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Transient Mechanics: A
Perspective on Bioresorbable
Electronics
Materials, devices, and systems with the ability to physically disappear create unique
opportunities for vanishing electronic technologies in biomedicine. Their transient
response, achieved by resorption, degradation, and disintegration, can be carefully pro-
grammed through material selection and mechanical design to last from days to weeks
when exposed to physiological environments. In this perspective, we examine the mechanics
functionality of transient electronics and their diverse applications ranging from compact
medical implants to zero-waste environmental hardware. Using a question–answer struc-
ture, we highlight the important role of temporary, yet stable, properties for mechanical,
electrical, and chemical disintegration over controlled operational lifetimes. Mechanics
and electromagnetic strategies are discussed to devise new classes of bioresorbable elec-
tronics for the unconventional biomedicine opportunities that can be achieved by vanishing
electronic technologies. [DOI: 10.1115/1.4067952]
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Everlasting or Transient?
Rapid and transformative developments of high-performance

electronics and integrated systems affect nearly every aspect of
design and applications in modern digital technology. Sophisticated
integrated circuits with computing and sensing capabilities, packed
into miniature form factors, have been successfully adopted across a
wide range of fields, from autonomous robotic systems to implant-
able medical devices. Everlasting electronic systems, designed for
durability and stability over years or even decades of use, are ubiq-
uitous, with demand continuing to rise as the global population
grows. However, this increase presents significant challenges in
managing the millions of tons of electronic waste (e-waste) gener-
ated annually [1,2]. In contrast, transient electronics systems repre-
sent a fundamentally different type of emerging technology,
designed to have specific lifetimes [3,4]. During use or upon the
application of external stimuli, these electronic systems safely

disintegrate into the surrounding environment, either partially or
completely, in a controlled and programmed manner [5]. This
unique vanishing capability, made possible by various categories
of resorbable materials and mechanical designs [6,7], discussed
later in this article, is highly desirable for applications in bioelectro-
nic medicine and eco-friendly electronics requiring dynamic
mechanical compliance paired with high-performance electronic
functionality.
However, as illustrated in Fig. 1, predicting the effective mechan-

ical properties and corresponding structural response of physically
transient integrated electronics is nontrivial. These properties are
strongly influenced by the diffusion and reaction chemistry of the
materials with their surrounding environment [8], particularly
since dissolution and operational timescales are nonuniform
across multimaterial designs. While the mechanical response
of bioresorbable electronics can be readily characterized before
dissolution to obtain force–displacement or stress–strain curves,
evaluating these mechanical properties in vivo during resorption
is notoriously challenging—and often impossible—when the
structures disintegrate within minutes or hours in biological
environments. This implies that the coupling mechanisms
between transient kinetics and mechanics in bioresorbable electron-
ics are governed by characteristic length scales, time scales, and
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concentration gradients. Together, these parameters can be opti-
mized to predict and control the structural response, in real time,
of new multifunctional systems with transient mechanical capabili-
ties. However, mechanics and materials challenges remain to inte-
grate multiphysics functionality into transient electronic systems
while maintaining stability, biocompatibility, and complete resorp-
tion within minimal form factors.

What Are Some Examples of Bioresorbable Electronics?
Compact electronic circuits with passive and active components

that dissolve in water or biofluids enable applications for temporary
technology with minimal to negligible environmental or biological
impact [9]. Several works have introduced implantable devices with
bioresorbable mechanical, electrical, and chemical subsystems
(Fig. 2 highlights different designs, functionalities, and resorption
timescales) that support applications in clinical monitoring, stimula-
tion, and drug delivery within the body. These devices incorporate
bioresorbable conductors, semiconductors, and encapsulation mate-
rials, each with unique mechanical properties and resorbable kinet-
ics. Recent clinical technologies include:

