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A B S T R A C T

Implantable medical devices have been used for real-time monitoring of physical parameters (temperature,
pressure and biopotentials), sustained drug release, cardiovascular and pulmonary stents and other clinical
applications. Several biocompatible materials (titanium and its alloys, aluminium, cobalt-alloys, stainless steel,
poly-ethylene, polyurethanes, polyglycolide and polylactides) have been commercially used for fabricating
implantable devices. However, these devices require retrieval operations after a certain period. Bioresorbable
materials disintegrate gradually in vivo and their derivatives get absorbed completely in the body fluid with no
residue and with minimal toxic effects, thus, eliminating the need for retrieval operations. In this article, state-of-
the-art advances in materials, fabrication techniques and clinical applications of bioresorbable implantable
devices are reviewed. We first discuss the bioresorbable materials (e.g., magnesium, molybdenum, tungsten,
silicon, germanium, silicon dioxide, silicon nitride, silk and synthetic polymers) used in the fabrication of im-
plantable devices. Later, an overview of processes to fabricate pressure, temperature, electrical and chemical
sensors are discussed, followed by their applications as implantable devices in biomedical engineering.

1. Introduction

Implantable electronic devices for continuous monitoring of a sub-
ject without restricting movement are an integral part of modern
healthcare systems. Such devices are used in various applications, from
monitoring of post-operative status to daily vital parameters. As the
implantable sensors are used for real-time measurement of parameters
such as temperature, impedance, electrocardiogram, and respiratory
rate (Kang et al., 2016), they have to be small, bio-compatible, reliable
and sturdy enough to withstand the physical forces inside the body.
Advances in microfabrication technology have facilitated wireless
passive sensor systems, to offer real-time monitoring and treatment.

Microelectromechanical systems (MEMS) based technologies in
implantable sensors have facilitated in vivo evaluations of various
bodily parameters (Chen et al., 2010; Yu et al., 2016). Additionally,
flexible implantable MEMS sensors have advantages in clinical practice
because they allow continuous, real-time monitoring of patients and the
ability to get help when a critical event occurs. The flexibility reduces
local tissue damage and improves conformal contact with the physio-
logical environment (Viventi et al., 2011). Sensing mechanisms in im-
plantable MEMS-based sensors include electrochemical, mechanical or

optical modalities. They can monitor pressure (Totsu et al., 2004;
Troughton et al., 2011), temperature (Kang et al., 2016), pH (Cao et al.,
2012), biopotentials (Griss et al., 2001), electrical impedance (Cao
et al., 2012), flow (Chen and Lal, 2001; Hong et al., 1995) and con-
centration of oxygen (Mahutte, 1998) and glucose (Kim et al., 1999;
Mastrototaro et al., 2006). Furthermore, implantable active sensors can
transduce physiological input into electrical output.

Clinical applications of implantable sensors include diagnosis and
monitoring of cardiovascular diseases (DiMarco, 2003; Hong et al.,
1995; Langenfeld et al., 1998; Magalski et al., 2002), neuromotor dis-
eases (Kipke et al., 2003; Schmidt et al., 1996; Zeng et al., 2008), brain
signals (Yu et al., 2016), and muscle signals (Weir et al., 2009). Drug
delivery is a novel application of implantable devices (Larrañeta et al.,
2016; LaVan et al., 2003; Nguyen et al., 2013; Shawgo et al., 2002;
Tesfamariam, 2018), where the dose of prescribed medicine is coupled
to the recovery of the patient (Lee et al., 2015). Implanted electronic
systems are used to stimulate nerves and to deliver drugs to the patient
automatically at prescribed quantities and frequencies (Millard and
Shepherd, 2007; Park et al., 2015). Pressure sensing has several sig-
nificant clinical applications like arterial (DeHennis and Wise, 2006;
Ritzema-Carter Jay L.T. et al., 2006; Schnakenberg et al., 2004),
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intracranial (Miyake et al., 1997; SIGNORINI et al., 1998) and in-
traocular (Chen et al., 2010; Twa et al., 2010) pressure monitoring.
Integrated Sensor Systems Inc. (ISSYS) has developed a cylindrical
monitoring device that can be inserted into the heart using a catheter to
record real-time hemodynamic parameters (Bloss, 2016).

Permanent implanted electronic devices can lead to infection via
percutaneous wires as well as biofilms formed on the device (Chamis
et al., 2001; Hall-Stoodley et al., 2004). The surgical procedure to re-
trieve implanted devices can cause further complications due to re-
operation (Hwang et al., 2012; Vajramani et al., 2005). Such processes
are costly, need special tools and have increased morbidity and mor-
tality. However, with advancement in materials, electronic circuit de-
sign technologies and state-of-the-art microfabrication procedures, a
novel class of low-risk bioresorbable implantable devices and sensors
have been fabricated and studied (Boutry et al., 2019; Kang et al., 2016;
Kim et al., 2018; Shin et al., 2019; Yu et al., 2016). Research related to
such devices involves hydrolysis of conductors, insulators, and semi-
conductors in body fluid (Hwang et al., 2013b; Jung et al., 2017;
Kulkarni et al., 1966; Liu et al., 2015; Yin et al., 2014a). These im-
plantable devices rely on complete dissolution of the device over a
specific timeframe, eliminating complications of retrieval. The factors
governing the dissolution of a fabricated device are the materials, its
impurity concentration, device geometry, surface treatment and its site
of implantation in the body (Anderson et al., 2003; Buchanan, 2008;
Huang, 2018). Most of the reported bioresorbable MEMS-based devices
are passive (Boutry et al., 2019; Kang et al., 2016; Yu et al., 2016), as
incorporation of active elements requires an internal or external power
source with bioresorbable circuitry.

Here, we review bioresorbable materials, fabrication techniques of
minimally invasive bioresorbable implantable devices and their clinical
applications. This article is divided into five sections. Section 1 (In-
troduction) describes the role of implantable sensors in clinical appli-
cations and advantages of using bioresorbable materials to fabricate the
implantable sensors. Section 2 focuses on bioresorbable materials used
to fabricate the sensors. Section 3 describes the process of fabricating
pressure sensors, temperature sensors, electrical sensors and chemical
sensors. Applications of fabricated bioresorbable sensors are in Section
4, followed by Section 5, where conclusion and future directions are
discussed.

