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Abstract
Transient electronic devices have shown promising implications in hardware security and medical 

implants with diagnosing therapeutics capabilities since their inception.  The control of the device 

transience allows the device to “dissolve at will” after its functional operation, leading to the 

development of on-demand transient electronics.  This review discusses the recent developments 

and advantages of triggering strategies (e.g., electrical, thermal, ultrasound, and optical) for 

controlling the degradation of on-demand transient electronics.  We also summarize 

bioresorbable sensors for medical diagnoses, including representative applications in 

electrophysiology and neurochemical sensing.  Along with the profound advancement in medical 

diagnosis, the commencement of therapeutic systems such as electrical stimulation and drug 

delivery for the biomedical or medical implant community has also been discussed.  However, 

implementing a transient electronic system in real healthcare infrastructure is still in its infancy.  

Many critical challenges still need to be addressed, including strategies to decouple multimodal 

sensing signals, dissolution selectivity in the presence of multiple stimuli, and a complete sensing-

stimulation closed-loop system.  Therefore, the review future discusses opportunities in transient 

decoupling sensors and robust transient devices that are selective to a particular stimulus and act 

as hardware-based passwords.  Recent advancement in closed-loop controller-enabled 

electronics has also been analyzed for future opportunities of using data-driven Artificial 

Intelligence-powered controllers in fully closed-loop transient systems.

Keywords: transient electronics, medical implants, closed-loop system, electrical stimulation and 

drug delivery, medical diagnosis
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1. Introduction
Bioelectronics has been an integrated part of medical implants such as artificial pacemakers.  

However, surgical interventions are often performed to remove the implants to avoid adverse long-

term consequences after the functional operation of the implants.  The recent development of 

medical implants with on-demand transience has largely overcome post-surgical complications.  

Therefore, transient electronics are widely employed in medical implants for biomedical diagnosis 
1–12.  Besides sensing and diagnosis, bioresorbable electronics have also been implemented for 

biomedical therapeutics 13–21.  With the need to use advanced transient systems in real-world 

healthcare infrastructure, control of their operational time becomes essential.  Wirelessly 

triggered transience using an external stimulus such as electrical, optical, or ultrasound has recently 

been leveraged to dissolve the implant at a controlled rate and prescribed time, thereby controlling 

the implant's operational time 22–28 (Figure 1a).  Moreover, introducing an intelligent closed-loop 

controller is imperative to elevate the transient system to an advanced intelligent system for 

minimal clinician intervention on large-scale applications17,18,29–32.  As a first step to address this 

need, closed-loop systems with bioresorbable sensors and actuators have been recently developed 

to sense and actuate on demand 33.  However, gaps and possible directions in truly data-driven 

intelligent, robust transient electronic systems are yet to be reported.
Traditional implants are fabricated using non-bioresorbable materials showing near-constant 

performance until their infinite operational time (Figure 1b-i), requiring secondary surgery.  On 
the other hand, transient electronics leverages bioresorbable substrates such as poly lactic-co-
glycolic acid (PLGA)34–46 and metals such as magnesium and zinc 47–51 fabricated with standard 
or unconventional techniques (e.g., light-induced zinc mass transfer)52 to enable transience.  The 
material selection, design, and external stimulus mode are crucial to determining its operational 
time ranging from seconds to months.  However, passive transient systems have a destined 
degradation period, leaving no control over their operational time trajectory.  On the contrary, 
active or on-demand transient systems could use an external triggering stimulus to initiate the onset 
of degradation 22–27,34,35 (Figure 1b-ii).  The control over the onset of transience allows the device 
to “dissolve at will” after its designed usage in both the inpatient and outpatient settings.  The 
new dimension in the home monitoring/treatment reduces the hospital burden 24,30,33 (Figure 1c). 

This review discusses the advancement in different strategies and their mechanisms 
underlying the dissolution dynamics of on-demand transient electronics.  Along with the 
advancement in the various diagnostic applications enabled by transient electronics, the review 
also discusses a few initial steps toward transient therapeutics such as electrical stimulation and 
drug delivery.  By incorporating transient therapeutics with sensing capabilities, transient closed-

Page 2 of 26Nanoscale

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3347861/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3347861/


loop systems and their possible advancement to provide autonomous biomedical therapy from 
recent studies are also reviewed.  Lastly, limitations and challenges have been discussed, which 
may provide tangible pathways to implement fully robust closed-loop transient electronics in 
practical healthcare infrastructure.

