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Abstract 

Plasmonic nanostructures are important building blocks in modern nanoscience and 

nanotechnology. Significant research efforts have been directed toward developing solution-

based or rigid-substrate-supported metallic nanostructures for novel applications in 

biophotonics, sensing, energy, and medicine. In parallel, there has been an increasing interest 

in the fabrication of plasmonic nanostructures on elastomeric substrates and exploring the 

impact of mechanical deformation including bending, torsion, and stretching on the collective 

plasmonic resonance properties. This burgeoning field may be defined as soft plasmonics (or 

soft mechano-plasmonics), analogous to soft electronics. This review describes the recent 

progress in the design, fabrication, characterization, properties, and applications of soft 

plasmonics. Soft plasmonics are expected to afford complementary features and functions to 

the field of soft electronics, enabling applications that are difficult or impossible to achieve with 

traditional rigid plasmonic structures, such as conformal attachment or integration with soft 

biological systems for real-time sensing, actuation, and close-loop feedback. 
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1. Introduction 

In the area of nanoscience and nanotechnology, substantial research efforts have been directed 

toward developing plasmonic nanostructures because of their unprecedented ability to confine, 

concentrate, guide, and manipulate light at the nanoscale.[1] The sophisticated control of the 

size, shape, composition, and surface chemistry of plasmonic nanostructures[2] allows the fine-

tuning and programming of plasmonic properties in some cases, thereby allowing exciting 

applications in sensing,[3] photocatalysis,[4] theranostics,[5] and energy.[6] For these applications, 

plasmonic nanostructures are typically suspended in a solution or supported on rigid substrates. 

While plasmonic properties have been dominantly evaluated by assuming that a rigid substrate 

is non-deformable, there has been an increasing academic interest in growing/combining 

plasmonic nanostructures on/with elastomeric substrates to understand the effect of mechanical 

deformation on plasmonic properties or other functions.[7-12] Notably, the intrinsic Young’s 

moduli of plasmonic materials are greater than 1010 Pa, which can result in a mismatch of a few 

orders of magnitude from those of the elastomeric materials. This affords an interesting new 

dimension in plasmonics, where soft material mechanics can be used to modulate and control 

plasmonic properties and functions, broadly defined as soft plasmonics. 

In analogy to soft electronics, soft plasmonic materials and devices may provide the benefit of 

their integration with biological systems by establishing conformal contact. Notably, current 

rigid plasmonic devices are typically planar and rigid by design; however, biological systems 

such as human skin are soft and curvilinear. Hence, there is a mismatch in mechanics and 

topology, preventing the conformal attachment of current plasmonic devices with human skin 

for wearable applications. Soft plasmonics may have promising applications in wearable 

biosensors, the Internet of Things, artificial intelligence, and argumentation reality or virtual 

reality. To date, soft plasmonic materials and devices have exhibited interesting mechanical 

properties[13] and novel mechano-plasmonic properties controlled by force,[7-12, 14-17] heat,[18-21] 

electrical potential,[22, 23] light,[24-27] and chemicals[28-30]. A few earlier review/perspective 

articles reported until around 2015 described flexible terahertz and optical metasurfaces and 
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metamaterials, as well as flexible nanoplasmonic sensing. [31-33] This review comprehensively 

describes the field of soft plasmonics. While this field remains in the embryonic stage of 

development, the design, fabrication, characterization, and promising applications are discussed. 

First, a discussion of various bottom-up and top-down fabrication methods for soft plasmonic 

structures and structural/mechanical/optical characterization is included (Figure 1). This is 

followed by the description of novel soft plasmonic material properties and applications in 

biological engineering,[34] flexible sensors,[20, 35] flexible energy[36-38]/photonic[23, 39]/electric[24] 

devices, and soft robotics.[40, 41] 

 

2. Design considerations 

While current plasmonic structures and metasurfaces are predominantly supported by planar 

and rigid substrates, their performances are typically evaluated without mechanical deformation. 

In contrast, the primary goal of soft plasmonics is to determine the impact of soft material 

mechanics on the device function and properties, particularly to understand how mechanical 

deformations such as bending, stretching, and twisting affect collective plasmonic properties. 

This is an emerging field and remains in the early stage of development, despite encouraging 

recent progress. To date, the results reported in the literature remain scattered with limited 

consistent data, precluding the possibility of formulating a general figure of merit value (Table 

1). In this context, key design parameters are discussed. 

In general, there are three types of soft plasmonic nanostructures, namely, (a) free-standing soft 

plasmonic nanostructures (Figure 2a), (b) plasmonic nanocomposites, where metallic 

nanoparticles (NPs) are embedded in a soft matrix (Figure 2b), and (c) 2D plasmonic arrays on 

an elastomeric substrate (Figure 2c). Considering the soft plasmonic structure (a), the plasmonic 

nanocrystals are capped by soft ligands such as DNA,[42] polymers,[43-46] and molecules[47, 48]. 

The structures can be stable in the suspended state because of strong ligand–ligand and NP–

ligand interactions. Considering structure (b), the plasmonic NPs are three-dimensionally 

distributed in a soft matrix to form hybrid materials. There are three methods to obtain such 
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composites, including the direct dispersion of plasmonic NPs in pre-formed polymers,[15, 29, 34, 

49, 50] polymerization after mixing plasmonic NPs with monomers,[20, 40] and in situ synthesis of 

plasmonic NPs in pre-formed polymers.[51] For structure (b), plasmonic NPs are randomly 

arranged and well-separated in a soft matrix. 

Structure (c) is the dominant structure in the field of soft plasmonics, which is the focus of this 

review. Typically, to construct structure (c), both top-down and bottom-up fabrication methods 

have been widely explored. In particular, by exploiting the well-developed wet chemistry 

synthesis and interfacial self-assembly methods, plasmonic NPs with various sizes and shapes 

have been successfully used to fabricate soft plasmonic nanostructures.[10, 11, 14, 52-54] 

For structure (c), inter-particle spacing along the tensile straining direction is expected to 

increase, but the spacing in the perpendicular direction may decrease owing to the Poisson 

effect. To obtain reliable mechano-plasmonic responses, the building blocks must strongly 

adhere to the elastomeric substrate, which is not trivial. Poor adhesion can cause “structural 

failures” with delamination and/or cracks, which leads to a mismatch between the actual strain 

(eb) applied to the plasmonic nanostructures and the external tensile strain (ea) applied[12, 55] 

(Figure 2c). Promotion of interfacial bonding by bifunctional molecules[27, 56, 57] or 

embedment[12, 55] are useful for minimizing the interfacial “structure failures.” Other key design 

considerations include size, shape, orientation, composition of building blocks, inter-element 

spacing, and supporting elastomeric substrates. 

The sizes and shapes of the plasmonic building blocks matter for soft plasmonic nanostructures, 

which can lead to variations in interparticle spacing that can result in distinct plasmonic 

coupling between the plasmonic NPs. The increased size can lead to a red shift in the plasmon 

resonance peak with a corresponding color change (Table 1). Considering the Au nanosphere 

(NS) and Au rhombic dodecahedral (RD) as examples,[52] when the size of NS is changed from 

~45 nm to ~ 85 nm, the localized surface plasmon resonance (LSPR) peaks of NS-based 

nanosheets undergo a red shift from ~556 nm to ~601 nm. Such a red shift is a result of 

decreased interparticle spacing (from ~15 nm to ~4 nm) due to increased van der Waals 
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attraction, leading to an enhanced plasmonic coupling between the NSs. This variation is also 

shape-dependent. NS shows a comparable size variation (88%) to that of RD (85%). However, 

the variations in their interparticle spacing are completely different (72% for NS, 55% for RD), 

thereby leading to a different degree of plasmonic peak shift (8% for NS, 11% for RD). 

When elongated plasmonic NP building blocks are used to construct soft plasmonic 

nanostructures, their orientations can affect the overall plasmonic profiles. Gold 

nanobipyramids (AuNBPs) can be used to construct soft plasmenes on polydimethylsiloxane 

(PDMS).[12] The slanted (S-), vertically (V-), and horizontally (H-) aligned AuNBP plasmenes 

embedded in PDMS show completely different plasmonic behaviors that are a result of the 

orientation-dependent excitation of plasmonic resonance modes.[58] For the V-AuNBP 

plasmene, only a dominant transverse LSPR peak is observed (~580 nm, Table 1) in the 

extinction spectra because the longitudinal plasmons are not excited.[58] Both the longitudinal 

and transverse plasmons are excited in S- and H-AuNBP plasmenes, resulting in two LSPR 

peaks in the spectra. Because of the more weakly coupled longitudinal plasmons within S-

AuNBP than those in H-AuNBP, the longitudinal peak of S-AuNBP is located in a higher 

energy region (~640 nm) than that of H-AuNBP (~836 nm). 

Material composition is another design parameter for soft plasmonics. Depending on the target 

plasmon resonance peak, gold, silver, and aluminum may be selected. Each of these elements 

have been integrated with an elastomer to afford distinct colors and optical profiles (Table 1).[7, 

9, 53, 59] However, owing to a lack of soft back reflectors, the optical efficiencies of soft 

plasmonic systems are typically low, resulting in a less sufficient CIE color mapping of 

plasmonic colors.[60] Thus, spectral analysis is more critical than plasmonic color for most 

quantitative analysis.  

Inter-element spacing among plasmonic nanostructures is a key design parameter for soft 

plasmonics.[61] The control of inter-element spacing can be achieved by either a top-down 

technique[14] or by adjusting the ligand length in bottom-up fabrication.[11] In general, the 

increased interparticle spacing causes a blue shift in the resonance peak of the soft plasmonic 
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nanostructures. For example, when the spacing between the two bow-tie nanostructures (in the 

non-strained state) was changed from 25 to 45 nm, the blue-shifted resonance from ~660 nm to 

610 nm in their optical spectra was recorded. When the spacing was decreased, a more dominant 

near-field interaction between the two triangular structures contributed to the increased plasmon 

hybridization strength, thereby affording a red-shifted LSPR peak. 

Finally, the plasmonic nanostructure-supporting substrate is another important design 

parameter governing the deformability of the overall soft plasmonic nanostructures. The most 

commonly used elastomer is PDMS because of its good stretchability and compatibility during 

top-down and bottom-up fabrication. Other soft materials including polyvinyl alcohol (PVA), 

polyvinylpyrrolidone (PVP), and polyethylene glycol (PEG) have also been used. However, 

these material deformations are typically realized by heating above their glass transition 

temperatures,[49, 62] which is an irreversible process. External stimuli including heat and 

chemicals can cause shrinking and/or swelling of the soft materials, during which mechanical 

strain is generated on plasmonic nanostructures.[19, 20, 29, 59] A typical example is poly(N-

isopropylacrylamide) (PNIPAm), which is well known for its thermal-induced phase transition 

that can exert stress and tension on the plasmonic nanostructures.[19, 20] 

 

3. Fabrication 

3.1 Bottom-up self-assembly 

Solution-based bottom-up self-assembly is a powerful strategy for constructing soft plasmonic 

nanostructures, which typically start with wet-chemistry-synthesized colloidal plasmonic NPs. 

