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Abstract
Biodegradable materials are designed to degrade in a desired time either through 
the action of microorganisms or under certain physical conditions. The driving force 
behind the rise of biodegradable materials is the growing problem of electronic 
waste (e-waste), low recyclability, and toxicity of electronic materials. Transient 
response of biodegradable materials has found application in next-generation 
health-care and biomedical devices. Advances in material science and manufacturing 
technique have pushed the envelope of innovation further. This review discusses 
different biodegradable material classes that have emerged to replace the traditional 
non-biodegradable materials in electronics. Focus has been given to conversion 
of biodegradable materials to inks and pastes that find use in printed electronics 
to create flexible, bendable, soft, and degradable devices. Material degradation 
behavior and dissolution chemistries have been illustrated to understand their 
impact on electrical performance of devices. Finally, some short-term and long-term 
challenges are pointed out to overcome the commercialization barrier.

Keywords: Biodegradable materials; Biodegradable metals; Biodegradable polymers; 
Transient electronics

1. Introduction
Technological advancements and ever-increasing reliance on electronic devices have 
seen an unprecedented increase in the recent times. This has made our life easier, 
communication faster, and medical devices precise. Simultaneously, it has created an 
issue of growing electronic waste (e-waste). Just like plastic waste, e-waste takes up the 
space, releases toxins in the environment, and is not degradable. E-waste is the world’s 
fastest growing waste stream with figures hitting around 74 metric tonnes by 2030[1]. 
Conventional electronics uses inorganic materials, namely, silicon, copper, and gallium 
arsenide, which degrade through corrosive action. The inorganic metals and ceramics 
undergo degradation through mediation of surface reactivity, metal catalysis, and 
resorbability. Most of the inorganic materials form an inert protective layer on exposure 
to the environment, thus hampering its degradation. Even if the material can be degraded 
under certain conditions, it often leads to leaching of heavy metal ions, which are toxic 
to the living organisms and cause environmental issues.

This has led researchers and industries to explore ways of not only recycling existing 
electronics but also finding viable alternatives to the non-degradable materials used 
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in electronic chips. Obtaining green materials, eco-
friendly fabrication processes, and devices with low 
embodied energy have become prerequisite for sustainable 
electronics moving forward. There is a growing need 
for the development of biodegradable materials that 
can partially or completely degrade into non-toxic 
material under normal environmental and physiological 
conditions. Electronics fabricated using these materials are 
termed as transient electronics as they disintegrate fully 
or partially after a certain period of steady operation. The 
development of biodegradable electronic materials and 
devices that safely degrade at the end of their life cycle will 
reduce the financial costs, health care, and environmental 
risks and streamline the waste management system. The 
emerging technology of biodegradable electronics has 
expanded opportunities in many sectors, such as solar 
cells, batteries, and plant monitoring sensors with main 
influence being in health care (Figure  1). In this review, 
we discuss the emergence of biodegradable materials, 
which have application in electronics. The biodegradable 
materials, namely, conductors, semiconductors, and 
insulators and dielectrics, are categorized according to their 
electrical performance. The paper also discusses emerging 
functional materials such as inks and pastes that are being 
used in additive manufacturing and printed electronics. 
The dissolution chemistry of the materials is discussed 
in detail with emphasis on the electrical performance. 
Finally, the review discusses the recent developments in 
the field of electronics and their end of life and highlights 
the challenges associated with the biodegradable materials 
and their applications.

2. Biodegradation mechanism
The biodegradation of the materials into its smaller 
constituents generally involves the process that is either 
influenced by biotic means that involve microorganisms 
such as fungi and bacteria or abiotic means that involve 
hydrolysis, photolysis, or oxidization. In nature, both 
biotic and abiotic mechanisms exist together and the 
whole degradation is a sum of both. The degradation of the 
materials is affected by many factors external (environment) 
and internal (molecular structure). There are mainly two 
different types of degradations categorized as biotic and 
abiotic. Biotic degradation, also referred to metabolic 
degradation, leads to disintegration of the material 
through the change in their physicochemical properties 
through microorganisms. Most materials are degraded by 
microbial attack in a single step. Biotic degradation is the 
most significant removal pathway of contaminants from 
the natural environment. If the biological activity is the 
predominant influence in the breakdown of a material, 
then it is referred to as abiotic degradation. The process 

mainly includes hydrolysis and photolysis. Hydrolysis 
in water is often accelerated by the presence of acids and 
bases. Photolysis is a light-induced redox reaction, which 
breaks the constituents wherever the light can reach.

2.1. Dissolution chemistry

In studying biodegradable materials, most of the research 
has been focused on dissolution rates, wherein a material 
breaks up into smaller group of molecules or constituents in 
a solvent. In general, investigations on the dissolution rates 
of biodegradable materials do not involve microorganisms. 
Research in dissolution chemistry of biodegradable 
materials involves dissolving them in suitable solvents or 
hydrolysis in water or biofluids. Dissolution rate of various 
biodegradable electroactive materials is given in Table  1. 
The mechanisms and kinetics of dissolution and their 
reaction products are important for potential application 
of biodegradable materials in eco-friendly electronics, 
biomedical devices, and environmental sensors. All the 
investigations involving degradation of metals follow the 

Figure  1. Schematic diagram illustrating various categories of 
biodegradable materials and their application in electronics.
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fundamental mechanisms and consequences which are 
established through in-depth experiments employing 
metal films in deionized (DI) water. In every case, majorly 
three types of changes were observed: (i) Mass loss happens 
at rates lower than the electrical dissolution rate (EDR), 
primarily because micropores and/or pits form; (ii) oxides 

appear on the surfaces as dissolution products, where they 
can act as protective layers to slow down the dissolution of 
underlying metal; and (iii) the formed residual oxide layers 
dissolve much more slowly than the metal.

Thus, it is important to study the degradation process 
of metals impacted by dissolution kinetics. Equation I 

Table 1. Dissolution rate of various biodegradable electroactive materials

Electroactive material Dissolution rate References

DI water Hanks’ solution PBS buffer

Mg foil - 1.08 µm/day - [3]

Mg 1.7 × 103 nm/day - - [16]

MgO/Mg (OH)2 5 – 8 nm/day - - [17]

MgO ~50 nm/h - - [21]

Mg – 1Zn – 0.2 Sr -
Mg – 1Zn – 1Sr alloys

- 0.53 – 5.09 mm/year - [22]

W foil - 0.19 μm/day 0.15 μm/day [9]

W - - 300 – 700 µm/year [23]

ce-WS2 - - 5 – 8 nm/week [16]

W/MgO/Mg/W-based device 20 min - - [24]

W and Mo oxides ~0.2 – 0.5 nm/day - - [17]

Mo (1 ± 0.1) × 10-3 µm/h - - [7]

Mo 7 nm/day - 2 nm/day [16]

Mo foil - 0.005 μm/day 0.02 μm/day [9]

ce-MoS2 - - 10 – 20 nm/week [16]

Zn foil - 7.2 μm/day 3.5 μm/day [9]