Figure 1: (a) Schematic showing on-demand transient electronics in biomedical sensing and actuation. (b) 
Comparison in the strategies between (i) permanent system and (ii) passive or active transient electronics. This 
figure has been reproduced from ref.24 with permission from Elsevier, copyright 2020. (c) Advantage of active 
transient electronics in a clinical setup. This figure has been reproduced from ref.33 with permission from The 
American Association for the Advancement of Science, copyright 2022.
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2. Strategies of Wirelessly Triggered Transient Electronics
Degradation of materials commences immediately with the introduction of water or biofluids 

such as phosphate-buffered saline (PBS) solution in passive transient systems, leading to its 

destined operational failure 24,34,35,38,39,42,47,53,54.  In contrast, materials degrade only in the 

presence of an external stimulus in active transient systems, enabling control over the operation 

timeline of the device 14,22–25,27,55,56.  The transience onset and rate can be conveniently controlled 

by the device structure (e.g., thickness) and constituent materials, as well as the degradation 

mechanism of stimuli-responsive material, to modulate the transient process and operation 

timeline 53,54.  The dissociation of one or various bioresorbable components within the device can 

initiate the degradation process.  On the other hand, the device can also disintegrate due to the 

complete degradation of the substrate supporting the device components 24.  The material 

dissociation can be triggered by various external stimuli, ranging from etchants and temperature 

to ultrasound.  However, triggering stimuli such as water or solvents/etchants applied physically 

in contact with the dissociating material are challenging to use in a wirelessly controlled setting.  

On the other hand, light 3 or ultrasound 23 can be applied externally and controlled wirelessly to 

trigger or initiate the dissociation of the material in the surrounding solution.  The following 

subsections focus on the degradation mechanism and strategies exploited to trigger device 

disintegration wirelessly by external stimuli.
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Figure 2. Strategies of wirelessly triggered on-demand transient electronics by (a) electrical or (b) temperature 
stimuli.  (a) (i) Electrically triggered on-demand transient electronics based on Si nanomembrane. (ii) The 
morphological transformation of LixSi layers upon lithiation. (iii) Morphology of the Si side of the MOSFETs 
after 12 h of lithiation. This figure has been reproduced from ref.27 with permission from IOP Publishing, Ltd., 
copyright 2019. (b) Triggered by the temperature change, (i) the methylcellulose substrate dissolves when the 
solution temperature drops below the polymer's lower critical solution temperature (LCST). (ii-iii) Measured S11 
return loss in warm and cold water and (iv) demonstration of transience in cold water. This figure has been 
reproduced from ref.55 with permission from John Wiley and Sons, copyright 2019.

2.1 Design strategy and mechanism of electrically triggered transient electronics
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Electrical stimuli initiate fast and controllable triggering events in transient systems.  

Typically, electrical energy can be provided wirelessly to either generate an electrical spark to 

release corrosive agents or enable electrochemical reaction-assisted triggering of the device 

disintegration into the surrounding fluid 24.  Though the onset of triggering is controllable, the 

prior does not provide any control over the dynamic releasing process of corrosive agents, resulting 

in a destined disintegration of the device.  In contrast, the disintegration due to electrochemical 

reaction is controllable as it depends on the generated bias to facilitate chemical kinetics 14,53,54,57. 

Understanding the transience of silicon is critical to advance transient circuitries by leveraging the 

existing silicon-based electronics.  However, accelerating the dissolution of Si nanomembranes 

for fast transient Si circuits is a challenge.  With the application of a constant current density of 

400 µA cm-2 in galvanostatic mode using a metal-oxide-semiconductor field-effect transistor 

(MOSFET), lithiation was performed to provide a fast yet controllable on-demand disintegration 

of Si 57 (Figure 2a-i).  Inhomogeneous diffusion of lithium (Li) into Si formed a vein-like LixSi 

network and increased its volume by ~280%, which induced microcracks to accelerate the 

degradation of Si (Figure 2a-ii, iii). 

2.2 Design strategy and mechanism of thermally triggered transient electronics

It is intuitive to utilize water as a solvent to dissolve the substrate and as a reactant to initiate 

hydrolysis of the device's constitutive materials in water-triggered transient electronics 22,35,55.  