A prerequisite for obtaining soft plasmonic devices is the high monodispersity and yield of 

plasmonic NPs. Encouragingly, advances in synthesis have allowed the fine-tuning of size, 

shape, and composition, affording a highly monodispersed plasmonic NP tool box including 

nanospheres, nanocubes, bipyramids, and core-shell structures (Figure 2).[63] These plasmonic 

NPs are usually well-protected by surface-capping ligands during the synthesis or post-
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synthesis ligand-exchange process. Thereafter, self-assembly approaches are employed to 

organize plasmonic NPs into secondary structures (i.e., assembled two-dimensional 

nanostructures), which can form free-standing flexible plasmonic structures[42, 43, 64] or be 

further integrated with elastomeric substrates.[11] 

Self-assembly can be performed at the liquid–liquid interface (LLI, Figure 3a), air–liquid 

interface (Figure 3b), or directly on a chemically functionalized flexible substrate (Figure 3c). 

The as-synthesized plasmonic NPs in aqueous solution are mostly capped with weakly bonded 

ligands such as citrate,[65] cetyltrimethylammonium chloride (CTAC), and 

cetyltrimethylammonium bromide (CTAB).[66-68] A ligand exchange process is typically 

employed either before or during the self-assembly process to introduce strongly bonded 

ligands (e.g., thiolated polymers/small molecules[69]) on plasmonic NPs. The ligands not only 

sufficiently protect plasmonic NPs from aggregation/sintering/fusion during self-assembly[70] 

but also ensure the overall structural integrity of self-assembled structures after transfer onto 

flexible substrates, which is crucial for investigating their plasmonic properties in response to 

mechanical deformations. In addition, the ligands play vital roles in determining the optical, 

photothermal, mechanical, and chemical properties of flexible plasmonic nanostructures, which 

will be discussed later in this review. 

LLI self-assembly is a facile method to fabricate large-scale plasmonic nanosheets.[10, 16, 71, 72] 

In a typical example, two immiscible liquids (e.g., water and hexane in Figure 3a) are 

introduced to form the LLI, where plasmonic NPs spontaneously accumulate to minimize the 

total Gibbs free energy.[10, 73-76] When equilibrium is established, self-assembled plasmonic NP 

nanosheets are formed at the LLI. The top layer of liquids can be removed by evaporation or 

pipetting, allowing the transfer of nanosheets onto an elastic substrate.  

Alternatively, a well-developed and general two-step drying-mediated self-assembly 

technique[63] can be used to fabricate flexible plasmonic nanostructures directly on elastomeric 

surfaces (Figure 3b). In a typical example, the thiolated polystyrene (PS)-capped plasmonic 

NPs in an organic solvent are first drop-cast on a sessile water droplet placed on the elastic 
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PDMS. Upon rapid evaporation of the organic solvent, assembled nanosheets form at the air–

water interface. Subsequent water evaporation causes their coalescence and fusion into a large 

sheet on PDMS (Figure 3b). This two-step drying-mediated self-assembly typically leads to 

closely packed nanoassemblies with an improved degree of order (plasmenes) than a single-

step air–water interfacial self-assembly process. Elastomer-bonded plasmenes have been used 

as ‘plasmonic skins’ for strain sensors.[11] An additional layer of PDMS can be applied to 

completely embed plasmonic nanosheets into elastomers to improve the stability of the 

nanosheets during deformation. [10, 16] 

The aforementioned interfacial self-assembly techniques are simple and versatile. Nevertheless, 

the adhesion between plasmene and substrates is crucial to prevent structural failures (e.g., 

cracks, delamination, and buckling) upon mechanical deformation. One effective method to 

improve interfacial bonding is to chemically functionalize the flexible substrate to enhance its 

binding affinity to plasmonic NPs.[27, 55-57, 77] For instance, the flexible PDMS substrate can be 

functionalized by 3-aminopropyltriethoxysilane to render the surface rich in amine groups 

(Figure 3c). This allows the charge-induced self-assembly of negatively charged Au NPs 

(capped with citrate ligands).[27, 56, 57, 77] Unlike the two-step drying-mediated self-assembly, 

this process generally affords amorphous, sparsely distributed NPs across the surface. Further 

dipping the AuNP-coated PDMS in an Au3+/NH2OH solution enlarges the NP dimensions with 

decreased inter-particle gaps. The dipping time can be used to modulate the diameters of the 

AuNPs and thus, their inter-particle gaps. In addition, a sacrificial layer is used to promote the 

partial embedding of the self-assembled plasmonic nanostructures into soft substrates such as 

PDMS. The embedment strategy can ‘fix’ the plasmonic lattices in place, thereby improving 

the mechanical stability and reversibility in strain-induced plasmonic responses.[12] 

In addition, plasmonic NPs can be integrated with elastomers by directly dispersing these in 

polymeric solutions to create hybrid materials.[15, 20, 29, 34, 40, 49-51, 78-82] In this case, plasmonic 

NPs are distributed three-dimensionally throughout the elastomers. The plasmonic NPs are 

completely embedded in the elastomer matrix, providing high robustness and durability. 
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Nevertheless, local NP aggregation and poor dispersion are potential issues for optical 

applications.[81]  

3.2 Top-down fabrication 

Top-down fabrication is a routine method to fabricate metasurfaces and metamaterials, which 

can be extended to generate plasmonic nanostructures directly on the elastomers (e.g., PDMS); 

consider nanostencil as an example (Figure 4a).[14] The nanopatterned stencil is first generated 

to work as a shadow mask, which is placed on flexible substrates including PDMS, parylene-

based polymer thin films, or plastic food storage roll films. Then, metals are deposited using 

the nanostencils, generating the desired plasmonic nanostructures on flexible substrates with 

shapes complementary to those of the mask.[14, 83] In the literature, instead of a nanostencil, 

polystyrene spheres[84] or photoresist[85] can also be applied as a mask to generate patterned 

plasmonic nanostructures on flexible substrates. The direct fabrication method generally 

requires non-thermal evaporation because of the poor tolerance of polymeric materials to high 

temperatures. A thermal evaporation process might result in the hardening of the flexible 

substrate, which may lead to poor mechanical compliance.[85]  

An alternative strategy is to first fabricate plasmonic nanostructures on rigid substrates (e.g., 

silicon wafer) using lithographic techniques including electron beam evaporation, [7, 14, 17, 83, 86-

91] thermal evaporation,[9, 84, 92, 93] and sputter-coating.[54, 85, 94] Then, a lift-off process is applied 

to transfer the as-prepared plasmonic nanostructures onto flexible substrates. As shown in 

Figure 4b,[17] plasmonic nanostructures are first fabricated on a patterned silicon wafer, a 

process that can be carried out at high temperatures. Subsequently, PDMS is spin-coated onto 

silicon and cured. Then, the plasmonic nanostructures can be peeled off from the silicon 

substrate. Surface treatment (e.g., O2 plasma[17] and ozone treatment[7]), an adhesion layer[86, 95], 

or a sacrificial layer[91, 93] are generally applied to ensure the successful transfer and/or strong 

binding between the plasmonic nanostructures and soft substrate, which can further guarantee 

the stability of plasmonic nanostructures during mechanical deformation. These top-down 

fabrication techniques have successfully been used to fabricate flexible plasmonic structures in 
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the micrometer to nanometer[32] range and even with complex morphologies including 

heptamers[86], nanodots,[83] bow-ties,[14, 84] nanorods,[14, 96] nanovoids,[8, 17, 54] nanoprisms,[9] 

pyramids,[17] and disks.[7, 85, 90] The periodicity and dimensions of these plasmonic structures 

can be finely tuned to achieve tunable plasmonic properties, which will be discussed in a later 

section.  

3.3 Comparison between bottom-up and top-down fabrication 

The key advantages of bottom-up fabrication include low-cost production under ambient 

conditions without the need for cleanroom and extensive instrumentation, with facile control 

over the sizes and shapes of the building blocks in the range of 10–100 nm, and a significantly 

smaller pitch size of a few nanometers than that achieved with top-down fabrication. In addition, 

the bottom-up-fabricated plasmonic nanostructures are typically close-packed with strong 

plasmonic coupling prior to the application of any mechanical deformation,[10-12, 16, 49] whereas 

the top-down-fabricated plasmonic structures are generally sparsely distributed and plasmonic 

coupling typically occurs under mechanical strains as a result of the Poisson effect.[7, 14, 17, 84, 90, 

91] 

Nevertheless, the bottom-up-fabricated soft plasmonic nanostructures suffer from defects with 

imperfect control over the ordering parameters including size and inter-NP spacing. Although 

the top-down method can only generate large-sized plasmonic nanostructures that are typically 

greater than 100 nm, it provides a significantly more precise control over the monodispersity 

of building blocks and periodicity of plasmonic arrays. As a result, bottom-up-fabricated soft 

plasmonic structures typically exhibit broader plasmonic resonance profiles than their top-down 

counterparts. Consequently, the strain-induced plasmonic peak shift is typically less than 100 

nm for bottom-up-fabricated structures,[10-12, 16, 27, 57, 71] in contrast to a significant shift for the 

top-down-fabricated structures.[7, 14, 17, 84, 85, 91] In addition, the bottom-up method produces 

plasmonic NPs are generally closely packed and strongly bonded to each other; hence, 

delamination and/or cracks are more significant than those in the sparse structures formed by 

the top-down fabrication method.[97, 98] The types of building blocks, monodispersity, ligands, 
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and specific bottom-up fabrication methods add additional complexity to the reported 

plasmonic response range, which may respond to a wide range of strains of up to 350% (Table 

2).  

The scalable production of both the bottom-up and top-down plasmonic structures on 

elastomeric substrates remains challenging. In the bottom-up method, defects and heterogeneity 

are the main limitations, while in the top-down approach, elastomeric material fabrication and 

transfer may not be easily automated with the current robotic handling technologies that are 

designed for rigid substrates. 

4. Characterization 

Effective characterization techniques have been extensively developed to analyze conventional 

solution-based or rigid-substrate-supported plasmonic nanostructures. Nevertheless, the 

characterization of plasmonic nanostructures on elastomeric substrates is challenging, 

particularly when deformed by bending, twisting, and stretching. For instance, electron 

microscopy is a powerful tool for characterizing the size/shape/interparticle spacing of 

plasmonic NPs supported by rigid conductive substrates. For plasmonic nanostructures 

supported on or embedded in elastomers, it is highly challenging to obtain high-resolution 

scanning electron microscopy (SEM) images because of the charge effects associated with a 

relatively thick polymeric matrix. It is also non-trivial to obtain ultrathin slices of thick 

elastomeric samples for transmission electron microscopy (TEM) studies. More complications 

arise when flexible plasmonic nanostructures are in the deformed states. In addition, the 

introduction of soft material mechanics offers a new dimension regarding the effects of internal 

and/or overall structural deformations on the plasmonic properties and functions. In this section, 

the characterization methodologies of flexible plasmonic nanostructures are summarized in 

terms of structural, optical, and mechanical properties.  