Zn/PVA 5 days - - [25]

ZnNPs/Ag NWs (5 wt%) 40 h - - [26]

ZnO 15 h - - [27]

Zn: PVP: glycerol: methanol (7:0.007:2:1) 25 min - - [28]

Fe foil - 0.005 μm/day 0.08 μm/day [9]

Si NM - - 5 nm/day [16]

Si NM - - 4.5 nm/day [29]

Monocrystalline Si NMs 0.2 nm/day 58 nm/day 4.8 ± 0.2 nm/day [15]

SiO2 - - 14 nm/day [16]

Poly-Si 2.8 nm/day - - [19]

a-Si 4.1 nm/day - - [19]

SiGe 0.1 nm/day - - [19]

Ge 3.1 nm/day - - [19]

SiO2 0.13 nm/h - - [20]

Si3N4 0.0044 nm/h - - [20]

Silk/PEDOT: PSS ~10 days - - [30]

GG5 ~0.85%/day - - [31]

GP: G (0.9:5 – 1.8:2.5) ~0.9% – 0.01%/day - - [31]

PPOMaC 4 - - 77.50 ± 1.93% (10 weeks)  [32]

EPPOMaC 8 - - 18.45 ± 4.44% (10 weeks) [32]
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was suggested by Li et al.[2] to calculate the rates at which 
bioresorbable metal degrades.
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Where, k is the reaction constant, D is the diffusivity of 
water phosphate-buffered saline (PBS), ωo is the initial water 
concentration, q is the number of water molecules that 
react with each atom of the material, ρ is the mass density 
of the dissolution material, and M and MH2O are the molar 
mass of the dissolution material and water, respectively. By 
adjusting the pH of the solution and observing the time-
dependent changes in electrical resistance, Rogers et al.[3] 
investigated the dissolution rates of several bioresorbable 
metallic films. The metallic films degraded in DI water and 
in Hanks’ Balanced Salt Solution (HBSS), which has a pH 
range of 5-8. Chloride ions (Cl-) caused Mg to deteriorate 
10 times more quickly in HBSS than in DI water. Regardless 
of pH or temperature, the presence of Cl- ions speeds up 
the degradation of Mg by removing its surface protective 
layer[4]. Zn exhibits an 8.2, 2.6, and 3.3 times greater EDR 
in salt solution with pH values of 5, 7.4, and 8, respectively, 
following the same trend. Zinc hydroxide, Zn(OH)2, 
a metabolite, is produced when zinc oxide (ZnO) is 
solubilized in water[5]. In a dissolution test in DI water and 
at room temperature, conducted by Dagdeviren et al.,[6] it 
was discovered that 200  nm thick ZnO vanished entirely 
in 15 h. W has 4 times higher EDR in salt solution with a 
pH value ranging from 7.4 to 8 as compared to a solution 
with pH value of 5. This is attributed to the sensitivity of 
W toward deposition conditions. The EDR of W deposited 
using the sputtering technique was higher than the one 
formed using chemical vapor deposition (CVD). Mo has a 
greater EDR in DI water than in salt solution, in contrast to 
Mg and Zn. The greater concentration of dissolved oxygen 
in aqueous solution is responsible for this difference[7]. It 
showed slower dissolution rates at higher pH in HBSS, as 
shown in Figure 2A and B[3]. Although, Fe has the highest 
EDR at pH 5, but due to the development of passive oxide 
layer in DI water, its dissolution ceases after 120 h[8]. Within 
a few days, 300 nm thick oxides on Mg, AZ31B Mg alloy, and 
Zn completely vanished in DI water, while residual oxides 
were detected on Mo (40 nm) and W (150 nm) substrate 
for a few weeks, which makes the degradation process 
slower[3,9-11]. As stated earlier, pure Si is a non-degradable 
material. However, nanostructured Si may have dissolution 
kinetics that can be varied. Its dissolution kinetics was 
studied by monitoring the change in Si nanomembranes 
(NMs) thickness with time using profilometer or atomic 
force microscopy (AFM) in bovine serum[12]. As shown 
in Figure  2C and D, a variety of variables, including 

pH, temperature, concentration, doping level, and the 
types of ions and proteins present in the solution, have a 
substantial impact on the dissolving rates[12-15]. Higher 
temperatures and pH levels were shown to speed up the 
dissolution process, but doping levels more than 1020 cm−3 

had the reverse effect[12,13]. Similar to Mg dissolution, the 
presence of chlorides and phosphates above a certain level 
at approximately pH = 7.5 accelerates the Si dissolution 
(Figure  2D)[14]. In another study, researchers found that 
extremely thin Si NMs hydrolyze to form orthosilicic acid, 
Si(OH)4

[16]. These NMs with variable thickness from 35 to 
100 nm dissolve in PBS at 37°C in ~ 8 – 22 days with the 
approximate rate of 4.5 nm/day[17]. The dissolution rate (R) 
of Si at temperature T with molar concentrations of water 
and hydroxide ions was given by Equation II[13,18].
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Where, kB is the Boltzmann constant, EA is the activation 
energy, and fitted values of x fall in the range of 0.46 – 0.9. 
The dissolution rate increased with increase in the pH value. 
Change in the concentration of PBS solution from 0.05 to 1 
M increased the dissolution rate from 10 to 20 times. Besides 
for Si NMs, above equation can be used to determine the 
dissolution rate of other semiconducting materials such as 
polycrystalline amorphous Si (a-Si), Si (poly-Si), Si-Ge alloy 
(SiGe), and Ge. Their dissolution rate was found to be 4.1, 
2.8, 0.1, and 3.1  nm/day, respectively, in a buffer solution 
of pH 7.4 at 37°C. Studies using molecular dynamics (MD) 
simulations and density functional theory (DFT) indicated 
that silicon dissolution initiates by the nucleophilic attack 
on silicon surface bonds, weakening the inner bonds. This 
makes them even more prone to subsequent ion attacks[14]. 
The dissolution rates of a-Si, poly-Si, and Ge increased by 
102 – 103  times, and those of SiGe increased by 10  times, 
with a rise in pH from 7 to 1019. Kang et al.[20] examined 
the SiO2 and Si3N4 dissolving rates in various pH solutions. 
The room temperature dissolution rates for SiO2 and Si3N4 
are around 0.13 and 0.0044  nm/h in a buffer solution of 
pH = 7.4, respectively. The dissolution rates were increased 
by one or two orders in magnitude with increase in pH value 
to 12. Another study found that a 150 nm thick MgO film 
created using electron beam evaporation may disintegrate 
in deionized water at a rate of about 50 nm/h[21]. Thus, the 
dissolution rate of metals gets affected by the change in 
conditions and deposition method of the film.