However, the water or other etchants often need to be in contact with the device to initiate 

hydrolysis and are limited in the application of passive triggering transient electronics.  In order 

to improve wireless controllability, it is imperative to combine external parameters such as the 

temperature of the water as wirelessly triggered stimuli to control the triggering events.  As a 

representative example, the hydrophilicity of a thermoresponsive polymer such as methylcellulose 

(MC) with a lower critical solution temperature (LCST) of 50 ºC was leveraged in a transient radio 

frequency (RF) antenna 55 (Figure 2b-i).  For temperatures above LCST, the hydrogen bonding 

between water molecules and polar groups of the polymer prevents random mixing, decreasing the 

entropy and thus favoring unspontaneous mixing due to an increase in Gibb's free energy, which 

induces the hydrophobic nature of MC.  At a temperature below LCST, the MC polymer becomes 

hydrophilic with the decreased formation enthalpy due to the formation of more hydrogen bonds, 

thus favoring spontaneous mixing.  As a result, the antenna showed excellent mechanical and 

electrical stability in a warm PBS with a temperature higher than LCST (Figure 2b-ii), but it 
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degenerated and dissolved when the solution cooled down to be lower than LCST (Figure 2b-iii), 

resulting in physical disappearance of the antenna (Figure 2b-iv).

2.3 Design strategy and mechanism of ultrasonically triggered transient electronics

The rise of transient implantable devices has spurred the development of various transient 

powering sources.  The implants are generally powered by batteries, taking the bulk of the 

device's weight.  In addition, the transient battery is still in its infancy, suffering from the trade-

off between the electrochemical performance and transient behavior 58,59.  Therefore, wireless 

powering systems such as ultrasound become attractive for transient implantable devices 23,60.  

However, the tissue attenuation often results in drastically reduced power transmitted to the 

implantable.  In a recent demonstration 23, ultrasound-based acoustic energy transmission was 

harnessed both as wireless powering and a triggering mechanism to power implantable 

triboelectric nanogenerator (TENG) (Figure 3a).  The TENG was designed with a poly(3-

hydroxybutyrate-co-3-hydroxyvalerate)/polyethylene glycol (PHBV/PEG) composite membrane 

on top of an Mg electrode layer sandwiched between two PHBV layers (Figure 3a-i).  The 

implantable TENG showed a stable energy generation of 338.7 mV root mean square (RMS) using 

a 0.5 W cm-2, 20 kHz ultrasound probe (Figure 3a-ii).  After 60 mins of operation, an increased 

acoustic power density of 3 W cm-2 from the ultrasound probe triggered the onset of the transient 

process to result in a sudden reduction in the generated voltage (Figure 3a-iii).  Thus, controlling 

the ultrasound intensity allowed the TENG to power (<1 W cm-2) or initiate degradation (>3 W 

cm-2) (Figure 3a-iv). 
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Figure 3: Wirelessly triggered on-demand transient electronics by ultrasound and light. (a) (i) Working principle 
of ultrasound-triggered TENG based on fully bioresorbable PHBV, PHBV/PEG, and Mg, with field-effect 
scanning electron microscopy (FE-SEM) images of PHBV and PHBV/PEG shown in the inset (scale 20 µm). 
(ii) Generated voltage from the TENG in ex vivo experiment. (iii) Voltage generated before and after the 
ultrasound-powered triggering event. (iv) Demonstration of different degradation stages during the triggering 
event. This figure has been reproduced under the terms of the Creative Commons CC BY NC License. 23 
Copyright 2022, The American Association for the Advancement of Science. (b) (i) Schematic showing the 
release of photo-initiated cyanide and gold cyanidation, which increases the resistance after UV triggered event. 
(ii) Demonstration of transience and SEM image at 0, 5, and 10 min. This figure has been reproduced from ref.56 
with permission from Elsevier, copyright 2019. (c) (i) Encapsulation design of hydrogel-oxide bilayer for 
controlled UV-triggered degradation. (ii) Electrical characterization of RRAM before and after the triggering 
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event (failure). (iii) Investigation of degradation of RRAM without a light trigger. This figure has been 
reproduced from ref.3 with permission from American Chemical Society, copyright 2018.

2.4 Design strategy and mechanism of optically triggered transient electronics

Besides ultrasound, photo-triggerable materials (e.g., photo-acid generators or photo-induced 

phase transition materials) have also been recently leveraged in on-demand transient electronics 

systems 3,22,35,56,61.  For instance, light-induced free cyanide species produced from the solar 

simulator oxidized the Au surface 56 (Figure 3b-i).  The light-activated Au surface degradation 

increased with the time of light exposure, as observed in the increased resistance (Figure 3b-ii).  