• Cardiac pacemakers [11,13] and patches [10]
• Gastric pH sensors [14]
• Radiofrequency sensors [15–17]
• Temperature sensors [18]
• Nerve stimulators [19–22]
• Neural interfaces [23–26]
• Pressure sensors [27–30]
• Strain sensors [31,32]
• Drug delivery platforms [12,33–36]
Bioresorbable electronics, introduced as an alternative to perma-

nent implants that require extraction surgeries, eliminate the need
for such removal procedures and associated risks [11,37,38].
These physically transient technologies are designed to be safely
assimilated and metabolized by the body [39] in desired timescales

ranging from days to weeks. This implies that as the patient heals
and recovers, the materials and mechanisms that ensure conformal
adhesion and contact between the implant and biological tissues
while providing sensing or therapeutic functionality, undergo con-
tinuous chemical or physical changes. Readers are referred to
recent reviews for detailed discussion on the history [40], materials
[9,39], models [41], medical devices [42], and ongoing efforts
toward clinical translation and postoperative care [37,38].

Fig. 2 Bioresorbable electronics for cardiac and drug delivery
applications. (a) Illustration of resorbable serpentine mesh in
the epicardial surface. (b) Optical images of the dissolution kinet-
ics of the serpentine mesh in Dulbecco Phosphate Buffered
Saline (DPBS) (pH=7.4) at 75 °C, scale bar is 1 cm. (Reproduced
from Ryu et al. [10] with permission from John Wiley and Sons.)
(c) Computed tomography images of rats with bioresorbable
electronic device over 9 weeks, scale bar is 10 mm. (d ) Photo-
graphs of bioresorbable device over 40 days in PBS (pH=7.4)
at 95 °C, scale bar is 10 mm. (Reproduced from Choi et al. [11]
with permission from American Association for the Advance-
ment of Science.) (e) Illustration of wireless postoperative
sensor showing the sensing and drug delivery mechanisms.
(f ) Optical image of flexible wireless sensor showcasing all the
functional elements and undergoing resorption over 25 weeks
in PBS (pH=7.4) at 37 °C, scale bar is 1 cm. (Reproduced from
Kaveti et al. [12] with permission from John Wiley and Sons.)

Fig. 1 Bioresorbable electronics in curvilinear surfaces. (a) Illus-
tration of three representative cases of bioresorbable electronic
devices undergoing dissolution at different rates. (b) Transient
mechanical properties (modulus/stiffness) of the representative
designs over their operational time.
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How Are Material Properties Changing?
What Governs Such Change?
As alluded to in Fig. 1, the mechanisms that govern material and

structural changes in bioresorbable electronics involve a complex
interplay of physical and chemical reactions. Specifically, in
porous materials, water molecule diffusion, and crystalline struc-
tures, surface reactions govern the transient response. Over time,
these mechanisms modify the device’s initial geometry and func-
tional response, as demonstrated by the transient disintegration of
essential components captured in the optical images in Fig. 2.
Experimentally, transiency is observed through changes in electri-
cal properties, such as resistance in dissolving thin metallic films.
The J-shaped curves representing the nonlinear, exponentially
increasing resistance (caused by the rapid reduction in film thick-
ness) are highly sensitive to factors such as thickness, temperature,
and pH, which is consistent with observations from bulk erosion
[43,44]. Multimaterial strategies, like the incorporation of a poly-
meric passivation (or encapsulation) layer or coatings, can be
used to tailor the degradation of the overall system and delay the
rapid degradation of the metallic or structural layers. Scanning elec-
tron microscope images of a micro-resonator submerged in
phosphate-buffered saline (PBS, pH 7.4) at 37 °C reveal micro-
structural crack propagation caused by hydrolysis, resulting in a
nonuniform surface that ultimately leads to mechanical and electri-
cal device failure [45]. Additional metrics that characterize struc-
tural losses due to water permeability include the weight loss or
water up-taken percentage, especially for hydrophobic polymeric
barriers extending the lifetime of the bioelectronic device [46].
Similar material degradation kinetics are observed in eco- and bior-
esorbable systems, where fabrication techniques such as sewing
[47] or electrospinning [48] enable custom patterning and the crea-
tion of highly stretchable, mechanically conformal degradable
systems designed for cyclic operation. Continuous water absorption
in these systems leads to the disassembly of structural threads, pro-
gressively reducing flexural and bending stiffness over time and
ultimately rendering the devices unusable.