3. Biodegradable conducting materials

3.1. Metals

Metal has widely been used as interconnects and electrodes 
in electronic devices. They have found their wide usage in 
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batteries[33,34], sensors[35-38], implantable stimulators[39,40], 
and energy harvesters[41] (Figure  3A)[6,42,43]. Despite 
this, only few degrade naturally and are considered 
biodegradable. The metals in aqueous conditions degrade 
through corrosion, leading to the formation of oxides and 
hydroxides. For example, metals such as zinc (Zn), iron 
(Fe), magnesium (Mg), and molybdenum (Mo) undergo 
degradation through reactions of hydrogen evolution 
in neutral aqueous mediums media, while tungsten (W) 
undergoes corrosive process through oxygen absorption in 
aqueous environment[23,44-49].

Much of the early work on biodegradable metals started 
with iron, which was used in wire form for implants[50]. 
However, investigations on Fe remain low due to the issue 
of easy corrosion and slow degradation rate. Mg remains 
the most sought after biodegradable materials due to its 

good mechanical properties and biocompatibility. Much 
investigations have been carried out on alloys of Mg, namely, 
Ma-Ca, Mg-Zn, Mg-Si, and Mg-Ag[22,29]. Hwang et al. used 
Mg electrodes in silicon-based transient device[17]. Later, 
their group demonstrated uniform dissolution of Mg 
in DI water with the formation of MgO and Mg(OH)2 
on the surface, which took the shape of nanoneedle-like 
structures[3]. Both the end products have high solubility in 
water and can be dissolved easily. Recently, research group 
at University of Glasgow fabricated a transient transistor 
based on n-channel silicon nanoribbons on Mg as 
substrate[24]. The fabricated transistor performed well with 
high mobility and high on/off current ratio. They studied 
the effect of transience on the electrical functioning of the 
device and observed Mg degradation under different pH. In 
another report by Cao et l.,[51] a transient volatile memristor 

Figure 2. Change in thickness of thin films of metals with time during dissolution in DI water at room temperature for (A) Mg, AZ31B Mg alloy and 
Zn; (B) sputter deposited W, Mo, and Fe; (C) hydrolysis of Si NMs in buffer solutions at different pH at room temperature (left) and at physiological 
temperature (right, 37°C); and (D) change in thicknesses of Si NMs with time on immersing in aqueous solutions of potassium chlorides and potassium 
phosphates at 37°C with different concentrations. Reprinted with permission from Yin et al., Hwang et al., and Yin et al.[3,13,14].
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device using Mg as an active electrode was fabricated on 
a polyvinyl alcohol (PVA) substrate. The full degradation 
of the device was achieved in DI water in about 20 min. 
Mg-based biodegradable metals have rapid degradation 
rates, resulting in loss of mechanical performance in short 
span and thus limiting its applications. Hence, Mg-based 
biodegradable materials will benefit from decreased 
degradation rates while Fe may need enhanced rates. Zn is 
heralded as the next promising metal for biodegradability. 
Zn-based materials overcome several drawbacks that were 
observed for other biodegradable materials. Wang et al.[52] 
studied mechanical properties of Zn alloy as a degradable 
biomaterial by casting with Mg. They showed Mg-Zn 
alloy degradation behaviors in simulated body fluid (SBF) 
solution. Both Mo and W show slow degradation rates. The 
variation in degradation rates of metals provides multiple 
options to use in different applications. Crystalline Zn films 
with conductivity of approximately 1.124 × 106 S/m were 
produced on a cellulose substrate. The resulting resistive 
Zn strain gauge array with a gauge factor of ≈1 exhibited 
no delamination or cracking, or electrical degradation after 
repeated stretch-release cycles, and a deflection of ≈16 mm 
(radius of curvature) was stably detected[53]. It is interesting 
to note that post-processing method has a considerable 
effect on the conductivity values of biodegradable metals. 
Electrochemical sintering process of Zn microparticles 
was carried out with acetic acid solution, and enhanced 

conductivity was observed (≈3 × 105 S/m)[25]. The 
conductivity value of 1.124 × 106 S/m for Zn was obtained 
through laser sintering rather than heat sintering. Photonic 
sintering has also been applied, which resulted in high 
conductivity value of 44,634 S/m[48]. An alternate way of 
enhancing the conductivity of biodegradable metals is 
by making the composite with other highly conducting 
materials. The performance of Zn metal was enhanced 
by adding small amounts of silver nanowires (NWs), 
leading to maximum conductivity of 307,664.4 S/m after 
sintering[26]. Nevertheless, adding Ag may compromise the 
biodegradability of the overall composite.

3.2. Polymers

Polymer materials have better biodegradability and 
biocompatibility than metals and have been much 
sought after. This is true for both natural and synthetic 
polymers. Synthetic polymers are particularly attractive 
as their degradation rates can be tuned through triggered 
depolymerization. Moreover, polymer materials are 
cheap and easy to process that make them attractive for 
commercialization. Organic polymers show conducting 
properties through introduction of conjugation or doping 
with conductive materials. Examples of conjugated 
polymers are polyaniline (PANI), polypyrrole (PPy), 
and poly(3,4-ethylenedioxythiophene) (PEDOT). The 
conjugated network in conductive polymers makes 

Figure 3. (A) A series of optical microscope images were taken at different points during the dissolution of a meander trace of ZnO (200 nm) submerged 
in DI water at room temperature, (B) changes in the relative resistance of a PEDOT: PSS-based printed temperature sensor subjected to cyclic heating 
and cooling run between 30°C and 45°C, and (C) the degradation of the flexible temperature sensor over the course of 10 days in an enzymatic (protease) 
environment. Reprinted with permission from Dagdeviren et al., Wang et al., and Pradhanand and Yadavalli[6,58,60].
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them brittle and inflexible, which can be overcome 
by doping the conjugated polymers without affecting 
their electrical properties[54-56]. PEDOT:  PSS, a polymer 
doped with poly(styrenesulfonate) (PSS), shows the best 
known conductivity of up to 4.6 × 105 S/m in polymeric 
materials[57]. This electrode was developed by Worfolk 
et al.[58] to fabricate a sensor with a sensing range from 
30°C to 45°C (Figure 3B).

Another strategy to tune degradability is to blend 
conducting polymers with biodegradable polymers 
to achieve partial degradation. Partial degradation is 
achieved, as these polymers do not break down completely 
into monomers. Shi et al. used a composite of PPy 
nanoparticles (NPs) with poly(D,L-lactic acid) (PDLLA), 
where NPs formed a conductive network within the PDLLA 
matrix for fibroblast growth. Adding even a small amount 
of PPy leads to high conductivity (approximately 1 × 10-3 

S/cm), with the material being stable for about 1000 h[59]. 
Similarly, Wang et al.[30] used a combination of hyaluronic 
acid (HA)-doped PEDOT (10% NP loading) with poly(L-
lactic acid) (PLLA) to fabricate a conductive film. The 
degradation of PLLA was accelerated by PEDOT-HA by 
almost 10%. The enhanced degradation can be assigned to 
increased water penetration in PLLA due to the presence 
of hydrophilic HA.