In another work, UV (365 nm, 300 mW cm-2) acted as a triggering external stimulus for a light-

responsive hydrogel-oxide bilayer to undergo a gel-to-sol phase transition 3 (Figure 3c-i).  The 

hydrogel layer acted as a transparent encapsulation of the Mg-based Resistive Random Access 

Memory (RRAM) device, where resistive switching between ON (conducting) and OFF 

(insulating) (ratio of >102) was achieved using oxygen vacancies-based conductive filaments 

(Figure 3c-ii).  The triggering of UV collapsed the hydrogel network, allowing water to pass and 

dissolve Mg-based RRAM (Figure 3c-iii).  The advent of transient memory devices could add 

an extra dimension to hardware security and zero electronics waste.

3. Implantable Transient Electronics in Diagnostic Applications

By avoiding secondary surgical complications, the implantable devices with the transient 

nature have unique application opportunities in biomedical diagnostics 22,35,61–63, including the 

sensors to monitor the intracranial pressure 1,34,62 and dopamine 5,34,63.  The ideal bioresorbable 

implants must maintain a user-defined operational time with unchanged sensing performance for 

diagnosis.  However, it is challenging to maintain stable sensing performance while controlling 

the degradation characteristics in a transient system24,34,63,64.  A few representative transient-

based diagnostic devices from recent studies are discussed in the following.

3.1 Transient electrodes for electrophysiology and temperature/pressure sensors

As an essential biomarker for neuronal disorders (e.g., epilepsy and Alzheimer’s disease) and 

diagnosing irregular cardiac rhythms 1,5,6,35,62, electrophysiology from transient transistor-based 

neural electrode arrays can provide high-resolution spatiotemporal brain mapping.  Passive 

transient systems typically exhibit degraded electrical performance with gradually increased bulk 

resistance or contact impedance over time 6,47,48,65.  To address this challenge, an 
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electrocochleography (ECoG) array combined with an intracranial pressure sensor was fabricated 

with a Mo electrode embedded between the poly (L-lactic acid)/polycaprolactone (PLLA/PCL) 

substrate and encapsulation, connected to six metal contacts in the connector pad 1 (Figure 4a-i).  

Penicillin given to a rat induced seizures to drastically increase the amplitude of the measured 

ECoG signals to 1430 µV within a narrow frequency range of 3-13 Hz, compared to the ECoG 

data of the rat in its nonrapid eye movement (NREM) sleep state (Figure 4a-ii).  After stable 

operation with an impedance of 10.4 kΩ for 80 h, degradation of the ECoG electrode in PBS buffer 

(37ºC, pH 7.4) signaled metal hydrolysis, drastically increasing the impedance 1 (Figure 4a-iii). 

The localized hydrolysis initiates from Mg contacts with a weak adhesion to the polymer.  The 

hydrolysis follows the single-layer reactive diffusion model47, increasing the impedance as a 

function of reduced thickness.  

Figure 4. Transient electronics in diagnostic applications. (a) Measurements of electrophysiological signals by 
the ECoG device (i) designed with an intracortical pressure sensor. (ii) Power spectrum of ECoG data before 
and during the onset of epilepsy. (iii) Increase in impedance after the onset of degradation. This figure has been 
reproduced from ref.1 with permission from John Wiley and Sons, copyright 2019. (b) (i) Design and (ii) 
calibration curve of Mg-based temperature sensor, with (iii) increased resistance after the initiation of the 
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degradation process. This figure has been reproduced from ref.21 with permission from The American 
Association for the Advancement of Science, copyright 2022. (c) (i) Design of the in vitro dissolution experiment 
with the eb-SiO2/SiNM/t-SiO2-based pressure sensor immersed in PBS solution. (ii) Linear voltage response 
with the pressure and (iii) decreased sensitivity after 3 hr due to the onset of degradation. This figure has been 
reproduced from ref.66 with permission from Springer Nature, copyright 2018.

As a thermistor, an Mg-based temperature sensor with a width of 25 µm and length of 72 µm 

(Figure 4b-i) showed a sensitivity of 2.05 ± 0.13 Ω/°C from 0 to 40°C (Figure 4b-ii) 21.  The 

encapsulation layers of POC and SiO2 provide a stable operational time of 2 hr, followed by a 

degradation in PBS (pH 7.4, 37°C)21. The onset of hydrolysis of Mg conductors decreases its 

thickness following the single-layer reactive diffusion model, increasing the resistance (Figure 

4b-iii). With comparable sensitivity to conventional, commercialized pressure sensors, the 

transient pressure sensors have been used to detect intracranial, intraocular, and blood pressure 
1,22,24,35,66,67.  Despite good sensitivity, transient pressure sensors often lack stability over time.  

