 150% strain with an efficiency of 13.19% which is maintained at 81% 

after 1000 cycles.[328] Additionally, kirigami-inspired island-chain design has demonstrated a 

high PCE of 17.68% with 80% streatchability.[329] 

 

5.5. Comparing different stretchable solar cell technologies  

Figure 21 summarizes the PCE vs. strain characteristics of various extrinsically and 

intrinsically stretchable solar cells technologies published over the years, while Table 1 

summarizes key device and measurements characteristics including deformation strain (%), 

PCE, structure and mechanical properties (e.g. Young's modulus and crack-onset) of both 
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intrinsically and extrinsically stretchable cells. Despite the fact that the performance metrics of 

inorganic, hybrid perovskite and dye-sensitized solar cells are very good and in many case far 

exceed those of OPVs, there are relatively few demonstrations of stretchable solar cell. To this 

end, over 80% of published research on stretchable solar cells is based on OPV technology 

(Figure 21A) clearly highlighting the intrinsic advantages of organic semiconductors. However, 

organic solar cells have lower conversion performance and poor environmental stability than 

inorganic solar cells. 

In the case of extrinsically flexible devices and systems, their stretchability can be tested 

under tensile or compression strain. Wavy structures created via buckling method typically 

result to mechanical compression upon release. It is commonly considered that the initial length 

(L0) is the length of the flat surface obtained after deposition of the materials. The wrinkles are 

then created by relaxing the pre-strained elastomeric substrate. Extrinsically stretchable devices 

can be tested under compression and tensile strain while intrinsically stretchable devices are 

mainly studied under tensile strain. In the literature, extrinsically stretchable OPVs are mostly 

obtained by the buckling method.[169] They generally exhibit higher efficiency than intrinsically 

deformable OPVs subjected to the same mechanical strain, primarily due to the softness of the 

involved materials and the buckled structure. Although the buckling could obstruct the light 

propagation path, the formation of wavy structures could also potentially concentrate of the 

light on the wrinkled surface giving better performances as remarked. Actually, it is well known 

that the incorporation of nanostructures for light trapping can be explored to enhance sunlight 

absorption.[330] That could explain the high efficiency observed for extrinsically stretchable 

OPVs. Stretching could induce many changes in morphology and electronic properties of the 

material and device. Stretch or compression may change the local orientation due to irreversible 

plastic deformation. In fact, the induced stress can increase the conductivity of polymer-based 

electrode due to chain alignment,[218] and increase the mobility of the active layer as detailed in 
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section 4.3.2. Thus, pre-mechanical characterization, such as evaluation of crack-onset allow, 

provides critical information about the maximum strain that the device could sustain before 

being permanently damaged. Overall, intrinsically stretchable solar cells exhibit enhanced PCE 

retention as compared to extrinsically stretchable devices (Table 1).  

 
Figure 21. A) Trend of power conversion efficiency for stretchable solar cell on mechanical 

compliance achieved by intrinsic (blue) or extrinsic (pink) strategies from the literature. The 

distinction between the type of device has been made with symbol shape round (●) for organic, 

diamond (◊) for DSC, triangle (∆) for perovskite, and star (☆) for inorganic devices. B) 

Evolution over the years of power conversion efficiency (PCE) and of the strain (inset). 

 

 

The addition of a third component into the active layer of OPVs, such as thiol-ene-based 

matrix or DIO, could result to the right balance between photovoltaic performance and 

mechanical compliance. Such additive-containing OPVs show better strain and excellent PCE 

retention compared to cells without additives. The strategy when combined with newly 

developed organic semiconductors, has enabled the growth of intrinsically stretchable OPVs 

with PCE of ≈10% (Figure 21B).[331,332] Some of the newly developed polymers are also found 

to be softer. For example, the Young's modulus of PTB7-Th:PC71BM BHJ is significantly lower 

(0.6-1 GPa)[311] than the prototypical P3HT:PC61BM (2 GPa)[122]. A lower elastic modulus 

restricts crack formation leading to a higher crack-onset. For instance, P3OT:PC61BM has a 

modulus of 0.5 GPa with a crack-onset of 47%,[121] while P3HT: PC61BM with a Young's 



  
 

 

 

54 

modulus of  ≈2 GPa cracks at around 3%.[122] However, exceptions still exist. For example, 

although PTB7-Th:PC71BM has a low elastic modulus, its crack-onset is relatively small 

(≈5%).[311] On the contrary, PTB7:PC71BM has a high Young’s modulus (>5.5 GPa) and an 

unexpected high crack-onset of 100%. These differences are mainly attributed to the techniques 

used to determine the Young's modulus, namely: i) stress-strain, ii) buckling method, iii) 

nanoindentation, and iv) PeakForce mapping. Each technique comes with different sample 

requirements, often yielding different results as detailed in section 2.4.  