In another work, a mixture of PEDOT:  PSS with 
photosericin and Irgacure 2959 photoinitiator was 
synthesized to prepare a conducting material. The 
fabricated sensor showed a high sensitivity (−0.99% °C-[1]) 
in the temperature range of 20 – 50°C and excellent stability 
on exposure to about 60% relative humidity. The sensor 
was degradable in approximately 10 days under proteolytic 
conditions (Figure  3C)[60]. Hybrid approaches have also 
been investigated to realize fully degradable materials 
wherein inorganic materials are mixed with organic 
materials. In one report, Si NPs were mixed with carbon 
black and PEDOT: PSS to make electrodes for lithium-ion 
battery application[61].

Li et al.[62] reported electrospun camphor sulfonic 
acid (CPSA) doped with PANI and gelatin to obtain high 
conductivity material (up to 2.1 × 10-2 S/cm). In another report, 
CPSA/PANI composite was doped with poly(L-lactide-co-ɛ-
caprolactone) and showed high conductivities (up to 1.38 × 
10-2 S/cm). Electrical stimulation through these conducting 
fibers showed increased adhesion and proliferation for 
fibroblasts and myoblasts cells[63]. Hydrogels obtained by 
grafting PANI with gelatin and doping with CPSA exhibited 
conductivities around 10-4 S/cm[31]. P3HT was electrospun 
with polycaprolactone (PCL)[40] and polylactic-glycolic acid 
(PLGA)[64] to introduce partial degradability. The resulting 
electrospun nanofibers with PCL, however, displayed lower 

values of mobility (1.7 × 10-2 cm2/V.s) due to macroscopic 
phase segregation.

3.3. Inks and pastes

The emerging field of printed electronics, an additive 
manufacturing technology, has opened doors to directly write 
electronic materials on desired substrates. The technology 
requires the materials to be converted to functional inks 
and pastes to be printed through inkjet, aerosol jet, screen 
printing, pneumatic head, or laser-based techniques. Hence, 
many conducting metals have been dissolved in aqueous, 
polar, or non-polar solvents to convert to inks. Biodegradable 
inks differ in particle size, types of additives, and solvent. 
In general, the biodegradable inks are made up of three 
key ingredients, namely, nanoparticles, small quantity of 
polymers as stabilizers, and suitable solvent. Mahajan et 
al.[65] prepared a stable conductive ink by dispersing Zn 
NPs (of average diameter 50  nm) with PVP particles in a 
solvent mixture of methanol and butyl acetate. In another 
work, Zn NPs were mixed with Ag NWs and polyethylene 
oxide (PEO) to prepare the ink[26,66]. Addition of Ag NW also 
adds a stretchable character to the printed patterns. Most of 
the prepared inks and pastes were processed using printed 
techniques such as screen printing, inkjet, and aerosol 
printing. To create a uniform dispersion of the biodegradable 
material particles, polymers are used as additives. Most of the 
additives, however, are insulating in nature and could hinder 
electron transport. Thus, it is important to post-process the 
printed patterns by heat sintering to degrade the additives. 
Huang et al.[67] prepared a W paste with PEO particles as 
additives in methanol. As stated earlier, most metal-based 
biodegradable materials are brittle at room temperature and, 
thus, require some sort of post-processing to enhance the 
mechanical properties. Li et al.[66] improved the conductivity 
of the Zn ink by an improved water sintering method. 
This ink showed the capability to withstand 1500 repeated 
bending test with a curvature of 3.8 mm. In another study, 
an ink based on Zn and Ag NW composite exhibited a 
high conductivity with excellent mechanical using the same 
water sintering approach. The authors demonstrated that 
the printed patterns were robust and could withstand 8000 
bending cycles[26].

4. Biodegradable semiconducting materials

4.1. Inorganic semiconductors

Semiconductors have a bandgap, and their electrical 
conductivity is between conductors and insulators. 
They play a major role in fabrication of the electronic 
devices. Present electronic industry is based on silicon 
(Si) semiconductor, which is used in various forms 
to make devices, namely, monocrystalline silicon 
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(mono-Si)[68], amorphous silicon (a-Si)[69], polycrystalline 
silicon (poly-Si)[70], and silicon alloys[71]. The various Si 
forms used in the present day do not degrade due to the 
formation of a native oxide layer on top, which renders 
them chemically inert. Research has been focused toward 
increasing the hydrolysis rate of Si by reducing their 
thickness and aspect ratio to make nanostructures[72]. 
The hydrolysis of Si in water results in the formation 
of orthosilicic acid (Si(OH)4)

[72]. Most of the work 
has been done on Si-NM. Hwang et al.[12] carried out 
detailed investigation on the dissolution behavior 
of Si-NM nanostructures on silicon dioxide/silicon 
substrate through observing thickness change against 
time (Figure  4A). Through various reported literature, 
it has been established that the dissolution kinetics of Si 
NM depends on physical factors such as microstructure, 
geometry, and surface conditions and on external factors 
such as pH and temperature[12,73,74]. Effect of pH on Si NM 
has been widely investigated, where Yin et al.[55] found 
that the higher concentration on OH- ions in the solution 
led to faster dissolution. The group also explained the 
weakening of Si-Si backbones in the material through 
nucleophile ions being bonded to Si surface. Si-NM 
shows promising results in enabling a Si-based material 
that can be degraded under various conditions. Silicon-

germanium alloys have also shown dissolution in varying 
pH and temperature ranges[73,75]. Increased pH led to 
reactions that produced metagermanic acid (H2GeO3) on 
hydrolysis.

Inorganic oxides such as magnesium oxide (MgO), 
zinc oxide (ZnO), and silicon dioxide (SiO2) have also 
been explored in biodegradable electronics due to their 
superior thermal and chemical stability. The rationale is 
to keep the material layers thin for better dissolution, as 
they are dissolvable in aqueous solutions. The dissolution 
rates depend on many physical and chemicals properties 
and external factors such as pH, temperatures, and ion 
concentration in the solution[9,17].

4.2. Organic semiconductors

Although organic semiconductors have inferior electrical 
properties compared to their inorganic counterparts, 
they have the advantage of faster dissolution. Madrigal 
et al.[76,77] prepared a composite film from poly(3-
thiophene methyl acetate) (P3TMA) by blending with 
thermoplastic polyurethane (TPU). The composite film 
demonstrated semiconducting behavior with a wide 
bandgap (~2.35 eV). However, due to the non-degradability 
of P3TMA, the film was only partially degradable. A fully 
biodegradable semiconducting film (PDPP-PD) was 