Efforts to overcome this challenge led to the recent development 66 of a pressure sensor based on 

Si nanomembranes (NMs) sandwiched between a thermally grown Si dioxide (t-SiO2) 

encapsulation layer and a thick electron-beam evaporated SiO2 (eb-SiO2).  The thick eb-SiO2 

improved the response of the strain gauges to pressure due to the increased distance between the 

neutral mechanical plane and the Si NMs.  With the accelerated dissolution testing setup in PBS 

(pH 7.4, 95°C) (Figure 4c-i), the complete dissociation of the encapsulating t-SiO2 layer (~10 nm) 

was observed to take place within 5 hr, with relatively stable performance for 3 hr (Figure 4c-ii, 

iii).  The dissolution of the t-SiO2 encapsulation with a rate of a few hundred nanometers per day 

eventually leads to rapid degradation of Si NMs and bioresorbable metals due to hydrolysis.  The 

time of stable operation could also be increased with the increased thickness of the t-SiO2 layer. 

Page 11 of 26 Nanoscale



Figure 5. Transient electronics to monitor NOx and dopamine. (a) (i) Design of the NOx gas integrated with 
temperature and humidity sensors. (ii) Linear dynamic response to various NO2 concentrations at room 
temperature with a linear fit to show the estimation of the limit of detection of 20 ppb. (iii) Dynamic response 
of the gas sensor with and without semipermeable to NO in the PBS solution. This figure has been reproduced 
under the terms of the Creative Commons Attribution 4.0 International License. 4 Copyright 2020, Springer 
Nature. (b) (i) Design of the electrochemical NO sensor with Au nanomembrane electrodes on PLLA-PTMC. 
(ii) Dynamic electrochemical response of the sensor to varying NO concentrations (bias voltage of 0.8 V). (iii) 
Stability of the NO sensor selectivity showing a decrease after 7 days. This figure has been reproduced under 
the terms of the Creative Commons Attribution 4.0 International License. 2 Copyright 2020, Springer Nature. (c) 
(i) Integration of dopamine sensor with electrophysiology, temperature, and pH sensors in a neural probe. (ii) 
Relative current change of the neurochemical sensor to various dopamine concentrations. (iii) Change of 
response to 1 pM dopamine in a buffer solution for 5 weeks. This figure has been reproduced from ref.5 with 
permission from John Wiley and Sons, copyright 2022.

3.2 Nitric oxide and dopamine Sensors

As one of the most important gaseous biomarkers for environmental and health monitoring, 

nitric oxide (NO) is produced in the human body to maintain homeostatic equilibrium and provide 

nutrients to the tissues 4,68.  With n-doped monocrystalline silicon nanomembranes (~100 nm) 

and Mg (~300 nm) electrodes encapsulated by a semipermeable membrane (Figure 5a-i), a 
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transient NOx sensor showed a sensitivity of 13600% to 5 ppm NO2 at room temperature and fast 

response/recovery (30/60 s) 4.  The linear fit between the response and gas concentration gave a 

limit of detection (LOD) of ~20 ppb at room temperature (Figure 5a-ii).  The semipermeable 

membrane encapsulation also allowed the gas sensor to show good stability and respond to NOx 

in PBS solution (pH 7.4), whereas the transient gas sensor without any encapsulation dissolved in 

the solution with no signal (Figure 5a-iii). Along with the degradation of the PLGA substrate, all 

the constituent components such as Mg electrodes and Si NMs also get dissolved via hydrolysis, 

leaving nontoxic end products and byproducts.

Although the chemiresistive transient gas sensors may detect NOx as it adsorbs on the surface 

to oxidize Si NMs, more accurate real-time NOx monitoring from the solution relies on the use of 

chemical sensors.  A transient electrochemical NO sensor was developed with Au 

nanomembrane electrodes and a selective membrane of poly(eugenol) film on a bioresorbable poly 

L-lactic acid/poly (trimethylene carbonate) (PLLA/PTMC) copolymer substrate 2 (Figure 5b-i).  