We note that Table 1 contains only two references for stretchable OPVs based on 

fullerene-free BHJ system tested under tensile strain or compression.[311,325] Despite the scarcity, 

however, the latter study highlights how replacing the fullerene component could lead to OPVs 

that show both higher PCE and improved mechanical compliance. Indeed, recent advances on 

new acceptor materials and BHJ formulations have enabled significant increase in PCE and in 

the applied strain over the past five years.[333,334] With the advent of a wide range organic non-

fullerene acceptors and new donor polymers, there is significant prospect for further major 

improvements towards more efficient and stretchable OPVs.  

 

Table 1. Characteristics of stretchable solar cells tested under mechanical deformation reported 

in the literature. Parameters of interest include, experienced strain, power conversion efficiency 

before (PCE0) and after stretching (PCE), type of stretching (extrinsic when the structure is 

patterned or intrinsic when using soft materials), Young’s modulus of the active semiconductor 

(E), crack-onset (CoS), number of cycles in case of mechanical durability test and associated 

reference. Different methods have been used to determine Young's modulus by: 1) stress-strain, 

2) buckling based method, 3) nanoindentation, 4) PeakForce mapping as indicated in Young's 

modulus column by a superscript number.  

Cell structure 
Strai
n (%) 

PCE 
(%) 

PCE0 
(%) 

PCE/PC
E0 

Type of 
stretchability 

 E 
(GPa) 

CoS 
(%) 

# 
cycles 

Ref. 

Inorganic      
 

    

SiμP/PDMS 
composite 

40 3.21 3.59 0.9 
Extrinsic - Tensile 

strain 
 

1301   [304] 

SiμP/PDMS 40 4.42 4.42 1.0 
Extrinsic - Tensile 

strain 
 

1301   [304] 

GaAs 20 12.5 13.00 1.0 
Extrinsic - Tensile 

strain 
 

  500 [34] 
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Perovskite      
 

    

CH3NH3PbI3 50 7.80 12.00 0.65 
Extrinsic - 

Compression 
 

1002   [307] 

CH3NH3PbI3 150 
10.6

8 
13.19 0.81 

Extrinsic - Tensile 
strain 

 
 >150 1000 [328] 

CH3NH3PbI3 20 
14.9

0 
18.4 0.81 

Extrinsic - Tensile 
strain 

 
  1000 [327] 

(FAPbI3)0.85(MAPb
Br3)0.15 

80 
15.3

8 
17.68 0.87 

Extrinsic - Tensile 
strain 

 
 110 300 [329] 

DSCs      
 

    

TiO2/MWCNT 20 6.35 7.05 0.9 
Extrinsic - Tensile 

strain 
 

  50 [139] 

OPV      
 

    

P3HT:PC61BM 18.5 1.20 1.33 0.9 
Extrinsic - 

Compression 
  22.2 11 [197] 

P3HT:PC61BM 10 0.01 0.59 0.0 
Intrinsic - Tensile 

strain 
 

2.02 3  [122] 

P3HT:PC61BM 30 1.19 1.23 1.0 
Extrinsic - Tensile 

strain 
 

  100 [140] 

P3HT:PC61BM 80 0.81 3.00 0.27 
Extrinsic - 

Compression 
 

  22 [309] 

P3HT: :PC61BM: 
20wt% thiolene 

20 0.90 1.00 0.9 
Intrinsic - Tensile 

strain 
 

2.93 24  [33] 

P3HT:PC61BM: 
30wt% thiolene 

43 0.78 0.93 0.84 
Intrinsic - Tensile 

strain 
 

2.03 >50  [33] 

P3HpT:PC61BM 75 0.96 1.20 0.8 
Extrinsic - 

Compression 
 

0.072 4 1000 [280] 

P3OT:PC61BM 24 0.36 0.36 1.0 
Intrinsic - Tensile 

strain 
 

0.52 47  [194] 

P3DDT:PC61BM 10 0.38 0.29 1.3 
Intrinsic - Tensile 

strain 
 

0.52 44  [122] 

DPPT-TT:PC61BM 20 0.07 0.42 0.18 
Intrinsic - Tensile 

strain 
 

1.42 6 50 [193] 

