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ABSTRACT
Research on stretchable materials has gained momentum with the increasing 
commercialization of wearable and flexible devices. Among the materials 
used in stretchable electronics, polydimethylsiloxane (PDMS) is popular 
owing to its remarkable mechanical properties when subjected to deforma-
tion. Recent studies have shown that sponge-like porous PDMS is gaining 
attention, as it provides high surface area and strong absorption properties 
as well as facilitates mass transfer, making it ideal for use in electronics. This 
review primarily focuses on the production method and application of 
porous PDMS. The article describes the various processing methods used 
to produce porous PDMS, including 3D printing, gas foaming, and phase 
separation, each of which results in different characteristics. Thus, research-
ers can choose the most suitable method according to their desired applica-
tion. Porous PDMS provides channels for mass transfer and strong absorption 
properties that enable addition of fillers such as carbon nanotubes (CNTs), 
graphene, and metal nanoparticles, which can further enhance the function-
ality of the material. In addition, the review covers applications according to 
the filler used, such as sensors using CNT, flexible electrodes using NiO/MnO2 
/CNT, and nanogenerators using ZnO. Choosing the right material for the 
filler is important for obtaining the desired characteristics as per its 
application.

KEYWORDS 
Polydimethylsiloxane; 
porous PDMS; PDMS sponge; 
stretchable electronics; 
fabrication methods; 
wearable

关键词 
聚二甲基硅氧烷; 多孔 
PDMS; PDMS海绵; 可拉伸 
电子产品; 制造方法; 可穿 
戴的

CONTACT Byungil Hwang bihwang@cau.ac.kr School of Integrative Engineering, Chung-Ang University, Seoul 6974, 
Republic of Korea

JOURNAL OF NATURAL FIBERS                         
2023, VOL. 20, NO. 2, 2264497 
https://doi.org/10.1080/15440478.2023.2264497

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/ 
licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is 
properly cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with 
their consent.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15440478.2023.2264497&domain=pdf&date_stamp=2023-10-02


摘要
随着可穿戴和柔性设备的日益商业化，可拉伸材料的研究势头越来越大. 
在可拉伸电子产品中使用的材料中，聚二甲基硅氧烷（PDMS）因其在变 
形时具有显著的机械性能而广受欢迎. 最近的研究表明，海绵状多孔PDMS 
正受到关注，因为它提供了高表面积和强吸收性能，并促进了传质，使其 
成为电子产品的理想用途. 本文主要对多孔PDMS的制备方法及应用进行综 
述. 文章描述了用于生产多孔PDMS的各种加工方法，包括3D打印、气体 
发泡和相分离，每种方法都会产生不同的特性. 因此，研究人员可以根据 
他们想要的应用选择最合适的方法. 多孔PDMS提供了传质通道和强吸收性 
能，能够添加填料，如碳纳米管（CNTs）、石墨烯和金属纳米颗粒，这 
可以进一步增强材料的功能. 此外，该综述涵盖了根据所用填料的应用， 
例如使用CNT的传感器、使用NiO/MnO2/CNT的柔性电极和使用ZnO的纳 
米发生器. 为填料选择合适的材料对于根据其应用获得所需的特性非常重 
要.

1. Introduction

With the development of wearable devices, the importance of flexible electronics is emerging (Butt, 
Kazanskiy, and Khonina 2022; Ha et al. 2022; Seo et al. 2022; Kim et al. 2023). In electronic devices 
such as displays, solar cells, and energy-storage elements such as batteries, components such as active 
layers and electrodes play an important role (Szalai et al. 2022; Ha et al. n.d.). For flexible electronics in 
particular, the above mentioned components must be deformed without degradation of electronic 
properties; for this purpose, polymer substrates are used (Hwang, Han, and Matteini 2022; Kim et al.  
2019; Lee, Kim, and Hwang 2019; Hwang et al. 2022). Examples of materials used in polymer 
substrates include poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS), polyethy-
lene terephthalate(PET) (Faraj, Ibrahim, and Ali 2011), polyethylene naphthalate(PEN), and 
polydimethylsiloxane(PDMS). Among them, PDMS is the most suitable material that is frequently 
used in engineering applications such as wearables biomedical devices, displays, and sensors (Cui et al.  
2016; Ha et al. 2023) owing to its excellent optical properties (Kim, Koo Kim, and Chan Jeong 2011), 
wide thermal stability and mechanical reliability (Cao et al. 2020; Zhang et al. 2021).

Moreover, recent research has been actively focused on manufacturing PDMS in the form of 
a porous structure and applying it to electronics (Dan et al. 2019; Pan et al. 2020; Yu et al. 2017). 
Because PDMS has a sponge-type structure, its mechanical properties can be improved compared to 
that of bulk PDMS by adjusting the pore characteristics (Tan and Zheng 2022). For instance, it was 
confirmed that the smaller the pore size distribution, the stronger is the stiffness. Moreover, if the pore 
is small, the materials can withstand a larger strain (Abshirini et al. 2021). In other words, the smaller 
the pore size, the more deformation it can withstand, which is a great advantage when applied to 
flexible and stretchable electronics. In addition, because of its porous structure, PDMS sponge has 
a higher surface area than typical bulk PDMS, showing higher absorption performance (Lu et al. 2018; 
Zhang et al. 2019). This maximizes the performance of nanocomposite porous PDMS by wetting fillers 
well in a large area between pores. For example, excellent mechanical and electrical properties can be 
obtained by coating PDMS with fillers such as CNTs and metal nanowires. By utilizing the advantages 
of PDMS and fillers mentioned above, porous PDMS is used in various applications. The flexibility of 
PDMS and the electrical properties improved through the fillers are adopted in flexible sensors (Kim, 
Jang, and Je Hoon 2019; He et al. 2021; Herren et al. 2021; Jung et al. 2019, 2020; Luo et al. 2019; Sun 
et al. 2019), nanogenerators (He et al. 2016; Tantraviwat et al. 2020), supercapacitors (Kim, Qaiser, and 
Hwang 2023; Shieh et al. 2017; Song et al. 2017), and fire shielding (Cao et al. 2020; Guo et al. 2022; Lv 
et al. 2022; Zhang et al. 2021). In addition, the high surface area of the porous structure and the 
hydrophobic behavior of PDMS is used for oil/water separation (Ozkan et al. 2023; Yu et al. 2017). 
Moreover, the porous PDMS nanocomposites decorated with MXene/cellulose nanofiber by silane 
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surface modification shows unique multifunctional properties for various applications (Chen et al.). 
Furthermore, PDMS sponge shows high thermal stability owing to the Si – O–Si backbone structure 
and air, which is attributable to its porous structure (Du et al. 2021). Therefore, PDMS is used in many 
fields as a thermally insulating material. In addition, the fabrication can be performed in various ways 
such as phase separation (Abshirini et al. 2020), 3D printing (Montazerian et al. 2019; Woo et al. 2021), 
direct templating (salt/sugar leaching, colloidal crystals, and nickel foam) (Turco et al. 2017; Yu et al.  
2017), and gas foaming (Cao et al. 2020; Guo et al. 2022; Han et al. 2023; Hu et al. 2022; Zhang et al.  
2021). Because parameters such as pore size, pore distribution, and pore shape obtained in each 
process are different, selecting the appropriate processing method is important.

In the pursuit of realizing flexible and wearable electronic devices in the future, porous PDMS 
materials with excellent mechanical strength and thermal stability (Guo et al. 2022) have been studied 
in depth recently. However, in the last five years, no review articles have been published in this regard. 
Our review introduces concrete and diverse aspects of PDMS sponge with theoretical support. 
Therefore, this paper, which deals with the latest studies on the fabrication and applications of porous 
PDMS, will be of great help to the readers in this wide field.

2. Methods to fabricate PDMS sponge

2.1. 3D printing

3D printing technology is currently being applied in various ways to medical care, fashion, and 
buildings. Complex structures can readily be made at low cost owing to low wastage of materials. 
Recently, a method of manufacturing a 3D porous PDMS with a 3D structure via 3D printing 
technology has been studied (Montazerian et al. 2019; Woo et al. 2021).

