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1. Introduction

The human body responds to pressures 
that naturally occur inside the body (e.g., 
intraocular pressure, IOP; intracranial 
pressure, ICP; blood pressure, BP) or to 
those that follow from external forces. 
In extreme cases, these pressures can 
damage essential tissues and initiate a 
cascade of adverse responses, such as 
those associated with brain injuries,[1,2] 
ocular hypertension,[3–6] cardiovas-
cular diseases,[7–11] and skin ulcers[12–14] 
(Figure  1A). Monitoring of pressures 
applied to soft biological tissues demand 
sensors that are compatible with their 
mechanical properties and curved 
shapes,[15] to enable accurate measure-
ments without irritation. Emerging 
design strategies for such types of pres-
sure sensors overcome the disadvantages 
of conventional devices (i.e., the rigid, 
bulky, and stiff form factors) by exploiting 

advances in: i) mechanically active materials (i.e., materials 
that convert mechanical input to changes of material proper-
ties or vice versa[16,17]) that respond to strains through resis-
tive, capacitive, piezoelectric, and/or triboelectric mechanisms 
(Figure 1B); ii) structural designs that exploit 3D geometries, 
micropatterns, meshes/fibers, and cavities (Figure  1C);  
iii) system properties that render soft mechanical properties 
and shape-matched geometries, in array configurations for 
spatiotemporal mapping, in miniaturized layouts for mini-
mally invasive deployment, and/or in bioresorbable embodi-
ments for use as temporary implants (Figure 1D).

This review focuses on progress in these classes of bio-
interfaced pressure sensors, with an emphasis on properties 
of mechanically active materials, design considerations for 
biomedical applications, system-level engineering aspects 
and pre-clinical trials (i.e., noninvasive pressure sensors 
deployed on patients, and invasive sensors implanted in 
animal models). Other reviews focus mainly on device 
mechanisms and supporting electronics,[18–27] in a general 
sense. An important goal in the following is to highlight 
developments in the service of specific biomedical appli-
cations of pressure sensors for soft tissues. The orienta-
tion is around unusual approaches in materials science, 
mechanical engineering and biomedical engineering. For 
bio-interfaced pressure sensors with different mechanisms, 
materials, and structures, this review discusses the per-
formance metrics and properties of pressure sensors for  

Pressures generated by external forces or by internal body processes represent 
parameters of critical importance in diagnosing physiological health and in 
anticipating injuries. Examples span intracranial hypertension from traumatic 
brain injuries, high blood pressure from poor diet, pressure-induced skin ulcers 
from immobility, and edema from congestive heart failure. Pressures measured 
on the soft surfaces of vital organs or within internal cavities of the body can 
provide essential insights into patient status and progression. Challenges lie in 
the development of high-performance pressure sensors that can softly interface 
with biological tissues to enable safe monitoring for extended periods of time. 
This review focuses on recent advances in mechanically active materials and 
structural designs for classes of soft pressure sensors that have proven uses 
in these contexts. The discussions include applications of such sensors as 
implantable and wearable systems, with various unique capabilities in wireless 
continuous monitoring, minimally invasive deployment, natural degradation in 
biofluids, and/or multiplexed spatiotemporal mapping. A concluding section 
summarizes challenges and future opportunities for this growing field of mate-
rials and biomedical research.
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accurate and stable operation in specific biomedical sce-
narios, including measurements of BP, ICP, pressures at 
the skin interface, and others. The content includes manu-
facturing approaches, materials choices, geometrical config-
urations, integration with wireless platforms, and progress 
in clinical translation. A concluding section summarizes 
the status of the field and lists areas of opportunity for con-
tinued research in this area.

2. Metrics, Mechanisms, and Structures  
for Bio-Interfaced Pressure Sensors

Bio-interfaced pressure sensors must possess physical prop-
erties and shapes compatible with those of targeted points of 
integration with the body. High linearity, fast response time, 
low drift and hysteresis, and long-term stability are also impor-
tant considerations. This section focuses on metrics, design 

Adv. Mater. 2024, 36, 2205609

Figure 1.  Bio-interfaced pressure sensors. A) Clinical applications of bio-interfaced pressure sensors. Reproduced with permission.[6,7,15,245] Copyright 
2020, Wiley-VCH; Copyright 2018, 2020, 2021, Springer Nature. B) Materials for bio-interfaced pressure sensors. C) Structures for bio-interfaced pres-
sure sensors. D) System properties for bio-interfaced pressure sensors.
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considerations, and associated mechanisms for various func-
tional materials and structures that meet many of the key 
requirements.