 

4.1 Structural characteristics 
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When the presence of elastomeric materials is minimal and the plasmonic nanostructures are 

sufficiently thin, it is possible to obtain high-resolution TEM images. Free-standing, ligand-

bridged, monolayered, plasmonic NP superlattice sheets can meet this requirement (Figure 5a-

c).[42, 47] A pre-strained, partially attached, soft plasmonic nanosheet can be clearly visualized 

by standard TEM (Figure 5a). Structural information including microscale wrinkles, bending 

curvatures, and overall dimensions can be obtained.[42] Further high-resolution images show 

clear identification of the changes in the lattice structures and inter-particle spacing for the 

evenly stressed (Figure 5b) and stress-released nanosheets (Figure 5c).  

When non-conducting elastomers dominate and plasmonic structures have relatively large 

dimensions, SEM characterization is possible, and a thick conductive coating is typically 

required. As shown in Figure 5d-f, pyramid plasmonic microstructures are clearly identified by 

SEM in either the non-strained or strained state.[17] Under mechanical strains of 10% and 20%, 

the inter-pyramid spacing is increased by 5% and 10%, respectively. Unfortunately, this 

characterization method is not scalable. It is highly challenging to characterize plasmonic 

nanostructures (smaller than 50 nm) associated with similar elastomeric systems. For instance, 

the possibility of utilizing SEM to characterize the morphological features of PDMS-integrated 

2D plasmene nanosheets assembled from gold nanocubes (AuNCs) with a size of 36 nm is ruled 

out.[11] This is because of the high charging effects associated with the poor conductivity of the 

elastomeric substrate. It is impractical to apply an additional conductive coating, which can 

‘shade’ the underlying plasmonic nanostructures. 

To some extent, the aforementioned challenge may be circumvented using atomic force 

microscopy (AFM), which does not require substrate conductivity. AFM can precisely measure 

the cracks in plasmonic nanostructures under strain conditions with nanometer-scale 

resolution.[55] As shown in Figure 5g, individual Au particles with diameters of ~70 nm form 

1D chains, but break into segments when the elastic substrate is stretched (Figure 5h).[55] The 

AFM line scan profile can provide accurate information regarding the segment length, inter-

segment spacing, and crack depth/width (Figure 5i).  



	
	

13	
	

Electron microscopy and AFM can only be used to characterize the local morphologies. 

Complementarily, the overall structural information can be obtained by small-angle X-ray 

scattering (SAXS), which can be used to characterize the lattice structural changes upon 

mechanical deformation.[45, 99-101] Figure 5j-l shows the 2D SAXS patterns of the Au nanorods 

(AuNRs) in the elastomer under a series of strains ranging from 0% to 433%. Based on the 

analysis of these patterns, the orientational order parameter can be calculated from the 

respective orientation distribution functions.[15] The results indicate that mechanical strain may 

lead to nematic-like AuNR alignment. 

 

4.2 Optical characteristics  

Flexible plasmonic nanostructures are typically associated with transparent elastomers, 

implying that their optical properties can be characterized in the transmission, reflection, and 

scattering modes with or without the use of polarized light. The difference from glass slide-

supported plasmonic nanostructures[102] is that the LSPR profiles are highly responsive to 

external mechanical stimuli, which can lead to changes in the lattice structures and inter-

element spacing. The strong plasmonic matter–light interactions show the significance of in-

situ optical measurements of flexible plasmonic systems upon being subjected to external 

stimuli.  

The most straightforward optical characterization technique is transmission ultraviolet-visible 

(UV-vis) spectroscopy.[103] Figure 6a shows the schematic set-up for recording the in-situ 

extinction spectra of flexible plasmonic nanostructures before and after stretching using 

transmission UV-vis spectroscopy. Taking advantage of the localized excitation of a specific 

area within a plasmonic nanostructure, the lattice structural changes under mechanical strain 

can be determined. For instance, two specific locations, a and b, within a PS-AuNC-based 

plasmene nanosheet can be characterized in-situ by UV-vis spectroscopy. The peak splitting in 

the UV-vis spectra of both locations a and b upon stretching indicates that the AuNCs tend to 

align under external mechanical strain. Meanwhile, the different optical profiles of these two 
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locations indicate the heterogeneity of the lattice orientations in the stretching direction, which 

indicates that location a is dominant with long AuNC chains and location b is dominant with 

short AuNC chains in the stretched state.[11] Such in-situ optical characterization potentially 

promotes an “optical skin” design that allows the localized strain mapping of a deformed non-

planar surface. The localized strains can be predicted by fitting the plasmonic peak shift in the 

pre-build relationship of the plasmonic property and strain; thus, a localized strain distribution 

of the stretched structure can be obtained. This “optical skin” concept is potentially applicable 

in wearable devices, soft robotics, and human health monitoring. 

For the elongated plasmonic NP system, polarized light is used or polarized spectroscopy data 

are collected using appropriate filters, which in conjunction with theoretical modeling can allow 

the derivation of the orientational orders of NPs.[12, 15, 96] Figure 6b shows an example of using 

a polarized filter located between the objective lens and detector to collect the polarized optical 

profiles of AuNBP-based plasmene nanosheets upon mechanical stretching.[12] The AuNBP-

based plasmene nanosheets show different orientational packing orders, which reveal distinct 

plasmon resonance profiles. After being embedded in elastomers, the characterization of the 

orientation of AuNBP plasmene nanosheets by electron microscopy is challenging, particularly 

in the stretched state. Localized spectroscopy is an efficient technique to address this challenge. 

The orientation of the AuNBP plasmene nanosheets in PDMS can be distinguished by analyzing 

their plasmon resonance spectra. Furthermore, the polarized extinction spectra in conjunction 

with theoretical modeling can help predict the orientation and separation changes of AuNBP-

based plasmene nanosheets upon stretching.  

 

4.3 Mechanical characterization 

Plasmonic nanostructures are typically made from rigid metals with moduli of the order of 1010, 

whereas soft elastomeric materials have moduli that a few orders of magnitude smaller. The 

flexible plasmonic nanostructures reported in the literature are composites of metallic building 

blocks and soft polymers. Depending on the method by which such composites are synthesized, 
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these can show complex properties upon mechanical deformation including bending, torsion, 

pressing, and stretching. In addition to conventional tensile testing,[26] some mechanical 

characterizing techniques including buckling test, crack analysis, nanoindentation, and bulging 

test have been developed to analyze the mechanical properties of soft plasmonic materials at 

the nano, microscopic, and macroscopic scales. 

Figure 7a illustrates the characterization of mechanical properties using the buckling test. The 

elastic mismatch between PDMS and plasmonic nanosheets enables the formation of buckling 

structures that can be used to estimate the elastic modulus of the nanosheets using equation 1.[97] 
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Here, Ef and Es are the elastic moduli of the plasmonic nanosheets and PDMS substrate, 

respectively, vf and vs are the Poisson’s ratios of the nanosheets and PDMS, respectively, l is 

the wavelength of the buckling structure, and hf is the thickness of the nanosheets. In this 

method, the nanosheets are first attached to the PDMS substrate and then compressed in a 

tensile tester by applying small strains (<10%). The buckling structures can be easily observed 

using an optical microscope, allowing the measurement of the buckling wavelength (l).[97]  

Owing to the aforementioned mechanical mismatch, plasmonic nanostructures can crack at a 

certain strain-level threshold. Hence, crack analysis provides an alternative method for 

evaluating the mechanical properties.[98, 104] Figure 7b illustrates the cracking process of the 

metallic film bonded to the PDMS sheets under strain. When high strains (e >e*) are applied to 

the metallic film (e* is the strain at the onset of cracking), cracks begin to form. The e* value 

can be determined using the intercept of the relationship between strain and average fragment 

width. The e* value of the dodecanethiol-capped 5.2-nm AuNP-based nanosheets is 

approximately 0.9%. The shear-lag model can then be applied to determine the spatial 

distribution of stresses.[98] Three different cracking regimes can be distinguished depending on 

the cracking rate.[104] At the beginning of stretching, cracking mainly occurs at random locations 

where intrinsic defects or heterogeneity exist, leading to a wide distribution of fragment width 
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L. With further stretching, the metallic films crack into fragments at the midpoint. This typically 

occurs when L is smaller than the critical fragment width (Lc), which can be calculated using 

equation 2.[98, 105] 

;< =
793=3

=5
                                                           (2) 

At this stage, the fragment tends to crack at its midpoint once the tensile stress exceeds s* (the 

fracture strength of the metal films), resulting in an  inversely proportional relationship between 

the average fragment width (L) and strain (e).[98, 104] 
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The fracture strength of the nanosheets can be directly estimated from the slope of the linear 

region of a plot of fragment density (1/L) versus strain (e). The two estimated mechanical 

parameters (the onset fracture strain e* and fracture strength s*) are similar to the tensile 

strength and elongation at break determined by conventional tensile tests.[104] These can be used 

to evaluate the damage and/or failure of flexible plasmonic nanostructures. In the third regime, 

the stretching force transferred from the substrate is not sufficient to cause further cracks, thus 

leading to a significant decrease in the rate of cracking. 

Nano-indentation may be used to analyze the mechanical properties of free-standing, ultrathin, 

flexible plasmonic nanostructures. In one example, an AFM probe has been used to exert force 

on the center of a suspended plasmonic NP nanosheet across a circular microhole (Figure 7c).[42, 

47] The force–displacement curves can be recorded, which feature the typical regimes of non-

contact, linear deformation, and non-linear deformation.[106] Young’s modulus can be estimated 

by fitting the force curves with the following equation:[42, 47] 

A = BC +
8=93

:E4
C:,                                                     (4) 

where E is Young’s modulus, k is the spring constant in the linear regime, R is the radius of the 

nanosheets, and δ is the indentation depth. k can be obtained from dF/dδ in the linear regime. 

This model is valid when δ is sufficiently large for the cubic term to dominate (δ/h >1).  
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Bulging measurement is another viable method to characterize the mechanical properties of 

free-standing soft nanostructures. As shown in Figure 7d,[107] the free-standing nanosheet is first 

attached to a metal plate with a hole through which the air pressure is applied to one side of the 

nanosheet. The deflection of the nanosheet is recorded either by viewing from one side or by 

an optical microscope. Subsequently, the elastic modulus of the nanosheet (Ef) can be estimated 

using the following equation:[108] 

F =
G

:

=3

0123

93H
I

JK
,                                                        (5) 

where P is the applied pressure, d is the displacement, and a is the radius of the hole. 

 

5. Mechano-plasmonic properties 

Evidently, flexible plasmonic nanostructures possess optical properties similar to those of 

conventional rigid-substrate-supported systems. Nevertheless, soft material mechanics endow 

flexible plasmonic systems with new material properties. In this section, novel mechanical 

features and mechano-plasmonic properties are discussed.  