Montazerian et al (Montazerian et al. 2019) measured the mechanical property by creating a porous 
PDMS of a variable surface type using the 3D-printed private template method. They created 
a polylactic acid (PLA) mold with a 3D printing machine, where the mold shape was prepared in 
various ways through CAD modeling Figure 1(a). Scaffold structures based on TPMS surface-based 
architectures were designed. The explicit approximation of TPMS (Gandy et al. 2001) is given by the 
equation below:

Γ rð Þ ¼
XL

l¼1

XM

m¼1
μlm cos 2πκ1 PT

m:r
� �� �

¼ C; (1) 

where κ1 ¼ scale parameter, Pm ¼ am; bm; cm½ �
T = basis vector that shows a basic plane in the 3-Space 

E3, μlm ¼ periodic moment, and r = x; y; z½ �
T = location vector with homogeneous coordinates. In 

Equation 1, the left side represents a pore topology defined by a combination of sine and cosine. In this 
equation, three constants (C) are most known, namely, P-, D-, and G-surface geometries, and are 
correlated with porosity. Their equations are as follows (Gandy et al. 2001): 

P � Surface : cos 2πxð Þ þ cos 2πyð Þ þ cos 2πzð Þ ¼ C; (2) 

D � Surface : cos 2πxð Þ cos 2πyð Þ cos 2πzð Þ � sin 2πxð Þ sin 2πyð Þ sin 2πzð Þ ¼ C; (3) 

G � Surface : sin 2πxð Þ cos 2πyð Þ þ sin 2πzð Þ cos 2πxð Þ þ sin 2πyð Þ cos 2πzð Þ ¼ C: (4) 

After preparing molds of three shapes using Equation 1, PDMS samples were poured into each mold. 
Subsequently, the molds were immersed in dichloromethane (DCM). All the PLA molds were melted 
by DCM, and the residue was washed out for approximately 5 h to produce a PDMS sponge 
Figure 2(b). The optical image of the created PDMS sponge can be seen in Figure 2(c-f).

Unlike the abovementioned method, Woo et al (Woo et al. 2021) produced a porous PDMS 
without a separate etching process using the PDMS precursor direct ink writing method without 
making molds Figure 3(a). Figure 3(d) presents the stress – strain curve of nonporous and porous 
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PDMS, which show that the porous structure is much superior in mechanical characteristics compared 
to a nonporous structure.

By using 3D printing technology, porous PDMS with excellent mechanical characteristics can be 
created. In addition, as the porous structure can be precisely made, the characteristics can be 
controlled according to the application (Zhu, Handschuh-Wang, and Zhou 2017). However, thus 
far, the high cost of equipment has been an issue (Oropallo and Piegl 2016; Zhu, Handschuh-Wang, 
and Zhou 2017). Moreover, it is unsuitable for mass production because the fabrication process is 
lengthy (Oropallo and Piegl 2016). Therefore, considerable research is required to resolve these issues.

2.2. Chemical foaming method

The chemical foaming method can overcome the above mentioned disadvantages of 3D printing 
(Oropallo and Piegl 2016; Zhu, Handschuh-Wang, and Zhou 2017). Because chemical foaming is an 
inexpensive and facile method, it has recently been actively investigated as a method for preparing 
porous sponges (Long et al. 2018).

Long et al (Long et al. 2018) prepared porous graphene/PDMS using the chemical foaming method. 
NH4HCO3 composition products leave little residue in the pore. In addition, as the particle size of 
NH4HCO3 is very small, it can be mixed evenly with PDMS and the loading of the powders can be 
controlled to control the porosity. The fabrication process for porous graphene/PDMS is as follows. 
First, PDMS elastomer and dimethylbenzene are mixed to ensure that graphene is well dispersed. 
Then, NH4HCO3 powder and curing agent are added to the mixture. Thereafter, dimethyl benzene is 
evacuated in vacuum to remove dimethyl benzene, put in a polytetrafluoroethylene mold, and then 
cured for 20 min Figure 4(a). The SEM image of the prepared graphene/PDMS is shown in Figure 4(c). 
Long et al. conducted a tensile test to measure the mechanical properties of the produced graphene/ 
PDMS, which showed ~ 64% stretchability Figure 4(b). Finally, the resistance response according to 
the cycling of the tension strain sensor was measured Figure 4(d). The resistance response value at 
1000 cycles changed only slightly, indicating its appreciable stability.

Cao et al (Cao et al. 2020). fabricated pure porous sponge, porous graphene oxide (GO)-PDMS, 
porous graphene oxide nanoribbon (GONR)-PDMS with the chemical foaming method using vinyl 
dimethicone (PDMS-Vi), dihydroxy PDMS (PDMS-OH), hydrogen dimethicone, and Pt as the 
catalyst. Porous GO-PDMS and porous GONR-PDMS were produced in the same way, and GO 
and GONR aqueous solutions were used instead of water as foaming agents Figure 5(a). In the case of 
pure porous PDMS, the size of most pores was measured as 500 μm or more. However, when 0.1% GO 
and GONR were mixed, the pore size was well distributed at 200–300 μm Figure 5(b-d).

Figure 1. Timeline fixing the milestone research articles about the topic of the porous PDMS.
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Cao et al. measured the compressive stress and strain of the prepared composites. When 60% 
strain was applied, the maximum stress of PDMS mixed with GO and GONR was higher than that 
of pure porous PDMS. In general, in each case, the higher the filler content, the higher is the 
maximum stress, which implies that the mechanical characteristics could be improved as much as 
necessary by adjusting the contents of GO and GONR. In fact, in the case of pure porous PDMS at 
60% strain, a stress value of ~ 4.5 kPa was found. Porous GONR-PDMS showed a stress value of 
approximately 0–9.1 kPa, and porous GO-PDMS showed a stress value of around 11 kPa. This can 

Figure 2. (a) schematic representation of the scaffold designs with different TPMS geometries with uniform and radially graded 
porosity. (b) fabrication process for the internally architected porous PDMS scaffolds. (c,d) optical images of a D-surface structure. (e,f) 
optical images of a G-surface structure (Montazerian et al. 2019). Reprinted with permission from (Montazerian et al. 2019); copyright 
2019 Elsevier.
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be seen as the formation of the GONR and GO layer on the skeleton surface, and the resulting 
change in the distribution of pore size affects the mechanical properties Figure 6(a,b).

As PDMS sponge is applied to various electronic devices (He et al. 2016, 2021; Jung et al. 2019; 
Song et al. 2017; Sun et al. 2019; Tantraviwat et al. 2020), controlling its characteristics such as 

Figure 3. (a) step-by-step process of the preparation and printing of the porous PDMS precursor. (b) optical microscopy image of the 
lattice structure. (c) Cross-sectional scanning electron microscopy (SEM) image of porous PDMS without silica NPs. (d) stress – strain 
curves of nonporous PDMS (red), nonporous PDMS with silica NPs, silicone oil, and DBP (green), and porous PDMS (blue) with 0–0 
print pattern at 100% infill density (Woo et al. 2021). Reprinted with permission from (Woo et al. 2021); copyright 2021 American 
Chemical Society.

Figure 4. (a) schematic showing the preparation method for porous graphene/PDMS composites. (b) stress – strain curves of the 
porous graphene/PDMS composite under tensile test. (c) SEM image of the folding microstructure of the graphene/PDMS composite. 
(d) repeatability test (Long et al. 2018). Reprinted with permission from (Long et al. 2018); copyright 2018 Elsevier.
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pore size and porosity is crucial. However, the chemical and gas foaming methods mentioned 
above have a major disadvantage in terms of the difficulty controlling the pore size (Zhu, 
Handschuh-Wang, and Zhou 2017).

2.3. Sacrificial templating method

The self-removing template method has the advantage of not requiring expensive equipment and 
taking less time (Keller et al. 2022; Pharino et al. 2021). It is also the most commonly used method 
because it is very effective in scale-up (Keller et al. 2022; Pharino et al. 2021; Zhou et al. 2021). The 
overall manufacturing process is as follows (Keller et al. 2022): Mix PDMS and curing agent (10:1) and 
add an appropriate amount of materials to be templated and stir. Then, put the mixture in an oven for 
curing, soak it in water, and then the capillary action dissolves sugar whose water is dispersed in the 
mixture to create a porous structure. A substance often used in this method is sugar or salt. This is 
because they are cheap, easy to obtain, and eco-friendly. In addition, as the solvent used is water, it is 
harmless, and the salt or sugar leached in water can be reused.