PTB7-th:PC71BM 30 3.88 5.32 0.7 
Extrinsic - 

Compression 
 

  50 [313] 

PTB7-Th:PC71BM 5 3.21 3.41 0.9 
Intrinsic - Tensile 

strain 
 

0.6-14 5  [311] 

PTB7-th:PC71BM 20 5.83 5.69 1.0 
Extrinsic - 

Compression 
 

  50 [312] 

PTB7:PC71BM 20 2.69 3.36 0.8 
Extrinsic - 

Compression 
 

 10 50 [310] 

PTB7:PC71BM:DI
O 

50 3.20 3.50 0.9 
Intrinsic - Tensile 

strain 
 5.5-

9.54 
100 100 [35] 

PTB7:PC71BM:DI
O 

100 2.14 2.90 0.7 
Intrinsic - Tensile 

strain 
 5.5-

9.54 
100  [35] 

PCDTBT:PC71BM 20 3.32 5.10 0.65 
Extrinsic - 

Compression 
   12000 [314] 

(PNTz4T): 
PC71BM 

52 3.92 7.40 0.53 
Extrinsic - 

Compression 
 

  20 [20] 

PNTz4T:PC71BM 37 5.14 9.70 0.53 
Extrinsic - 

Compression 
   500 [315] 

PBDTTT-OFT: 
PC71BM 

33 7.33 9.82 0.75 
Extrinsic - 

Compression 
 

  900 [322] 

PBDTTT-OFT: 
IEICO-4F:PC71BM 

45 
10.3

2 
11.6 0.89 

Extrinsic - 
Compression 

 
 10 1000 [318] 

PTB7-Th: 
P(NDI2HD-T) 

10 2.82 3.00 0.9 
Intrinsic - Tensile 

strain 
 

0.84 >10  [311] 

PBDB-T-2F:IT-4F 45 
11.4

8 
12.9 0.89 

Extrinsic - 
Compression 

 
  100 [325] 
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PBDB-T-2F:Y6 45 
13.3

5 
15 0.89 

Extrinsic - 
Compression 

 
  100 [325] 

 

6. Conclusions  

Enhancing the stretchability of materials and devices, such as solar cells, can be achieved 

extrinsically through appropriate device/system engineering or intrinsically via the chemistry 

of the electroactive material(s), their blend composition as well as adjacent functional layers. It 

is now becoming clear that intrinsically stretchable materials offer numerous advantages over 

extrinsically stretchable systems but combining both approaches can yield additional attractive 

features. A key attractive attribute of intrinsically stretchable materials is the fact that they do 

not need to be pre-structured while offering high deformability in any direction. An excellent 

example is the family of organic polymeric materials that includes conducting, semiconducting 

and insulating compounds which can be chemically designed or processed into intrinsically 

stretchable materials, and which offer major processing advantages over extrinsically 

deformable systems. Such unique attributes are anticipated to lead to intrinsically stretchable 

devices and solar cells that are simpler to manufacture using upscalable, high throughput 

manufacturing methods many of which are compatible with existing industrial processes.  

However, extrinsically stretchable materials and devices could still play an important 

role in future electronic industries for different reasons. Wagner et al. argued that “Stretching 

pre-formed waves, meanders and spirals develop smaller strains in the conductor than 

stretching inherently stretchable materials.”[44] We fully agree with this view and believe that 

combining preformed structures with intrinsically stretchable materials can lead to devices and 

systems with improved mechanical compliance and functionality. Systems that exploit 

combinations of structured soft and intrinsically deformable materials could benefit from the 

low elastic modulus but also from the mechanical properties of the pre-formed structure. Thus, 
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intrinsically stretchable electronic materials based on conjugated organic polymers can offer 

many advantages including processing versatility and elasticity.  

Stretchable conducting electrodes are critical for realizing a wide range of stretchable 

devices, including solar cells. A straightforward method for developing such electrodes is by 

creating composites of elastomeric component(s) and percolating conductive elements such as 

metallic nanowires, CNTs, conductive polymers, among others. Mechanically compliant 

composites offer the benefits of simple and scalable processing with the ability to tune key 

properties independently without the need to develop new materials. Nonetheless, such 

composites face various limitations due to the competition between electrical conductivity, 

degree of stretchability, and optical transparency. To this end, conductive polymers (e.g., 

PEDOT:PSS) can provide improved performance over conventional hybrid composites in terms 

of conductivity at comparable strain levels. In such systems the polymer chains and their 

interactions define the percolation pathways at the nanoscale - rather than in the microscale for 

conventional nanoparticles or nanowires-based hybrid composites – which due to their ultra-

high aspect ratio can perform exceptionally well under mechanical stress.  