2. Bioresorbable materials

Hydrolysis and enzymatic degradation disintegrate the bioresorb-
able material in non-toxic products that eventually get dissolved
without damaging surrounding tissues. The dissolved amount of ma-
terial needs to be less than the body tolerance limit. The rate of dis-
solution depends on contact with body fluid, the flow of body fluid,
temperature, crystal structure, crystal orientation and on the geometry
of the material (Blasier et al., 1997; Yetkin et al., 1999). The dimensions
of the fabricated device are designed based on the rate of dissolution of
material in the body fluid.

Bioresorbable materials include metals, semiconductors, polymers,
insulators, and nano-composites. Selection of materials for fabrication
of implantable bioresorbable devices depends on their physical and
chemical properties.

A typical sensor is fabricated on a substrate using sensing elements,
metal interconnects and a protective encapsulation layer. Medical ap-
plications are challenging because the dissolution behaviour of the
elements in the biological environment at a particular pH and tem-
perature, governs the properties of the designed sensor.

2.1. Metals

Bioresorbable metals such as magnesium, zinc, tungsten, mo-
lybdenum, and iron (Liu et al., 2015; Yin et al., 2014a; Zhao et al.,
2016) have been studied. A commonly used bioresorbable metal is

magnesium (Mg), which is widely present in cells and participates in
metabolic pathways. Unprotected Mg reacts with water to produce
slowly dissolvable magnesium hydroxide (Mg(OH)2), which further
reacts with available Cl− ions to form highly soluble MgCl2. The dis-
solution rate of Mg is determined as 4 μm/day and 1.7 μm/day in a
solution of pH 12 and 7 (DI water) respectively at 37 °C (Kang et al.,
2016). However, the higher dissolution rate of magnesium in biofluids
limits its use to fabricate implantable devices. Hydrolysis mechanism of
Mg in DI water or in biofluids is shown in equation (1) (Kang et al.,
2016; Son et al., 2015).

+ +Mg H O or aq O MgO H O Mg OH( . ) ( )2 2 2 2 (1)

Zinc shows uniform dissolution in biofluids at a lesser dissolution
rate than magnesium. Thus, it can be used as a material for fabricating
stents (SIGNORINI et al., 1998), scaffolds (Zhao et al., 2016) and
electrodes for longer duration bioresorbable batteries (Yin et al.,
2014a).

Molybdenum (Mo), a promising bioresorbable material, shows
lower solubility in pure water than in an oxygen-rich environment. The
dissolution rate of molybdenum is 20 nm/day and 7 nm/day in PBS (pH
7.4) and DI water (pH 7) respectively, ensuring longer function of an
implanted device in aqueous medium (Kang et al., 2016). The dis-
solution chemistry of molybdenum is given in equation (2) (Kang et al.,
2016). Molybdenum can be used as electrodes and interconnects to
fabricate electronic devices.

+ +Mo O H O H MoO2 3 2 22 2 2 4 (2)

Iron and tungsten are also commonly used bioresorbable metals.
Studies show that thin film of iron and tungsten exhibit dissolution
rates of 7 nm/day and 20 nm/day respectively in PBS (pH 7.4) (Lee
et al., 2017, 2018; Orlowski and Rübben, 2011; Song et al., 2018; Yin
et al., 2015). The dissolution chemistry of iron and tungsten in PBS is
shown in equation (3) and equation (4) (Lee et al., 2017) respectively.

+ + + +Fe O H O Fe OH H4 3 10 4 ( ) 42 2 4 (3)

+ + ++W H O WO H e4 8 62 4
2 (4)

2.2. Semiconductors

In modern dissolvable electronics, semiconductors such as Si, Ge,
and ZnO are commonly used owing to their compatibility with micro-
engineering technologies as well as their tuneable electrical char-
acteristics with different doping concentrations (Hwang et al., 2013c,
2012; Jung et al., 2017; Son et al., 2015). Due to the low dissolution
rate in biofluids, Si and SiGe are used as nanomembranes and ZnO is
used as nanowires. The dissolution chemistry of Si, Ge and ZnO are
shown in equation (5), equation (6), and equation (7) (Jung et al.,
2017) respectively.

+ +Si H O Si OH H4 ( ) 22 4 2 (5)

+ +Ge H O O aq H GeO aq( . ) ( . )2 2 2 3 (6)

+ +ZnO s OH ZnO H O( ) 2 2
2

2 (7)

Studies on complete hydrolysis of silicon show dependence on pH
values, ionic concentrations and temperature. According to a study
(Anderson et al., 2003) silicon dissolves faster in higher pH solution and
rate of its dissolution increases with temperature. Experiments show
varied dissolution rates for different crystalline structures. Amorphous
Si (a-Si) dissolves faster than poly-crystalline Si because the reduced
density of a-Si accelerates diffusion of the solution in the crystal. Si-
milarly, a bulk of nano-porous Si (np-Si) exhibits much higher dis-
solution rate than Si nano-membrane (Si-NM) (Anderson et al., 2003).
The dissolution rate of Si-NM and np-Si are reported as 23 nm/day and
9 μm/day in artificial cerebrospinal fluid (Kang et al., 2016).
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2.3. Insulators

Insulators are used to insulate and encapsulate devices. Most of the
bioresorbable insulators have low dissolution rates. Dissolution rate
depends on porosity of the layer and density of materials. In silicon-
based semiconductor industry, silicon dioxide and silicon nitride are the
most widely used insulators and therefore, their hydrolysis is well
studied (Hwang et al., 2012; Kang et al., 2014).

In bioresorbable electronics, the most common dielectric is SiO2. It
is used both for electrical insulation and device encapsulation.
Hydrolysis of SiO2 produces silicic acid or ortho-silicic acid (Si(OH)4),
which dissolves in biofluids. As the reaction of silicic acid production is
catalysed by OH− ions, pH affects the dissolution rate (Finnie et al.,
2009). The dissolution kinetics are also affected by concentration of
ions (e.g., K+, Na+, Ca+2 and Mg+2) in biofluids (Kang et al., 2014).
Moreover, SiO2 obtained from different sources or processes exhibit
different dissolution rates because of different densities. The dissolution
rate of thermally grown oxide layer differs compared to deposited oxide
layers. The dissolution rate for layers deposited by physical vapour
deposition (PVD) and chemical vapour deposition (CVD) processes also
different (Cheng, 2016; Kang et al., 2014). However, notwithstanding
growth or deposition techniques, the hydrolysis of SiO2 is the same and
given in equation (8) (Kang et al., 2016).