Figure 4. (A) Images of Si NMs at different stages of dissolution in bovine serum (pH 7.4) at physiological temperature (37°C) were measured using laser 
diffraction phase microscopy (DPM): 0 h (top left), 8 h (top right), 16 h (bottom right), and 24 h (bottom left). (B) Photographs of a totally disintegrable 
device prepared using PDPP-PD semiconducting film at various stages of disintegration (scale bars: 5 mm). (C) Mass remaining for DCPU in PBS at 37°C. 
(D) Change in conductivity of melanin with water content. The measured humidity was transformed into the percentage of weight gained due to water 
absorption. Reprinted with permission from Hwang et al., Lei et al., Xu et al., and Mostert et al.[12,78-80].
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prepared by introducing reversible imine linkages between 
diketopyrrolopyrrole (DPP) and p-phenylenediamine. The 
conjugation along the backbone of this polymeric film 
allows for hole conduction. The degradation of the material 
takes place through breaking of imine bonds under acidic 
conditions to give aldehyde and amine precursors as the 
by-products (Figure 4B)[78]. Xu et al. reported a polyurethane-
based conductive elastomer (DCPU) based on PCL, which 
used dopant as dimethyl propionic acid and aniline trimer 
linkers. The conductivity of the synthesized polymer could 
vary between 10-8 and 10-5 S/cm in the dry state. Depending 
on the concentration of dopant present in the polymer, 
conductivity could be enhanced further on soaking in PBS. 
Due to the presence of hydrophilic carboxylic functional 
groups, with the increase in DMPA content, degradation 
rate increased in aqueous PBS solution. The polymer 
degraded to ~75% of its weight in 14 days in PBS and in the 
presence of lipase without any decline in conductivity during 
degradation period (Figure 4C). The chemical linkage in the 
matrix helps to stabilize the dopant and leads to improved 
electronic performance[79]. Natural pigments[80,81], conjugated 
molecules such as Indigofera tinctoria and Isatis tinctoria[82], 
melanin, and β-carotene[83,84] have also been explored for 
the preparation of biodegradable electronics. Some natural 
semiconductor materials include indigo with a band gap of 
1.7 eV and decent carrier mobilities. Eumelanin, a subclass 
of melanin, also exhibits electronic behavior. Conductivity 
of melanin depends on temperature, its hydration state, and 
physical form. Mostert et al.[80] demonstrated that eumelanin 
conducts free electrons and protons for electronic and 
ionic conduction, respectively, after absorption of water 
molecules, as shown in Figure 4D. The material was used as 
a regenerative medical scaffold, which could resorb in about 
8 weeks[81].

Fully biodegradable conducting polymers can 
be prepared by interrupting the conjugation with 
the introduction of flexible non-conjugated linkers 
in the polymer backbone. This process makes the 
polymers flexible and processing easy, but decreases 
the conductivity as compared to partially degradable 
conductive polymers[31,79,85,86]. Due to the intrinsic 
flexibility of the material, these polymers are used in 
sensors as interconnects where low conductivity is not 
an issue. Electrical stimulation to promote cell growth 
and tissue regeneration of scaffolds and muscle tissues 
is another application of low conducting polymers[86-88]. 
There is a need to develop new chemistries and 
increase the conductivity of polymers to fabricate high-
performance degradable electronics. Conductivities of 
various biodegradable conducting materials are given in 
Table 2.

5. Biodegradable dielectrics
When an electric field is present, dielectric polymers, 
which are insulators, can become polarized. The dielectric 
constant (κ), which can be high or low depending on 
the application, determines polarization. High-κ fillers 
can be added to a degradable polymer matrix to produce 
biodegradable dielectrics (Table 3). Common high-κ metal 
oxides include aluminum oxide (Al2O3, κ = 9), silicon oxide 
(SiO2, κ = 3.9), and hafnium oxide (HfO2, κ = 25). Al2O3 
was combined with cellulose acetate (CA), and Figure 5A 
shows that this combination produced a higher κ value of 
27.57 at a low frequency of 50 Hz[93]. Besides metal oxides, 
carbon nanotubes also improved the κ of biodegradable 
paper made from cellulose nanofibers (CNFs) from ~ 0 to 
3198 at 1 kHz[94].

Plant-based fibers such as cotton, bamboo, jute, and 
banana fibers also possess dielectric properties, as shown 
in Figure 5B[95-100]. This is because there are free hydroxyl 
functional groups present, which add polarity and provide 
high κ values. Cotton exhibits a dielectric constant of 17 
between frequency range of 60 and 1000 Hz[101]. Banana, 
bamboo, and jute fibers were also used as fillers into 
dielectric composites. The dielectric constant of these 
composites was found to be increasing with increase in 
fiber content[102]. Natural sugars also behave as dielectrics. 
High breakdown voltages of 1.5 MV/cm and 4.5 MV/cm, 
low loss tangents on the order of 10−2 at 100 mHz, and 
dielectric constants of 6.35 and 6.55 at 1 kHz, respectively, 
are all characteristics shown by glucose and lactose[84].

Besides natural materials, synthetic materials also exhibit 
biodegradability. An example of synthetic biodegradable 
dielectric elastomer is poly(glycerol sebacate) (PGS). Such 
elastic materials are useful for capacitive sensors since they 
can withstand compression more effectively and thus can 
be a useful alternative to viscoelastic polymers. Boutry 
et al.[103] reported a degradable capacitive pressure sensor 
fabricated using PGS as the dielectric sandwiched between 
biocompatible Mg and Fe metal electrodes. Fabricated 
sensor showed excellent time response while detecting small 
weights of single grain of salt weighing only 5 mg (Figure 5C). 
It is important to note that most of the dielectrics mentioned 
in this review were investigated at frequencies lower than 
few kHz. For practical use of these biodegradable dielectrics 
in complex electronic devices, their optimization is required 
for high-frequency performance.

6. Biodegradable insulators

6.1. Substrates

Substrates typically constitute most of the weight and 
volume of an electronic device. Therefore, overall 



Volume 1 Issue 3 (2022) 10  https://doi.org/10.18063/msam.v1i3.15

Biodegradable sustainable electronicsMaterials Science in Additive Manufacturing

degradation behavior of the electronic device largely 
depends on the substrate used. Researchers are exploring 
polymers from natural[91,104-110] and synthetic sources to 
be used as substrate. Biodegradable polymers that work 
as excellent substrate materials include polylactic acid 
(PLA), PLGA (Figure 6A), PVA (Figure 6B), polyglycolic 
acid (PGA), poly (1,8-octanediol-co-citrate) (POC), 
silk fibroin, rice paper, and cellulose nanofibril 
paper [10,17,111-113]. POC was used to fabricate stretchable 
Si-based pH and electro-physiological sensors using 
transfer printing. After 12  h, these sensors completely 

disintegrated in PBS (pH 10) at ambient temperature, as 
shown in Figure 6C.[111]

By adding maleic anhydride, these elastomers can 
be rendered photo-cross-linkable, preventing lengthy 
thermal condensation curing. This method helps increase 
the variety of materials that can be used as stretchy and 
biodegradable substrates[32,114,115].

