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ABSTRACT

The utilization of patch-type components, ranging from attachable disposable devices to implantable medical devices, is

accelerating. Biodegradable electronic components are expected to effectively alleviate environmental issues caused by waste and
address cost-related concerns associated with recycling operations, serving as environmentally friendly electronic components.
Moreover, they mark the starting point for implantable medical devices that do not require removal surgery. In this paper, we
comprehensively summarize and discuss the structure, components, examples, fabrication methods, and recent trends in the
application areas of biodegradable functional composites, which possess advantages as materials for biodegradable electronic
components. Furthermore, we also discuss the prospects and challenges in the development of biodegradable functional composites.
This paper is expected to provide an important tool and useful strategies for the design of biodegradable functional composites.
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Fig. 1. (a) Composition of biodegradable functional composites, reproduced with permission [70]. Copyright 2012,
The American association for the advancement of science. (b) Biodegradation of biodegradable composite-
based electronics, reproduced with permission [23]. Copyright 2017, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim. (c) Percolation theory.
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Table 1. Natural polymer materials for biodegradable composites [32-43]

Polymers Young’s modulus (MPA)  Elongation (%) Degradation time
Cellulose 20,000~30,000 [32] 5~6 [33] 95% loss in 10 weeks (in fallow soil) [34]

Starch 107.48 [35] 25.625 [35] 36 hours (in Cryptococcus flavstYPM medium) [36]
Chitosan 110.86~116.54 [37] 3.85~5.93 [37] 50 wt.% loss in 6 hours (in 2 g lysozymet+l mL PBS, 37°C) [38]
Gelatin 160~260 [39] 12.5~14.58 [39] 9~10 hours (in 0.1 mg lysozyme+l mL PBS, 37°C) [40]
Beeswax 39 [41] 17-21 [42] 70~75 % loss in 80 days (in CO, evolution test) [43]

Table 2. Synthetic polymer materials for biodegradable composites [45-56]

Polymers Young’s modulus (MPA) Elongation (%) Degradation time
o .
Poly(butylene adipate-co- 40~50 477~458 10.14@::{/&1101 “:03) days
terephthalate) (PBAT) [45] [45] [46]
6 wt.% loss in 12 weeks
Polycaprolactone (PCL) 124148 1422424 (in PBS, 37°C)
(47] [47]
[57]
76 wt.% loss in 4 weeks
Polylactic acid (PLA) 367974 8~12 (in PBS, 37°C)
[45] [45]
(48]
Thermoplastic
. 1.6 140~150 10 mins (in water)
Poly(ethylene oxide) (PEO) [49] [49] [30]
90 wt.% loss in 90 days
Ploy (vinyl alcohol) (PVA) 0.75~0.85 70130 (in PBS, 37°C)
[50] [50]
(51]
0 .
Poly(lactic-co-glycolic acid) 237~3.03 358.4~385.2 2 Wg :’;;Sss 1;7018) days
(PLGA) [52] [52] )
(53]
85 wt.% loss in 7 days
Polyanhydarid (PA) 3:39-3.49 384 (in PBS, 37°C)
[54] [54]
[54]
Thermoset
0 .
12 20-95 22 wt.% .loss in 30 days
Poly(Glycerol sebacate) (PGS) (in PBS)
[55] [55]
[56]
H, 55 ZE9 gl A5 YARES "oiAw A7 [19-22]. T—:”—“. *éﬂie A2 BAlE 8% HPE|

Ar YEL T/} FAE0] A7 AEEs} &

7¥stod

A5l %
A AEAY B4 UriFie
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Table 3. Filler materials for biodegradable conductive composites [20,23,28,30,58]

Fillers Electrical conductivity (s/m) Biodegradation mechanism Application
+ +
Mo 1.79x10 2Mo+ZH,0+30;-2H,Mo0; Strain sensor [20]
[58]
W 176x107 2W+2H,0+30,—2H, WO, Moisture sensor [28]
[58] PCB board [30]
+
Fe LO0X107 Fet+2H,0—Fe(OH),+H,
(58]
+ +
Zn 169107 Zn ZHzoI;?(OH)Z H NEC device [23]
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Table 4. Filler materials for biodegradable dielectric composites [60-62]

Fillers Static dielectric constant Biodegradation mechanism

Sio, 39 SiO,+2H,0—-Si(OH), [60]
2M082+702—>2M003+4SOZ

MoS, 26~29 MoS,+9/20,+3H,0—MoO2 +2S0,> +6H" [61]

700 104 Zn0+2H,0—Zn(OH),

ZnO+H,0—Zn* " +20H [62]
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Biodegradable electrical conductive composites and enhancements. (a) Electrical conductivity of biodegradable
metal particles-based pastes, (b) Electrical conductivity of Mo/PBTPA as a function of time of immersion in
various solutions at 37°C, (c) Electrical conductivity of pastes formed with various biodegradable polymers with
Mo microparticles as a function of time of immersion in PBS at 37°C, reproduced with permission [21].
Copyright 2018, Elsevier Ltd. (d) Stretchability test of serpentine-structured freestanding Mo/PBTPA and
Mo/PBAT paste wires, (e) Optical microscope images of Mo/PBAT pastes without TG (top) and with TG
(bottom) reproduced with permission [20]. Copyright 2021, Wiley-VCH GmbH. (f) Surface resistances of W-
and Mo-paste blocks, reproduced with permission [22]. Copyright 2023, Elsevier Ltd. (g) Morphology of Zn
before/after exposure to CH;COOH/HO, (h) Conductivity of Zn, Fe, and Mo inks before and after treatment

with CH3;COOH/H;O, reproduced with permission [23]. Copyright 2017, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Fig. 3. Biodegradable dielectric composite (a) SEM images of MoS,/Chitin composite, (b) Property enhancement
through addition of MoS; nanocomposite, reproduced with permission [25]. Copyright 2020, American
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Fig. 4. Process using biodegradable functional composite for biodegradable electronics (a) Solvent processing (left) and
printed electronics(right), reproduced with permission [28]. Copyright 2020, American Chemical Society. (b) Melt
processing and printed electronics, reproduced with permission [22]. Copyright 2023, Elsevier Ltd. (c) Composite
curing process(left) and printed electronics(right), reproduced with permission [21]. Copyright 2018, Elsevier Ltd.
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Fig. 5. Application (a) Mo/PBTPA paste used as an interconnect with an RF coil of Mg, reproduced with permission
[21]. Copyright 2018, Elsevier Ltd. (b) Resistance data obtained from flex sensor by repeated bending of a
finger(left) and temperature sensor(right) based on W-paste, reproduced with permission [22]. Copyright 2023,
Elsevier Ltd. (c) Image of an NFC device with Zn/PVP radio frequency (RF) antenna, (d) Wireless readout of
temperature through NFC device with a smartphone, reproduced with permission [23]. Copyright 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Image(left) and structure(right) of representative transient
PCB device, (f) Environmental temperature measured and wirelessly transmitted using representative transient
PCB device, (g) Dissolution of representative transient PCB device at three time points after immersion in
water, reproduced with permission [30]. Copyright, 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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