+SiO H O Si OH2 ( )2 2 4 (8)

Another common inorganic insulating material used in bioresorb-
able electronics is silicon nitride. Dissolution of Si3N4 in biofluids
happens in two steps. First, SiO2 is generated from Si3N4 and next it is
converted into silicic acid. The dissolution chemistry of Si3N4 is given
by equation (9) (Huang, 2018).

+ +Si N H O Si OH NH12 3 ( ) 43 4 2 4 3 (9)

Due to generation of SiO2 as an intermediate material in reaction,
the dependence on temperature, pH and ion concentrations are similar
to SiO2 (Hwang et al., 2012).

Magnesium oxide (MgO) is also a potential candidate for an in-
sulator in transient electronics. An intermediate compound Mg(OH)2 is
generated during dissolution of MgO in acidic or neutral solution
(Mejias et al., 1999). The dissolution process of MgO depends on pH of
the solution. Studies on these materials (Mg and MgO) suggest that they
can dissolve in aqueous solution following a similar dissolution kinetics.
Studies show that the dissolution rate for MgO is fastest among the
materials discussed followed by SiO2 and Si3N4. Additionally, the si-
licon dioxide grown using thermal evaporation showed a lower dis-
solution rate then grown using plasma enhanced chemical vapour de-
position (PECVD) (Cheng, 2016; Huang, 2018).

2.4. Synthesized polymers

Biodegradable synthesized polymers such as, poly-lactic acid (PLA),
poly-glycolic acid (PGA), poly-caprolactone (PCL), poly (1, 8 octane-
diol-co-citrate) (POC) and poly-lactic-co-glycolic acid (PLGA), a co-
polymer of PLA and PGA are widely used as substrates for transient
electronics (Hwang et al., 2015, 2014). Interaction of these polymers
with water decides the dissolution rate. The dissolution rate of hydro-
philic polymers is higher than that of hydrophobic polymers. In 1966,
Kulkarni et al. studied the biocompatibility of poly-L-lactic in animals
(Kulkarni et al., 1966). The aliphatic polyesters as PLA(Cheng et al.,
2009; Oksman et al., 2003; Rancan et al., 2009), PGA(Shawe et al.,
2006), PLGA (Lü et al., 2009; Sarkar et al., 2006), and PCL(de Valence
et al., 2012; Lee et al., 2003) are commonly used bioresorbable poly-
mers. Among these polymers, PLA is one of the most widely used.
Crystalline poly-l-lactic acid (PLLA) is mostly inert to hydrolysis, ex-
hibiting low dissolution rate, whereas, hydrolysis-sensitive amorphous
poly-dl-lactic acid (DL-PLA or PDLA) shows higher dissolution rate
(Huang, 2018). Another commonly used polymer is PGA, which

exhibits a higher rate of dissolution in biofluids than PLA. PLGA, a co-
polymer synthesized using PLA and PGA, is used widely in the fabri-
cation of bioresorbable devices due to its tuneable properties, e.g.,
crystallinity, rate of dissolution, and hydrophobicity. By varying the
ratio of PLA and PGA in PLGA, the rate of dissolution can be tuned to
the desired value.

PCL, a bioresorbable aliphatic polyester exhibits much lower dis-
solution rate due to high crystallinity and hydrophobicity compared to
PLA, PGA or PLGA (Hwang et al., 2013a). PCL is preferred as it is re-
latively easy to cast. Flexibility of PCL to be co-polymerized with other
polymers like PLA or PLGA helps to achieve the desired properties.
Unlike other polymers, POC is an elastomer and can be stretched up to
30% with linear mechanical response (Hwang et al., 2015). Thus, POC
can be used to efficiently fabricate stretchable bioresorbable devices.

Unlike aliphatic polyesters, few polymers exhibit surface erosion,
that means dissolution occurs layer by layer, resulting in better en-
capsulation performance. One of the most widely used such polymer is
polyanhydride. Biocompatibility study shows that it is not cytotoxic.
Moreover, the slow dissolution rate helps to protect the device by en-
capsulating from biofluids for a longer time (Kang et al., 2016).

2.5. Silk

Silk films can be used as substrates for bioresorbable devices. Silk is
flexible, robust, and bioresorbable material (Anderson et al., 2003;
Hwang et al., 2013a, 2013c; Kim et al., 2010, 2009) with a controllable
period of dissolution and tuneable dissolution rate in an aqueous so-
lution. Perry et al. developed a silk-fibroin based substrate fabrication
technique by purification of Bombyx mori cocoons (Perry et al., 2008).
The casting of silk-fibroin solution on a flat surface followed by drying,
resulted in uniform silk films (Jung et al., 2017). Silk films are used as a
substrate of electrophysiological recording electrodes and silicon-based
transistor (Anderson et al., 2003; Kim et al., 2010, 2009). The bio-re-
sorption process of silk film in water involves its proteolytic degrada-
tion, producing biocompatible materials (Horan et al., 2005). The dis-
solution rate can be varied by changing the rate of drying of silk
solution (Lu et al., 2010), by reducing β content-sheet or by treatment
of the film using ethanol (Kim et al., 2010) during film formation. Ex-
cellent bioresorbability and biocompatibility make silk a promising
alternative for transient electronics.

Commonly used bioresorbable materials and processes used to
fabricate a device using these materials are summarized in Table 1.

3. Fabrication of bioresorbable devices

Fabrication of bioresorbable implants has been made possible by
advancements in material science and micro and nano fabrication
technology. The implantable devices utilize conventional micro-
fabrication compatible biosensors for sensing the change in physiolo-
gical parameters (pressure, blood flow, pH, and biopotentials) of body
and recording of biopotentials. Bioresorbable devices can be fabricated
using conventional CMOS fabrication technology without significant
retooling of systems and increase in cost.

3.1. Fabrication of pressure sensor

Silicon is the most commonly used substrate in pressure sensor
fabrication. A fabricated deformable diaphragm structure of silicon
nanomembrane can provide a highly sensitive pressure response. The
most commonly used technology for sensing the force involves, mea-
suring the deformations of the structure using piezoresistors. On ap-
plying a force to the piezoresistive sensor, the structure deforms and
subjects to stress which results in a proportional change in the re-
sistance of the sensor. A rapid, miniaturized, linear, and highly sensitive
sensor with better resolution output can be fabricated using micro-
engineering technologies. This change in resistance is then converted
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into electronic signals using signal conditioning circuits. The piezo-
resistive force sensors have higher sensitivity, noise immunity, with
compact signal conditioning circuits compared to capacitive and pie-
zoelectric type pressure sensors (Bakhoum and Cheng, 2010; Gerard
Meijer et al., n.d.; Liu, 2012; Pandya et al., 2017; Yu and Huang, 2015).