Figure 5. (a) digital images of the fabricating process of the GONR coated SiRF at ambient temperature. Pore size distribution of 
(b) pure SiRF, (c) SiRF-GONR 0.10%, d) SiRF-GO 0.10% (Cao et al. 2020). Reprinted with permission from (Cao et al. 2020); 
copyright 2020 Elsevier.

Figure 6. (a) compressive stress-strain curves at strain = 60% and (b) schematic of the structural evaluation during the compressive 
process. Reprinted with permission from (Cao et al. 2020); copyright 2020 Elsevier.
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2.3.1. Templating method: water immersion
The water immersion method is a method of self-removing the template by immersing the PDMS 
sample in water. Keller et al (Keller et al. 2022) prepared a PDMS sponge using three types of materials: 
NaCl, brown sugar, and white sugar. The produced PDMS sample was immersed in water for 24 h, and 
the water-soluble substances, namely, sugar and NaCl, were removed to create a porous PDMS 
sponge. Pharino et al. also conducted an experiment using the water immersion method, but there 
was a slight difference in the conditions. The curing temperature and leaching time were different, and 
the process of degassing was added. The experiment was conducted using different types of commer-
cial crystals: white sugar tube and monosodium glutamate(MSG). Viscous PDMS was manually stirred 
for 5 min, and degassing was performed in a vacuum desiccator for 1 h. Then, it was cured at 80°C for 
5 h and leached at 80°C in distilled water for 3 d. Water was changed every hour to ensure templating, 
and after the leaching process, a drying process was performed in an oven at 100°C for 1 d to obtain 
a PDMS sponge (Figure 7).

2.3.2. Templating method: deliquescence method
The deliquescence method is a method of continuously templating materials that have the 
property of deliquescence by leaving them at room temperature. This method is also one of 
the most widely used methods because it is cheap and does not require any equipment (Keller 
et al. 2022). Keller et al. fabricated PDMS samples with LiCl and CaCl2using the deliquescence 
property. Templating was performed by exposure for 1 week under the conditions of open air at 
21°C and 45% humidity (Figure 8).

Keller et al. measured the tensile stress, observing values ranging from 80 to 310 KPa. This result 
indicates that the PDMS sponge prepared by the template method has excellent mechanical properties. 
The pore diameter was the largest with an MSG of ~1007 μm, followed by brown sugar. NaCl based on 
dimethicone and LiCl showed the lowest results between 150 and 300 μm. The contact angle associated 
with hydrophobicity was as low as 116° in the PDMS sponge using a white sugar tube as a material and 
was intermediate in white sugar crystal, msg, and NaCl (between 120° and 130°).

Zhou et al (Zhou et al. 2021) prepared a PDMS sponge through the water immersion method by 
mixing granulated crystal sugar particles (100–600 μm) and sugar powder (~10 μmÞ. Sugar powder 
and PDMS mixture were put in a mold and allowed to cure for 8 h. Then, sugar was dissolved in 
a water bath at 60°C and air-dried at 80°C. Here, Zhou et al. conducted an experiment with different 

Figure 7. Schematic illustration of PDMS sponge preparation. The PDMS polymer and curing agent were mixed to a weight ratio of 
10:1. Viscous PDMS was then added to the mold and curing at 80°C for 5 h. finally leaching in distilled water at 80°C for 3 days 
(Pharino et al. 2021). Reprinted with permission from (Pharino et al. 2021); copyright 2021 Elsevier.
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ratios of PDMS and sugar (1:2, 1:5, and 1:10). The pore size distributions were measured from SEM 
images of the sample; they are shown in Figure 9(a). When the mixing ratio was 2:1, the pore size was 
the smallest, and it could be verified that a peak appeared at 0–300 μm. Further, two peaks existed at 
100 and 1600 μm when the mixing ratio was 5:1 Figure 9(b,c).

2.4. Phase separation

The phase separation method is the most reliable technology for manufacturing porous polymers, and 
unlike other methods, the pore size achievable with this method is not limited to template size 
(Ulbricht 2006). Templating materials do not need to be removed and are surfactant-free techniques. 

Figure 8. Images of the self-removing deliquescence process. (a, i) PDMS sponges prepared with CaCl_2 and LiCl respectively. (b-h) , 
(j-p) expulsion of salt solution within the PDMS sponges as the CaCl_2/LiCl hard templates are solubilized via deliquescence at 1, 2, 3, 
4, 5, 6, and 7 d (Keller et al. 2022). Reprinted with permission from (Keller et al. 2022); copyright 2022 Springer nature Switzerland AG. 
Part of Springer nature.
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Therefore, it is not necessary to consider the adverse impact due to the surfactant (Abshirini et al.  
2021). Because of these advantages, despite the complexity compared to the sacrificial template, the 
phase separation method has been extensively studied recently (Wang et al. 2021).

Abshirini et al (Abshirini et al. 2020) produced porous PDMS using the phase separation method 
with this mechanism. Water and PDMS base elastomer were mixed, and tetrahydrofuran (THF) was 
added. The mixture was stirred until the solution became a viscous mixture; then, a cooling agent was 
added before molding, and the resultant mixture was mixed with a mechanical shear mixer for 20 min. 
Porous PDMS was fabricated by pouring the completed polymer solution into a mold and heat- 
treating it at various temperatures for solvent evaporation, polymer curing, and nonsolvent phase 
removal Figure 10(a). The concentration of PDMS was fixed at 40 wt%, and a sample was prepared by 
changing the ratio of water to THF (α) from 1 to 8. SEM images and pore distribution of the prepared 
samples can be confirmed in Figure 10(b-g). With a reduction in the value of α (water/THF ratio), the 
pore size showed a general tendency to increase.

The elastic modulus obtained from the stress – strain curve was 0.49 MPa for α = 1 and 1.05 MPa 
for α = 8 (Figure 10(h)). As the α value increased, the modulus value also increased. For a more 
accurate comparison, the strain value at a stress of 0.18 MPa is shown in Figure 10(i). The lower the 

Figure 9. (a) SEM images of four porous PDMS samples with different pore distributions. The scale bar in the SEM images is 150 μm. 
(b,c) extracted pore size distributions from (a) (Zhou et al. 2021). Reprinted with permission from (Zhou et al. 2021) ; copyright 2021 
John Wiley and sons.
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water/THF ratio (α), that is, the larger the pore size, the higher is the deformation observed. This result 
confirms that the desired mechanical properties could be obtained by adjusting the α (solvent/ 
nonsolvent ratio) value associated with the pore size.

In another study, Abshirini et al (Abshirini et al. 2021) produced porous PDMS by employing the 
two-step phase separation method using toluene in addition to THF. The overall manufacturing 
process was the same as previously Abishirini et al (Abshirini et al. 2021) used, with the difference 
being that toluene and THF were mixed in different mixing ratios and used as solvent phases. Because 
of the difference in the boiling point between the two materials, THF and toluene were evaporated in 
two steps at once. By using this point, the pore size and distribution were controlled by adjusting the 
heat treatment procedure. Several samples were prepared with different THF/solvent ratios, and SEM 
images were taken (Figure 11). Two separate pore size distributions were obtained. A pore with an 
average size of 28 μm was created by the THF effect, the first step of phase separation, and a pore with 
an average size of 509 μm was created by the evaporation of toluene. This means that the porous 
network changes according to the THF/toluene ratio, which results in different pore morphologies and 
mechanical properties.