Similarly, silk or its bioresorbable protein fibroin has 
demonstrated promising applications in electronic devices 
such as drug delivery systems[27,116-118], wireless therapeutic 

Table 2. Conductivities of various biodegradable conducting materials

Electroactive material Conductivity References

Mg 3.4 mS/cm [33]

W: methanol: PEO (4:1:0.25) 5200 S/m [67]

Zn NPs/Na-CMC 1.124 × 106 S/m [89]

Zn/PVA 9.7 × 105 S/m [25]

Zn/PVA ∼2 × 106 S/m [90]

Zn NPs/PVP (0.1 wt%) 22,321.3 S/m [65]

Zn NPs/PEO (3 wt%) 72,400 S/m [66]

ZnNPs/Ag NWs (5 wt%) 307,664.4 S/m [26]

Zn: PVP: glycerol: methanol (7:0.007:2:1) 60,213.6 S/m [28]

PEDOT: PSS 4,600 ± 100 S/cm [56]

10% PEDOT-HA/PLLA 0.47 ± 0.21 S/cm [59]

30% PEDOT-HA/PLLA 2.58 ± 1.02 S/cm [59]

50% PEDOT-HA/PLLA 6.94 ± 1.23 S/cm [59]

Silk/PEDOT: PSS [30]

Pani: gelatin (0:100 – 60:40) 0.005 – 0.021 S/cm [62]

CPSA-PANI: PLCL nanofiber (0:100 – 30:70) 0.0015 – 0.0138 S/cm [63]

GG5 1.21 × 10−4 S/cm [31]

GP: G (0.9:5 – 1.8:2.5) 2.41 × 10−4 – 4.54 × 10−4 S/cm [31]

Aligned PLGA-PHT nanofibers 0.1 × 10−5 S/cm [64]

Random PLGA-PHT nanofibers 0.2 × 10−6 S/cm [64]

TPU: P3TMA 2.23 × 10-5 – 5.19 × 10-6 S/cm [77]

PU-trimer 2.7 ± 0.9 × 10-10 S/cm [79]

DCPU-0.1/1 5.5 ± 0.7 × 10-8 S/cm [79]

DCPU-0.2/1 4.6 ± 0.4 × 10-7 S/cm [79]

DCPU-0.3/1 1.2 ± 0.3 × 10-5 S/cm [79]

PU-COOH 5.5 ± 1.2 × 10-12 S/cm [79]

Melanin films 7.00 ± 1.10 × 10-5 S/cm [81]

2a-PCL EMAP copolymer 5.01 × 10-6 S/cm [85]

3a-PCL EMAP copolymer 2.42 × 10-5 S/cm [85]

DNA/HA/SWCNT (0.5/0.3%) 128 ± 15 S/cm [91]

GelMA/DNA/MWCNT (3/4/6 mg) 24 ± 1.8 S/cm [91]

Graphene nanoflake ink 0.43 × 105 S/m [92]
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devices[117], energy harvesters,[6,41,119-121] and transistors[17]. 
Silk in water degrades at a well-characterized rate that can be 
easily adjusted by several orders of magnitude by regulating 
the degree of crystallization. Although highly crystalline 
silk degrades gradually, it can be fragile and challenging 
to handle. While less crystalline silk is more flexible, it 

breaks down more quickly in water. This trade-off restricts 
the manufacture of devices using transfer printing on silk 
substrates. Hwang et al.[13,17] fabricated Si-based microheaters 
for transient thermal therapy on silk using transfer printing 
method. These devices degrade after 15  days to prevent 
infections after surgery (Figure 7A and B).

Table 3. Dielectric properties of various biodegradable materials

Material Dielectric constant (1 kHz) Breakdown field (MV cm‑1) Loss tangent (100 mHz) References

Adenine ~3.85 ~1.5 ~4 × 10-3 [84]

Guanine ~4.35 ~3.5 ~7  × 10-3

Glucose ~6.35 ~1.5 ~5 × 10-2

Lactose ~6.55 ~4.5 ~2 × 10-2

Sucrose - >3 ~8 × 10-2

Caffeine ~4.1 ~2 ~9 × 10-2

SiO2 ~3.9 ~5-15 -

CAa 8.63 - 0.26 [93]

CA/Al2O3 (25 wt%)a 27.57 - 0.64

CNF - 0.6138 - [94]

CNF/CNT (4.5 wt%) - 0.4258 -
aDielectric constant at 50 Hz.

Figure 5. Increase in dielectric constant of cellulose acetate with increase in the addition of high-κ additives, Al2O3, (B) antenna sample using cotton fabric 
as the substrate and the dielectric material, and (C) a sensor array of 4 × 5 pressure-sensitive elements that can quickly respond to detect the presence of a 
grain of salt (weights: 55, 9, and 5 mg). Figure (A) is adapted from Deshmukh et al.[93] Reprinted with permission from Mukai et al. and Boutry et al.[95,103].
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Plant-based polymers like cellulose, on the other hand, 
are flexible, transparent, robust at high temperatures, 
and degrades slowly (on the order of months) when 

exposed to fungi that are found in nature, making it a 
good choice for consumer electronics. Cellulose has 
been used in solar cells[122-124], organic light-emitting 

Figure 6. (A) Photographs taken at various stages of the dissolution of a transient hydration sensor on a PLGA film while being immersed in PBS (1 M, pH 
= 7.4) at physiological temperature at 37°C; (B) a collection of optical microscope photographs taken throughout the dissolution of a-IGZO devices in DI 
water at room temperature. After 1800 s, the PVA substrate completely dissolves, causing the electronic devices to completely dissociate in the water. (C) 
A sequence of photos showing the breakdown of a POC-modified Si-based device in room temperature PBS (pH = 10). Reprinted with permission from 
Hwang et al., Hwang et al., and Jin et al.[10,111,113].
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Figure 7. An example of a transient bioresorbable device for thermal therapy, together with in vivo evaluations. (A) Images of a demonstration platform 
for transient electronics implanted (left) and sutured (right) in a BALB/c mouse’s subdermal dorsal area. (B) The implant location after 3 weeks (left); 
an implant site histological section that was removed 3 weeks later reveals a partially resorbed area of the silk film (right); pointers A, B, and C indicate 
subcutaneous tissue, silk film, and muscle layer, respectively. (C) Relative resistance changes of the gelatin-alginate-based strain sensor under cyclic 
stretching with 50% strain in air (150 cycles); (D) strain sensor attached to volunteer’s neck to detect pulse. (E) The magnified graph corresponding to one 
cardiac cycle with discernible P-wave, T-wave, and D-wave. Reprinted with permission from Hwang et al. and Hao et al.[13,141].
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diodes (OLEDs)[125], sensors[126-128], transistors[129-132], bio-
batteries[133], and radiofrequency identification (RFID) 
antennas[92,134,135] as substrate. CNFs were also used to 
fabricate biodegradable and flexible devices using transfer 
printing method. Good thermal stability of the material 
made direct printing possible on CNF papers[112,136]. Hsieh 
et al.[137] successfully printed and annealed conductive silver 
lines on CNF papers, thus demonstrating its full potential 
for roll-to-roll manufacturing. Despite easy availability 
of natural materials, such materials possess limitations 
for the wide applications due to high variation in quality 
from batch to batch. These variations affect the working 
of the electronic devices. The use of synthetic polymers 
is one of the solutions to mitigate such issues. Synthetic 
polymers can be chemically engineered for better control 
of physical and chemical properties. A  combination of 
PLA and PGA in different ratios gives bioresorbable 
polymer with tunable mechanical strength and controlled 
degradation time[138]. PVA[25,28,66,90,113], PGS-PCL[139], and 
sodium carboxymethyl cellulose (Na-CMC)[65,67,89] with 
diverse mechanical and degradation capabilities have 
been employed due to the various needs for biodegradable 
healthcare devices. According to a study, numerous bio-
based polymer substrate types can be used for printed 
electronic applications. Compared to conventional PET 
film, screen printed silver on cellulose acetate propionate 
(CAP) showed 18% lower resistance value and, hence, 
better electrical properties[140]. Hao et al.[141] developed 
a multifunctional gelatin-alginate hydrogel-based 
soft sensor with improved sensing performance. The 
degradable sensor is able to sense very small changes in 
strain, temperature, heart rate, and pH and has also been 
explored for drug delivery application. Since the device is 
both degradable and recyclable, it can be reconstructed 
with new functions (Figure  7C-E). A  polymer of methyl 
1H-pyrrole-3-carboxylate monomer (“MPC polymer”) was 
explored as energy storage material for supercapacitors. 
This polymer, both as a planar electrode and as a composite 
porous electrode with PLLA, demonstrated charge storage 
ability that was comparable to that of the pseudocapacitive 
conducting polymer PPY. In aqueous environment 
(37°C, pH  8.2), its application in a supercapacitor with 
an organic electrolyte revealed detectable evidence of 
deterioration in 8 h.[142]