How Important Is the Surrounding Environment?
The diverse applications for bioresorbable electronics are driven,

in part, by their ability to maintain reliable and stable operation
across variable physiological (for implants) and environmental
(for eco-resorbable systems) conditions. These conditions play a
critical role in defining the degradation timeline and outcome of
high-performance transient electronics. Factors such as pH, temper-
ature, humidity, and ionic content significantly influence key chem-
ical reactions, including hydrolysis—a common process driving the
rate of dissolution of transient devices in biofluids and other solu-
tions. Seminal experimental studies on electronic materials and
components demonstrate that the dissolution rates of monocrystal-
line silicon nanomembranes [3], which are important in high-
performance semiconductor devices, and silicon oxides and nitrides
[49], acting as dielectric or encapsulation layers, are strongly depen-
dent on the ionic content, pH level, and temperature (room or phys-
iological) of the surrounding aqueous solutions [25]. The
experiments reveal that dissolution rates increase with rising tem-
peratures, scaling in the form of an Arrhenius trend, and showed a
strong, linear dependence on pH levels when plotted on a loga-
rithmic scale. To ensure prolonged mechanical and electrical sta-
bility, slow and controlled dissolution of electronic components
in bioresorbable interfaces is essential for enabling transient
systems capable of recording, stimulating, or sensing health-
related parameters.
As previously discussed, temperature gradients and pH levels are

critical environmental factors influencing the dissolution and degra-
dation rates of biodegradable materials, particularly in transient
measurement platforms for biofluid detection and sensing.
However, the overall impact of these factors ultimately depends

on the physics couplings between the dissolution of the material
constituents, resorption kinetics, and efficacy of the mechanical
and material strategies to encapsulate and protect the internal
device components. Certain implantable applications, such as bio-
degradable arterial scaffolds, may exhibit preferential degradation
mechanisms where byproducts are not immediately cleared but
instead accumulate around the degradable stent, catalyzing addi-
tional degradation processes that promote bulk erosion. Computa-
tional models, considering flow and transport phenomena, predict
degradation kinetics, monitor byproduct accumulation in the sur-
rounding environment, and quantify the sensitivity of the polymer
structure to these processes [50]. Currently, the ease in tunability
of a device’s lifetime depends on the composition of the surround-
ing environment, with strategies to protect, extend, and control
degradation primarily driven by integration with various classes
of bioresorbable or biodegradable materials. Thus, controlled tran-
siency relies on strategic multimaterial layouts that respond to the
surrounding environment. Examples include using natural waxes
as hydrophobic barriers to intentionally delay degradation [51],
achieving moisture-triggered hydrolysis with polyanhydride sub-
strates for precise degradation control [52], and incorporating
sucrose and gelatin fillers into a polymer matrix to regulate tran-
siency and mechanical properties [53]. In a similar vein, spatiotem-
poral deformations in the tissue environment subject implantable
bioresorbable electronics to strain gradients that, if excessive, can
limit the flexibility of the device to respond mechanically without
fracturing [41,54,55] and damage other components that alter the
stability and intended degradation timescales.

Partial or Complete Degradation? What Stops
Working First?
Early approaches to develop biodegradable technologies focused

on organic substrates in microelectromechanical systems, achieving
near-complete degradation [56,57]. The rapid progress from simple,
partially resorbable passive systems to high-performance biode-
gradable semiconductor devices with complete bioresorbable capa-
bilities has significantly expanded research opportunities, enabling
the exploration of transient behaviors and physiological interactions
that were previously underexplored, or in some cases, impossible to
realize with everlasting and rigid technologies. To date, the avail-
ability of bioresorbable materials for conductors, semiconductors,
and insulators has enabled the complete degradation of components,
including transistors, diodes, sensors, and power sources for sophis-
ticated integrated circuits that vanish over controlled timescales [9].
As alluded to in the previous responses, evolving material prop-