5.1 Mechanical features 

As mentioned in the section on mechanical characterization, introducing flexible materials into 

plasmonic systems endows these with the capability to bear complex mechanical deformations, 

unlike conventional rigid plasmonic counterparts. These mechanical deformations may include 

stretching (Figure 8a), bending (Figure 8b), and torsion (Figure 8c).[13] Flexibility is the most 

remarkable feature of soft plasmonic nanostructures. Consequently, it allows the light-driven 

roll-up (Figure 8d) and unroll (Figure 8e)[109] or self-folding (Figure 8f)[43]. Such flexibility 

provides more possibilities for constructing soft plasmonic devices with complex 3D structures.  

Short, soft ligand (dodecanethiol)-capped 6-nm AuNP monolayers have been reported to 

exhibit a Young’s modulus of the order of several gigapascals, which allows the nanosheets to 

bend when draping over edges.[47] A similar Young’s modulus (~6.49 GPa) has also been 
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reported for another soft plasmonic system that is assembled by poly(dT) ligand (DNA 

consisting of only thymine bases)-capped AuNPs.[42] The stiffness of the poly(dT)-based 

plasmonic nanosheets can be quantified using the spring constants determined from the linear 

regime of their force–displacement curves, as shown in Figure 7c. Taking advantage of the 

wide-ranging control over the length of the poly(dT) ligands, the spring constants of free-

standing plasmonic nanosheets can be tuned by adjusting the length of the poly(dT) ligands. 

Upon increasing the length of poly(dT) ligands from T15 to T50, the spring constant of the free-

standing nanosheets decreases from ~2.5 N/m to ~0.5 N/m (Figure 8g).[42] The fracture strength 

of the nanosheets that are constructed from the dodecanethiol ligand-capped 5.2-nm AuNPs can 

be estimated by crack analysis mentioned in the section describing mechanical characterization. 

As shown in Figure 8h, the average crack width is inversely proportional to the applied strain.[98] 

The fracture strength of the AuNP nanosheets is estimated to be ~ 11 MPa by fitting the results 

in Figure 8h to Equation (3). In another example, the AuNPs have been simply doped within 

the self-assembled, porous 3D aramid nanofibrous matrix to form a flexible, self-supporting 

plasmonic metamaterial film. The tensile strength and Young’s modulus of the film doped with 

5.7 wt% of 58-nm AuNPs are 14.42 MPa and 1.00 GPa, respectively, as determined by a 

conventional tensile test.[26] The mechanical properties of this film do not show noticeable 

changes after hundreds of bending cycles, indicating good durability of its mechanical 

properties (Figure 8i). The above-mentioned novel soft mechanics reveal the novel functions 

of soft plasmonic nanostructures that are distinguishable from those of the conventional ones.  

5.2 Force-controlled mechano-plasmonic property 

Rigid plasmonic metallic materials are intrinsically not stimuli responsive, but soft materials 

are. Soft plasmonic materials are a combination of both material types; hence, these become 

responsive to stimuli including force, heat, light, electricity, and chemicals, leading to 

dynamically controlled mechano-plasmonic properties. 

When integrating plasmonic components with elastomers, the mechano-plasmonic properties 

of soft plasmonic nanostructures can be controlled by mechanical forces that can lead to inner 
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structural changes in the plasmonic components, such as interparticle spacing, orientation, and 

geometry, and consequently result in the evolution of plasmonic resonance. Owing to the 

Poisson’s ratio of an elastic substrate, uniaxial stretching typically acts differently on the 

interparticle spacing of plasmonic nanostructures in the stretching and perpendicular directions; 

thus, an anisotropic strain response is observed in these two directions. Consequently, polarized 

excitations are commonly utilized to understand the response of plasmonic nanostructures to 

external strains along the stretching and perpendicular directions.[7, 16, 57, 77, 84-86, 90] Generally, a 

blue shift of plasmonic resonance is observed in the stretching direction and a red shift in 

perpendicular direction because of an increased interparticle spacing in the stretching direction 

and decreased spacing in the perpendicular direction.[85, 86, 90] In some other cases, combining 

experimental analysis with theoretical modeling provides an efficient method to understand the 

overall strain-induced plasmonic response involved in the response in both directions.[11, 16, 85] 

Considering PS–AuNC plasmene nanosheets as an example, the assumption of an increased 

interparticle spacing in the stretching direction (Lx) and simultaneously decreased spacing in 

the perpendicular direction (Ly) under strain (Figure 9a) provides an understanding of their 

plasmonic response to mechanical strains. The plasmon resonance peak of the plasmene 

nanosheets undergoes a blue shift, followed by a plateau stage. Based on the experimental 

observation and theoretical analysis, it is concluded that this trend is a result of reduced 

plasmonic coupling along the stretching direction (x-direction) with simultaneously enhanced 

plasmonic coupling in the perpendicular direction (y-direction). The degree of blue shift is a 

trade-off between the two competing factors.[11]  

The orientation of the elongated plasmonic NPs can be affected by external forces. Elongated 

plasmonic NPs typically exhibit two plasmon modes (transverse and longitudinal) upon 

interaction with light, causing more complex plasmonic coupling than that observed with 

sphere-like NPs. Thus, polarized optical analysis is even more important for elongated NP-

based soft plasmonic nanostructures to distinguish the responses of their transverse and 

longitudinal modes to external forces. When the elongated AuNRs are embedded in elastomers, 

tensile stress can cause the randomly aligned NRs to align along the stretching direction.[15, 62] 
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Such stress-induced alignment leads to a polarization-dependent optical response to stress. 

AuNBP is an interesting elongated building block for soft plasmonic nanostructures because its 

four orientational packing becomes ordered when assembled into plasmene nanosheets.[58] 

These distinct packing orders afford orientation-dependent plasmonic properties (Table 1).[12] 

Mechanical strain results in the re-orientation and separation of the AuNBPs, leading to their 

plasmon resonance shift. As an example, Figure 9b shows the re-orientation and separation of 

S-AuNBP plasmene nanosheets that are partially embedded in PDMS (top panel) and the 

corresponding polarization-dependent responses of their longitudinal plasmon mode to strains 

ranging from 0% to 90% (bottom panel).[12] In the non-strained state, the longitudinal mode of 

S-AuNBP is located at different resonance wavelengths depending on the electric field direction. 

Upon stretching, it gradually red-shifts to a low-frequency region and exhibits an almost linear 

relationship with mechanical strain. Such a response is the result of a trade-off between the 

increased separation and decreased orientation angles of S-AuNBP. 

Mechanical force can also lead to geometric changes in plasmonic nanostructures, which can 

afford a plasmonic response. As shown in Figure 9c, stretching an Au pyramid on PDMS can 

change the angle between the Au pyramid face and the incident light (qin), which in turn causes 

a change in the plasmon coupling condition.[17] When the Au pyramid is under an increasing 

strain ranging from 0% to 9%, the incident angle (qin) decreases. Consequently, the scattered 

light spectra from the tip of the pyramids red-shift from 545 nm to 682 nm. A conventional 

Kretschmann-like coupling mechanism can be used to explain the strain-induced plasmonic 

response of the Au pyramid. An evanescent field with in-plane momentum (kM = N sin RST) 

propagates along the interface of Au and PDMS when the light is reflected at the interface, 

which promotes the excitation of plasmons at the Au–air interface. Thus, a decrease in qin leads 

to an increase in the wavelength of plasmon resonance at the Au surface. Geometric buckling 

in the plasmonic nanodisk caused by stretching can result in a red shift in resonance.[7] 

5.3 Thermal-controlled mechano-plasmonic property 
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The mechano-plasmonic properties of soft plasmonic nanostructures can be controlled by heat 

when temperature-sensitive soft materials are used. A commonly used polymer is poly(N-

isopropylacrylamide) (PNIPAm),[18-21] which can undergo a phase transition from a hydrophilic 

to a hydrophobic state when the temperature is higher than its lower critical solution 

temperature. PNIPAm can be integrated with AuNPs by ligand exchange to form Au@PNIPAm 

composites, which are subsequently used to fabricate Au@PNIPAm films by casting.[19] The 

heating of the Au@PNIPAm film can lead to a red shift of the reflective peak from 570 nm to 

600 nm and doubling of scattering strength.[19] This is a result of the combination of the 

strengthened plasmonic coupling between the AuNPs and the increased refractive index of the 

PNIPAm matrix from 1.33 to 1.42, which is caused by the heat-induced collapse of PNIPAm.  

5.4 Electrical-potential-controlled mechano-plasmonic property 

Electricity can also induce the mechano-plasmonic properties of soft plasmonic 

nanostructures.[22, 23] A metallic “meander near the straight wire” array (MSWA) anchored on 

the PDMS substrate with a 22-nm gap between the meander and straight, where the local 

electric field is highly concentrated, has been reported. The plasmon resonance of MSWA is 

dependent on the gap distance. Thus, the responsive property can be realized by applying 

electrical stimuli that can change the gap distance. When an electric current of 15 mA is applied, 

the resonance dip blue-shifts from 1162 nm to 1123 nm.[22] The current-induced local Joule 

heating causes the local expansion of PDMS, resulting in a widened gap between the meander 

and straight, thereby resulting in a blue shift of the reflection spectra. In addition to the 

thermomechanical effect, carrier injection and electromigration are also possibly responsible 

for the blue shift of the plasmon resonance.[22] In another example, the conducting polymer, 

polyaniline (PANI), which can electrically switch its redox state, is used as an encapsulating 

layer of AuNPs to achieve the electrically responsive property. The PANI-encapsulated AuNPs 

are transferred onto a flexible Au-coated polyethylene terephthalate (Au-PET) film, allowing 

the amplified plasmonic coloration by creating a small gap between the AuNPs and Au-PET 

film. When the applied voltage is changed from -0.15 V to 0.65 V, the flexible plasmonic 
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nanostructures show color dynamics under both dark field and bright field illumination. 

Correspondingly, the scattering spectra shift from red to green (wavelength shift of ~70 nm) 

with a 60% change in intensity. This is due to the electrically induced change in the effective 

refractive index of PANI.[23] 

5.5 Light-controlled mechano-plasmonic property 

Plasmonic materials are known to concentrate light energy and effectively convert it into local 

heat.[4, 110] For flexible plasmonic nanostructures, the generated heat can cause thermally 

induced deformation of soft materials. The light-induced heating of the AuNR surface results 

in an increase in the temperature of the AuNR/PNIPAm composite from 34.5 °C (Figure 10a) 

to 89 °C (Figure 10b) upon laser irradiation for 17 s.[24] The increased temperature facilitates 

the fast response of the PNIPAm fibers, affording a thermal/photo-controlled switch. In another 

example, light-induced heat promotes an increase in temperature in the capping ligand of 

plasmonic NPs, leading to a reduced internal tension of the entangled PS ligands (Figure 10c). 