Stimuli-responsive polymeric materials offer 
various transient modes in aqueous solutions and in 
ambient atmosphere with precise control over the start 
of degradation. These materials include temperature-
sensitive cyclododecane (CDD) and methanesulfonic 
acid/wax[11], moisture responsive polyanhydrides[143,144], 
and photoacid generator/cyclic poly(phthalaldehyde) 
(PAG/cPPA) that respond to ultraviolet light[145]. To ensure 

that a gadget performs as intended for a particular amount 
of time, slow swelling polymers are preferred. Thus, 
metallic substrates serve as a good alternative option as 
they do not swell in biological fluids and, therefore, offer 
dimensional stability. The dissolution rate of thin foils of 
Fe, Mo, W, and Zn in PBS (pH 7.4 at 37°C) as substrates 
for transient electronics was found to be 0.08, 0.02, 0.15, 
and 3.5 µm/day[9], respectively.

6.2. Encapsulating materials

Depending on the intended use, desired device operational 
times may range from a few days to a few weeks or years. 
Such time frames are crucial for application in healthcare 
or clinical settings. Most of the printed electronic devices 
need to be protected through an encapsulation layer. Thus, 
selection of the right material for the encapsulation is 
paramount to achieve biodegradability. The electrically 
active components may quickly deteriorate in the presence 
of a high water permeation rate. When exposed to PBS at 
room temperature, Mg thin film enclosed in 5  m PLGA 
degrades within 10  min[15]. Tuning the physical and 
chemical properties of biopolymers, such as composition, 
thickness, crystallinity, and chemistry, can extend the 
lifetime. A carefully formulated polyanhydride allows the 
intracranial pressure sensor to operate steadily for up to 
3 days[146] and silk fibroin with high crystallinity can extend 
the Mg thin film’s lifetime to about 90 h[17]. An alternative 
option is the use of dissolvable oxides, although care should 
be taken to not use single-layered oxides. Depending on the 
deposition conditions, single-layer oxide quickly dissolves 
due to the presence of pinholes. In PBS, Mg with a 200 nm 
SiO2 encapsulation dissolves within 1 min, but Mg that has 
layers of alternate SiO2 and Si3N4 can last up to 10  days. 
According to the encapsulation studies for OLED devices, 
combining oxide layers and biopolymers is projected to 
significantly extend functional durations[147]. In addition, 
recent research has demonstrated that using a mono-Si 
thin film (1.5 mm) as the encapsulation layer can greatly 
increase the device’s operating lifetime. Materials coated 
with Si NMs, such as Mg thin film, maintain their integrity 
after 60 days in PBS at 37°C[15].

7. Biodegradable and transient electronics
The field of biodegradable electronics falls under “green” 
electronics with the aim to develop electronic components 
and systems that have degradation and bioresorbability 
characteristics. Such systems should have degradation of 
over 80% in the presence of aqueous medium, temperature, 
humidity, oxygen, microorganisms, or radiations and should 
ideally convert to harmless substances. Bioresorbability is a 
subclass of biodegradability that refers to the safe breakdown 
of the material in the human body after performing its 
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function, thus obviating the need of physical removal. 
The first report on transient electronics was published by 
Hwang et al.[17] in 2012, where a platform technology was 
demonstrated. Since then, much research has been focused 
on developing biodegradable materials for electronic 
systems, investigating material degradation behavior 
and dissolution chemistries, modeling degradation, and 
creating fabrication techniques. Numerous biodegradable 
devices that operate reliably for a certain amount of time 
have been demonstrated for environmental applications, 
hardware security applications, and other applications such 
as biomedical implants and energy storage devices. Some 
of the examples for biomedical devices are implantable 
transient silicon-based devices with microheaters for 
thermal therapy[17], pressure and temperature sensors 
for the treatment of brain surgery and monitoring of 
cardiovascular activities[146], hydration sensors for wound 
healing applications[10], pH sensors[111], and devices for 
drug delivery applications[117,148,149]. Transient electronics 
protect the environment by reducing electronic waste. 
Some recent studies have focused on enzymatic 
degradation of PEDOT: PSS polymer[150] and development 
of an all-carbon thin-film paper-based transistor, which 
is 95% recyclable[151]. To make transient electronics self-
sufficient, the development of transient batteries is a pre-
requisite. In 2017, Zn-Cu galvanic cell was used to power 
a temperature sensor and a wireless communication device 
in the gastrointestinal tract of pigs[152]. Recently, a one-
dimensional battery, consisting of chitosan as separator, 
MnO2 as cathode and a fiber conductor coated with 
polydopamine/polypyrrole composite material as anode, 
was developed. Due to its high flexibility, it could be 
easily injected into the body to power a biosensor[153]. To 
further extend the application, Mg-Mo-based battery was 
used in wearable electronics to power an electronic watch 
and wearable health-care devices for electromyography 
applications[154]. Transient electronics are particularly 
useful for hardware secured devices containing sensitive 
information. For the purpose, an MgO-based device was 
developed which can degrade within 8 min in the presence 
of DI water at room temperature[155]. Similarly, a CsPbBr3-
based device was capable of dissolving in DI water within 
60 s[156-158]. Focus has also been directed to develop high-
performance degradable printed circuit boards (PCBs). 
In one of the early works, Huang et al. demonstrated 
transient PCB using different materials that dissolved 
into benign end products on exposure to water[67]. The 
multilayered PCB device used biodegradable metals such 
as Mg, W, and Zn for interconnects and PEO on a flexible 
sodium carboxymethylcellulose substrate. A  plant-based 
biodegradable PCB was made from agricultural waste of 
natural cellulose[159]. The biocomposite used in the work 

softens in contact with hot water or in high humidity. 
In another work, the performance of PCBs made from 
biodegradable cellulose acetate and PLA was compared 
with those created on Flame-Retardant Class  4 (FR-4) 
substrates[160]. Bharath et al.[161] explored rice husk-epoxy 
resin as a potential candidate for PCB. Although the 
performance of the PCBs and devices is far from that of 
the conventional devices, yet they hold promise to bring 
sustainability in electronics and make it environmentally 
friendly. For device applications, the functional lifetime 
is defined by the degradation time, thickness of material 
layers, and water permeability of the encapsulation 
materials. External stimulus triggers, namely, moisture, 
light, temperature, and mechanical force, have also been 
explored to degrade the materials in mostly non-aqueous 
environments.