The change in resistance of piezoresistive material is proportional to
its gauge factor. Gauge factor of silicon, a function of doping and
temperature, is high. Thus, as a piezoresistive material, it shows a
significant change in resistance value. The piezoresistivity of silicon
makes it potentially useful for fabricating pressure sensors. Schematics
of piezoresistive pressure sensors and a temperature sensor are shown
in Fig. 1.

In a piezoresistive pressure sensor, the piezoresistive material is
placed on a deformable diaphragm structure so that it can experience a
high average strain. The higher the value of the change in strain, the
higher will be the sensitivity. The average strain in the silicon-

nanomembrane structure on the deformable surface causes an electrical
response. A PLGA diaphragm on np-Si structure can be used as a de-
formable structure (Fig. 1a). Finite element analysis shows that de-
formation of PLGA diaphragm is more (Kang et al., 2016), thus, vali-
dating its use as a pressure sensor. Here, piezoresistive material was
placed at the centre of the edge of the diaphragm to maximize sensi-
tivity.

In 2016, Kang et al. fabricated the device by integrating piezo-
resistive sensing element (highly doped Si-NM using solid-state diffu-
sion of boron) onto PLGA and bonded it over a cavity etched into the
np-Si substrate (Kang et al., 2016). First, a trench was created on the
substrate to fabricate the cavity. SiO2 layer was then deposited on the
np-Si substrate followed by patterning and etching. Finally, np-Si sub-
strate was etched to create the trench. The etch time controlled the
depth of the trench according to the design. A parallel process flow was
followed to get the sensing element. The top Si-NM layer was heavily

Table 1
List of commonly used bioresorbable materials in transient electronics.

Class Materials Fabrication processes used (growth or deposition)

Conductors Mg, Zn, Mo, W (Yin et al., 2014a, 2014b) E-beam evaporation
Fe (Yin et al., 2014a) Sputtering
PGA, PLA, PLGA (Bettinger and Bao, 2010) Melt and cast
Silk (Anderson et al., 2003; Tao et al., 2014) Cast
Highly doped Si- nanomembrane (Yu et al., 2016) Doping of Si wafer

Semiconductors Si- nanomembrane (Anderson et al., 2003) Si wafer, SOI wafer
Poly-Si, amorphous Si(Yu et al., 2016) LPCVD
Ge (Jung et al., 2017) Ge wafer
ZnO(Dagdeviren et al., 2013) Sputtering

Insulator SiO2(Hwang et al., 2015, 2012) Thermal oxidation, PECVD, E-beam evaporation, ALD, Sputtering
Si3N4(Hwang et al., 2012) PECVD
MgO(Anderson et al., 2003) E-beam evaporation
Polyanhydride (Kang et al., 2016) Synthesis

Synthesized Polymers PLA(Cheng et al., 2009; Oksman et al., 2003; Rancan et al., 2009) Synthesis and Cast
PGA(Shawe et al., 2006) Synthesis and Cast
PLGA (Lü et al., 2009; Sarkar et al., 2006) Synthesis and Cast

Fig. 1. Bioresorbable pressure and temperature sensor. (a) Schematic illustration of structure of a typical pressure sensor. (b) Schematic illustration of a
bioresorbable pressure sensor on np-Si substrate with PLGA deflectable membrane and Si-NM sensing layer (Kang et al., 2016). (c) Illustration of the sensor with
bilayer coil for wireless data transmission and capacitive pressor sensor wrapped around artery (Boutry et al., 2019). (d) Experimental setup to test fabricated sensor
by mimicking pulsatile behaviour of an artery (Boutry et al., 2019). (e) Bioresorbable temperature sensor fabricated on PLGA film (Kang et al., 2016).
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doped to achieve the expected sensitivity. Furthermore, it was dipped in
hydrofluoric acid to release the top silicon layer by dissolving the
buried oxide layer. The released layer was transferred on PLGA using a
temporary carrier substrate. The PLGA structure was then bonded on
the trench in the np-Si substrate and heated at a glass transition tem-
perature, for 5min on the hotplate, to form a cavity. Finally, the SiO2
layer was deposited on Si-NM for insulation. Kang et al. reported
pressure sensors with the np-Si and magnesium foil as substrates
(Fig. 1b). Here, the sensing layer (highly boron-doped Si-NM) formed
on a PLGA structure was bonded on a trench to form a cavity on the
substrate (Kang et al., 2016).

A device for monitoring arterial-pulse was fabricated using biode-
gradable materials, e.g., magnesium, PLLA, POMaC and PHB/PHV
(Boutry et al., 2019). The PGS was synthesized and poured into PDMS
mould to fabricate square pyramidal micro-structures. Magnesium
electrodes were fabricated using laser cut Mg foil. A PLLA insulator was
used in between two magnesium layers. PHB/PHV was used to en-
capsulate the stack. The POMaC was synthesized and spin-coated to
laminate the device (Fig. 1c). The device was fabricated on a wafer for
easy-handling and could be peeled off easily after fabrication. The
fabricated device could transmit the recorded signal by inductive cou-
pling (Fig. 1d).

3.2. Fabrication of temperature sensor

For conductors, the change in resistance or conductance is linearly
proportional to temperature. Temperature coefficient of resistance
(TCR) of silicon can be tuned by varying dopant and doping con-
centration. This can be exploited to use doped Si for fabricating tem-
perature sensors. Similarly, a thermal conductivity sensor can be fab-
ricated using silicon nanomembrane structure. Increase in power to
resistive elements increases temperature due to Joule heating. Analysis
of temperature transients following the increase in power helps to de-
termine thermal transport properties of surrounding fluid or tissue. A
thin layer of silicon can be patterned as a temperature sensor, using the
top silicon (highly doped) layer of an SOI wafer. The top layer can be
spin-coated with a photoresist followed by patterning using litho-
graphy. Next, the top silicon layer can be etched using reactive ion
etching (RIE) to pattern it as a temperature sensor. Similarly, a silicon
nano-membrane layer on an insulated or non-conducting substrate can
be patterned and etched to fabricate a silicon-based temperature sensor.
Kang et al. reported fabrication of a temperature sensor (Fig. 1e) on a
PLGA substrate using a heavily-doped Si-NM structure as electrode
(Kang et al., 2016), whereas, Shin et al. reported fabrication of a tem-
perature sensor by photolithography and RIE of the top silicon layer of
an SOI wafer (Shin et al., 2019).