The researchers calculated the relative area fragments of the large pores for several samples 
according to the following equation: 

ρL ¼ 100
AL

AL þ AS
; ρs ¼ 100

As

AL þ As
: (5) 

The ρLvalue according to the THF/solvent ratio can be confirmed from the graph in Figure 12(a), and 
the porosity according to the ρL value (0%, 30%, 54%, 86%, and 100%) is presented in Figure 12(b). 
Figure 12(b) reveals that the porosity is close to 60% for any ρL value. The THF/solvent ratio does not 
affect the porosity, which depends only on the polymer concentration. In other words, the pore size 
can be adjusted by adjusting the amount of THF and toluene, but the total volume fraction is the same. 
Figure 12(c) shows the stress – strain curve up to the failure point for each sample. The modulus value 
at ρL = 54% calculated from the stress – strain curve is 0.64 MPa, and the modulus value at ρLis 0.95 
MPa. Compared to 1.83 MPa, which is the modulus value of a general solid sample, the modulus value 
in the case of porosity is lower, which implies that the porous structure results in a flexibility 
characteristic. In addition, the strain value at the failure point of the sample varies depending on 
the porosity degree, that is, the ρL value. This means that the value of flexibility may be adjusted 
through the adjustment of the THF/solvent ratio. Unlike the template method, applying the phase 
separation method to fields such as green chemistry and oil separation is difficult because organic 
solvents such as toluene are used in experiments (Zhu, Handschuh-Wang, and Zhou 2017). However, 
it has the advantage of being able to be scaled up because controlling the pore size is possible and the 
fabrication process is simpler than the template method (Abshirini et al. 2020, 2021).

Lee et al (Lee et al. 2012) also produced porous CNT/PDMS in a phase separation method 
Figure 13(a). To control the size of the pore, a sample was produced by changing the ratio of 
PDMS:PMMA; the ratio of block copolymers (PDMS-b-PMMA) was also adjusted, and the pore 
dimension of the sample obtained from the SEM image of Figure 13(b-i) can be checked, and the 
values are summarized in Table 1.

Lee et al. measured the mechanical properties of the created sample. Young’s modulus was higher 
when PDMS:PMMA was 8:2 than when PDMS:PMMA was 7:3. The high mechanical stiffness of the 
8:2 sample was due to the small pore volume fracture and small pore size. The maximum strain also 
showed different values depending on the PDMS:PMMA ratio, and as the ratio of block copolymers 
increased, that is, as the size of the pore decreased, the fracture strain increased in the 7:3 sample. 
However, for a ratio of 8:2, the fracture strength and strain tended to decrease as the fraction of the 
block copolymer increased. Detailed values and graphs are summarized in Figure 13(j-l) and Table 1.

Unlike the template method, applying the phase separation method to fields such as green 
chemistry and oil separation is difficult because organic solvents such as toluene are used in 
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Figure 10. (a) schematic showing the preparation of polymer solution and molding. PDMS, polydimethylsiloxane; THF, tetrahy-
drofuran. Water was mixed with the PDMS elastomer at 1000 RPM. And then, THF was added to PDMS. After blending the solution, 
add the curing agent and put it into the customized mold. Finally, heat treatment is performed to obtain a sample. Microscope 
images showing the pore distribution for the samples with 40% PDMS and b) α = 8, c) α = 6, d) α = 4, e) α = 3, f) α = 2, and g) α = 1. h) 
stress – strain curve for samples with different α at 40% PDMS concentration. i) strain of the samples with 40% PDMS at a stress of 
0.18 MPa (Abshirini et al. 2021). Reprinted with permission from (Abshirini et al. 2021); copyright 2021 John Wiley and sons.
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experiments (Zhu, Handschuh-Wang, and Zhou 2017). However, it has the advantage of being able to 
be scaled up because controlling the pore size is possible and the fabrication process is simpler than the 
template method (Abshirini et al. 2020, 2021).

3. Applications of PDMS sponge

3.1. Sensors

Sensors are required for most electronic devices that are used in everyday life, such as smartphones, 
automobiles, and drones. The most important characteristics required by a sensor are high sensitivity, 
which enables it to react sensitively to external stimuli (Zhang et al. 2021), and stability, which helps it 
withstand deformation due to multiple presses. Because of its porous structure, compared to general 
bulk materials, PDMS sponge has a large surface area (Tan and Zheng 2022), high flexibility (Pan et al.  
2020), and high compressibility (Pan et al. 2021; Tan and Zheng 2022). In addition, fillers are 
additionally used to enhance the aforementioned characteristics required for sensors (Li et al. 2022; 
Cao et al. 2019; Lv et al. 2022; Li et al. 2021, Li; Li et al. 2020, 2020; Zhao et al. 2019). This chapter 
summarizes the application of porous PDMS to sensors prepared by adding fillers such as Ag 
nanowires (AgNWs), graphene, and CNTs to PDMS.

3.1.1. AgNps based sensors
Paghi et al (Paghi et al. 2022) produced AgNP-coated PDMS sponge using the sacrificial template 
method. They measured the mechanical properties of the created AgNPs. Figure 14(a) shows cyclic 
stress – strain graph. It was measured under uniaxial loading/unloading cycles at a strain rate of 0.5  
mm min� 1. The shape of the graph had a nonlinear form with hysteresis, and even under several 
cycles, both the common porous PDMS and AgNP-PDMS recovered to their original state without 

Figure 11. SEM images showing the porous microstructure in samples with (a) THF/solvent = 0:10, (b) THF/solvent = 2:10, (c) THF/ 
solvent = 4:10, (d) THF/solvent = 6:10, (e) THF/solvent = 8:10, and f) THF/solvent = 10:10 (scale bar is 200 μm in all images). g) variation 
of the relative area fraction of large pores, ρL, with increasing THF/solvent ratio. (h) porosity of the samples with different microstructures 
fabricated from various solvent formulations. (i, j) stress – strain curve and the initial region for the porous samples with different 
microstructures and ρL = 0% (Thf/solvent = 0:0), ρL = 30% (Thf/solvent = 3:10), ρL = 54% (Thf/solvent ratio = 5:10), ρL = 86% (Thf/ 
solvent ratio = 8:10), and ρL = 100% (Thf/solvent ratio = 10:10). k) mechanical behavior of solid PDMS (Abshirini et al. 2021). 
Reprinted with permission from (Abshirini et al. 2021); copyright 2021 Elsevier.
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plastic deformation. There was a slight difference in stress values depending on the amount of AgNP; 
however, the curve shape was almost the same. Figure 14(b,c) shows the elastic modulus at strain <  
10% and elastic modulus at strain < 55%, respectively. Under low strain, the general porous PDMS 
showed a modulus of ~ 70 kPa, and as the content of AgNP increased, it decreased to ~ 35 kPa and 
then tended to increase slightly at 16.6 mg. Under a high strain of 55% or more, the value was ~ 600– 
800 kPa regardless of the amount of AgNP.

Next, the characteristics of electrical properties were measured. AgNP-PDMS was inserted between 
two copper electrodes, and the I – V curve was measured. The strain was measured by changing in the 
range of 0%–60%, and the shape of the I – V curve was drawn linearly. This indicates the presence of 
a resistance path in which AgNPs are created by physical and electrical contact of NPs on the PDMS 
surface. By using Ohm’s law in the I – V curve, the resistance value according to strain is shown in 
Figure 14(d). When the strain value was 0, the higher the quantity of AgNPs, the lower was the 
resistance, and the resistance change according to the variation of the strain also decreased. This 

Figure 12. (a) variation of the relative area fraction of large pores, ρL, with increasing THF/solvent ratio. (b) porosity of the samples 
with different microstructures fabricated from various solvent formulations. (c, d) stress – strain curve and the initial region for the 
porous samples with different microstructures and ρL = 0% (Thf/solvent = 0:0), ρL = 30% (Thf/solvent = 3:10), ρL = 54% (Thf/solvent 
ratio = 5:10), ρL = 86% (Thf/solvent ratio = 8:10), and ρL = 100% (Thf/solvent ratio = 10:10). (e) mechanical behavior of solid PDMS 
(Abshirini et al. 2021). Reprinted with permission from (Abshirini et al. 2021); copyright 2021 Elsevier.
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means that as the AgNP content increases, conductive paths increase, and as the strain level increases, 
additional conductive paths occur because of the porous structure. Finally, the most important factors 
in the sensor, gauge factor and sensitivity, were measured Figure 14(f,g). The gauge factor measured at 
a value where the strain level is less than 7.5% is called GF1, and the gauge factor measured when the 
strain level is more than 7.5% is called GF2. GF1 was 12.5, the highest value at 17.2 mg, and decreased 
as the mass of AgNP increased. Regarding GF2, there was a slight increase in the gauge factor as the 
AgNP content increased. The sensitivity showed a similar trend. S1, which denotes the sensitivity at 
the stress level of 5 kPa, showed the highest value of 0.41 kpa� 1 when AgNP was 17.2 mg, and the value 
decreased as the AgNP content increased. Furthermore, S2, which represents the sensitivity when the 
stress level is 5 kPa or more, showed a value between 0.001 and 0.003 kpa� 1 regardless of the AgNP 

Figure 13. (a) the procedure to fabricate the porous PDMS-CNT nanocomposites. (b) SEM images of the porous morphologies of the 
samples prepared with different fractions of PMMA and the block copolymer in the initial mixture. The weight fraction of the 
embedded CNTs and the solvent drying temperature were fixed at 5% and 75°C, respectively. The weight fractions of the PMMA were 
(b – e) 20% and (f – i) 30%. The fractions of the PDMS – b–PMMA block copolymers were (b,f) 0.02, (c,g) 0.1, d,h) 0.2%, and e,i) 1%. 
The inset in (b) shows CNTs loaded in the nanocomposite. Statistical measurement data of (j) Young’s modulus, (k) fracture strength, 
(l) fracture strain (Lee et al. 2012). Reprinted with permission from (Lee et al. 2012); copyright 2012 John Wiley and sons.
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content. The increase in additional conductive paths caused by the porous structure means that the 
porous structure improves the performance of electronics, and the improvement of factors such as 
resistance and sensitivity according to the amount of AgNPs shows the importance of the fillers in the 
porous PDMS.