2.1. Metrics

Figure 2 summarizes important parameters that define the per-
formance of pressure sensors, including, linearity (Figure 2A), 
sensitivity and dynamic range (Figure  2B), response time 
(Figure  2C), hysteresis (Figure  2D), drift (Figure  2E), and 
repeatability (Figure 2F).

Linear response facilitates calibration procedures by reducing 
fitting equations to first-order polynomials (purple curve in 
Figure 2B). In linear regression models, the coefficient of deter-
mination (R2, ranges between 0 and 1) quantitatively defines lin-
earity, where larger R2 corresponds to better linear response. By 
contrast, nonlinear responses (grey curve in Figure 2B) require 
complex computational analysis, sometimes in the form of seg-
mented linear equations.[28–30] In these cases, calibrated pres-
sures that lie between two segmented lines can exhibit discrep-
ancies that may misinform clinical decisions (e.g., improper 
drug dosages for hypertension). To approximate a linear 
response, conventional pressure sensors adopt small deflec-
tions/deformations of responsive materials or structures, to 
yield R2 values that can approach 1.[31–33] Because bio-interfaced 
pressure sensors incorporate materials and designs with low 
stiffnesses, applied pressures can produce large displacements/
deformations and associated nonlinearities. Structural designs 
that limit these large deformations are therefore often necessary.

Most pressure sensors can operate linearly only across a 
limited range (i.e., linear response range, or dynamic range). 
This parameter relates to and is often balanced with sensitivity 
(slopes of the curves shown in Figure 2B), according to applica-
tion requirements, where high sensitivity usually results in a 
small linear response range. This tradeoff between sensitivity 
and linear response range must be considered in the design of 
pressure sensors to match specific applications. For example, 
the targeted pressure ranges are: i) 0–300 mmHg (0–40 kPa[34]) 
for BP (below 60  mmHg (diastolic)/90  mmHg (systolic) indi-
cates hypotension and above 90 mmHg (diastolic)/140 mmHg 
(systolic)[35] indicates hypertension); ii) from 0 to 70  mmHg  
(0 to 9.33 kPa)[36] for ICP (above 20–25 mmHg indicates intracra-
nial hypertension[37]); iii) 10 to 100 mmHg (1.33 to 13.33 kPa[38]) 
for IOP (above 21 mmHg indicates ocular hypertension[39]). In 
other biomedical applications, sensors must record the contact 
pressures between skin and external objects. Here, the pres-
sure values can vary by more than an order of magnitude. For 
example, finger grip manipulation requires high sensitivity 
over a small range from 1 to 10  kPa.[40] In comparison, pres-
sure measurements at the interface between the skin and the 
inner surface of a prosthetic socket for a load-bearing part of a 
lower limb demand measurements of pressures up to values of 
350 kPa.[12] Optimizing the structures and the materials for bio-
interfaced pressure sensors represent two major strategies for 
adjusting the sensitivity and linear response range. Structures 
with low stiffnesses usually yield high sensitivity and small 
linear response range.[41,42] The development of soft materials 
with large gauge factors (GFs, defined as the ratio of relative 
change in resistance to the mechanical strain), high dielectric 

Adv. Mater. 2024, 36, 2205609

Figure 2.  Performance metrics for pressure sensors. A) Linearity. B) Sensitivity and linear response range. C) Response time. D) Hysteresis. E) Drift. 
F) Repeatability.
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constants or large piezoelectric coefficients, as examples, can 
improve the sensitivity without reducing the linear response 
range.[43,44]

Response time is another important metric, typically 
defined as the time for a sensor to achieve 63.2% of its final 
reading after application of pressure.[45,46] This time is impor-
tant for characterizing dynamic variations in pressure, such 
as those associated with BP or physical activity. Materials and 
mechanical considerations can influence the response time. 
For example, silicon pressure sensors that exploit cavity designs 
usually exhibit very fast responses (<0.1 ms).[47] In comparison, 
certain sensors based on low modulus elastomers offer slow 
responses (>10  ms)[48] due to the viscoelastic properties of the 
materials. As a practical matter, achieving response times that 
exceed those associated with most natural biological processes 
and those involved in health-related applications is not difficult 
(≈1 s for BP cycle and ≈0.6 s for plantar pressure cycle when 
running). Bio-interfaced pressure sensors for many applica-
tions adopt low modulus materials or viscoelastomers to allow 
for soft and conformal contact without meaningful reductions 
in response time.