erties and the relevance of the surrounding environment cannot be
underscored. The lifetime of these bioresorbable electronic
devices can be divided into two distinct timescales: the partial (or
functional) timescale and the complete resorption timescale. Con-
sider the stretchable cardiac mesh patch [10] shown in Fig. 2(a),
where fractal mechanics enhances surface area coverage while pre-
serving stretchability. Temporal dissolution images in Fig. 2(b)
reveal that the secondary serpentine traces degrade within 2 days,
while the primary serpentine traces remain for up to 19 days.
Now, as an example of multicomponent systems, the flexible bior-
esorbable pacemaker [11] is shown in Figs. 2(c) and 2(d ), where
computed tomography images reveal complete resorption of the
device in a rat over 9 weeks, while its functional lifetime is approx-
imately 1 week. Optical images in accelerated in vitro conditions
reveal the sequential resorption process, with the energy-harvesting
coil and electrodes degrading first (after 20 days), followed by the
polymer encapsulation layer (after 40 days). A similar representa-
tive example, shown in Figs. 2(e) and 2( f ), features wireless surgi-
cal mesh for pressure sensing and drug delivery [12]. At body
temperature, these implants have a functional lifetime of approxi-
mately 1 week, while complete resorption may take up to
25 weeks. Overall, the impact of transient mechanics on reshaping
geometry and influencing material resorption timescales remains an
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open topic of discussion, particularly for emerging devices where
the efficiency of multiple degradable subsystems depends on pro-
longed stability.

What Is the Connection Between Transient
Mechanics and Biomedicine?
One of the most compelling applications of bioresorbable elec-

tronics is the development of multifunctional implants capable of
adapting both mechanically and electrically to the surrounding
physiological environment. The central concept, inspired by biolog-
ical systems, is based on the interactions and mechanisms that cells
and tissues influence and are influenced by their surrounding envi-
ronments—specifically, for the envisioned systems, the transient
mechanical environment (e.g., forces and deformations), to sense
or function. Arguably, the most significant advantage of bioresorb-
able devices is complete dissolution without causing harm to the
biological environment, a condition primarily driven by a strategic
selection of biocompatible materials [37]. Then, as long as the mate-
rials reabsorb over the projected lifetime, the changing structural
response (across length scales) can be leveraged for mechanics
manipulation, sensing, or wrapping. For example, consider a thin
bioresorbable film with bending stiffness EI, thickness h, width b,
and length 2L, wrapped on a cylinder with radius R. The dissolution
kinetics will govern the rate of change in the film’s geometric and
mechanical properties, as referenced in Fig. 1(b) and illustrated
by the devices in Fig. 2, changing, among other things, the adhesion
energy γ between the surface and the film. Mechanics analysis
reveals the underlying physics to wrap (partially or completely)
the functional thin films into complex surfaces [58] where dissolva-
ble bio-interfaces ensure conformal wrapping, which is a critical
mechanics requirement for neural interfaces [23,24,26]. Another
intriguing connection lies in the complex interplay between
mechanical forces and the surrounding soft tissue. It is well estab-
lished that physical stimuli, such as tensile, contractile, and shear
forces, trigger cellular responses that can collectively contribute
to performing specific functions [59]. Mechanics design of thin
bioresorbable films, guided by topology optimization for optimal
material distribution, can be used to locate strain gradients within
bioresorbable electronic devices. Those gradients not only enable
mechanical programmability in devices to disintegrate with the sur-
rounding tissue but also allow for the regulation of the forces expe-
rienced by surrounding cells as the device gradually reabsorbs into
the body. A similar strategy is used in structural degradable ortho-
pedic implants, where biomechanical loads are gradually transferred
to the bone during healing. Clinical studies showed that as the
implant’s microstructure degrades—over much longer timescales,
typically several months to significantly reduce the structural rele-
vance and up to a year for complete resorption—it simultaneously
promotes the growth of new bone [60]. Precise control of transient
mechanical behavior—ranging from hours or days for ultra-thin
bioresorbable electronics to months or years for structural
implants—can offer valuable insights into the effects of imposing
mechanical constraints on both soft and hard tissues.