3.1.2. Ag nanowires (AgNws) based sensors
Tan et al (Tan and Zheng 2022). prepared a novel porous PDMS – AgNWs – PDMS (PAP)-sponge-based 
capacitive pressure sensor. In the preparation of porous PDMS, the template technique and sugar were 
used. Then, an ethanol dispersion of AgNWs was dropped on the dried sponge and it was pressed until 

Figure 14. Mechanical characterization of PDMS foams decorated with AgNP networks. (a) stress – strain curves of PDMS foams with 
different AgNP masses. Data are measured under uniaxial loading/unloading cycles at a strain rate of 0.5 mm min − 1. (b) elastic 
modulus at strain level < 10%, (c) elastic modulus at strain level > 55%. (d) Current – voltage curves of a PDMS foam decorated with 
17.2 mg of AgNPs measured in the range 0–1 V at different strain levels from 0 to 10%; the inset shows the current – voltage curves 
at strain levels ranging from 20 to 60%. (e) resistance – strain curves of PDMS foams decorated with different AgNP masses. (f) gauge 
factors of PDMS foams decorated with different AgNP masses, retrieved from the best fitting of normalized resistance variation – 
strain curves (dots). (g) sensitivity to stress of PDMS foams decorated with different AgNP masses, retrieved from the best fitting of 
normalized resistance variation – stress curves (dots) (Paghi et al. 2022). Reprinted with permission from (Paghi et al. 2022); copyright 
2022 royal society of chemistry.
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AgNWs were evenly dispersion. Finally, to obtain the PAP sponge, the AgNWs–PDMS sponge was 
immersed in PDMS solution to coat a thin PDMS film. To obtain the PAP sponge that exhibited the 
highest performance, the PAP sponge was created with different ratios of sucrose and white sugar: 0%, 33%, 
50%, 67%, and 100%. The sensitivity was measured by applying a copper electrode above and below the 
PAP sponge at a pressure of 4 kPa. The ratio of sucrose to white sugar is expressed in m/M, where m is soft 
white sugar and M is the total mass of the sugar template. Sensitivity S can be defined as follows: 

S ¼
C� C0ð Þ

C0

ΔP
; (6) 

where C is the capacitance under pressure, C0 is the initial capacitance, and ΔP is the applied pressure. 
The results calculated according to this equation are presented in Figure 15(b). When a pressure of 4 
kPa was applied, the sensitivity of the pure sucrose template was 0.1125 kPa� 1, which is approximately 
six times higher than that of a pure, soft white-sugar template. Thus, a 100% sucrose template is most 
suitable for a capacitive pressure sensor based on a PAP sponge. Tan et al. measured the sensitivity by 
changing the amount of AgNWs with a 100% sucrose template. Experiments were conducted for four 
cases: 50 (P-1), 100 (P-2), 150 (P-3), and 200 (P-4) mg of AgNWs; the results are presented in Figure 15 
(c,d). The highest sensitivity was obtained for P-3 (at 62 kPa� 1Þ, which showed a significantly higher 
value compared to many other capacitive pressure sensors.

Yang et al (Yang et al. 2021) produced porous AgNWs-PDMS/PVDF/PDMS by mixing poly 
(vinylidene fluoride) (PVDF) with PDMS. As the content of AgNWs increased from 40% to 57%, 
the sensitivity improved, and when the strain was 5% and 10%, the gauge factor was 212 and 653, 
respectively. These values are very high compared to those of other reported sensors, and it can be seen 
that the AgNW filler has a significant impact on sensor performance.

3.1.3. Carbon nanofiber-based sensors
Carbon nanofiber (CNF) is a promising material for flexible sensors owing to its high mechanical 
properties and stability (Qiang et al. 2019). Dai et al (Dai et al. 2021) prepared CNF/PDMS composites 
to produce a pressure sensor with excellent mechanical strength and high sensitivity. First, CNFs were 
added to xylene for dispersion, and then PDMS prepolymer was added to CNFs/xylene suspension. 
The suspension of CNFs and PDMS in xylene was stirred for 30 min at a speed of 3000 rpm/min. 
Then, Ni foam was dipped into CNFs/PDMS(CP)/xylene coating suspension. The CP/xylene-coated 
Ni foam was dried to remove xylene and immersed in HCl solution to remove the Ni skeleton to 
produce porous CNF-PDMS (CPF) Figure 16(a). Three samples with different pore structures were 
prepared while adjusting the weight ratio of xylene to PDMS (WR) and spin-coating time (t). (1T-Pore 
CPF (WR = 0:1; t = 0), 2T-Pore CPF (WR = 3:1; t = 50 s), 3T-Pore CPF (WR = 5:1; t = 60 s) 
Figure 16(b).

For the three samples, Dai et al. first measured the mechanical properties. As expected, there 
was a difference in the porous structure, thereby resulting in a difference in mechanical proper-
ties Figure 17(a-c). For 3T-pore CPF, a value of ~ 12 kPa was found at 80% strain, which was 
smaller than those of 2T-pore CPF and 1T-pore CPF. In the case of 2T-pore CPF and 3T-pore 
CPF, two distinct regions were found. When the strain was lower than 60%, elastic and plateau 
regions were found where the stress value did not change significantly even when the strain 
changed. This is because in the case of 2T-Pore CPF and 3T-Pore CPF, there is sufficient space 
for deformation to occur owing to a large number of pores. In the case of 60% strain or higher, 
a large pore is severely deformed, causing a reduction, which increases stress rapidly as the strain 
increases. In Figure 17(d), the durability of 3T-pore CPFs can be confirmed. One hundred cyclic 
compression tests were performed at 60% strain, with almost no change in stress. This shows the 
mechanical stability and flexibility of the 3T-pore CPFs.

Next, Dai et al. measured sensor properties Figure 17(e). They fabricated a sensor by inserting CPFs 
between two electrodes The S value of 3T-pore CPF was measured at 0.60kPa� 1, which was a much 
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higher value than that of 1T-pore CPF (0.00007 kPa� 1) and 2T-pore CPF (0.08kPa� 1). As the pressure 
increased, the sensitivity of 3T-pore CPFs was 0.08kPa� 1 in the 1–6 kPa section and 0.01 kPa� 1 in the 
6–20 kPa section, as in the case of 2T-pore CPFs. The sensitivity value of 3T-pore CPF, ~0.60 kPa� 1, is 
much higher than the sensitivity of composite materials based on PU (Li et al. 2019; Wu et al. 2016; 
Zhong et al. 2019).

The above results can be attributed to the multilevel pore structure. In addition, CPF, which shows 
better sensitivity than that obtained using other polymers and fillers, clearly shows the utility of CNF.

3.1.4. CNT-based sensors
CNTs are most commonly used as a filler (Turco et al. 2023; Zhao et al. 2022) because of their excellent 
mechanical strength (Peng et al. 2014) and high electrical conductivity (Peng et al. 2014) similar to 
copper. Song et al (Song et al. 2017) produced a CNT – PDMS sponge electrode to create a material 
that could exhibit high performance for use in a piezoresistive sensor (PRS).