By using chronoamperometry, the electrochemical sensor demonstrated linear current response 

with a high sensitivity of 5.29 nA µM-1 (in 0-5 µM NO) and 4.17 nA µM-1 (in 5-100 µM NO), as 

well as a LOD of 3.97 nM (Figure 5b-ii).  The electrochemical NO sensor showed a good 

selectivity with an almost linear current response to NO concentration for 7 days, but the sensitivity 

decreased up to 1.5 times on the 14th day along with the selectivity (Figure 5b-iii). The excellent 

stability over 7 days followed by the gradual decrease in the sensitivity is attributed to the stable 

Au nanomembrane and slow degradation rate of poly(eugenol) film and the copolymer substrate. 

The continuous and wireless detection of higher NO in the articular cavity of New Zealand White 

rabbits with anterior cruciate ligament (ACL) rupture injuries was observed to associate with the 

onset of osteoarthritis (OA) at the later stage 68.

The electrochemical sensors can also be exploited to detect dopamine 5 for neural and cardiac 

health monitoring, predicting diseases ranging from Parkinson's and Alzheimer's and 

cardiovascular diseases to cancer.  For instance, a bioresorbable, wireless neurochemical system 

was developed based on the heterostructure of 2D molybdenum/tungsten disulfide (MoS2/WS2) 

nanosheets and catalytic iron nanoparticles (Fe NPs) on Si NMs 5 (Figure 5c-i).  The resulting 

electrochemical sensor showed a linear response across the dopamine concentration from 10-15 M 

to 10-3 M.  Compared with Fe-adsorbed Si, the 2D transition metal dichalcogenides (TMDs) in 

MoS2-Fe/Si and WS2-Fe/Si acted as a mediator between Si electrodes and catalyst Fe NPs 5 

(Figure 5c-ii).  The excellent durability and robustness of the sensor allowed it to detect 1 pM 
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dopamine over 40 days.  The transient electrochemical sensor could retain up to 90% of the initial 

value over 27 days for WS2-Fe/Si and 18 days for MoS2-Fe/Si 5 (Figure 5c-iii). The relatively 

faster dissolution rate of MoS2 can be attributed to the thermodynamically less stable MoS2 in 

forming sulfate ions, favoring the forward chemical kinetics. Taken together with a wireless 

communication system connected to the brain-integrated probe, the simultaneously monitored 

dopamine and peripheral neurophysiological signals (e.g., pH, temperature, and electrophysiology) 

established the platform for in vivo studies of neurodegenerative diseases.

4. Implantable Transient Electronics in Therapeutic Applications

Along with sensing biomarkers, transient electronics can also deliver stimuli to modulate the 

biological activity or trigger drug delivery at specific target locations for therapeutics 14,24,33,35,62.  

Explored in neurotechnology, pancreatic and cardiac systems 13,14,62, these implantable stimulator 

or drug delivery systems allow the operator to control transience onset on demand.  

4.1 Transient electronics-based drug-delivery system 
The implantable drug delivery system is still in its infancy before realizing its full potential to 

deliver a drug at a prescribed rate and time to targeted locations for avoiding off-target side effects 
14,33.  An ideal drug delivery system should integrate wireless control with zero leakage for 
avoiding unwanted delivery sites.  As a first step to achieving this deterministic control over the 
delivery process, a programmable, bioresorbable, wireless drug delivery system based on transient 
Polybutanedithiol 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione penteonic anhydride 
(PBTPA) reservoirs with Mg active valves was developed 14 (Figure 6a-i).  The wireless power 
harvester consisted of an Mg-based RF coil with a resonant frequency of ~5 MHz and a rectifier 
circuit using a Si NM diode and Mg/SiO2/Mg capacitor14 (Figure 6a-ii).  The generated 
overpotential between the anode gate and cathode from the wireless power harvester accelerated 
the Faradaic reaction at the anodic end, opening the anode gate to release the drug from the 
reservoir 14 (Figure 6a-iii).  The increased bias decreased the time delay of the triggering onset 
for the drug release (Figure 6a-iv).  After the triggering onset, the diffusion-assisted drug release 
increased sharply and proceeded toward saturation, marking the equilibrium in drug mixing 14  
(Figure 6a-v).  Sequential wireless insulin triggering into the blood at different resonant 
frequencies in response to increased glucose (simulated from injection into the blood) 
demonstrated robust control of the blood glucose level 14 (Figure 6a-vi).  
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Figure 6. Transient actuating system in drug delivery and electrical stimulation. (a) (i) Design of the drug 
delivery system with an electrical triggering unit and bioresorbable reservoir. (ii) The return loss S11 of the Mg 
RF coil. (iii) Wireless controlled release of blue dye during degradation of the sensor in PBS solution. (iv) 
Voltage-dependent triggering event for a fixed Mg gate size. (v) Cumulative drug release after the triggered 
opening of the reservoir gate. (vi) Demonstration of insulin delivery to maintain the blood glucose level. This 
figure has been reproduced under the terms of the Creative Commons CC BY NC License. 14 Copyright 2020, 
The American Association for the Advancement of Science. (b) (i) Bioresorbable stimulator with integrated 
sensing and actuating platform. (ii) Comparison of ECG, heart and respiratory rate, and SpO2 bioresorbable 
sensor with the commercially available sensors. (iii) Triggering mechanism to maintain the average heart rate of 
60 bpm based on a condition-based algorithm. (iv) Flowchart showing the condition-based algorithm to stimulate 
in the closed-loop system. This figure has been reproduced from ref.33 with permission from The American 
Association for the Advancement of Science, copyright 2022.