How Can Models Predict Resorption, Degradation,
and Disintegration?
The dissolution process of bioresorbable electronics involves

complex degradation kinetics that are highly dependent on the
material composition, form factor, and surrounding environment.
Analytical models for single-layer and double-layer reactive diffu-
sion in porous and crystalline materials have been widely adopted
[8] to predict the lifetime of several bioelectronic devices. Their
strong alignment with experimental results has clarified the gov-
erning mechanisms driving resorption in these types of thin bior-
esorbable electronic devices (Fig. 3). Recent studies have
extended the initial theory to incorporate thicker encapsulations

[61], which are preferred for prolonging the functional lifetime
of such devices.
For one-dimensional reactive diffusion, the mass conservation

equations are

Df
∂2w
∂z2

− kf w −
∂w
∂t

= 0 0 < z < hf (1)

Den
∂2w
∂z2

− kenw −
∂w
∂t

= 0 h0 < z < hf + hen (2)

where w represents the concentration of water, which varies with
position z and time t. The initial thickness of the functional layer
and the encapsulation layer are hf and hen, respectively. The prop-
erties Df and Den are the diffusivities, while kf and ken are hydroly-
sis reaction constants, both of which depend on the material
composition. The solution to Eqs. (1) and (2) takes the form
w(z, t) = ws(z) + wh(z, t), where ws represents the steady-state part
and wh is the transient part. Numerical methods, such as finite
element analysis, can be used to model two- or three-dimensional
systems where applying boundary conditions is more complex
and edge effects influence the concentration profiles. Similar
reactive-diffusion computational frameworks have been used in
the past to model the degradation of metals and characterize tran-
sient topology using the level-set method [62]. Apart from water
concentration, a theory for transient mechanics characteristics and
other multiphysics couplings is missing. In particular, we note
that computationally the degradation profiles neglect the influence
of microcracks and chemo-mechanical characteristics of the resorb-
able systems. However, some transport models, using adaptive
meshing techniques, have implemented schemes to solve the
surface phase-change problem with moving boundaries to predict
mass loss in 3D stent geometries [63].
Degradation mechanisms are nontrivial to implement, and bio-

logical environments introduce a high variability making the mod-
eling particularly challenging. One numerical approach is to
introduce a damage field variable D of the form

D = DU + DSC (3)

ḊU =
δU
Le

kU (4)

where DU represents uniform corrosion and DSC represents a stress-
dependent localization term where the damage evolution term ḊU

Fig. 3 Prediction of functional lifetimes. Functional lifetime,
defined as the time where the resistance remains finite, of
magnesium electrodes with variable polymeric encapsulation.
(Reproduced from Choi et al. [46] with permission from John
Wiley and Sons.)
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is proportional to the ratio between the mesh-independent character-
istic dimension δU of the corrosion process, the characteristic length
of the elements Le, and a kinetics term kU . This damage approach
has been used to model corrosion in biodegradable stents [64–66].

How Can Transient Mechanics Properties Be Used
to Design Multifunctional Devices?
Perhaps an underexplored direction in bioresorbable electronics

is the concept of actively controlling mechanical properties over
time within a singular functional timescale. This approach envisions
a “transient mechanics” response that is not merely a byproduct of
dissolution but intentionally programmed to align with it. The idea
of transient mechanics responses is motivated, in some ways, from
structural constraints to insert, position, and manipulate devices.
Engineering transient material characteristics to program the
strength, stiffness, and compressibility of future bioresorbable elec-
tronics can provide future directions to decouple complex body
signals, enable preferential degradation patterns, and regulate
tissue-device interfaces. Figure 4 quantifies the strain levels experi-
enced by a representative bioresorbable device undergoing complex
mechanical deformations, such as twisting and bending (Fig. 4(a)).
Simulation results in Fig. 4(b) define the initial elastic limits of the
functional electronic layer, ensuring that the device is protected
against material yielding and fracture when in operation. During
resorption, these elastic limits decrease at a rate proportional to
the diffusion and reaction kinetics of the resorption process.
Initial mechanical properties—such as high strength for load-
bearing implants, high stretchability for dynamic tissue motion, or
high conformability for curvilinear integration—adapt progres-
sively to the surrounding environment. Examples include degrad-
able microneedles designed to generate sufficient penetration
force to puncture the skin layers [33] and deliver combined electri-
cal and drug stimulation to promote muscle healing while minimiz-
ing inflammation. Recently, the growing interest in flexible
neurostimulation technologies for wound healing and pain manage-
ment [19,22] promotes multifunctional designs, with electrical and
fluidic subsystems, that are mechanically compliant and wrap
around nerves. Some might argue that, from a mechanical perspec-
tive, devices with ultra-thin form factors already offer exceptional
compliance for integration with various types of biological tissue.
However, as discussed earlier, the mechanical transiency goes
beyond the device and into the environment to provide a unique