3.3. Fabrication of sensor for recording neural signals

The sensors for recording biopotentials transduce ionic concentra-
tion to electrical current. A passive electrode array can record biopo-
tentials from a subject. In fabricating bioresorbable passive electrode
array, bioresorbable metals are deposited and the device is fabricated
on a bioresorbable substrate (np-Si, PLGA etc.). A thin layer of insulator
is deposited to insulate the electrodes from substrate. The electrodes
can be deposited by physical vapour deposition techniques, e.g., e-beam
evaporation, sputtering or thermal evaporation. Insulation layer of si-
licon dioxide or silicon nitride can be deposited by chemical vapour
deposition or physical deposition techniques. The deposited metal and
insulator are patterned by photolithography. Schematics of chemical
sensor and a device to record neural signals are shown in Fig. 2.

Kim et al. reported conformal dissolvable silk-based electrode array
for recording brain signals. An array of thirty 500 μm square shaped
gold electrodes was fabricated by transfer printing onto silk substrate.
Yu et al. reported a bioresorbable device on PLGA substrate to record
ECoG from brain (Yu et al., 2016). A metal-oxide-semiconductor

structure was fabricated. The top layer of a SOI wafer was doped using
phosphorus through patterned grown-oxide layer to define source and
drain of NMOS structure that provides necessary buffer and switching
actions. The releasing and transferring of the doped Si-NM was done
using PI/PMMA bilayer on silicon wafer. Si-NM was patterned using
photolithography and RIE. The SiO2 layer deposited by PECVD, acted as
gate dielectric. Sputtered molybdenum film was patterned using pho-
tolithography and lift-off process. This patterned film acts as gate
electrodes and metal interconnects. An interlayer-dielectric was fabri-
cated using tri-layer SiO2/Si3N4/SiO2 using PECVD. An additional layer
of sensing electrodes and contact pads were fabricated by molybdenum
deposition and patterning using lift-off and SiO2/Si3N4/SiO2 was de-
posited using PECVD as encapsulation layer with openings at electrode
locations (Fig. 2a).

3.4. Chemical sensor

The chemical sensors have a wide range of applications in clinical
monitoring. Amongst several applications of chemical sensors e.g.,
monitoring ionic compounds of blood or monitoring concentration of
neurotransmitters, the pH monitoring and sensing biomolecules, e.g.,
blood glucose, protein have been widely used in biodegradable devices.

Schematic of a fabricated chemical sensor is shown in Fig. 2b. A
silicon-based electrochemical sensor was designed and fabricated for
detection of the concentration of dopamine (Kim et al., 2018). The
device was fabricated on a biodegradable polycaprolactone (PCL)
substrate, using iron decorated carboxylated polypyrrole nanoparticle
(Fe3+_CPPy NPs) coated silicon nanomembrane, as sensing layer
(Fig. 2b). Magnesium was used for interconnects and electrodes, while
silicon dioxide was used for electrical isolation. On a flexible substrate
of PCL, a heavily doped Si-NM (~300 nm thick) was patterned as in-
terdigitated electrodes and was coated with iron and carboxylated
polypyrrole nanoparticles (Fe3+_CPPy NPs) as a hybrid catalyst to
fabricate an active sensing layer. Deposited magnesium (Mg~200 nm
thick) layer acted as electrical contacts and interconnects and evapo-
rated silicon dioxide (SiO2~150 nm thick) served as interlayer di-
electrics and protective layers. Polycaprolactone (100 μm thick) was
used as substrate and encapsulant. The fabricated device can selectively
sense dopamine to detect abnormalities in the nervous system.

The pH sensing is one of the most important applications of che-
mical sensors. Electrostatic gating of transport through Si-NM helps in
pH sensor design. A functionalized surface of silicon-nanoribbon (Si-
NR) can be used as a pH sensor. The change in surface charge density by
depletion or accumulation of charge carriers changes the conductance
(or resistance). This property can be used to monitor change in pH from
changes in resistance. Kang et al. reported a silicon nanoribbon-based
pH sensor (Kang et al., 2016). The silicon nanoribbons were exposed to
UV induced ozone for 3min followed by immersion in 1% ethanol so-
lution of 3-aminopropyltriethoxysilane for 20min. A thorough rinsing
in ethanol followed by annealing of silicon nanoribbon at 60 °C for
10min functionalized the surfaces. The functionalized surface with
–NH2 underwent protonation to –NH3+ at low pH and the -SiOH
functionalized surface underwent deprotonation to -SiO- at high pH.
The resulting change in conductance of phosphorus-doped Si-NR fol-
lowed pH change of the solution. Increase in pH (pH 2 to pH 10)
showed a step-wise decrease in conductance of phosphorus-doped Si-
NR.

3.5. Energy storages

Implantable devices for clinical data recording require steady vol-
tage for prolonged lifetimes. This can be accomplished by bioresorbable
batteries. The bioresorbable energy storage devices are shown in Fig. 3.
Lee et al. reported biodegradable micro-supercapacitor (Fig. 3a) which
was fabricated using bioresorbable electrodes (tungsten, iron, and
molybdenum) and hydrogel (agarose) electrolyte with NaCl salt. A
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mixture of agarose powder and NaCl in DI water was heated, followed
by cooling after pouring on a glass plate. This provided the electrolyte
layer after detaching from the glass slide. Tungsten and molybdenum
electrodes were deposited by magnetron sputtering and iron electrode
was deposited by e-beam evaporation. The metal layers were patterned
using lift-off process (Lee et al., 2017). Dissolution of the fabricated
device was demonstrated in PBS (pH 7.4) at 37 °C after 9 days (Fig. 3b).

Huang et al. reported a Mg–MoO3 battery (Fig. 3c). An active layer
of MoO3 powder mixed with PLGA resting on molybdenum foil acted as
cathode, magnesium foil as anode and sodium alginate (ALG-Na) hy-
drogel with phosphate as electrolyte material. The electrolyte paste was
cast on molybdenum film. The MoO3 layer was deposited using mag-
netron sputtering. The battery was fabricated by stacking the electrodes
and electrolytes and the structure was encapsulated using a poly-
anhydride layer (Huang et al., 2018). After implanting the device in rat,
the complete dissolution was observed in a four weeks’ time (Fig. 3d).