4.2 Electrical stimulation with transient electrodes

The commercially available electrical stimulators such as the responsive neurostimulator 

(RNS) have been used in clinical setups to help nerve recovery and gain stability in neuronal 

disorders such as epilepsy and Alzheimer's disease 13,33,69.  To avoid post-surgical complications 

from the commercially rigid and non-bioresorbable stimulators 32,70, a transient stimulator with 

sensors to detect biomarker signals in a closed-loop system allowed automatic modulation of the 

biological activity by stimulating based on the detected signals 32.  The Si NM-based PIN diode 

was used to rectify the voltage generated in the Mo-based receiver coil, which generated 

stimulation through Mo-based electrodes 33 (Figure 6b-i). The slow dissolution rate of the 

bioresorbable Mo conductor (tested in PBS at 95ºC) enables a long-term (>1 month) operational 

lifetime.   The holistic sensing system comprised skin-interfaced ECG electrodes, a 

microcontroller unit to calculate heart rate and respiratory rate, and a hemodynamic module to 

collect the SpO2 data33 (Figure 6b-ii).  The wirelessly transferred sensing data to the cloud were 

used to process and optimize stimulation parameters according to a threshold-based algorithm.  

The closed-loop system automatically initiated pacing of 100 beats per minute (bpm) when the 

heart rate fell below 54 bpm and ceased on-demand stimulation to maintain an average heart rate 

of 60 bpm33 (Figure 6b-iii) using a condition-based algorithm (Figure 6b-iv). 

5. Conclusion and Future Directions

Since the initial demonstration of transient devices a little more than ten years ago, different 

bioresorbable materials and unconventional fabrication approaches have been explored to enable 
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controlled degradation or disintegration of the device at a prescribed rate or time.  After the 

investigations of strategies for controlling the on-demand degradation of the device, stimulating 

devices have further been integrated with sensors to yield a transient closed-loop system that 

performs the stimulation according to condition-based algorithm 33.  However, the if-else 

algorithms result in inefficient and impotent control logic.  A pre-defined threshold-based 

decision-making controller almost always operates in a limited scope in practical settings, as it is 

unaware of past medical conditions and present environmental scenarios.  The closed-loop 

system based on a more practical and Artificial Intelligence (AI)-powered controller is thereby 

imperative 32.  Lessons can be learned from other biomedical closed-loop systems.  For instance, 

an implantable pulse generator could carry out epidural electrical stimulation (EES) of the spinal 

cord with a spatiotemporally adaptive trigger controller 71.  The sensing system consisted of the 

electromyography (EMG) response of the leg muscle and the whole-body ground reaction.  With 

an option of pre-programmed open-loop or closed-loop, the wireless communication module 

carried out the EES with dynamic control over EES parameters 71 (Figure 7a-i).  Only with the 

introduction of closed-loop spatiotemporal EES, the participants could voluntarily walk, and 

reintroducing EES after a stoppage resumed the participant’s locomotion 71 (Figure 7a-ii).  

Similar to spinal cord stimulation, closed-loop deep brain stimulation (DBS) or neuromodulation 

was recently reported as well.  With measured local field potential (LFP) to automatically detect 

pain in a closed-loop system, a brain-machine interface was set up to optogenetically or electrically 

perform DBS 69 (Figure 7b-i).  The multiregional neural interface from the anterior cingulate 

cortex (ACC) and somatosensory cortex (S1) could detect and treat acute evoked and chronic pain.  

By computing frequency-dependent LFP power features, a real-time neural decoder based on a 

Markovian-driven state space model (unsupervised learning) was designed to decode the pain 

onset 69 (Figure 7b-ii), which applied the DBS to reduce the acute thermal pain 69 (Figure 7b-iii).  