opportunity to understand how surrounding tissue—whether
nerves, muscles, the epicardial surface, or the brain—responds to
and evolves with multifunctional stimulation. More interestingly,
deploying pairs or networks of multifunctional bioresorbable
devices, such as a transient body sensor network, can provide
spatial information about mechanical changes in the tissue
opening vast possibilities for advanced sensing capabilities and
translational applications.

Where Is the Energy Coming From? Batteries
or Wireless?
One of the fundamental challenges in bioresorbable electronics,

and bio-integrated electronics more broadly, is the development
of power supply sources, such as batteries [67,68] and supercapaci-
tors [69] to eliminate the need for wired energy sources. These
power sources must maintain the compact, miniaturized, and prac-
tical design of the overall implantable integrated system while pro-
viding stable and useful energy density to circuit components
throughout their functional lifetime. As the complexity of biore-
sorbable electronic circuits increases, along with the number of
active and passive components, the energy demand and device foot-
print grow accordingly to sustain functionality. This energy require-
ment is crucial for monitoring transient or dynamic biological
events, some of which require highly conformal mechanics for bio-
degradable and stretchable batteries [70,71] or mechanical energy
harvesters based on triboelectric and piezoelectric effects [72].
An alternative to stretchable batteries is wireless power transfer

technologies, particularly those that enable simultaneous data and
power transmission through magnetic loop antennas for near-field
communication (NFC) radio frequency (13.56 MHz), achieved
via inductive coupling. Examples include compact, planar, biore-
sorbable coils with substrates and encapsulations that aim to
enhance the magnetic field surrounding the coil (Fig. 5(a)), delay
the diffusion of water molecules using wax substrates (Figs. 5(b)
and 5(c)) and edible oils (Fig. 5(d )) as encapsulations. The wireless
systems in Fig. 5 establish a connection between an external, skin-
mounted transmitter coil and an implantable bioresorbable coil. The
efficiency of power transmission depends on the frequency, self-
inductance, and mutual inductance of the coils, and is highly sensi-
tive to the orientation and distance between them [73]. Wireless
power transfer strategies promote the miniaturization of bioresorb-
able electronics, enabling fully or partially implantable integrated
systems. For example, bioresorbable pacemakers [11,13,47] featur-
ing double-layer energy-harvesting coils and stretchable stimulation
electrodes entirely implanted within the body. In contrast, biore-
sorbable electrotherapy systems for chronic wounds [74] are par-
tially implantable, with only the stretchable electrodes in contact
with the wound surface. Depending on the clinical application,
wireless design and alternative energy sources become important
when the following situations occur:

(1) The distance between the coils is unusually large: Since the
magnetic field strength decreases with the cube of the dis-
tance between the coils (B∝r − 3), the power transfer effi-
ciency is highly sensitive to coil separation. This limitation
is particularly relevant for deep tissue sensing and monitor-
ing, where alternative strategies, such as ultrasound, are
often preferred [75]. In some cases, incorporating a magnetic
field concentrator (Fig 5(a)) layer made from biodegradable
iron oxide (Fe2O3) nanoparticles can enhance the output
voltage and current in the receiver [16]. However, the
working distance remains limited to approximately the
largest characteristic length of the coils.