This leads to a shift in the resonance frequency as a function of the laser radiation power, a 

phenomenon that is not observed for conventional nanoresonators (Figure 10d).[25] A linear 

relationship between light power and temperature of a plasmonic metamaterial film composed 

of aramid nanofibers and AuNPs is observed (Figure 10e), indicating easy control of the 

temperature by adjusting the light power.[26] Furthermore, mechanical stretching affects the 

photothermal properties of plasmonic nanostructures. When the plasmonic nanostructures are 

stretched, the interparticle spacing in the perpendicular direction decreases, leading to an 

enhanced plasmonic coupling. The strongly coupled NPs can generate more heat by the 

photothermal effect to increase the temperature. This phenomenon causes an increase in 

temperature at increased strains upon excitation with perpendicularly polarized light (Figure 

10f).[27] 

5.6 Chemical-controlled mechano-plasmonic property 

The mechano-plasmonic properties of soft plasmonic structures can also be controlled using 

chemicals including organic solvents,[21, 28, 111] ionic salts,[18, 112] and acids.[29] The underlying 
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mechanisms differ for each chemical. The most common systems are hydrogel-based plasmonic 

systems.[18, 21, 29, 111] The addition of chemicals may cause shrinkage or swelling of the hydrogel, 

which then results in enhanced/weakened plasmonic coupling. In a typical example, Au dimer 

NPs have been embedded into a chitosan hydrogel film. The pH-stimulated swelling of the 

hydrogel film gradually increases the interparticle spacing, leading to a blue shift of the 

plasmonic resonance peak (Figure 11a).[29] Accordingly, the color of the dimeric chitosan 

composite film changes from blue to red, which is identifiable by the naked eye. 

Besides, soft plasmonics can be constructed in a well-defined manner by combining the self-

assembly of plasmonic NPs with ligand cross-linking chemistry.[28] The resulting 

nanocomposites are covalently linked and cannot be dissolved in organic solvents. However, 

different solvents can introduce different levels of swelling stress on the plasmonic NP arrays. 

For poor solvents such as acetone, hexane, and ethanol (EtOH), plasmonic NPs are closely 

spaced with strong plasmonic coupling similar to that in the dried state; for good solvents 

(tetrahydrofuran (THF) and chloroform (CHCl3)), ligand swelling increases the interparticle 

spacing, leading to a significant blue shift due to weakened plasmonic coupling (Figure 11b). 

 

6. Applications 

Soft plasmonic materials and devices can extend the traditional applications of rigid-substrate-

based plasmonic systems to new territories, particularly in terms of bio-integration, because 

biological systems are typically soft and elastic. To date, soft plasmonics have found novel 

applications in sensing, energy generation and conversion, nanophotonics, and nanorobotics.  

 

6.1 Flexible sensors 

6.1.1 Soft surface-enhanced Raman scattering (SERS) sensors 

SERS has emerged as a powerful label-free analytical technique for detecting trace amounts of 

chemicals with ultrahigh sensitivity. To achieve this, a rough metallic film is typically used to 
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enhance the signal by surface plasmon resonance effects. Traditionally, such metallic 

nanostructured films are supported by rigid substrates such as silicon or glass. To identify trace 

amounts of chemicals from a real-world solid surface, these must be dissolved from the surface 

and re-concentrated into a solution to be drop-cast on a rigid SERS substrate for spectral 

acquisition. This process is tedious and impractical in real-world settings.[109] In this context, 

research efforts have been directed toward the fabrication of soft plasmonic materials for 

potential in-situ and real-time SERS sensing applications.[56, 72, 88, 113-116] 

One unique feature of soft plasmonic nanostructures as SERS substrates is the intrinsic 

flexibility that enables conformal and intimate contact with topologically complex real-world 

solid surfaces for direct “attach-and-detect” approach. A proof-of-concept study was 

successfully undertaken using soft plasmene nanosheets that are free-standing, closely packed, 

one-particle thick 2D plasmonic NP arrays (Figure 12).[117] Plasmene nanosheets are soft and 

semi-transparent, meeting the criteria of soft SERS for the direct “attach-and-detect” model for 

Raman molecules obtained from paper banknotes, polymer banknotes, and rough coin surfaces. 

These plasmenes are composed of uniformly distributed NP building blocks, ensuring high 

spatial signal uniformity, which is important for real-world applications. In addition, the 

size/shape of plasmene-constituted building blocks can be selected from artificial plasmonic 

NP “periodic table”[2], and the interparticle spacing can be adjusted by tuning the ligand length, 

demonstrating the versatility of designing customized soft SERS substrates. 

Another attractive feature of flexible plasmonic materials for soft SERS sensing is their 

intrinsically and dynamically tunable SERS activities, as the distribution and density of 

plasmonic ‘hot spot’ (i.e., the area with significantly enhanced electromagnetic field near the 

plasmonic nanostructures) can be directly modulated by adjusting the interparticle spacing, 

either by the synthesis and assembly of plasmonic nanoarrays or the mechanical deformation 

of flexible matrices.[35] By directly applying tensile or compression strain, the plasmonic Ag/Au 

nanoprism matrix can simultaneously respond to mechanical stimuli and show viable 

plasmonic-coupling changes.[9] The maximum SERS signal is generated at 20% extension and 
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-6% contraction, while excessive extension can have a negative impact on the SERS 

performance owing to the increase in interparticle spacing. 

As described earlier, the mechano-plasmonic properties of soft plasmonic nanostructures can 

be controlled by chemical stimuli; hence, the resulting SERS sensors may be affected by 

external stimuli including pH [30] and heat.[118] A pH-sensitive chitosan-glutaraldehyde hydrogel 

has been applied to dynamically tune the SERS performance of non-close-packed binary AuNP 

arrays with ‘core-satellite’ architecture. The volume swelling and shrinking of chitosan film by 

decreasing or increasing the solution pH can drive the tunable interparticle gaps between ‘core’ 

and ‘satellite’ parts, leading to a dynamic plasmonic coupling and SERS performance.  

Unlike the conventional rigid-substrate-based SERS substrates, the emerging soft plasmonic 

nanostructures can serve as flexible SERS substrates for wearable and point-of-care 

applications.[113] The rationally designed soft SERS substrates, in conjunction with the 

commercially available portable Raman spectroscopy systems, may enable at-home and on-site 

chemical identification. 

6.1.2 Strain sensors 

Soft plasmonic nanostructures can directly function as strain sensors. The basic working 

principle includes the strain-induced interparticle spacing change that leads to a change in the 

plasmonic coupling strength, affording a resonance peak shift. The interparticle spacing 

typically increases along the stretching direction but decreases in the perpendicular direction; 

hence, plasmonic coupling weakens along the stretching direction but enhances in the 

perpendicular direction. Such an interparticle spacing change results in a polarization-

dependent plasmonic response. Using the polarization-dependent extinction intensity 

difference ratio, a 2D strain mapping of a mechanically deformed elastomer was constructed 

using the strain vector (Figure 13a).[119] Such a mapping technique is promising for local 

deformation measurements at the nanoscale. Analogously, the sensitive plasmon resonance 

shift can also serve as an accurate marker for tensile strain sensing. Figure 13b shows a typical 

example of using plasmon resonance shift to detect the applied strain, which is based on the 



	
	

26	
	

strain-induced plasmonic coupling change. A sequential strain from 0% to 38% can	generate a 

47-nm blue shift in the surface plasmonic resonance wavelength of the metal-capped PS sphere 

arrays. Such a wavelength shift shows an almost linear relationship with the applied strains 

(smaller than ~40%). The sensitivity can be evaluated using the gauge factor (GF) described by 

the following equation:[11, 12]  

UA = ∆W (WYN),                          (6) 

where ∆W  is the plasmonic shift under strain, WY  is the initial plasmon resonance peak 

wavelength, and N is the applied strain.  

When the applied strain is greater than 40%, the plasmonic shift may exhibit a non-linear 

relationship with the strain. Thus, our research group has recently applied the plasmonic ruler 

equation to quantify the plasmonic shift under strain. Both the weakened coupling along the 

stretching direction and strengthened coupling in the vertical direction are considered in the 

following plasmonic ruler equation:[11] 

   ∆W/W\] = ^ · exp − Nd ed − f · exp	(− Ng eg),            (7) 

where	 ∆W	 is	 the	 plasmonic	 peak	 shift	 relative	 to	 the non-coupling peak W\]of discrete 

plasmonic NPs in an aqueous solution, a and b are the	fit	parameters related to the coupled 

field strength in the stretching direction (x-direction) and perpendicular direction (y-direction), 

respectively, Nd and Ng are the strains in the x- and y-direction, respectively, and ed and eg 

are	the	fit	parameters	of	the	decay	constants	in the x- and y-direction, respectively. A non-

linear relationship between the plasmonic shift and strain is obtained upon considering both 

directions.  

In addition, the stretching direction may have a different impact on interparticle separation, and 

thus afford different plasmonic responses. As shown in Figure 13c, when uniaxial stretching is 

applied, the AuNP-based film shows a blue shift in its reflection spectra when the polarization 

of light is along the stretching direction, resulting in a blue shifting rate of 40 nm/unit strain 

(red solid triangular curve). However, when the unpolarized (red hollow triangular curve) or 
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perpendicularly polarized light (blue solid triangular curve) is used for irradiation, the film 

shows less blue shifts upon uniaxial stretching. In contrast, biaxial stretching results in a higher 

blue-shifting rate of 70 nm/unit strain (green solid square curve) than uniaxial stretching under 

unpolarized light.[16] Such unique plasmonic responses can be used for the sensitive 

identification of strain directions. 

6.1.3 Pressure sensors 

Soft plasmonic nanostructures can also be used to sense pressure. In one example, the applied 

pressure induced the disassembly of 1D AuNP chains, causing a noticeable plasmonic 

resonance peak shift.[50] The plasmon coupling band gradually blue-shifted and dampened with 

increasing pressure, as well as nearly overlapped with isotropic AuNPs at approximately 530 

nm. The colorimetric changes were directly related to the pressure applied between the 

contacting surfaces and could be quantified using plasmonic spectroscopy (Figure 13d). In 

another example, elongated plasmonic NPs that showed unique orientation-dependent LSPR 

were used to sense pressure.[120] The pressure applied on the polymer matrix caused the direct 

re-orientation of the embedded AuNRs, and the correlation between the optical property 

changes and applied pressure was consequently established.  

6.1.3 Chemical sensors 

Soft plasmonic nanomaterials can be used for detecting chemicals owing to their chemical-

controlled mechano-plasmonic properties. One of the attractive advantages is visible color 

output owing to strong plasmonic matter–light interactions. Changes in chemical environments 

often lead to changes in the plasmonic coupling strength, hence displaying visible color 

variation. The colorimetric properties render the soft plasmonic materials as promising 

candidates for wearable and portable chemical sensors. To obtain a sensitive and detectable 

colorimetric shift, the assembly and disassembly behavior of plasmonic NPs must be accurately 

controlled at the nanoscale.  

6.1.4 Versatility of soft plasmonic sensors 
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Next-generation smart sensing devices should be highly sensitive, portable, low-cost, and easy 

to fabricate such that these can be directly applied to complex real-world interfaces, which is a 

significant limitation for traditional rigid-substrate-based sensors. In contrast, soft plasmonic 

materials provide a promising platform for designing next-generation biosensors with 

compliance, customizability, reversibility, and durability. 