Stress relaxation in such types of soft materials can, how-
ever, introduce hysteresis and drift[49] effects that significantly 
degrade the performance. Mechanical hysteresis, defined by the 
extent to which the response of the sensor depends on the time 
history of loading or unloading, directly affects the accuracy. In 
Figure  2A, the grey and purple curves illustrate pressure sen-
sors with and without hysteresis, respectively. Elastic materials 
(e.g., metals) obey Hooke’s law and possess identical loading 
and unloading paths, as the stress and strain are linearly related. 
By contrast, viscoelastic materials exhibit stress-strain behaviors 
consistent with internal dissipative mechanisms that lead to 
different loading paths depending on the history of mechanical 
deformations of the sample, including rate, amplitude and tem-
perature.[50] The practical significance of this hysteresis on the 
performance of the sensor can depend on the thicknesses and 
structures of the materials.[51] Engineering considerations in 
the device layouts can, therefore, be selected to minimize these 
effects. Approaches to mitigate hysteresis include constraining 
the compressive strains in the elastomers (e.g., the response 
of polydimethylsiloxane (PDMS) at compressive strains less 
than 15% shows negligible hysteresis),[52] incorporating nanoc-
rack morphologies,[53] and integrating micropatterns to the 
elastomers.[51,53,54]

Drift is the change in sensor responses over time, also rel-
evant to accuracy, particularly for applications such as those 
in monitoring pressure-induced injuries, where pressures 
remain at significant and largely static levels over long periods 
of time (Figure  2E). For viscoelastic materials, stress relaxa-
tion or creep is an intrinsic property where the strain increases 
under constant stress. This change, when it occurs in the sen-
sitive element of a sensor or in some essential structural ele-
ment, results in drift.[55] In addition to applications in pressure 
injuries, drift is important in measurements of ICP and IOP, 
where the pressures change slowly in time. In such situations, 
sensors must be designed to avoid large strains in viscoelastic 
materials. Minimizing the influence of temperature, humidity, 
and other environmental factors is also important.[56] Strategies 
include the use of materials that have low temperature coeffi-

cients of response (i.e., alloys instead of pure metals)[7] and of 
compliant encapsulating structures that insulate the sensor 
from the surrounding environment.[36]

Repeatability is important for robust, stable operation, of par-
ticular importance for chronic measurements. As an example, 
patients with hypertension require long-term management to 
prevent acute cardiovascular diseases, in which case the repeat-
ability of pressure sensors is of vital importance. Applying mul-
tiple cycles of loading and unloading to a sensor represents the 
most common means for quantifying repeatability (Figure 2F). 
In the elastic response regime, materials typically show good 
stability.[57] Irreversible changes associated with mechanical 
failure due to fracture or plastic deformation represents the 
most obvious sources of poor repeatability. Fatigue – a phenom-
enon where a material gradually fails when subjected to many 
cycles of loading/unloading – is an important factor. In-depth 
understanding of the properties of the constituent materials 
of a sensor, including but not limited to the maximum strain 
in the elastic region, the physical toughness, the threshold 
for plastic yielding and effects of internal flaws, is important. 
Designing certain structures or geometries to avoid plastic 
deformation (e.g., <0.3% for metals, <10% for Si nanowires[58]) 
during operation is essential. For bio-interfaced pressure sen-
sors that mainly incorporate soft materials, combining mate-
rials with different moduli (e.g., 1.3 and 5.1 MPa[59]) results in 
heterogenous distributions of strain (i.e., lower strain in higher 
modulus parts) that can be designed to avoid plastic deforma-
tions or fatigue.[59]

Other considerations, such as those related to interference, 
power consumption, cost, and mass production are also impor-
tant. Confounding effects related to changes in temperature, 
humidity, parasitic capacitances and other externalities are 
particularly important for biomedical applications in critical 
care and decision making that depend on accurate measure-
ments.[45] Low power or self-powered systems can affect form 
factors by relaxing or eliminating requirements for batteries 
or for power transfer from external sources.[60–62] Cost effec-
tive, volume production is also important, particularly because 
many medical uses are addressed most effectively with single-
use devices to avoid the need for cleaning and sterilization.