(2) The deformation of the device is large: The metallic traces
(e.g., Mg, Mo, Zn, Fe, W) [43], and in some cases, room-
temperature liquid metals such as EGaIn or GaInSn [76],
used in the antennas and electrode interconnects of biore-
sorbable devices must deform elastically to prevent material

Fig. 4 Mechanics modeling of bioresorbable electronics.
(a) Photographs of bioresorbable pacemakers with energy-
harvesting coil and serpentine interconnects during twisting
and bending deformations. (b) Corresponding finite element
results of the strain contours in the metal layer indicating that
the material does not yield. (Reproduced from Choi et al. [11]
with permission from the American Association for the Advance-
ment of Science.)
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fractures. Ultra-thin serpentine mesh structures are widely
used in bio-integrated electronics for their nonlinear mechan-
ics, which enable them to accommodate large mechanical
deformations. Combining serpentine arrays with stretchable
mesh electrodes [77], designed to match the modulus of bio-
logical tissues, enables conformal lamination onto time-
dynamic, curvilinear surfaces and tissues, allowing for the
extraction of relevant health metrics. However, large defor-
mations alter the electromagnetic couplings, specifically the
inductive behavior of the coils and resonant frequency,
affecting the stability of data and power transmission. To
address this, mechanics scaling laws have been proposed
that optimize the macro- and micro-geometrical parameters
of planar multiturn serpentine coil architectures, reducing
sensitivity to uniaxial and biaxial deformations [78].

(3) The dielectric changes in the surrounding environment:
Encapsulating polymers or surrounding tissues with high
dielectric constants can lower the resonant frequency of
antenna coils, thereby affecting power transfer efficiency
and electromagnetic couplings. As water molecules (or
other biofluids) diffuse through the encapsulation and react
with the electrodes, the effective permittivity of the encapsu-
lation increases, causing a shift in the resonance of the
energy-harvesting circuit. Recent experiments have slowed
this diffusion process by introducing a water barrier, such
as edible oil (Fig. 5(d )), which stabilizes the resonant fre-
quency of the inductive coils for up to 30 days [17]. Other
studies have developed a library of copolymers that function
as water barriers, extending implantable device functionality

by several weeks [79]. Readers can refer to a topical review
[80] that discusses the dielectric properties of tissues of inter-
est for bioresorbable electronics, including skin, adipose
tissue, brain tissue, and breast tissue, among others. Addi-
tionally, a comprehensive materials review [39] provides
an overview of bioresorbable polymers used as encapsula-
tion materials, such as poly(lactic-co-glycolic) acid and
polyanhydrides.

Energy management, in particular, is important in biodegradable
electronics, as excessive energy can cause unsafe local tissue
heating (1 °C or more) or exceed specific absorption rate (SAR)
limits (above 1.6 W/kg averaged over 1 g of tissue). Careful engi-
neering designs can help mitigate electromagnetic losses caused
by the surrounding environment while adhering to safety regula-
tions for SAR and biological heating caused by the induced cur-
rents. Numerical simulations suggest that body-integrated devices,
modeled with implantable radio frequency coils in canine and rat
models, can effectively dissipate heat during duty cycle operation.
Maximum tissue temperature changes were limited to 0.035 °C,
with SAR values remaining below 0.075 W/kg [11]. In contrast,
experiments in air and water using wireless microresonators as
heaters demonstrate the potential for localized drug delivery and
thermal therapies by selectively melting nearby bioresorbable ele-
ments [45]. Mild thermal actuation, however, can be employed to
alter the diffusivity of thermo-responsive encapsulating materials,
while controlling tissue inflammation and accelerating drug
release into the body, as demonstrated in the treatment of abdominal
hernias [12]. However, caution must be taken with thermally

Fig. 5 Encapsulations in bioresorbable electronics. (a) Optical image of bioresorbable magne-
sium coil with a magnetic flux concentration, scale bar 1 cm. (Reproduced from Guo et al. [16]
with permission from John Wiley and Sons.) (b) Optical images of radiofrequency coil using
C-wax substrate to enable wireless sensing, scale bar is 10 mm. (Reproduced from Won et al.
[51] with permission from John Wiley and Sons.) (c) Degradation process of temperature
sensors after 1 day showing the internal structure of the device under PBS (pH=7.4) at 37 °C,
scale bar 1 cm. (Reproduced from Lu et al. [18] with permission from John Wiley and Sons.) (d )
Photographs of an inductive-capacitive system after 7 days in PBS (pH=7.4) at 75 °C, scale bar
10 mm. (Reproduced from Lee et al. [17] with permission from John Wiley and Sons.)
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actuated bioresorbable implants, as excessive temperatures can
compromise the mechanical and chemical functionality of other
components within the implant.