Most of the initial devices using biodegradable materials 
used conventional manufacturing techniques of lithography, 
etching, and vapor or chemical deposition. Electrospinning 
and transfer techniques have also been explored but have 
been less successful when it comes to repeatability. Despite 
there are very few reports using additive manufacturing 
(AM) techniques to print biodegradable materials, 
discussion on this topic based on droplet-based printing 
techniques and 3D micro-additive manufacturing 
techniques has been initiated in a few papers[162-164]. 
PEDOT:  PSS was converted into ink and printed using 
inkjet printer, which uses a piezoelectric nozzle and is a 
well-known drop-on-demand technique[164]. In a recent 
work by Williams et al.,[151] the emerging AM technique of 
aerosol jet printing was explored to fabricate an all-carbon 
thin-film transistor employing biodegradable material inks 
of nanocellulose and carbon nanotubes on paper substrate. 
A  conductive paste of Zn, PVP, glycerol, and methanol 
was found to be suitable to create interconnects for screen 
printing. By combining screen printing with hot rolling 
and photonic sintering, a high conductivity of 60,213.6 S/m 
was achieved[28]. It was reported that among all printing 
methods, aerosol jet printing has the best resolution (line 
width >10 m) and thus this technique offers better printing 
on a wide range of substrates and on 3D surfaces[164].

8. End of life of electronics
Increasing electronic waste is an obstacle in the path of 
circular economy. Only 20% of e-waste gets recycled 
and a majority of it ends up in landfills, contributing 
to environmental problem. Researchers are exploring 
biodegradable materials to develop transient electronics 
in an effort to reduce e-waste. These devices have the 
capacity to dissolve in aqueous solutions to produce 
harmless products or to self-destruct themselves after 
operating for a predetermined period of time. The aim is to 
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counterbalance the negative trends conveyed by the short 
life cycle of electronics.

As discussed in this review paper, biodegradable 
metals generally convert into their oxides in aqueous 
solutions, and in some cases, they are non-reactive; 
therefore, they can be recycled back for use in another 
device, an example is liquid metal[165,166]. Researchers 
have experimented with recovering polymers back 
from the solution or degrading them enzymatically. In 
a previous study, an electrochromic display fabricated 
using PEDOT: PSS electrochromic layer, a gelatin-based 
electrolyte, and Au electrodes deposited on a cellulose 
diacetate substrate was tested for biodegradability study 
in accordance with the international standard ISO 14855. 
It was found that 79% of the device was able to degrade 
in 9  weeks by the microorganisms. The remaining 
20% was cellulose diacetate and small amounts of 
PEDOT: PSS, glycerol, and gelatin[150]. In another study 
by Kwon et al.,[167] Ag composite with polycaprolactone 
(Ag-PCL) was used as a degradable electronic ink. The 
composite was embedded with enzymes to catalyze 
the hydrolytic degradation of PCL. This technique was 
useful to separate the electronic components, which 
can be recycled even after months of storage with no 
observable loss in performance. An all-carbon thin-film 
paper-based transistor was designed for controllable 
decomposition where efficiency to recapture graphene 
and carbon nanotubes was more than 95%. All the 
recycled materials could be reprinted in the form of new 
transistors with nearly identical performance to the thin 
film transistors (TFTs) created from new ink[151].

Although researchers are working to make electronics 
more environmentally friendly by making them repairable, 
recyclable, or degradable so as to reduce the amount 
of e-waste, another significant challenge to focus on is 
incorporating the capability to quickly change a sensor 
or a component according to the need. This will eliminate 
the need to replace the entire device helping to further 
reduce the amount of waste produced and serving as both 
ecologically and economically viable options.

9. Challenges
Much effort has been put in studying and investigating the 
degradation of materials. However, the topics surrounding 
the breakdown of the emerging electronic materials and its 
effects on their performance are new. There are still many 
issues that need to be addressed so that the field can fully 
evolve.

(i) One of the main challenges in biodegradable materials 
is their commercialization and acceptance by the 
industry. The synthesized biodegradable materials fall 

short in comparison to their synthetic counterparts in 
technical and economic aspects.

(ii) The biodegradability of various emerging materials has 
been tested and demonstrated only at the laboratory 
scale. It is essential to establish their biodegradability 
at the industrial scale and also set up standards for 
their commercial adoption.

(iii) One major challenge is associated with synthesizing 
semiconducting and conducting biodegradable 
polymers that can find application in electronics and 
biomedical devices. To date, it is still challenging to 
retain the conductivity of biodegradable polymers 
while ensuring their functionality for the desired time. 
Two possible scenarios for solving the issue are either 
biomimicking the biodegradable natural materials 
for electronics properties or using novel chemistries 
to expand the library of biodegradable conducting 
polymers.

(iv) One of the roadblocks for biodegradable materials is 
their application, especially in biomedical devices. The 
electroresponsive and tissue engineering materials 
have unknown biodegradation profile in vitro and 
in vivo. A  lot of questions surrounding scaffold 
degradation and integration of cells or tissues with 
decomposing scaffold remain unanswered.

10. Conclusions and outlook
Development of biodegradable materials can help solve issues 
of e-waste, a growing problem that alone cannot be solved 
by recycling and reusing. This review summarizes the most 
current biodegradable materials currently being researched 
for their use electronic devices and health-care solutions. The 
materials are comprehensively categorized and discussed 
according to their electrical conduction, namely, conductors, 
semiconductors, and insulators. Both natural and synthetic 
materials have been explored as substrates, electrodes, and 
active layers in many biodegradable devices. However, 
the field of biodegradable electronics is in its infancy, and 
the current biodegradable devices cannot compete with 
conventional devices in performance. Hence, there is a 
need to push research in the direction of exploring novel 
biodegradable materials that have better performance. The 
library also needs to expand to piezoelectric, piezoresistive, 
and energy materials to fully replace electronic circuitry 
in the future. Most biodegradation studies are limited to 
materials, and it is paramount to evaluate dissolution rates 
of materials with respect to their electrical performance. It 
is still unknown at what point biodegradable devices start 
to become unreliable. This review provides a comprehensive 
knowledge regarding the potential of fabricating green 
electronics that can be partially or fully degraded, thus 
paving way for sustainable electronics.
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