Stretchable semiconducting composites formed by blending soft conjugated polymers 

with elastomers are also possible and have been studied extensively in the literature. An 

excellent example is the demonstration of intrinsically stretchable electronic devices based on 

blends of P3HT and PDMS.[31] The composite semiconducting layer consisted of nanofibrillar 

structures, composed primarily of P3HT, and was able to sustain its initial carrier mobility under 

large strain (>100%) even when ultralow concentrations (0.49%) of P3HT were used. The 

mechanisms responsible for this extraordinary charge transport behaviour under stress remain 

elusive.  

The research on inherent stretchable conjugated polymers has led to fundamental 

understanding of the key material parameters, which helped to establish some generic design 
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rules. For example, the rigidity of the conjugated backbone, the regioregularity, the side chain, 

and the molecular weight are all now known to play critical roles on material softness and 

electronic properties of the composites and as such need to be taken into consideration. For 

example, the packing arrangement and degree of crystallinity are deleterious for mechanical 

stretchability but critically important for charge transport and need to be carefully balanced. For 

instance, use of conjugated polymers with rigid backbone and high MW can benefit inter-chain 

charge transport but is known to adversely affect the materials ductility and processability. On 

the other hand, incorporation of large side-chain induces steric hindrance and decreases the 

charge mobility, while regioregularity leads to higher crystallinity and hence better charge 

transport. These key material characteristics should also be carefully balanced to provide 

optimal elasticity without compromising the charge transport. Incorporation of polymers with 

flexible backbone, structural randomness and incorporation of a crosslinked network, are few 

successful routes towards intrinsically stretchable electronic materials and devices. It is now 

evident that material chemistry, processing and device engineering are required to develop the 

next generation of stretchable optoelectronic devices that combine ultimate mechanical 

compliance and electrical performances.  

Among the numerous types of photovoltaic devices, OPVs are worthy candidates for 

stretchable solar cells due to their mechanical properties. However, the use of organic materials 

raises the question of long-term and environmental stability, as the chemical and physical 

degradation processes for these materials are well known.[335] This instability can potentially be 

overcome by physical encapsulation. This protection would make the solar cell impermeable to 

both oxygen and moisture, and offer possible safety against environmental issues such as 

toxicity and volatility. Moreover, encapsulation improves the mechanical resistance to damage 

by absorbing the stress during stretching, which delays the propagation of cracks.[336,337] Thus, 

the requirements for encapsulation materials are a high optical transmission, high mechanical 
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stretchability, good adhesion, thermal stability, and chemical inertness. The encapsulant should 

also provide a low permeability, low water-absorptivity, and low UV degradation.[337] Efforts 

to meet these requirements and improve the quality of the encapsulation are essential in order 

to develop stable stretchable OPVs.  

Although the reliability of inherently stretchable solar cells depends highly on electronic 

and mechanical properties of the materials used, implanting multi-layers into a fully stretchable 

solar cell is not as straightforward as it sounds. Some outstanding challenges remain, and many 

efforts have to be made in the device-level properties such as adhesion and cohesion properties. 

Understanding the role of the interlayer adhesion is critical for the mechanical durability of 

stretchable OPV. Providing a strong adhesion between layers can likely prevent its failure or at 

least delay it, i.e. it will prevent film buckling, cracking, or delamination when undergoing a 

large tensile strain.[338–341] The device integrity can be improved by enhanced adhesion, which 

is also correlated to the quality of the single material deposition, such as purity and 

morphology.[339] To develop reliable multi-layered structures that stretch, the effect of the 

interfacial adhesion and the deposition should be explored. Despite the many outstanding 

challenges, however, stretchable solar cells are on their way to meet the rapidly emerging needs 

for self-powered devices in multiple application areas including clothing, textiles, 

bioelectronics, and the broader internet of things device ecosystem.  
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ToC Entry:  

 

Flexible and stretchable solar cells are important for an extensive range of emerging 

applications such as electronic skin, e-textile, wearable displays and health sensors, among 

others. This review provides an overview of stretchable opto-electronics, addresses the benefits 

of stretchable solar cells and underlines the progress made in this field in terms of efficiency 

and strategies to achieve mechanical stretchability.  
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