One of the promising features of soft plasmonic sensors is the intrinsic tunability of optical and 

mechanical properties directly by adjusting the size, shape, and interparticle spacing. For 

example, when the interparticle spacing for PS-AuNC-based soft plasmene nanosheets is 

changed from 8 to 40 nm, the GF value that reflects the strain sensitivity can be modified from 

0.1 to 0.47 upon uniaxial stretching ranging from 0% to 40% (Figure 14a).[11] The size of 

plasmonic NPs also has a positive effect on the GF of the plasmene strain sensor, but ‘larger is 

not always better’ (Figure 14b).[11] In the 0–40% strain range, the GF value increases with an 

increasing AuNC size up to 41 nm, but further increase in the AuNC size does not afford a 

higher sensitivity. Additionally, differently aligned AuNBP soft plasmene nanosheets can be 

obtained by modifying the concentration of building blocks and/or the length of PS ligands,[58] 

resulting in distinct plasmon coupling modes including the transverse mode of V-AuNBP, 

longitudinal and transverse modes of S-AuNBP, and transverse and longitudinal modes of H-

AuNBP. By partially embedding the AuNBP-based plasmene nanosheets in PDMS, these 

different plasmon modes can show different sensitivities to strain, indicating an orientation-

dependent sensitivity. As shown in Figure 14c, the longitudinal mode of H-AuNBP affords the 

highest GF value among the four modes, indicating its high sensitivity to strain.[12] 

In addition to the inner plasmonic structures, soft materials can also affect the sensitivity of soft 

plasmonic mechanical sensors. Figure 16d demonstrates the effect of the polymer doping 

amount on the sensitivity of a flexible pressure sensor.[50] In an Au nanochain-PVP composite 

film, by mixing poly(ethylene glycol) (PEG) with PVP as a plasticizer, the polymer becomes 

more fluid and the deformation of the film becomes more sensitive to external pressure. In the 

absence of PEG doping, the composite film only shows a noticeable plasmonic response at 
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relatively high pressures (Figure 14d, black curve), indicating a low sensitivity to pressure. 

With an increase in the PEG doping amount, the applied pressure required to reach a similar 

coupling peak shift can be decreased. When the PEG doping is increased up to 17 wt % (Figure 

14d, green curve), only 1/10 of the pressure is sufficient to achieve a peak shift compared to the 

one without PEG doping. This result indicates the tunable sensitivity of the flexible pressure 

sensor achieved by adjusting the soft material doping amount. 

For real-world practical applications, flexible plasmonic materials should be robust under 

ambient conditions; thus, reversibility and durability are prerequisites for a high-performance 

flexible sensor with long-term stability. As discussed in the section on mechanical 

characterization, plasmonic nanostructures show buckling or cracking at a certain strain level 

owing to the mechanical mismatch. An increase in the number of cycles increases the buckling 

or cracks. Such structural failures are undesirable for practical applications. Rational patterning 

designs such as serpentine[121] or wavy[122] structures have been widely used in soft electronics 

to relieve structural failures during straining, which can be potentially extended to the designing 

of soft plasmonic nanostructures. Alternatively, several methods can be applied to improve the 

binding between the plasmonic structures and soft matrices to produce robust soft plasmonic 

nanostructures. Stable soft plasmonic nanostructures can afford flexible sensors with robust 

recoverability and durability after hundred cycles of mechanical deformation.[11, 12, 19, 30, 55] One 

representative strategy to address the reversibility of strain sensors is to introduce an adhesion-

promoting layer onto the flexible substrate that can improve the immobilization of the NPs. In 

a nanochain-PDMS strain sensor, the NPs can be quasi-embedded into a polyethylenimine 

adhesive layer. The dual supportive layer design endows a reversible LSPR shift over several 

50% stretching and releasing cycles (Figure 15a).[55] Alternatively, AuNPs can be directly 

bonded with PNIPAm molecules through ligand exchange to form an Au@PNIPAm composite. 

Owing to the intrinsic reversible thermal response of the PNIPAm matrix and strong binding 

between PNIPAm and AuNPs, the composite film shows a 30-nm plasmonic resonance peak 

shift over several heating and cooling cycles (Figure 15b).[19] Directly embedding the assembled 

“core-satellite” binary AuNP arrays into a pH-responsive chitosan-hydrogel network can also 
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afford an SERS sensor with reversible performance between dry state and acidic conditions for 

more than eight cycles (Figure 15c).[30] The pH-induced swelling of chitosan film can increase 

the interparticle gaps between the “core” and “satellite” AuNPs, which can weaken the 

plasmonic coupling and then decrease the SERS signal of 4-aminothiophenol molecules. 

To maintain mechanical durability, flexible sensors should either possess a highly stable and 

self-supportive plasmonic layer or strong bonding between the functional layer and soft matrix. 

For instance, the highly entangled PS ligand in the AuNC-based plasmene nanosheet is the key 

to reversible plasmonic switching behavior even after 1000 stretch–release cycles (Figure 

15d).[11] The PS capping ligands that are strongly bonded to the AuNC surface may experience 

spring-like chain configurational changes that drive the interparticle space switching of AuNCs 

upon stretching and releasing, thereby improving the durability of their strain-induced 

plasmonic switching. Embedding the plasmonic material into a soft matrix directly endows the 

sensors with reversibility as well as durability. This can be achieved by either drop-casting the 

polymeric precursor onto plasmonic nanoassemblies [13, 30] or via a thermal imprinting 

process.[123] The embedding of the Au nanocheckerboard in soft plastics affords mechanical 

stability to the metasurface against repeated bending. The transmittance of the metasurface at 

681 nm shows a variation of ~15% of the original value after 1000 cycles of bending (Figure 

15e), which provides a mechanically stable plasmonic sensor for detecting biomolecules.[123] A 

flexible SERS sensor that is formed by embedding gold nanostars in PDMS shows a stable 

SERS performance over hundred cycles of mechanical deformation including stretching, 

bending, and torsion.[13] Considering stretching as an example (Figure 15f), the flexible SERS 

sensor is stretched to ~150%. The SERS signal of benzenethiol molecules (10-3 M) on the 

flexible SERS substrate shows no noticeable change and maintains a similar SERS intensity for 

the peak at 1079 cm-1 (Figure 15f), demonstrating the mechanical durability of this flexible 

SERS sensor.  

6.2 Flexible energy devices 
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Light-driven catalysis represents a clean and sustainable system that mimics natural 

photocatalysis. Plasmonic nanomaterials have recently attracted significant interest for the 

development of novel photocatalysts owing to their efficient light-harvesting property in the 

visible range of the solar spectrum. The design of soft plasmonic nanostructures has afforded 

flexible photocatalysts that can achieve solar-to-chemical energy transition.[37, 38, 124] Such 

designs can potentially allow further mimicking of natural soft plant systems. Figures 16a and 

16b show an example of a flexible photocatalyst obtained by integrating 2D multifunctional 

nanoassemblies with a soft hydrogel.[38] The seagrass-inspired design has been further applied 

to the photodegradation of pollutants by omnidirectional light harvesting, which is different 

from the nanostructures on rigid Si wafers (Figure 16c). The artificial seagrass can degrade 

pollutants regardless of the light irradiation direction because the soft and translucent hydrogel 

can bend in arbitrary directions (Figure 16d).  

6.3 Soft nanorobotics 

The combination of plasmonic nanostructures with soft materials including PNIPAm 

hydrogel,[40, 41] polyacrylamide (PAAm)-based hydrogel,[82] and polyvinyl (PVA)[125] has been 

employed for applications involving the design of artificial actuators and nanorobotics. As 

mentioned in the section describing light-controlled mechano-plasmonic properties, the soft 

plasmonic nanostructures can convert light energy into thermal energy that can heat the 

surrounding soft materials. Most of the present plasmonic nanostructure-based soft actuators 

and nanorobots are based on the photothermal effect generated by plasmonic nanostructures 

under light irradiation. The local heating of soft materials causes their mechanical deformation. 

Figure 17a shows a hand-shaped hydrogel formed by combining an AuNP-containing thermo-

responsive PNIPAm hydrogel as an active layer with a non-thermo-responsive poly(acrylamide) 

(PAAm) hydrogel as the passive layer.[40] Sequential light irradiation on its “fingers” creates 

joint-like flexing motions. The plasmonic NPs incorporated with PNIPAm can absorb and 

convert light energy into heat energy, which causes the deswelling of the PNIPAm layer. 

However, the PAAm layer remains steady under light irradiation. The different deswelling 
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behaviors can generate stress at the common boundary of these two hydrogel layers, leading to 

bending deformations of the hydrogel actuator in response to light radiation. A similar bilayer 

design has also been applied to the PAAm hydrogel-based actuator.[63] The photothermal effect 

of the plasmonic NPs is used to control the stiffness of the PAAm hydrogels. By loading Au 

nanoshperes (AuNSs) or AuNRs that show a response to different lights, the stiffness of the 

hydrogel can decrease under either 532-nm (for AuNS) or 808-nm (for AuNR) light irradiation. 

For the combined bilayer of these two types of hydrogels, irradiation with 532-nm or 808-nm 

light can decrease the stiffness of only one of these, thus causing the bending of the bilayer 

hydrogel.  

Taking advantage of contact printing and diffusion-controlled galvanic reactions, a spatially 

patterned composite hydrogel was fabricated to realize simultaneous geometric deformation in 

both the in-plane and axial directions. Such a patterned actuator design relies on the 

photothermal effect of the loaded AuNPs and thermally responsive PNIPAm hydrogel. Owing 

to the patterned and localized AuNP distribution, the complex shape transformation from 2D 

to 3D configuration can be realized in a mono-hydrogel system (Figure 17b).[41]  

Another soft material, PVA, which can store the strain energy of deformation over its glass-

state temperature (Tg), has also been integrated with plasmonic NPs (copper nanorods (CuNRs)) 

to build a soft actuator.[121] The colloidal CuNR solution can simply be mixed with a PVA 

aqueous solution to be cast into a soft membrane. A temporary shape is obtained by deforming 

the membrane at a moderate temperature higher than the Tg of PVA, followed by cooling it to 

room temperature. Light irradiation then causes localized heating generated by the CuNRs, 

leading to the recovery of the membrane to its original shape by releasing its built-in strain. In 

combination with other soft substrates with different thermal expansion rates, more complex 

photoactuators and microrobots can be fabricated to realize a series of controllable motions 

including picking, lifting, moving, and placing upon light irradiation.  