Figure 18(a) schematically shows the general CNT – PDMS sponge process. A PDMS sponge is 
produced by dropping PDMS on the prepared sugar cube. The PDMS is tightly filled in the empty 
space of the sugar tube by the capillary action. To control the concentration of CNTs, the coating 
is performed while modulating the drop-drying cycle to obtain a CNT – PDMS sponge with 
desired characteristics. The morphology of the PDMS sponge and CNT – PDMS sponge was 

Figure 15. (a) schematic illustration of the fabrication processes of PAP sponge. (b) change curve of the capacitance change rate of 
PAP sponge by soft white sugar content in the template. (c, d) sensitivity curves of the capacitive pressure sensor with different 
loading amounts of AgNWs under applied pressure (Tan and Zheng 2022). Reprinted with permission from (Tan and Zheng 2022); 
copyright 2022 MDPI.
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confirmed by SEM. From Figure 18(b), it can be confirmed that an open network of pores is well 
formed in the place where the sugar cube is located; thus, it could appropriately act as a porous 
material. Figure 18(c) shows the SEM image of the completed CNT – PDMS, revealing that the 
surface of the scaffold is rugged.

Figure 19(b) shows a stress – strain graph measured under different compressive strains. For ε < 
10%, the stress value does not change significantly even if the sponge is deformed. This can be 
described as an elastomeric region. In the case of 10% < ε < 45%, the graph is relatively a plateau 
and the scaffold is buckled and collapsed. If ε exceeds 45%, the PDMS scaffold is crushed and acts like 
bulk material, indicating exceptional mechanical performance. Figure 19(c) presents the stress – strain 
graph of the CNT – PDMS sponge and PDMS sponge under 60% strain. The graph has almost the 
same shape, but it can be seen that the CNT – PDMS sponge is more resistant to compression, 
indicating that the mechanical properties have been improved by the CNT filler. Finally, Figure 19(d) 
shows the stability of the CNT – PDMS sponge. There was almost no change in resistance under 200 
compressing – releasing cycles

To measure the PRS performance of the CNT – PDMS sponge, as shown in Figure 20(a), 
a CNT – PDMS sponge was inserted between the two electrodes of PET/ITO. The resistance 
response was measured through a voltage signal generated by a force applied to the top surface. 
The resistance response value was calculated as ΔR=R0= R0 � Rxð Þ=R0, where R0andRx denote the 
resistance without and with compressive stress, respectively. Figure 20(b) shows the current – 
voltage (I – V) characteristics of PRS under various compressive stresses. From the graph, it can be 
verified that linear I – V characteristics are manifested even under various compressive stresses. 
Figure 20(c) shows the plot of ΔR=R0versus applied compressive stress. The sensitivity (S) value, 

Figure 16. (a) schematic for fabrication process of the 3T-pore CPF via simply adjusting the coating viscosity (the weight ratio of 
xylene to PDMS) and applying the spin-coating process. (b) the photos and SEM morphologies of prepared CPF samples with 
different pore structures under different processing conditions (Dai et al. 2021). Reprinted with permission from (Dai et al. 2021); 
copyright 2021 Elsevier.
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Figure 17. Compressive stress-strain curves of CPFs with different pore structures: (a) 1T-pore CPF at the strain of 20%. (b, c) 2T-pore 
CPF and 3T-pore CPF at the maximum strains of 20%, 40%, 60% and 80%, respectively. (d) cyclic compressive stress-strain curves of 
the 3T-pore CPF at 60% strain for 100 cycles. (e) relative resistance variations of the sensors based on three different pore structures 
(Dai et al. 2021). Reprinted with permission from (Dai et al. 2021); copyright 2021 Elsevier.

Figure 18. (a) fabrication process of the CNT – PDMS sponge. SEM images of the b) PDMS sponge and c) CNT – PDMS sponge (Song 
et al. 2017). Reprinted with permission from (Song et al. 2017); copyright 2017 John Wiley and sons.
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considered the most important in a sensor, is obtained from the slope of the graph and can be 
defined as follows:

S ¼ δ ΔR=R0ð Þ=δP; (7) 

In Equation 10, P denotes the compressive stress. The sensitivity in the first 0–15-kPa section 
represents a value of 0.03 kPa� 1. After the conductive scaffold of the CNT – PDMS sponge is fully 
contacted, the 25–50 kPa section shows a sensitivity reduction by 0.008 kPa� 1. In addition, in 
Figure 20(d), which shows the resistance response according to the repeated compressing – releasing 
cycles, low stress (26 Pa) is detected. The CNT – PDMS sponge is a versatile material that can be used 
in any type of sensor, which is confirmed by its good sensitivity and very low compressive stress 
(26 Pa).

3.1.5. Graphene-based sensors
Several studies are being conducted to improve the mechanical stability and electric conductivity of 
polymers. In particular, a method of coating or synthesizing nanomaterials into porous sponges is 
attracting researchers’ attention (He et al. 2021; Pan et al. 2021). Graphene is a carbon-based material 
and has a layered structure. Because of its excellent mechanical strength owing to sigma bonding 
(Bekyarova et al. 2013), it is widely used to improve the mechanical properties of PDMS sponge (Zhao 
et al. 2022).

Figure 19. (a) resistance histogram of six CNT – PDMS sponges after 10 drops. (b) compressive stress – strain curves of CNT – PDMS 
sponge at different strains (20%–60%). (c) compressive stress – strain curves with a maximum strain of 60% for the PDMS sponge and 
CNT – PDMS sponge. (d) stability of the electrical resistance of the CNT – PDMS sponge in the first 200 compressing – releasing cycles 
(Song et al. 2017). Reprinted with permission from (Song et al. 2017); copyright 2017 John Wiley and sons.

22 S. HONG ET AL.



Jung et al (Jung et al. 2019) prepared conductive, flexible, and stretchable graphene-coated PDMS 
through the sugar-templating process and the dip-coating method. They measured tensile stress – 
strain curves under different maximum strain ranges; the mechanical properties of bare PDMS sponge 
and graphene-coated PDMS sponge were obtained under 20% strain and 1000 cycles Figure 21(a-c). 
The bare PDMS sponge required 72.9 kPa of stress for 77.7% strain, and the graphene-coated PDMS 
sponge required 80.9 kPa of stress for 68% strain. For the same amount of deformation, more force 
should be applied to the graphene-coated PDMS, indicating that its mechanical properties are superior 
to those of a bare PDMS sponge. In addition, the tensile stress – strain curve was measured under 
variable strain, revealing that the maximum stress also increased as the strain increased. Figure 21(c) 
shows a graph for the cycling test. Figure 21(c) reveals that the stability is excellent, considering that 
there is no significant change in the stress – strain curve shape even after 1000 cycles.

The characteristics of the graphene-coated PDMS sensor were measured under static loads. 
Figure 22(a) shows the relative resistance variation when stretching and releasing are per-
formed under strains ranging from 0% to 40%. There was no significant change in resistance 
up to 10%, but it increased steeply in the 10%–30% range. In the case of stretching and 
releasing, the graphs are almost identical, which means that hysteresis rarely occurs owing to 
the reversible deformation characteristics of the pore. Figure 22(b) shows a graph drawn by 
measuring the value of voltage (V) versus current (I) under different strains. Ohm’s law 
indicates resistance in the V – I graph, which can be interpreted as the resistance changing 
significantly depending on the value of strain.Figure 22(c) shows a graph depicting the change 

Figure 20. (a) Piezoresistance measurements of the PRS with the push – pull gauge. (b) Current – voltage (I – V) curves of PRS under 
different compressive stresses. (c) stress-response curves for PRS, the sensitivity of which reaches 0.03 kPa−1. (d) resistance responses 
of repeated compressing – releasing cycles with different stresses (Song et al. 2017). Reprinted with permission from (Song et al.  
2017); copyright 2017 John Wiley and sons.
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in relative resistance for 15 cycles over time under various maximum strains (ΔR=R0= R� R0ð Þ

R0
, 

where R and R0 denote resistance values with and without applied strain, respectively). 
Measurements were performed within a strain range of 5%–50%. In the case of 5% strain, 
the ΔR=R0 value differed from the value of the first and last cycles; however, in the case of 
10% or more strain, the value did not change significantly even after several cycles. From this 
result, it can be seen that graphene-coated PDMS can provide stable performance even under 
various strains. The sensitivity (gauge factor, δðΔR=R0)=ε, where ε denotes applied strain) was 
calculated under a strain ranging from 10% to 50% as follows: 3.63, 6.43, 8.82, 13.09, and 
19.21. Thus, the sensitivity increased as the strain increased. A value of 19.21 under 50% 
strain indicates that the graphene-coated PDMS sponge can sufficiently detect human body 
motion and act as a sensor.