2.2. Mechanisms and Materials for Different Types  
of Pressure Sensors

This section introduces different working mechanisms of bio-
interfaced pressure sensors, along with representative mate-
rials used for these sensors. For each mechanism, although 
a diverse set of mechanically active materials can serve as the 
key components for bio-interfaced pressure sensors, the selec-
tion of proper materials requires trade-offs between sensitivity, 
stability, flexibility, manufacturability, and many other factors. 
The following subsections separately discuss mechanisms 
and materials for resistive, capacitive, piezoelectric, triboelec-
tric pressure sensors, and illustrate the pros and cons of dif-
ferent types of mechanically active materials. Additionally, for 
each mechanism, Table  1 summarizes the influence of mate-
rial properties on the performance of bio-interfaced pressure 
sensors.

Adv. Mater. 2024, 36, 2205609
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2.2.1. Resistive

Resistive-based mechanisms can be adapted to meet many 
requirements, and the approach typically involves simple 
classes of materials, basic fabrication schemes, and straight-
forward measurement electronics.[12,13,20] Figure  3A highlights 
mechanisms and materials for this type of sensor, including 
devices based on metals (solid and liquid), semiconductors, 
and conductive composites. Each example involves a change 
in resistance under external pressures due to a change of:  
i) dimensions along the direction of external force; ii) dimen-
sions perpendicular to the direction of external force; iii) resis-
tivity; and/or iv) internal structures. The distinct mechanisms 
and mechanical/electrical properties of these materials leads to 

sensors with different levels of flexibility/stretchability and sen-
sitivity. Ideal materials properties include large GF, wide elastic 
range and low sensitivity to temperature and other parameters. 
Solid metals, when integrated with appropriate structural mate-
rials, offer hysteresis-free and fast responses for operation 
within the elastic range (usually less than 0.3% in material 
strain).[7,20] Pressure can change the length and/or cross-sec-
tional areas of metal features, resulting in a change in their 
resistance.[20] Thin films or wires of these materials represent 
typical embodiments due to their low bending stiffnesses and 
large initial resistances. These thin films/wires typically mount 
on cavities[36,63] or cantilevers[64–66] and sometimes integrate 
into 3D structures[7,12,13,67] or embed in elastomers to amplify 
deformations under pressure loads.

Adv. Mater. 2024, 36, 2205609

Table 1.  Material-performance relationships for bio-interfaced pressure sensors.

Mechanisms Parameters Sensitivity Linear response range Response time

Resistive Gauge factor +a)

Elastic range +

Capacitive Modulus of the insulator −b) + −

Dielectric constant of the insulator +

Piezoelectric (Effective) modulus − + −

Piezoelectric charge constant +

Piezoelectric voltage constant +

Triboelectric Difference in electronegativity +

a)“+” means positive correlation; b)“−” means negative correlation.

Figure 3.  Operational mechanisms for bio-interfaced pressure sensors (deformations not to scale). A) Resistive pressure sensor. Top frame indicates 
the change of length and area for solid conductors under pressure. Middle frame corresponds to composite materials with conductive bridging effect. 
Bottom frame illustrates liquid metals that can exhibit large deformations under pressure. B) Capacitive pressure sensor. Top frame illustrates the 
mechanism of a conventional capacitive sensor with a change in distance under pressure. Bottom frame shows the mechanism of a iontronic sensor 
based on EDL. C) Piezoelectric pressure sensor. The electric dipoles and amount of surface charges vary with the magnitude of the external pressure. 
D) Triboelectric pressure sensor. Top frame illustrates a triboelectric sensor based on contact electrification between two polymers. Bottom frame cor-
responds to a triboelectric sensor based on contact electrification between a polymer and a conductor.
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Many metals, such as Ti, Pt, Au, Ta, and Ag,[68] exhibit excel-
lent biocompatibility and have Food and Drug Administration 
(FDA) approvals for chronic use inside the human body. The 
low resistivity (usually below 0.1 µΩ m) and relatively high 
sensitivity to temperature (the temperature coefficient of resist-
ance (TCR) is usually in the range of 0.0038–0.005 °C−1) of 
pure metals limit their performance in pressure sensing. By 
comparison, alloys exhibit higher resistivity (e.g., 1.1–1.5 µΩ m 
for NiCr) and lower sensitivity to temperature (e.g., TCR is as 
low as 8 × 10−6 °C−1 for CuNi) due primarily to their disordered 
crystal lattices, which impedes electron transport.[7] The GFs of 
both pure metals and alloys are ≈2, which is low compared to 
those of conducting polymers, composites and semiconductors. 
Considering that the elastic region is usually less than 0.3% 
in strain, pressure sensors that use metals typically show frac-
tional changes in resistance (ΔR/R) within ±0.6%. Therefore, 
structural designs and response ranges must be considered 
carefully based on requirements in biomedical applications 
(e.g., 80–120 mmHg for BP). One effective approach to improve 
the GFs of metals relies on motions of micro/nano cracks in 
thin films.[69,70] For metals with controlled collections of cracks, 
the conductance of every crack jumps rapidly between zero 
and a finite value during stretching and releasing. The result is 
effective GFs that can be as large as 2 × 106.[70]