 

6.4 Flexible nanophotonics/electronics 
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The capability to sustain collective electron oscillations at the metasurface and modulate the 

electromagnetic fields at the nanoscale allows a wide range of applications of the soft plasmonic 

materials for flexible photonic/electronic devices including flexible photoluminescence,[126] 

fluorescence-based immunoassays,[127] plasmonic lasers,[79] tunable zoom lenses,[39] color 

switching,[23, 91] photoimaging devices,[128] photo-controlled smart switches,[24] and 

modulators.[22] Figure 18a shows a stretchable optical zoom lens obtained by depositing an 

AuNR array on a PDMS substrate. [33] The flexible metasurface can afford convenient optical 

tunability of soft plasmonic material-based photonic devices under tensile strains. The 

anomalous refraction angle of the 632.8-nm light interacting with the metasurface can be 

adjusted from 11.4° to 14.9° simply by omnidirectionally stretching the film up to 30%. In 

addition, the focal length of the flat zoom lens can gradually increase from ~150 µm to ~250 

µm as the strain increases from 0% to 30%, corresponding to an optical zoom of 1.7×. Strain-

induced plasmonic responses can also be used for continuous colorimetric tuning across the 

entire visible spectrum.[91] Under gentle elastic modulation, the switching of the color output of 

each stretching dimension in a 2D aluminum film can be finely tuned from green to blue or red 

(Figure 18b).  

 

7. Conclusions and future perspectives 

Nanoplasmonics is an area of immense interest in modern science and technology. Extensive 

research efforts have been directed toward the design, fabrication, characterization, and 

applications of nanoscale metallic nanostructures to rigid surfaces (known as metasurfaces) or 

solution-state equivalents. Additionally, there has been a growing interest in designing 

plasmonic nanostructures in combination with elastomeric materials for better integration with 

biological systems (e.g., soft wearable devices and soft robotics), namely, soft plasmonics, in 

parallel to the emerging field of soft electronics. 

This review discusses all aspects of soft plasmonics including fabrication, characterization, 

material attributes, and novel applications. It is encouraging to witness exciting advances in 
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fabricating soft plasmonic structures from nano/microscale to macroscopic scale using top-

down lithography, bottom-up self-assembly, or a combination of both. Some sophisticated 

micro/nanoscale soft plasmonic structures exhibit appealing mechanical, optical, thermal, and 

responsive properties. This allows the design and fabrication of novel soft plasmonic materials 

and devices for applications in sensing, energy, nanophotonics, and robotics. 

Nevertheless, this field is still in a rudimentary stage of development. There remain tremendous 

challenges to be addressed to realize real-world applications, including the characterization of 

soft plasmonic structures during mechanical deformation in real time and in-situ, their scalable 

production at low cost, reliable soft plasmonic properties and functions, theoretical 

understanding of mechanoplasmonics, and durable device performance. The cost is usually the 

primary concern for real-world applications. Although plasmonic materials (generally noble 

metallic materials) are expensive, nanosized plasmonic structures contribute toward reducing 

the cost of using noble metallic materials to produce plasmonic devices. For example, using 

nanosized gold to build one-particle-thick plasmene nanosheets costs less than one cent (AUD) 

per square meter. If the scale-up self-assembly of plasmene nanosheets can be achieved by a 

rational design of the ligand–particle interface, the plasmene nanosheets can be widely used for 

soft plasmonic applications. In addition, multidisciplinary collaboration is expected to play a 

key role in tackling these challenges. For example, there is an intrinsic mechanical mismatch 

between the active plasmonic materials and soft materials. Such mismatches might lead to the 

formation of delamination and/or cracks and fatigue of materials or devices in dynamic 

environments, resulting in poor stability or durability of soft devices.[121] This requires seamless 

collaboration between the material chemists and mechanical engineers to address this 

fundamental challenge. The rational design of a soft/hard material interface including the 

capping ligand chemistry of NPs and/or the patterning design of plasmonic structures can be 

the future directions for improving the adhesion and conformal integration between plasmonic 

and soft materials. It is anticipated that the above-mentioned challenges will be addressed with 

the gradual evolution of the field to finally realize soft plasmonic applications in the real world. 
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Figures 

 

Figure 1. Schematic illustration of soft plasmonic nanostructures in terms of fabrication, 

characterization, mechano-plasmonic property, and application. Thermal-controlled mechano-

plasmonic property: Reproduced under the terms of the Creative Commons CC BY license. [20] 

Copyright 2018, The Authors, published by Springer Nature. Light-controlled mechano-

plasmonic property: Reproduced with permission.[24] Copyright 2017, American Chemical 

Society. Chemical-controlled mechano-plasmonic property: Reproduced with permission.[28] 

Copyright 2019, American Chemical Society. Mechanical-force-controlled mechano-

plasmonic property: Reproduced with permission.[13] Copyright 2017, American Chemical 

Society. Electrical-controlled mechano-plasmonic property: Reproduced with permission.[22] 

Copyright 2019, Royal Society of Chemistry. Flexible sensors: Left: Reproduced with 
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permission.[35] Copyright 2017, American Chemical Society. Right: Reproduced under the 

terms of the Creative Commons CC BY license.[20] Copyright 2018, The Authors. Published by 

Springer Nature). Soft nanorobotics: Reproduced with permission.[40] Copyright 2017, Wiley-

VCH Verlag. Flexible energy devices: Top: Reproduced with permission.[37] Copyright 2020, 

American Chemical Society. Middle and bottom: Reproduced with permission.[38] Copyright 

2021, Royal Society of Chemistry. Flexible electrical device Reproduced with permission.[24] 

Copyright 2017, American Chemical Society. Flexible photonic devices: Top: Reproduced with 

permission.[39] Copyright 2016, American Chemical Society. Bottom:	Reproduced under the 

terms of the Creative Commons CC BY license.[23] Copyright 2020, The Authors. Advanced 

Science published by Wiley-VCH GmbH. Biological engineering:	 Reproduced with 

permission.[34] Copyright 2020, Wiley-VCH Verlag.  
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Figure 2. Design of 2D soft plasmonic nanostructures. Schematic of (a) free-standing soft 

plasmonic nanostructures, (b) plasmonic nanocomposite, where plasmonic nanoparticles are 

embedded in the soft matrix, (c) 2D plasmonic arrays on an elastomeric substrate: Left: Wet 

chemistry affording a tool box of plasmonic NPs with various sizes, shapes, and compositions 

that can potentially be used for designing soft plasmonic nanostructures. Reproduced with 

permission.[63] Copyright 2019, Nature Publishing Group. Other key parameters including 

spacing, supporting substrate, and orientation can be considered in designing soft plasmonic 

nanostructures. Right: Schematic illustration of structural failures of soft 2D plasmonic arrays 

under mechanical force. The formation of crack/delamination leads to a lower actual strain (eb) 

that functions on nanosheets than that applied (ea). 
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Figure 3. Bottom-up self-assembly. Schematic illustration of integrating plasmonic NPs with 

a flexible substrate by (a) liquid–liquid interfacial self-assembly and lift-up transfer 

(Reproduced with permission.[16] Copyright 2012, AIP publishing), (b) air–liquid interfacial 

self-assembly (Reproduced with permission.[11] Copyright 2020, Royal Society of Chemistry), 

and (c) chemically anchoring plasmonic NPs on substrates. (Reproduced with permission.[57] 

Copyright 2014, Royal Society of Chemistry). 
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Figure 4. Top-down fabrication. Schematic illustration of integrating plasmonic 

nanostructure with elastomer by (a) direct fabrication on PDMS (Reproduced with 

permission.[14] Copyright 2011, Wiley-VCH Verlag) and (b) post-transfer to PDMS with 

lithographic techniques (Reproduced with permission.[17] Copyright 2015, American Chemical 

Society). 
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Figure 5. Structural characterization. TEM images of (a) partially attached sheet on a large 

scale (scale bar: 2 µm), (b) fully attached sheet (scale bar: 100 nm), and (c) partially attached 

sheet on a magnified scale (scale bar: 50 nm). Reproduced with permission.[42] Copyright 2019, 

Nature Publishing Group. SEM images of metallic pyramids on PDMS at (d) no strain, (e) 10% 

strain, and (f) 20% strain. (Scale bar: 10 µm) Reproduced with permission.[17] Copyright 2015, 

American Chemical Society. In situ AFM images of Au nanoparticle chains at (g) 0% strain 

and (h) 30% strain; (i) AFM line profiles show the progression of the fragmentation process 

upon increasing the external strain. Reproduced with permission.[55] Copyright 2017, American 

Chemical Society. Strain-dependent 2D SAXS pattern of AuNR in elastomer (upper half: 
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calculated pattern; lower half: recorded pattern) at (j) 0%, (k) 133%, and (l) 433% strain. 

Reproduced with permission.[15] Copyright 2015, Elsevier. 
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Figure 6. Optical characterization. Localized microscope spectrometer enables (a) in-situ 

characterization of flexible plasmonic nanostructures under mechanical deformation, which 

allows localized lattice structure prediction. Reproduced with permission.[11] Copyright 2020, 

Royal Society of Chemistry. (b) When coupled with theoretical analysis, it further allows the 

orientation and/or separation predication of non-conductive soft plasmonic nanostructures. 

Reproduced with permission.[12] Copyright 2020, American Chemical Society. 
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Figure 7. Mechanical characterization. (a) Schematic illustration of the buckling 

measurement. The PS-Au film is placed on a PDMS substrate, which is compressed in a load 

cell. Buckles that develop in the PS-Au film due to the elastic mismatch between the film and 

substrate are captured using an optical microscope (scale bars, 10 µm). Reproduced with 

permission.[97] Copyright 2017, National Academy of Sciences. (b) Schematic illustration of 

AuNP-based films on PDMS forming cracks under an applied tensile strain, and SEM images 

of crack formation under 20% strain (AuNP films are transferred from PDMS to a silicon 

substrate.) Reproduced with permission.[98] Copyright 2015, Royal Society of Chemistry. (c) 

Schematic diagram showing nano-indentation where an AFM tip exerts a force on the flexible 

AuNP-based membrane and the vertical displacement is measured (Reproduced with 

permission.[106] Copyright 2009, Elsevier), and the representative force-displacement curves of 

AuNP-based thin films. Reproduced with permission.[42] Copyright 2019, Nature Publishing 

Group.). (d) Schematic illustration of bulging test and lateral views of various deflected 
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nanomembranes under overpressure. Reproduced with permission.[107] Copyright 2007, The 

Chemical Society of Japan. 
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Figure 8. Mechanical property. (a-c) Schematic illustration of self-assembled Au nanostar 

arrays embedded into PDMS upon stretching, bending, and torsion. Reproduced with 

permission.[13] Copyright 2017, American Chemical Society. (d) Schematic illustration of light-

induced self-rolling of Au nanopore on PDMS and (e) its unrolling when light is switched off. 

Reproduced with permission.[109] Copyright 2012, AIP Publishing. (f) SEM images of cubic 

and pentagonal origami structures that are formed from the folded plasmene nanosheets (Scale 

bar: 200 nm). Reproduced with permission.[43] Copyright 2014, American Chemical Society. 

(g) Force-indentation depth relationship of flexible AuNP nanosheets with different 

interparticle spacing. Reproduced with permission.[42] Copyright 2019, Nature Publishing 

Group. (h) Average fragment width as a function of strain e-e0 for 5.2-nm Au–dodecanethiol 

nanoparticle monolayers; here, e0 is the onset strain. The two SEM images show the crack 

patterns for (ⅰ) 6% and (ⅱ) 20% strain. Inset (ⅲ): Determination of the onset strain e0. 