Along with intelligent closed loop-based stimulation, a protocol of sequential searching for 

biomarker signals and optimizing stimulation parameters has also been effective in complicated, 

biological systems.  As an example, biomarker-driven closed-loop DBS was carried out to treat 

the major depressive disorder (MDD) 32.  Unlike Parkinson’s disease or epilepsy, MDD requires 

personalized neural circuit targeting, which results in the patient’s own physiological biomarkers-

based trigger or stimulation.  The stimulus-response mapping was initially performed for the 

emotion neural circuit using stereoelectroencephalography (SEEG) electrodes at important regions 

such as the amygdala, hippocampus, and ventral capsule/ventral striatum (VC/VS).  The SEEG 
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spectral activity identified amygdala gamma power as a sufficient biomarker.  With the right 

VC/VS as the selected stimulation site, the correlation between the stimulation parameters and the 

amygdala gamma power was analyzed 32 (Figure 7c-i).  According to the correlation, the FDA-

approved NeuroPace RNS system was used with two separate sensing and stimulation leads 

simultaneously placed in the amygdala and VC/VS region to stimulate with the optimized 

parameters 32 (Figure 7c-ii).  The implementation of closed-loop neuromodulation resulted in 

significant improvement in the symptom severity according to the visual analog scale (VAS) scales 

32 (Figure 7c-iii). 
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Figure 7. On-demand closed-loop transient systems. (a) Epidural electrical stimulation (EES) of the spinal cord 
with (i) the control module to (ii) demonstrate spatiotemporal EES for voluntary walking. This figure has been 
reproduced from ref. 71 with permission from Springer Nature, copyright 2018. (b) Closed-loop brain-machine 
interface with (i) the control module based on the detection of low field potential for deep brain stimulation 
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(DBS). (ii) Representation of the Markovian-driven state space model to detect pain onset. (iii) Demonstration 
of improved latency with the brain-machine interface-based DBS. This figure has been reproduced from ref.69 
with permission from The American Association for the Advancement of Science, copyright 2022. (c) Closed-
Loop neuromodulation relies on (i) the sequential algorithm optimizing the location of the biomarker, validating 
the network and structural connectivity and the stimulation parameters. (ii) The NeuroPace RNS system with 
biomarker detection and stimulation. (iii) Aligning biomarker detection with VAS rating using dynamic time 
wrapping for demonstrated improvement due to biomarker-driver stimulation. This figure has been reproduced 
from ref. 32 with permission from Springer Nature, copyright 2021.

In addition to the closed-loop system or system-level integration of transient electronics, there 

are still a few fundamental challenges that need to be addressed.  For example, multiple sensing 

units (e.g., temperature, pH, pressure) in the transient device may affect each other, so the 

decoupling of the sensing data would need to be performed 72.  Furthermore, with the advent of 

on-demand transience, the selectivity of multimodal transient electronic devices in the presence of 

more than one external (active and passive) stimuli is often ignored.  For example, transient 

devices that disintegrate faster in electrical (active) and comparatively slower in optical (passive) 

stimuli are expected to dissociate at an unexpected rate in the presence of both stimuli.  Moreover, 

it becomes difficult to control the influence of passive stimuli on the disintegration of the device, 

presenting challenges to its use and robustness in real-world applications.  An intuitive strategy 

to solve this issue is to incorporate multilayer encapsulations with materials having complementary 

dissociation-selectivity towards stimuli.  For example, materials that dissociate in electrical and 

water stimuli and materials with electrical and optical stimuli-specific dissolution may form a 

multi-layer encapsulation to implement transience that can only be triggered by the electrical 

stimulus, increasing the selectivity towards electrical triggered transience.  Employing specific 

sequence-based external stimuli can result in a complete dissociation of the transient device with 

composite encapsulations 64.  The sequence of stimuli-selective materials in the composite forms 

an intelligent hardware-based password to trigger dissolution rather than a destined degradation, 

adding an extra dimension to the security.  The ultimate practical, robust transient electronics 

system hinges on the mature developments in closed-loop therapeutics, decoupling mechanism, 

and dissolution selectivity discussed above.  Although considerable advancements have been 

made, the field of intelligent transient electronics systems is still in its infancy.  However, the 

introduction of intelligent, robust transient electronics systems will open up opportunities from 

hardware security to biomedical diagnosis and therapeutics in the real world.
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