Liquid metals integrated into channel structures formed 
in low modulus elastomers enable sensors with soft and flex-
ible characteristics for bio-interfaced applications. Compared 
with solid metals, liquid metals embedded in these elastomers 
can respond to dramatic changes in lengths and/or cross-sec-
tional area without plastic deformation, due to the ability of 
the liquid to flow. Since the resistance is proportional to the 
resistivity and the length but inversely proportional to the cross-
sectional area, these deformations can lead to large changes in 
resistance (Figure  3A). Eutectic gallium indium (eGaIn) and 
Galinstan (a gallium-indium-tin ternary alloy, Ga68.5In21.5Sn10) 
are leading candidates for bio-interfaced applications due to 
their low toxicity.[71–77] Large deformations of conductive traces 
of these liquid metals generate ΔR/R up to 2500%,[75] with a 
strain over 250%.[72] Challenges in these types of sensors are in 
miniaturization and manufacturability,[78] as the preparation of 
microchannels and the injection of liquid metals both demand 
sophisticated approaches in fabrication. Moreover, the forma-
tion of surface oxide layers reduces the conductivity of such 
materials and can cause drift in the performance. The high sur-
face tension (≈624 mN m−1) of these materials can create addi-
tional challenges in scalable fabrication.[79,80]

By comparison to metals, the changes in the resistances of 
semiconductor material structures (e.g., doped Si) result not 
only from pressure-induced changes in length and cross-sec-
tional area, but also from changes in the resistivity attributed 
to stress-induced deformation of energy bands (i.e., piezoresis-
tive effect).[20,81,82] The combination of these effects increases 
the GF to values of more than 100, thereby providing effec-
tive means to enhance the sensitivity of pressure sensors from 
material perspective.[36,56,67,82–84] Representative piezoresistive 
materials with large GFs, as defined by any material whose 
resistivity depends on strain, include p-doped monocrystal-
line Si,[36,56,67,83,84] SiC,[85] semiconductive carbon nanotubes 
(CNTs),[86] and quasimetallic CNTs.[87] For Si, the doping con-

centration affects the resistivity, the metal-semiconductor con-
tacts, as well as the GF.[67] Specifically, a boron concentration 
of ≈3 × 1019 cm−3 in Si leads to a GF of ≈50,[67] while a ≈1 × 
1019 cm−3 concentration of phosphorus leads to a negative GF 
(≈−20.9).[84] A drawback of semiconductors is that integration 
into flexible, thin films for bio-interfaced pressure sensors can 
be challenging. The fabrication of most semiconductor devices 
relies on processes derived from the microelectronics industry, 
with wafers that have thicknesses from hundreds of microme-
ters to several millimeters. These thick layers, together with the 
high modulus of semiconductors (e.g., 140 GPa for Si, 84.8 GPa 
for GaAs) lead to sensors that have rigid, planar physical char-
acteristics. Advanced manufacturing approaches, such as those 
based on transfer printing[88,89] and back etching,[90,91] provide 
means to construct elements of single crystal silicon and other 
inorganic semiconductors with thicknesses down to 1.4 nm.[92] 
Since bending stiffness is proportional to the cube of the thick-
ness, these semiconductor structures, sometimes referred to as 
nanomembranes and often engineered into serpentine[36,93,94] 
or wavy patterns,[95,96] can provide sufficient flexibility or 
stretchability for bio-interfaced pressure sensors.