Reproduced with permission.[98] Copyright 2015, Royal Society of Chemistry. (i) Measured 

tensile stresses of the plasmonic metamaterial film after hundreds of stretching–bending cycles. 

Reproduced with permission.[26] Copyright 2019, Royal Society of Chemistry. 
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Figure 9. Mechanical-force-controlled mechano-plasmonic property. Schematic 

illustration of strain-induced (a) interparticle spacing (Reproduced with permission.[11] 

Copyright 2020, Royal Society of Chemistry), (b) orientation, (Reproduced with permission.[12] 

Copyright 2020, American Chemical Society), and (c) geometry change (Reproduced with 

permission.[17] Copyright 2015, American Chemical Society) of plasmonic nanostructures and 

their corresponding strain-induced evolution of plasmonic property (bottom panels).  
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Figure 10. Light-controlled mechano-plasmonic property. Temperature changes in the 

AuNRs/PNIPAM composite hydrogel with irradiation times of (a) 1 and (b) 17 s. Reproduced 

with permission.[24] Copyright 2017, American Chemical Society. (c) Physics of the photo-

thermal effect inducing contraction of the PS chains. There is a small compression between the 

polystyrene links that leads to internal compression, as highlighted by the gold linkages when 

exposed to light. (d) Comparison between a plasmonic super-lattice and Si3N4 membrane 

resonator. Reproduced with permission.[25] Copyright 2018, Wiley-VCH Verlag. (e) 

Temperature response of the plasmonic metamaterial film exposed by a laser spot with different 

output powers.	Reproduced with permission.[26] Copyright 2019, Royal Society of Chemistry. 

(f) Temperature variation of the AuNPs-PDMS sample as a function of the stretching 
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percentage induced by irradiation with a CW green laser (532 nm) polarized perpendicular to 

the stretching direction. Reproduced with permission.[27] Copyright 2018, Royal Society of 

Chemistry. 
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Figure 11. Chemical-controlled mechano-plasmonic property. (a) pH-controlled. 

Reproduced with permission.[29] Copyright 2018, Wiley-VCH Verlag. (b) Organic solvent-

controlled. Reproduced with permission.[28] Copyright 2019, American Chemical Society.  
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Figure 12. Flexible SERS sensors. Flexible plasmonic nanostructures allow conformal 

attachment to a complex surface.	Reproduced with permission.[117, 129] Copyright 2015, Wiley-

VCH Verlag. 
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Figure 13. Soft mechanical sensors. Soft plasmonic nanostructures allow (a) strain mapping 

(the arrows indicate strain vectors; reproduced with permission.[119] Copyright 2009, Optical 

Society of America), (b) strain sensing (Reproduced under the terms of under the Creative 

Commons CC-BY-NC license.[92] Copyright 2010, Tsinghua University Press and Springer-

Verlag Berlin Heidelberg), (c) strain direction sensing, (Reproduced with permission.[16] 

Copyright 2012, AIP Publishing), and (d) pressure sensing (Reproduced with permission.[50] 

Copyright 2014, American Chemical Society).  
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Figure 14. Tunable sensitivity of plasmonic mechanical sensors. Sensitivity of plasmonic 

flexible sensor can be controlled by tuning the (a) interparticle spacing of plasmene nanosheets, 

(b) size of plasmonic building blocks (Reproduced with permission.[11] Copyright 2020, Royal 

Society of Chemistry), (c) orientation of plasmonic building blocks, (Reproduced with 

permission.[12] Copyright 2020, American Chemical Society), and (d) polymer doping amount 

(Reproduced with permission.[50] Copyright 2014, American Chemical Society). 
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Figure 15. Reversibility and durability of soft plasmonic sensors. Reversible plasmonic (a) 

strain sensor (Reproduced with permission.[55] Copyright 2017, American Chemical Society), 

(b) temperature sensor (Reproduced under the terms of the Creative Commons CC BY 

license.[19] Copyright 2018, The Authors. Published by WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim), and (c) SERS sensor (Reproduced with permission.[30] Copyright 2020, 

American Chemical Society). Durability of plasmonic (d) strain sensor (Reproduced with 

permission.[11] Copyright 2020, Royal Society of Chemistry), (e) chemical sensor, (Reproduced 

with permission.[123] Copyright 2019, Wiley-VCH Verlag), and (f) SERS sensor (Reproduced 

with permission.[13] Copyright 2017, American Chemical Society).  
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Figure 16. Flexible energy devices. (a) Schematic illustration and (b) photograph of 2D 

flexible photocatalytic system fabricated by integrating multifunctional nanoassemblies with 

hydrogel. (c) Schematic illustrations of soft artificial seagrass and nanoassemblies on rigid Si 

wafer. (d) Omnidirectional photodegradation behavior of soft artificial seagrass (orange) and 

nanoassemblies (black) on Si wafer. Reproduced with permission.[38] Copyright 2021, Royal 

Society of Chemistry. 
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Figure 17. Soft nanorobotics. (a) Images of the fingers of a hand-shaped hydrogel upon 

bending and unbending in response to the location of a laser spot. Reproduced with 

permission.[40] Copyright 2017, Wiley-VCH Verlag. (b) Shape deformation of a patterned 

composite hydrogel sheet under continuous laser irradiation (wavelength: 808 nm). Black and 

grey regions represent areas with AuNPs patterned throughout the hydrogel and partially into 

the hydrogel along the thickness direction, respectively. Negative bending angle indicates that 

the bending direction is opposite when the laser is irradiated onto the hybrid hydrogel from 

different sides (front side vs. back side; scale bar: 1 mm). Reproduced with permission.[41] 

Copyright 2019, Royal Society of Chemistry. 
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Figure 18. Flexible nanophotonics. (a) (Left) Schematic illustrations of a metasurface on 

stretched PDMS. Right: Measured longitudinal beam profiles generated on the transmission 

side of the flat zoom lens with s = 100% (top), 115% (middle), and 130% (bottom). The 

metasurface is located at z = 0. Reproduced with permission.[39] Copyright 2016, American 

Chemical Society. (b) From left to right: SEM images of the as-fabricated plasmonic patterns 

(O, W, L) before these are transferred onto the PDMS substrate. Magnified SEM images of the 

respective patterns are shown in the right panel. CCD image of the plasmonic patterns under 

white light illumination. Dynamic, multilevel image switching between dark-field images 

scattered from plasmonic patterns under different stretching conditions.	 Reproduced with 

permission.[91] Copyright 2017, American Chemical Society.
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 1	
Table 1. Key parameters of designing soft plasmonic nanostructures. 2	

Key parameters Optical property Deformability Scalability  

Shape/size 

AuNS: ~45–85 nm Red shift: 556 nm to 601 nm 

N/A N/A Ref.[52] AuRD: ~26–49 nm Red shift: 601 nm to 670 nm 

AuNstr: ~45–114 nm Red shift: 603 nm to NIR 

AuNC: ~36–56 nm Red shift: 580 nm to 603 nm Stretching N/A Ref.[11] 

Ag nanovoid: ~400–1400 nm Color: green to red N/A N/A Ref.[54] 

Au@AgNC Two peaks: ~580 nm and ~720 nm 
Stretching Scalable Ref.[10] 

Au@AgNB One peak: ~720 nm 

Al NP array: 60–120 nm Red shift: ~530 to 600 nm Stretching N/A Ref.[53] 

Composition 
Gold/silver/Aluminum NP 

arrays 
Peak: ~700 nm/~650 nm/~600 nm Stretching N/A Ref.[53] 
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Gold nanopattern Color: red; Peak: ~550 nm 

Shrinking N/A Ref.[59] Gold/silver nanopattern Color: pink; Peak: ~500 nm 

Silver nanopattern Color: yellow; Peak: ~400 nm 

Gold nanoprism Two peaks: ~629 nm and ~910 nm 

Stretching N/A Ref.[9] Gold/silver nanoprism 
Three peaks: ~419 nm, ~540 nm, and 

~937 nm 

Silver nanoprism Two peaks: ~413 nm and ~910 nm 

Interparticle 

spacing/gap 

25–45 nm Blue shift: ~660–610 nm Stretching N/A Ref.[14] 

8–14 nm Blue shift ~630–580 nm Stretching N/A Ref.[11] 

500–600 nm Red shift 750–950 nm Stretching Scalable Ref.[130] 

Orientation 

Vertical AuNBP One peak: ~580 nm 

Stretching N/A Ref.[12] Slanted AuNBP Two peaks: ~535 nm and ~640 nm 

Horizontal AuNBP Two peaks: ~545 nm and ~836 nm 
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Supporting 

substrate 

Elastomer (e.g. PDMS) N/A Stretching/contracting N/A 
Ref.[9-11, 

14, 15, 96] 

PVA N/A Stretching N/A 
Ref.[49, 

62] 

PVP N/A Pressing N/A Ref.[50] 

PNIPAm N/A Shrinking/Swelling N/A 
Ref.[19, 

20] 

Chitosan hydrogel N/A Swelling N/A Ref.[29] 

Shrinkage film N/A Shrinking N/A Ref.[59] 

Mixed PVA and PEG N/A Pressing N/A Ref.[120] 

Acronyms/abbreviations: AuNS: gold nanosphere; AuRD: gold rhombic dodecahedral; AuNstr: gold nanostar; AuNC: gold nanocube; 1	
Au@AgNC: gold-silver core-shell nanocube; Au@AgNB: gold-silver core-shell nanocuboid; Al NP: aluminum nanoparticle; PDMS: 2	
polydimethylsiloxane; PVA: polyvinyl alcohol; PVP:	polyvinylpyrrolidone; PNIPAm:	poly(N-isopropylacrylamide); PEG: polyethylene glycol; 3	
AuNBP: gold nanobipyramid. 4	

 5	
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Table 2. Stretchability of soft plasmonic nanostructures fabricated by different techniques. 1	

Fabricating technique Stretchability Plasmonic response  

Bottom-up 
technique 

LLI self-assembly 35–60% Blue shift: 12–70 nm Ref. [10, 16, 71] 

Air-liquid self-assembly 40–90% Blue shift: 18–80 nm Ref.[11, 12] 

Air-liquid self-assembly 90% Red shift: 24–30 nm Ref.[12] 

Chemical functionalization 40% Blue shift: 40 nm Ref.[71] 

Chemical functionalization 19–20.8% Red shift: 8–90 nm Ref.[27, 57] 

Three-dimensionally distributed in elastomers 30–350% Blue shift: 40–360 nm Ref.[49, 51, 79] 

Top-down 
technique 

Sphere lithography 5–38% Red shift: 15–47 nm Ref.[8, 92] 

Electron beam lithography 5–107% Red shift: 12–540 nm Ref.[7, 14, 17, 86, 90] 

Thermal evaporation 1.9–100% Red shift: 80–555 nm Ref.[84, 85, 91, 93] 

Thermal evaporation 30% Blue shift: 16 nm Ref.[96] 
 

2	
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