4. Applications of bioresorbable devices

In a preliminary study, Kim et al. (2009) showed that in animal
models, silicon nanomembrane-based devices on a silk substrate could
be dissolved in water and biofluids, without any toxicity. It was pre-
dicted that device fabrication using bioresorbable materials could be

the future of biomedical devices (Kim et al., 2009). Hwang et al. re-
ported the fabrication of bioresorbable transistors and simple circuits
on silk substrate using magnesium as conductor and silicon dioxide and
magnesium oxide as insulators in an encapsulating layer of silicon ni-
tride (Hwang et al., 2013c). In vivo toxicity was determined with a sub-
dermal implant in mouse and bioresorbability was tested in PBS solu-
tion.

Si-NM based pressure sensors are popular because of higher sensi-
tivity due to their piezoresistivity. However, as piezoresistivity of a
material is a function of temperature, to minimize sensitivity to change
in temperature, a Wheatstone bridge configuration with four elements
is used. The sensitivity of a piezoresistive sensor can be tuned by
varying structure and dimension of silicon nanomembrane diaphragm.
In 2016, Kang et al. reported an implantable, multifunctional device,
fabricated using bioresorbable materials, making it resorbable in bio-
fluid (ACSF). It could monitor intracranial pressure (Fig. 4a–d) and
temperature during treatment of traumatic brain injury (Kang et al.,
2016). The fabricated device was connected to a near-field commu-
nication (NFC) system using molybdenum wires. As, the exposed wire
may act as source of infection, a device with on-chip transmission
system could be a better option. Chen et al. studied a wireless, real-time
pressure monitoring device and demonstrated recording of a human
arterial pulse waveform from radial artery and in vivo monitoring of

Fig. 2. Bioresorbable electrical and che-
mical sensors. (a) Exploded view of the
schematic of fabricated bioresorbable
sensor. The phosphorus doped Si-NM serves
as neural interface electrodes (Yu et al.,
2016). (b) Schematic of dopamine sensor on
flexible polycaprolactone (PCL) substrate
(thickness: 100 μm). The sensor consisted of
ultrathin boron-doped Si-NM (~300 nm,
released from SOI) with a coating of
Fe3+_CPPy NPs is the active sensing com-
ponent and Mg (~200 nm) is used for elec-
trical contacts and interconnects (Kim et al.,
2018).

Fig. 3. Bioresorbable power sources. (a) Schematic illustration of a micro-supercapacitor consisting of bioresorbable metal (iron, tungsten or molybdenum)
electrode using NaCl/Agarose gel as electrolyte on glass substrate. The electrodes are deposited on a film of 10 nm chromium for enhanced adhesion. The electrolyte
is synthesized using NaCl and agarose powder in DI water (Lee et al., 2017). (b) Images of dissolution of electrodes in PBS solution (pH 7.4) at 37 °C at different times.
(c) Schematic illustration of structure of the battery with materials. The paste cathode was made of MoO3/Mo powder with PLGA (65:35) in acetone. Casting of this
paste on Mo foil of 30 μm was followed by deposition of MoO3 film of thickness ~1 μm. A film of UV-curable polyanhydride was used as encapsulation layer (Huang
et al., 2018). (d) in vivo experiment of degradation of the battery by implanting in subcutaneous area (left) is shown with degradation after 2 weeks (center) and 4
weeks (right) of implantation.
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intracranial pressure in mice. Here, a fabricated pressure sensor was
integrated with an inductive antenna to form a resonant circuit that
could transmit a signal with shifted frequency, recorded by an external
system (Chen et al., 2014).

A biodegradable PLLA-based pressure sensor was fabricated by
Curry et al. to measure intra-organ pressures. The sensor was demon-
strated by implanting into mouse abdomen to measure the diaphrag-
matic contraction pressure to detect the breathing pattern. The device
used shear piezoelectricity of PLLA film to sense normal out-plane stress
(Curry et al., 2018). Though the device could measure a wide range of
pressure (0–18 KPa), it recorded reliable data only for four days. In
2018, Shin et al. reported bioresorbable pressure sensors to monitor
chronic diseases and healing processes (Fig. 4e). This MRI-compatible
monitoring device fabricated using bonded SOI wafers, was implanted
in mice to measure intracranial pressure and dissolved in five weeks.
The recorded signal for the first 25 days demonstrated high accuracy
and was comparable to clinical-grade recordings (Shin et al., 2019). The
encapsulation layer of silicon dioxide increased the lifetime of the
fabricated device.

Boutry et al. demonstrated an implantable biodegradable sensor to
measure strain and pressure with an in vivo experiment by implanting
the sensor in rats. It used the capacitive effect to measure strain and

pressure and a flexible capacitor to measure pressure. The change in
capacitance between thin film comb electrodes was used to measure
strain. The device was fabricated on PLLA substrate, with magnesium
electrodes and poly (glycerol sebacate) or PGS dielectric layer using
poly (octamethylene maleate (anhydride) citrate) or POMaC as packa-
ging material. The device could measure pressure as well as the strain
for 3.5 weeks after subcutaneous implantation (Boutry et al., 2018).
The same group designed a sensor for wireless and battery-free mon-
itoring of arterial pulse and blood flow through the artery as a part of
real-time post-operative monitoring. The reported device was fabri-
cated using bioresorbable materials like magnesium (as metal inter-
connect as well as inductor coil for radio frequency data transmission),
PLLA (as insulation layer), POMaC (as top cover) and PHB/PHV (as
bottom cover). The fabricated sensor was tested with a custom-made
artificial artery model before in vivo testing in rats (Fig. 4f and g). The
sensor showed partial degradation after 12 weeks, leaving behind PHB/
PHV that had a slower degradation rate. Histological evaluations did
not show severe inflammation around the site of implantation (Boutry
et al., 2019).

As mentioned earlier, in 2016, Kang et al. reported an implantable,
multifunctional device that could monitor intracranial pressure and
temperature during traumatic brain injury (TBI) (Kang et al., 2016).

Fig. 4. Bioresorbable pressor sensors. (a) Image of intra-cranial pressure and temperature sensor with metal interconnects. The inset shows schematic of the
sensor. (b) A diagram of reported sensor in intracranial space with external wireless data-transmission unit. (c) Validation of bioresorbability of the pressure sensor
by accelerated dissolution into aqueous buffer solution of pH 12. (d) Implantation of bioresorbable sensor in rat, sealing the craniectomy defect by PLGA film and
surgical glue and freely moving rat with wireless intracranial sensor (Kang et al., 2016). (e) Image of a bioresorbable sensor, implanted intra-cranially in rat. A strain
gauge structure for the pressure sensing was fabricated using top silicon layer of SOI wafer. The device was fabricated by bonding it to another SOI wafer with
trenches, using PDMS layer (Shin et al., 2019). (f) Illustration of post-operative monitoring of arterial pulsation. (g) Sites after implantation of pressure sensor with
both wired and wireless mode of communication (Boutry et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Shin et al. reported the use of temperature sensor in the monitoring of
chronic diseases and healing (Shin et al., 2019).