Alternative resistive approaches rely on composite materials 
in which internal structures or conductive bridges respond to 
applied pressure (Figure 3A). For sensors that require flexibility 
and soft mechanical properties, composites usually consist of 
mixtures of conductive nanoparticles/membranes/plates/tubes 
within an insulating polymer matrix. In the absence of pres-
sure, these conductive elements form no/few conductive paths 
through the matrix. With pressure, the distance between these 
elements decreases to allow quantum tunneling, thereby pro-
ducing conducting paths. In other cases, these elements form 
physical contacts that support percolation transport. Both effects 
lead to changes in resistance with applied pressure.[20,97,98] Typ-
ical conductive materials include 0D metals particles (e.g., Pd 
nanoparticles),[99] 1D conductive nanowires/nanotubes (e.g., 
CNTs, Ag nanowires, Au nanowires),[100–102] and 2D nanosheets 
(e.g., reduced graphene oxide, rGO).[103] The insulating matrices 
range from common papers,[100] to textiles[101,103,104] and poly-
mers.[98,102] Pressure sensors based on these composites offer 
high GF (e.g., >500,[105] ≈20[106]), but suffer generally from hys-
teresis and drift, relatively slow response times, and sample-to-
sample variations, all as a consequence of the lack of repeat-
ability in forming contacts/tunnel junctions.[20,98]

2.2.2. Capacitive

Compared with resistive sensors, capacitive sensors are less 
dependent on functional materials. As shown in the top frame 
of Figure 3B, a capacitive pressure sensor can function properly 
based on a simple conductor–insulator–conductor structure. 
External pressures reduce the distance between the conductors 
to increase the capacitance. Materials for the conductors and 
insulators, along with the key dimensions, define the capaci-
tances and their sensitivity to pressure. For bio-interfaced sen-
sors, important considerations for the conductors are in their 
biocompatibility and flexibility. Thin films or nanostructured 
metals,[40,107] conductive composites,[108,109] hydrogels,[110,111] and 
liquid metals[112,113] represent some widely explored options. 

Adv. Mater. 2024, 36, 2205609
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The insulator is essential, as it, along with the structure that 
defines the layout, determines the sensitivity and initial capaci-
tance. For a given structure under a given pressure, insula-
tors with lower elastic moduli exhibit larger deformations, and 
therefore higher sensitivity. Typical soft materials for insula-
tors include polymers (e.g., PDMS,[51,114,115] polyamide, polyvi-
nylidene fluoride (PVDF),[116,117] poly(glycerol sebacate)[118]), and 
polymer composites (e.g., poly(styrene-block-butadiene-styrene) 
(SBS)/Ag nanoparticles[119] and PDMS/lead zirconate titanate 
(PZT)[120]). The fillers in these composites have large dielectric 
constants to improve the initial capacitance. Air can also serve 
as the insulator, in which case the engineered geometry largely 
defines the sensitivity. A variety of microstructures[51,54,113,121,122] 
and mesh patterns[40,119,123–125] can provide effective means for 
controlling the sensitivity, linear response range, response 
time, and other features.

Interfacial supercapacitive sensing can further improve the 
initial capacitance compared with traditional capacitors, with 
unit-area capacitances of up to 1 µF cm−2[19,126] due to the elec-
tric double layer (EDL) that forms at the electrolyte-electrode 
interface. As shown in the bottom frame of Figure  3B, this 
type of sensor involves ionic liquids/gels placed between two 
electrodes. Upon application of pressure, the electrodes deform 
the ionic liquid/gel, which changes in the interfacial con-
tact area. Such changes in the contact area further influence 
the EDL capacitances. The key component is the ionic mate-
rial (i.e., ionic gels and ionic liquids) that generates the EDL 
through contact with the electrodes. A bias voltage applied to 
the electrodes induces migration of cations in the ionic liquid 
to the negative electrode, and anions to the positive electrode, 
thereby forming the EDL at both electrodes.[127] An example of 
a sensor based on this mechanism exploits droplets of NaCl 
in glycerol solution as the ionic liquid, to achieve a sensitivity 
of 1.58 µF kPa−1 and a response time of 260 ms.[126] Advanced 
versions incorporate arrays of ionic droplets for spatiotemporal 
mapping of pressure, and others use ionic gels (to replace ionic 
liquids) for improved mechanical stability.[128] Mixing of dif-
ferent electrolytes with various types of solutions or gels creates 
many choices for the ionic material. Examples include NaCl in 
glycerol solution as the ionic liquid, 1-ethyl-3-methylimidazo-
lium tricyanomethanide (EMIM TCM) ionic liquid mixed with 
PEG diacrylate/2-hydroxy-2-methylpropiophenone (PEGDA/
HOMPP) crosslinking hydrogel as the ionic gel,[128] and H3PO4 
mixed with polyvinyl alcohol (PVA) elastomer matrix as the 
ionic gel.[129] Structural designs of these or other ionic material 
layers also influence the sensing performance. For example, 
electrospinning a fibrous structure of the ionic gel can increase 
the sensitivity and flexibility,[130] and microstructures (e.g., pyr-
amid)[131–133] of the ionic material layer can improve the sensi-
tivity. A promising use of supercapacitive sensors is in pressure 
sensing on the human skin, where the skin itself can function 
as a type of natural ionic material. Such a skin-electrode struc-
ture provides a simple and reliable way for measuring pres-
sure compared with traditional supercapacitive sensors.[134] 
Remaining challenges for iontronic sensors are in improving 
their response times and in eliminating dependencies on tem-
perature and humidity.[19]