Zhao et al (Zhao et al. 2022). also produced porous CNTs/graphene PDMS by mixing CNT 
and graphene. The graphene nanosheet created a conductive graphene framework on the 
surface of the PDMS, and CNTs were uniquely dispersed over the graphene nanosheet. 
Graphene acts as a structure, and CNTs have a high aspect ratio, which simultaneously 
improves mechanical and electrical properties, leading to an improvement in sensor proper-
ties. Because of this synergistic effect, porous CNTs/graphene PDMS showed a high sensitivity 
value of 300.31 kPa� 1 at 0–200 kPa.

In addition to 1D and 2D materials such as CNT, CNF, and graphene, 0D materials such as 
carbon black (CB) are also used for sensors. Pruvost et al (Pruvost et al. 2019) produced CB/ 
PDMS capacitive sensors by dropping and distributing CB evenly on PDMS. CB/PDMS using CB 
materials that are easy to prepare and have high-capacity value have shown higher sensitivity and 
capacity performance than general porous PDMS. Table 2 presents the characteristics of the sensor 
according to the materials.

In this way, various fillers including organic and inorganic materials can be used to obtain the 
desired sensor properties. Mechanical, electrical, and sensor properties may be dramatically improved 
by not only using a single material but also mixing and using various materials and utilizing the 
synergistic effect. There are limitations in the number of substances present, but there are numerous 
cases of combining them. Therefore, studies on discovering new materials as well as developing new 
combinations of extant materials are essential.

3.2. Flexible electrode for supercapacitors

With the recent development of portable and wearable technologies, flexible energy-storage devices 
have attracted the attention of many researchers (Song et al. 2020). Supercapacitors (SCs), one of the 
energy-storage systems, have high power densities and long cycle life (Lee, Wee, and Hong 2015). In 
SCs, electrodes are one of the most important elements. The electrode used in flexible SCs should have 

Figure 21. (a) measured tensile stress – strain curves of bare and graphene-coated PDMS sponges. (b) tensile stress – strain curves 
under different maximum strains (from 10% to 50%). (c) measured results for 1000 cycles under 20% strain (Jung et al. 2019). 
Reprinted with permission from (Jung et al. 2019); copyright 2019 Springer nature Switzerland AG. Part of Springer nature.
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high energy-storage performance and should not lose its electrical properties even after several 
deformations. The sponge structure of the PDMS sponge can be applied to flexible electrodes because 
it has high porosity and thus a large surface area and durability under pressure.

Pecenek et al (Peçenek et al. 2022). fabricated a NiO/MnO2/CNT sponge by coating NiO/MnO2 
/CNT composite on PDMS sponge fabricated with the sugar template method. The cyclic voltammetry 
(CV) curves of the prepared PDMS sponge were obtained at different scan rates between 0.2 and 0.55  
V. Figure 23(a) reveals that the shape of the curve appears stable at various scan rates owing to the 
characteristic of high rate capability. Figure 23(b) shows the test graph before and after cycling at 
a scan rate of 100 mV/s. Both CV curves show clear redox peaks, and the shape is not much different. 
Figure 23(c) shows the CV curve for the pressed and released states. There is no significant difference 
between oxidation and reduction peaks, and the overall graph shape is similar. This means that 
compression does not significantly affect the performance of the sponge electrode. CV tests were also 
conducted under various bending angles to measure the flexibility of the sponge.

Figure 22. Measured sensing performance of the piezoresistive strain sensor based on the graphene-coated PDMS sponge. (a) 
relative resistance variation of the strain sensor under 40% strain with stretching/releasing. (b) voltage versus current characteristics 
of the sponge under different strains. (c) measured relative change over 15 cycles according to time with various maximum strains 
(Jung et al. 2019). Reprinted with permission from (Jung et al. 2019); copyright 2019 Springer nature Switzerland AG. Part of Springer 
nature.
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Figure 23(d) shows that there is little potential difference even when the bending angle is 
changed. Under 10,000 cycles, the capacity of the NiO/MnO2/CNT sponge was 23 F/g at 0.1 
A/g. This value is not high compared to the capacitance value when using general materials. 
However, the sponge fully recovered even after more than 10,000 compressive cycles, exhibit-
ing a performance similar to the first time. This result is significant because such character-
istics of the sponge are very important in wearable devices. This shows that a sponge-like 
electrode can be used for flexible and wearable devices.

In addition, materials containing graphene, such as chemically reduced graphene oxide and 
graphene oxide reduced in propylene carbonate, are also used as electrodes owing to the high 
surface area properties of graphene (Stoller et al. 2011). Huang et al. (Huang et al. 2021) created 
electrodes on flexible capacitive pressure sensors using Laser-Induced graphene. Because of the 
characteristics of the high surface area of graphene, electrodes with high capacity could be 
obtained.

3.3. Nanogenerators

With the recent development of wireless sensor networks and flexible and wearable technologies, the 
importance of stretchable and highly efficient power supplies is growing (Gao et al. 2021). 

Figure 23. CV curves of NiO/MnO_2/CNT sponge electrode (a) at different scan rates. (b) before and after cycling. (c) under 
compression and without compression. d) under bending at different angles (Peçenek et al. 2022). Reprinted with permission from 
(Peçenek et al. 2022); copyright 2022 Elsevier.
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Accordingly, various studies on triboelectricity and electronic effect-based triboelectric nanogenera-
tors (TENGs) are currently being conducted (Kim et al. 2021; Zhang et al. 2021). TENGs are 
a promising choice with applications in self-powered biosensor systems (Lu et al. 2022; Wang et al.  
2022) and thin and wearable electronic devices (Wang et al. 2021) owing to their simple design and 
process, affordability, and light weight.

The materials generally used in TENGs include polymers and metals. Among them, PDMS is 
widely applied in TENG dielectric tribo-materials because of its advantages such as high electronega-
tivity, flexibility, and biocompatibility. In particular, many studies have recently been conducted using 
a sponge-type PDMS with a porous structure to increase the performance of TENGs, such as an 
increase in the friction area and high surface charge densities (Tantraviwat et al. 2020).

Tantraviwat et al (Tantraviwat et al. 2020) produced a highly porous PDMS using silicon molds 
with a nanograss pattern. After thermally growing silicon dioxide on a wafer, the nanograss pattern 
was created through the dry-etching method. A PDMS mixture was put in the prepared silicon molds 
and spin coating was performed at 300 rpm for 60 s. Subsequently, a TENG was produced by 
laminating a PET/ITO film. The process conditions are shown in Figure 24(a-d).

To measure and compare the energy-harvesting performance, we created TENGs with three 
different PDMS surfaces: porous (S1), micropillar (S2), and flat (S3) patterns. The electrical properties 
of the TENG were evaluated by measuring the voltage and current outputs generated by the periodic 
application of external force.

No electric potential is generated when the two triboelectric layers are not in contact. However, the 
moment a force is applied and the PDMS comes in contact with aluminum, the PDMS pulls the 
electrons from aluminum because of the difference in electron affinity. Next, when the applied force is 
released, an electrical signal is generated as a current flows through an external circuit owing to the 
potential difference between the top and bottom electrodes. Then, when a force is applied again, the 
electrons flow again in the opposite direction to generate an electrical signal. According to this 
principle, an alternating current occurs when a periodic force is applied to the TENG.