What Are Some Open Areas of Transient Mechanics
Research in Bioresorbable Electronics?
The development of translational devices with fully bioresorb-

able capabilities has been largely driven by active efforts from the
materials science, chemistry, and mechanics communities. Since
these devices are designed to be resorbed by the body, the focus
has been on developing tools and materials with controllable resorp-
tion capabilities, tailored to work on finite lifetimes while matching
or exceeding the performance of their permanent counterparts.
Research directions on the mechanics of bioresorbable electronics
have, in part, focused on: (1) optimizing electronic circuit and
mesh layouts to prevent material failure under cyclic deformations
such as stretching, twisting, bending, poking, and folding; (2) min-
iaturizing device form factors to maximize compliance through
enhanced flexibility and stretchability on time-dynamic surface to
facilitate pressure and strain sensing modalities while reducing
interfacial stresses; and (3) optimizing planar and three-dimensional
mesostructures in microsystems technologies to achieve zero-waste,
environmentally friendly, electronics [81,82]. Here, we highlight a
few topics and research directions related to transient mechanics
that may be of interest to the mechanics community.
Perhaps one of the biggest needs is the development of computa-

tional models capable of predicting the dissolution profiles of com-
plete multimaterial bioresorbable systems, including the influence
of boundary effects on the overall resorption kinetics. Experimental
testing, typically conducted in water or saline solutions with devices
fully submerged at room or elevated temperatures, has generally
outpaced modeling efforts. This is because experimental testing,
supported by imaging at various time points, provides a comprehen-
sive dissolution history revealing that certain regions of the device
dissolve and fracture earlier than others. From a computational
perspective, extending models from one-dimensional to three-
dimensional is nontrivial because the multiphysics coupling
(chemo-mechanical) and the associated boundary conditions are
not fully understood, particularly when transient damage or
failure criteria dictate how the device fractures into smaller
pieces. Currently, the mechanics (i.e., modulus, stiffness, stretch-
ability) of bioresorbable devices are established before resorption.
Understanding how the bioresorbable device’s mechanics evolve
locally during diffusion and hydrolysis reactions is particularly
valuable, especially for wound healing applications, where mechan-
ical forces on cells play a critical role. Mechanically tunable biore-
sorbable implants offer a means to control the force field and strain
gradients locally, both spatially and temporally. A similar approach
can be used to design next-generation drug delivery devices and
surgical meshes, where local control of transient mechanics
within the resorbable platform enables programmable delivery in
reservoirs and regions specifically designed to initiate fracture.
An exciting future direction in implantable wireless body area

networks is the in vivo characterization of soft tissue mechanical
properties over time. This approach, which relies on electromag-
netic and mechanical couplings between the scattering S (S param-
eters) and the deformation gradient F tensors in radio frequency
circuits, could provide valuable insights into physiological
responses, kinematics, and the evolution of mechanical and electri-
cal properties of biological tissues to replicate them in other engi-
neering systems like soft sensors and actuators for digital health
applications. Their mechanical advantage to conformally match
extreme curvatures and wrap around nerves, muscles, and other cur-
vilinear surfaces, could, in principle, provide valuable information
about the time-dynamic mechanisms that incentivize tissue
growth and remodeling. These principles naturally extend to previ-
ously unexplored systems, such as bone, enabling the development
of osseo-surface electronics [83] and orthopedic implants [32]. As

discussed in previous sections, novel forms of transient mechanics
appeal not only for their technological potential but also for their
impact on the surrounding biological environment. These new
classes of devices can facilitate multimodal sensing, provide tran-
sient structural and fixation support for musculoskeletal loads,
and integrate seamlessly with newly formed bone microstructures.
Finally, three-dimensional architected electronics, created

through mechanically guided 3D assembly of planar structures
[84], have shown significant potential in applications such as micro-
electronics, robotics, and healthcare. Exploring the connection
between inverse design methods, biodegradable materials, and tran-
sient mechanical responses offers exciting opportunities to manu-
facture flexible, multiscale, eco-resorbable structures [47,81] and
arrays capable of performing complex sensing and modulation
tasks before disintegrating.
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