One advantage of capacitive sensors in biomedical applica-
tions is that they are suitable for passive wireless operation 

when incorporated into LRC resonant circuits.[29,135,136] Con-
necting the capacitive sensor with an inductor and a resistor 
yields an LRC circuit with a resonant frequency that changes 
with pressure induced variations in the capacitance. This fre-
quency can be determined wirelessly by coupling to an excita-
tion coil. In this manner, continuous measurements of pres-
sure are possible in internal cavities of the body (e.g., BP and 
ICP) without percutaneous wires,[136] although with a practical 
operating range that is usually less than a few centimeters 
(depending on the dimensions and shapes of the coils[136]).

Limitations with capacitive sensors are in time-dependent 
parasitic capacitances that can arise from interactions with the 
human body or other objects in the environment. Advanced cir-
cuit approaches (e.g., an on-site integrated circuit can digitize 
the signal and eliminate the parasitic capacitance in the wires) 
and packaging schemes can mitigate some of these effects.[137]

2.2.3. Piezoelectric

As shown in Figure 3A,B, both resistive and capacitive sensors 
demand external power supplies for operation. Piezoelectric 
materials can generate a potential difference on different sur-
faces under external force. Measuring the potential difference 
does not require a voltage bias or current input, thereby estab-
lishing the basis for a self-powered type of sensor,[138–140] which 
reduces the complexity of the sensing system, improves the 
biocompatibility and flexibility, and extends the lifetime of the 
sensor. The mechanism relies on a deformation of the solid-
state lattice due to applied pressure. For materials with noncen-
trosymmetric point groups,[141] the geometric centers of cations 
and anions separate under external forces to generate a polari-
zation (Figure 3C). This polarization induces charge redistribu-
tion in conductors placed near the piezoelectric material. The 
relative permittivity, Young’s modulus, electromechanical cou-
pling factor, piezoelectric charge constant (designated as dij, 
with a unit of pC N−1), and piezoelectric voltage constant (desig-
nated as gij, with a unit of V m N−1) represent important param-
eters for piezoelectric materials. The subscripts i and j define 
the directions of polarization and stress, respectively (i = 1, 2, 3; 
j = 1, 2, 3, 4, 5, 6), where 1, 2, and 3 correspond to the direction 
along X, Y, and Z axis in a Cartesian coordinate system, and 4, 5, 
and 6 represent shear around the X, Y, and Z axis. For example, 
d31 is the constant that determines the charge generation along 
the Z direction, for force applied along the X direction.

Piezoelectric materials can be classified into crystals,[142] 
ceramics,[60,143–149] polymers,[14,150–153] and heterogeneous com-
binations of them.[144,147] Natural crystals, such as quartz and 
LiNbO3, have high mechanical quality factors and electrome-
chanical coupling coefficients,[142] and are most commonly 
used for applications that require mechanical actuation. 
Ceramics have high piezoelectric charge constants, but their 
brittle nature can lead to breakage and cracking in bio-inter-
faced applications.[154,155] Widely used piezoelectric materials 
include PZT,[145,149] zinc oxide (ZnO),[146–148] barium titanate 
(BaTiO3),[60,144] aluminum nitride (AlN),[143,155] and lead mag-
nesium niobate–lead titanate (PMN-PT).[156] PMN-PT has the 
highest piezoelectric charge constant (2000–3000 pC N−1).[157] 
Values for other ceramics range from dozens to hundreds of 

Adv. Mater. 2024, 36, 2205609
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pC/N. Although PZT can be used in nanomembrane form for 
bio-interfaced sensors,[158,159] its high modulus (e.g., 63  GPa 
for PZT) and toxicity (e.g., Pb in PZT and PMN-PT) represent 
disadvantages.