Biopotentials, e.g., electrocardiogram, electromyogram, and elec-
troencephalogram provide critical medical information for diagnosis
and treatment. Biopotential electrodes, which can transduce bioelectric
current derived from ionic transport in the body into electrical current,
provide crucial metrics. The performance of non-invasive electrodes
depends on electrode-skin impedance, i.e., to get a signal with high
SNR, an implantable device is preferable.

Recording of biopotentials using the partially bioresorbable device
for mapping feline brains was reported by Kim et al., in 2010. An array
consisting of thirty 500 μm square shaped gold electrodes was fabri-
cated by transfer printing onto a flexible and conformal silk substrate.
The flexibility of silk facilitates conformal connection with the brain
was efficiently demonstrated by in vivo neural monitoring. The response
from visual cortex, with prominent visually evoked P100 responses and
sleep spindles, was reported in this article (Kim et al., 2010). The fab-
ricated device could only record signals from brain but any switching or
multiplexing was not reported.

Similarly, Yu et al. reported recording of normal physiological and
epileptiform activity from the brain (electrocorticography or ECoG)
using implantable silicon-based devices for both acute and chronic rat
models (Fig. 5). The implantable sensor was integrated with active
multiplexing to capture data from a higher number of channels using
switching and buffer transistors to minimize the number of transmis-
sion channels for recording high-resolution data. The acute experiments
(~5–6 h) and chronic experiments (for 33 days) were performed on
adult rats. Sleep spindle activity along with pre-ictal and inter-ictal
signals were recorded from cortex in the left hemisphere and compared
with the signals recorded by clinical grade electrodes. The fabricated
bioresorbable device could record clinical grade significant data for a
period of 33 days (depending on design) before getting dissolved in
cerebrospinal fluid (Yu et al., 2016). Here, the recording electrodes
were connected to outside NFC through a FET structure that allowed
switching of recorded signal by control signals at gate terminal of FET.

The neural response from an animal model can be recorded using an

electrode array placed on the brain surface, but microelectrodes (mi-
croneedles) can record data with high spatial resolution from specified
depths of the brain. These probes are important in clinical applications
owing to their stable and long-term functionality. Commercially avail-
able probes are much larger and stiffer than neurons. This limits their
performance due to destruction of tissues in the brain during insertion
of the device (Khilwani et al., 2016).

In 2014, Kozai et al. recorded chronic tissue responses in an in vivo
study where microelectrodes, coated with bioresorbable carbox-
ymethylcellulose were implanted in rats. The coating provided me-
chanical stiffness to the microneedle array (Kozai et al., 2014) and the
needle was bioresorbable, but the probe was not. In 2016, Khilwani
et al. reported a neural probe of a meander-shape platinum wire en-
capsulated with bioresorbable Parylene-C. A study in agarose gel after
implantation of the probe showed complete dissolution of the Parylene-
C layer of 1.1 μm thickness in 8min leaving behind the electrodes with
0.5 μm thickness and 4 μm width (Fig. 6a–f). Also, dissolution of Par-
ylene-C delivery needle was tested by implantation in bovine cadaver
brain tissue (Khilwani et al., 2016). The delivery needle was completely
bioresorbable while the recording electrode was not bioresorbable. The
dissolution of microneedle (microelectrodes) minimizes scar tissue
formation around the implant. A polyimide-based electrode array with
a microneedle of acid-terminated PLGA as an insertion device for neural
recording, was reported by Ceyssens et al., in 2019 (Fig. 6g and h).
Here, an electrode array containing 16 electrodes with a diameter of
18 μm was arranged linearly with a 150 μm gap and inserted to a depth
of 2.5mm. A preliminary study of the mechanical properties was done
in 0.6% agar gel that simulated a brain. Stable chronic neural record-
ings were demonstrated by implanting it in the sensorimotor cortex of
rats to record evoked potentials and spontaneous action potentials for 4
months (Ceyssens et al., 2019).

Likewise, the recording of neural signals, the nervous system can be
stimulated by electrical signals using bioresorbable devices. The first
validation of a nonpharmacological neurogenerative study using bior-
esorbable devices was reported by J Koo et al. They reported an im-
plantable, bioresorbable, wireless platform that can electrically

Fig. 5. Bioresorbable sensor to record ECoG signal from rat brain. (a) Images show the stages of accelerated dissolution of system immersed into aqueous buffer
solution of pH 12 at 37 °C. (b) Image of a bioresorbable array of electrodes placed on the rat brain. Recorded signals from the left cortical surface, and sleep spindles
from cortical surface. Interictal spiking activity was recorded 30min after topical application of bicuculline methodide. A commercial stainless steel microwire
electrode used as control. (c) Recorded ECoG signals by bioresorbable array and control electrode on day 1, day 15 and day 33 (Yu et al., 2016).
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stimulate injured nerve tissues and results in improved nerve re-
generation (Koo et al., 2018). The demonstrated device consists of an
inductively coupled RF power harvester and electrical interface to
nerve. The fabricated device was dissolved completely after 25 days in
PBS at 37 °C. The experiment on dissolution of metal electrodes and
wires in bovine serum at 37 °C showed an accelerated dissolution with
the application of voltages. In vivo testing of the fabricated device in
rodent model showed an enhanced axonal regeneration and recovery of
the sciatic nerve. Moreover, terminal electromyography (EMG) signal
showed an increase in muscle mass for tibialis anterior and exterior
digitorum longus muscles by electrical stimulations.

Tao et al. demonstrated a subcutaneously implantable, silk-based
bioresorbable therapeutic device that could be used to treat in vivo
Staphylococcus aureus infection. The device was fabricated on a silk
substrate using a resistor (for wireless heating) and a power receiving
coil (for wireless inductive power transfer) of magnesium. The device
was encapsulated in silk to increase its lifetime (Tao et al., 2014).