Figure 24. (a – d) illustration of the operating principle of patterned PDMS-based TENGs. An alternating current is generated under 
periodic contact and separation. (e, f) output performance of the TENGs with a gap of 1 mm and frequency of 1 Hz (Tantraviwat et al.  
2020). Reprinted with permission from (Tantraviwat et al. 2020); copyright 2020 Elsevier.
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Figure 24(e, f) shows a graph of the measured output voltages and currents at 1 Hz for three TENGs 
(S1, S2, and S3). S1 showed the highest value for both voltage and current. In the case of voltage, a peak 
of ~3200 V was observed, which was approximately twice as high as those of S2 and S3; the current did 
not show a significant difference, but it showed the highest value. Compared to general PDMS, porous 
PDMS has characteristics of high surface robustness and large contact electrification area. Because of 
these characteristics, additional charge is generated by electrostatic effects in the inner or surface 
pores, resulting in high electrical performance; therefore, porous PDMS is in the spotlight as 
a promising material that can improve the performance of TENGs.

3.4. Oil/Water separation

Ozkan et al (Ozkan et al. 2023) produced porous PDMS with superhydrophobicity, conductivity, and 
highly efficient oil/organic solvent – water separation properties using the sacrificial templating method. In 
addition, 1 H,1 H,2 H,2 H-perfluorooctyltriethoxysilane(FAS)-treated hydrophobic GR platelets and Cu 
microparticles were added to the PDMS network. The most important characteristic of oil/organic solvent – 
water separation is adsorption capacity. The admission capacity (M) may be expressed as follows. 

M %ð Þ ¼
m1 � m0

m0
� 100%; (8) 

where m0 and m1 are the weights of the foam before and after the adsorption test, respectively.
Ozkan et al. conducted an experiment by fixing mGR, mCU to 10 wt% by the weight of PDMS and 

changing PDMS and NaCl using chloroform as an organic solvent. The adsorption capacity generally 
increased as the porosity increased. When mPDMS : mNaCl was 1:14, it showed the highest porosity of 85.2%, 
and accordingly, the adsorption capacity also showed a value of more than 1600%, which was the largest 
value.

In addition, the experiment was conducted by changing the content of graphene in a condition 
where mPDMS : mNaCl : mcu = 1:10:0.1. As the graphene content increased to 0%–30%, the porosity 
decreased. Consequently, the adsorption capacity also decreased; when graphene was 0%, the adsorp-
tion capacity was ~ 1500%, and when it increased to 30%, the adsorption capacity decreased to ~  
1100%. Additionally, for various oils and organic solvents, mPDMS:mNaCl was fixed at 1:10, and then the 
adsorption capacity was measured; it ranged from 221.3 ± 16.9% to 1249.5 ± 33.8% Figure 25(e). This 
means that the adsorption capacity can also be changed by the characteristics of the oil.

Further, Ozkan et al. calculated separation flux and efficiencies by mixing chloroform, dichlor-
omethane, and hexane with water to measure the filtering capacity for oil/organic solvent – water 
separation. Separation efficiency (SE) and flux (J) are defined as follows: 

SE %ð Þ ¼
ma

mb
� 100%; (9) 

J ¼
V
tA
: (10) 

As shown in Figure 26(a,b), all three solvents showed separation efficiencies > 99%. Thus, PDMS-GR- 
Cu can play an effective oil/water separation role without any performance degradation even after 
several cycles.

4. Summary and outlook

In this article, we first discussed the processing method for PDMS sponge and its different properties. 
There are various processing methods for PDMS sponges, such as 3D printing, gas foaming, sacrificial 
tempering, and phase separation. Porous PDMS prepared by each method showed superior mechan-
ical properties compared to the bulk counterpart PDMS. For example, Woo et al (Woo et al. 2021). 
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reported 14% higher strain values for porous PDMS made with 3D printing compared nonporous 
PDMS. The mechanical properties, advantages, and disadvantages of each method of fabricating 
porous PDMS are summarized in Table 1. However, the electrical properties of the PDMS sponge 
alone are not good enough for its use. In addition, as PDMS becomes a porous structure, its 

Figure 25. (a, b) porosity and chloroform adsorption capacities of PDMS-GR-Cu foams with different NaCl contents (mGR and mCU  

= 10%mPDMS); (c, d) porosity and chloroform adsorption capacity of PDMS-GR-CU foams with different GR contents (mPDMS/ mNaCl 

/ mcu = 1:10:0.1). (e) adsorption capacity of the PDMS-GR-Cu foam (mPDMS/mNaCl/ mGR/mcu = 1:10:0.1:0.1) toward various oils/organic 
solvents. Data are shown as mean ± standard deviation (n = 5) (Ozkan et al. 2023). Reprinted with permission from (Ozkan et al.  
2023); copyright 2023 American Chemical Society.
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mechanical properties degrade. Therefore, it is difficult to apply to sensors such as microfluidics 
sensors that require excellent mechanical properties. Therefore, researchers are conducting many 
studies to improve the electrical conductivity of porous PDMS using various conductive fillers The 
improvement of characteristics indicates the possibility of employing PDMS sponge in various 
applications such as sensors, flexible electrodes, energy harvesting and storage, and oil/water separa-
tion. To compensate for the shortcomings,

Song et al. and Jung et al. respectively improved the mechanical stability and electrical conductivity 
of the PDMS sponge by adding CNT filler to the PDMS sponge and coating it with graphene. Tan et al 
(Tan and Zheng 2022) obtained a high sensitivity value by coating PDMS using AgNWs as a filler. By 
coating the NiO/MnO2/CNT composite with PDMS, Pecenk et al (Peçenek et al. 2022) produced 
flexible electrodes for use in supercapacitors and obtained excellent performance even after bending 
several times. Further, Tantraviwat et al (Tantraviwat et al. 2020). and He et al (He et al. 2016) created 
nanogenerators based on PDMS sponge. The porous PDMS fabricated by Tantraviwat et al. showed 
higher performance than that of the micropillar and flat pattern. Furthermore, He et al. created flexible 
nanogenerators using ZnO nanoparticles; it showed high stability and durability even after several 
cycles. Currently, research is being conducted to apply porous PDMS in various fields such as sensors, 
nanogenerators, and flexible electrodes. However, further enhancement in properties such as sensi-
tivity and capacity is required to achieve commercialization by using various fillers. For example, 
PDMS is widely used for microfluidic sensors because of its high stretchability and elasticity, 
biocompatibility, and transparency. However, in the form of PDMS sponge, their mechanical stability 
is slightly degraded, which limits their use for microfluidic sensors that require excellent mechanical 
properties. Therefore, exploring the development of nanocomposites by incorporating materials such 
as graphene to enhance the mechanical strength of PDMS sponge will hold significant promise for 
microfluidics sensors. In addition, the low thermal conductivity of PDMS may also pose challenges in 
the microfluidic sensors where efficient heat transfer is needed. Therefore, a technology to enhance the 
thermal conductivity will be also required to be developed. Zhao et al (Zhao et al. 2022) developed 
a sensor with excellent performance by mixing CNT and graphene. Liu et al (Liu et al. 2019) mixed an 
inorganic substance (Fe3O4) and an organic substance (multiwalled CNTs). By utilizing the excellent 
mechanical properties of CNTs and the high saturation magnetization of Fe3O4, a polymer foam with 
high performance and tunable electromagnetic microwave absorption properties was produced. Thus, 
the use of two or more substances to compensate for each other’s shortcomings and create synergistic 
effects instead of using only one substance can be suggested. In addition, several studies will be 

Figure 26. (a) separation efficiency and flux of the PDMS-GR-Cu foam for various oil – water mixtures. (b) separation efficiency and 
flux of the PDMS-GR-Cu foam with a water – chloroform mixture for different cycles (Ozkan et al. 2023). Reprinted with permission 
from (Ozkan et al. 2023); copyright 2023 American Chemical Society.
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conducted on fabrication methods such as combining the latest technologies, e.g., 3D printing, to 
create a porous structure for easier mass production.

Wearable watches have already been commercialized, and more devices will become biocompatible 
in the future. PDMS, which shows excellent mechanical performance even under high deformation 
and has excellent thermal stability, is very suitable for use in flexible electrodes and substrates; 
however, its effect is further increased when creating a nanomaterial composite by making it 
a porous structure. Porous PDMS, which can be produced with various fabrication methods and 
combined with various materials to create excellent synergy, will become the most important material 
in the near future.

Highlights

● Polydimethylsiloxane sponge has various process methods, and materials are used as fillers to obtain desired 
properties depending on the application.

● Fabrication process of PDMS sponge for each method and mechanical properties are described.
● Applications of PDMS sponge made using fillers such as graphene, CNTs and AgNWs are discussed.
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