A multifunctional bioresorbable stent for treatment of cardiovas-
cular diseases and a biomolecule sensor are shown in Fig. 7. Son et al.
designed a multifunctional, implantable, bioresorbable endovascular
electronic stent, integrated with therapeutic nanoparticles, which re-
duced inflammation (Fig. 7a). The flow sensor was designed to monitor

blood flow with an integrated temperature sensor providing physiolo-
gical signal sensing with controlled localized drug delivery. The in-
tegrated ceria nanoparticles and loaded drugs (e.g., rapamycin) helped
catalytic reactive-oxygen-species scavenging and treatment of re-ste-
nosis. The bioresorbable electronic stent was equipped with blood flow
sensing (demonstrated by ex vivo experiment in the canine aorta) and
data storage (in Mg/MgO/Mg structured memory cell) with transmit-
ting antenna structure (Son et al., 2015). In 2018, Kim et al. fabricated a
silicon-based flexible, bioresorbable, implantable electrochemical
sensor for continuous, real-time monitoring of dopamine concentration
to monitor nervous system disorders (Fig. 7b). An iron decorated car-
boxylated polypyrrole nanoparticle (Fe3+_CPPy NPs) coated silicon
nanomembrane based chemical sensor was used as a dopamine de-
tector. Dopamine was converted to dopamine-o-quinone through cata-
lytic oxidation by Fe-based nanoparticles. This reaction generated
electrons that modulated electrical characteristics (Kim et al., 2018).
However, it was reported that the device dissolved after 15 h, thereby,
limiting its use for long term monitoring.

An on-board power source is critical to run these devices and
transmit data for storage. In implantable devices, electrical stimulation
and in vivo sensing applications are limited by a wired external power
source or power transfer by near-field coupling. However,

Fig. 6. Bioresorbable materials in
fabricating microneedle. (a)–(f)
Dissolution of fabricated microneedle in
agarose gel at different times. The scale
shown is 300 μm. The neural probe was
fabricated by Parylene-C insulation on
platinum wire. The insulation layer was
shown to be dissolved in 8min, leaving
behind the platinum wire for electrical
connectivity (Khilwani et al., 2016). (g)
This image shows a PLGA microneedle
fabricated by laser machining. (h)
Photograph of implantation site of the
PLGA microneedle (Ceyssens et al.,
2019).

Fig. 7. Bioresorbable sensors: a stent
and a pH sensor. (a) Design of bior-
esorbable multifunctional electronic
stent integrated with nanoparticles for
therapeutic applications. The stent in-
cludes temperature and flow sensor
with memory modules and bioresorb-
able therapeutic nanoparticles. To fab-
ricate this stent, an Mg-alloy ingot was
laser cut followed by polishing. The
stent was patterned using photo-
lithography and an insulation layer of
MgO was deposited. The memory unit
was deposited by thermal evaporation
(Mg) and sputtering (MgO). The tem-
perature sensor was fabricated by de-

position of Mg through shadow mask. The stent was laminated by PLA(Son et al., 2015). Reprinted (adapted) with permission. Copyright 2015 American Chemical
Society. (b) Photograph of neurotransmitter (here dopamine) sensor on flexible polycaprolactone (PCL) substrate using Fe3+_CPPy NPs sensing component (Kim
et al., 2018).
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commercially available batteries are not biodegradable and therefore,
the biodegradable power supply remains as a challenge.

Douglas et al. developed a silicon-based, on-chip, triggered energy
storage for transient electronics. The device was fabricated by deposi-
tion of vanadium oxide into porous silicon and PVA gel was used as an
electrolyte. The charging/discharging cycles with cyclic voltammetry
proved the efficiency of the device. With a trigger using NaOH solution
(1M), all active materials could be dissolved within 30min (Douglas
et al., 2016). In 2017, Lee et al. reported biodegradable micro-super-
capacitors fabricated using transient materials with 500 charging/dis-
charging cycles. The device was fabricated using bioresorbable elec-
trodes (tungsten, iron, and molybdenum) and hydrogel (agarose)
electrolyte with NaCl salt. A comparative study of electrochemical
properties of proposed devices was reported (Lee et al., 2017). The
fabricated device dissolved in nine days in PBS (at 37 °C) which implied
this device could not be used for long durations. In 2018, a fully bio-
degradable magnesium and molybdenum-based battery was developed
by Huang et al. to provide an on-board power source. The discharge
behaviour of the fabricated Mg–MoO3 battery could be tuned by the
thickness of MoO3 layer. The reported single cell Mg–MoO3 battery
provided a stable voltage output of 1.6 V. Along with degradation in
PBS, an in vivo study in rats demonstrated complete degradation of the
device in 4 weeks (Huang et al., 2018). The reported batteries were
capable of powering ultra-low power devices for ECG signal detection,
cardiac defibrillation, neural stimulation and recording, as well as
pump small amounts of drugs (Amar et al., 2015; Demosthenous, 2014).

5. Conclusion

Conventional clinical procedures depend on implants for continuous
long-term, real-time monitoring of physiological parameters and bio-
potentials. However, the implants cause irritation and leave scars after
long-term use. Alternatively, transient devices can be used as implants
to overcome these shortcomings.

In this article, bioresorbable materials, devices fabricated using the
bioresorbable materials, and their applications are discussed.

Transient electronics technology or bioresorbable electronics de-
vices offer innovative solutions that eliminate retrieval surgery for
implants, thus, minimizing surgical-risks and generation of electronic
waste. Although reported dissolvable devices show promising results, to
commercialize these devices, relevant clinical studies are necessary to
ensure biosafety and compliance.

The bioresorbable devices can be fabricated using conventional
CMOS fabrication technology without significant changes in fabrication
process. After implantation of a bioresorbable sensor in the subject, the
dissolution mechanism starts as soon as sensor comes in contact with
biofluids. Dimensions of the device are tuned based on the intended
period of use, and the rate of dissolution. The advancement of research
in material science will facilitate more controllable, triggered dissolu-
tion that deactivates the device or increases dissolution rate by stimu-
lation using electrical signals, force or heat. The possibilities of im-
provement in mechanical and chemical properties of biomedical
implants are mostly unexplored in bioresorbable electronics.
Progressive development in implanted sensors to facilitate wireless
connectivity, combined with IoT will help healthcare providers to
monitor a patient remotely. A database consisting of signals recorded
using bioresorbable sensors and standard clinical data can be referred
to the healthcare provider in case of any emergency. Adding artificial
intelligence will potentially improve the patient care by facilitating the
development of self-supported bioresorbable clinical electronic systems
for both diagnosis and monitoring.
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