On the contrary, piezoelectric polymers have comparatively 
smaller piezoelectric coefficients,[144,155] but their low modulus 
and excellent biocompatibility[160] are attractive for applications 
as bio-interfaced pressure sensors. β-phase polyvinylidene fluo-
ride (PVDF)[14,150,151] and poly(vinylidene fluoride-co-trifluoro-
ethylene) P(VDF-TrFE)[152,153,161] represent two common piezo-
electric polymers with large piezoelectric coefficients (PVDF: 
d31  =  ≈23 pC N−1 d33  =  ≈−33 pC N−1 g31  =  ≈220 mV m N−1  
g33  =  ≈−330 mV m N−1; P(VDF-TrFE): d31  =  ≈10.7 pC N−1 
d33 = ≈−33.5 pC N−1). The piezoelectricity in these cases origi-
nates from the asymmetric distribution of H (positive charge) 
and F (negative charge) atoms in the β-phase. Constructing 
them as nanowires or nanofibers enables high sensitivity (up 
to 0.1  Pa[152]), and large mechanical deformations (up to 6.2% 
in tensile strain, 5 times larger than that of thin films[162]) 
without fracture.[146,151,152] Devices that exploit these features 
include sensors for the noninvasive measurement of pulsa-
tile blood flow, where the changes in pressure can be small 
(≈1.05 kPa[163]), and of plantar pressure where the body weight 
(70 kg for adult male) can cause severe deformations.

Mixing different types of piezoelectric materials provides a 
means to balance the piezoelectric and mechanical properties. 
For example, dispersing piezoelectric ceramics in piezoelectric 
polymers yields materials with low modulus and high piezo-
electric charge constants. Examples of the use of such mate-
rials include sensors that incorporate ZnO nanoneedle/PVDF 
films[147] and BaTiO3 in a PVDF matrix.[144] The mixtures can 
also exploit passive polymers (i.e., polymers without piezo-
electricity) as matrices for dispersing piezoelectric particles. 
Such piezoelectric-passive polymer composites have categories 
including 0-3, 1-3, …, 2-2, 3-3 depending on the connectivity of 
the active phase (piezoelectric materials) and the connectivity of 
inactive phase (passive polymers).[164] The first digit represents 
the number of connectivity of piezoelectric materials, and the 
second digit refers to this value for passive elastomers (e.g., a 
phase self-connected in all x, y, and z directions corresponds 
to type “3”; a phase self-connected only in the z direction cor-
responds to type “1”). Examples are in a 0-3 type PZT/PDMS 
composite,[165,166] a 1-3 type PMNT/epoxy composite,[167] and 
a 2-2 type PZT/epoxy composite.[168] The connectivity status 
decides the electrical and mechanical properties of the com-
posites. For example, for a 3-3 type composite, the connec-
tions of passive polymers in all three directions provide suffi-
cient mechanical strength, and the connection of piezoelectric 
materials in all three directions allows for continuous electrical 
connections and large charge constants. Though the pas-
sive polymers do not enhance the piezoelectric constants, the 
range of options is broad, and includes soft elastomers (e.g., 
PDMS[165,166]), biodegradable materials (e.g., s,[169] PLA[170]), and 
many others.[167,168,171]

The most significant drawback of piezoelectric sensors is in 
their limited ability to quantify static pressure values. The meas-
ured voltage from piezoelectric sensors is typically an impulse 
signal that exists only in the transition of different pressures, 
due to the large internal impedance of the devices.[172] As a 

result, in biomedical applications, piezoelectric sensors are 
most suitable for measuring fluctuating pressures, such as 
those associated with arterial blood flow[147] or with physical 
motions at organ surfaces.[144,154]

2.2.4. Triboelectric

As with piezoelectric pressure sensors, triboelectric devices 
convert changes in pressure into electrical outputs in a self-
powered mode.[10,61,62] The differences in electronegativity, sur-
face texture, and other subtle features, between two materials 
in contact produce charge separations due to contact electri-
fication.[61,62,173–176] This phenomenon occurs with almost all 
types of materials, including semiconductors (e.g., Si, Si3N4, 
PEDOT:PSS),[177] metals (e.g., Al, Cu, Ni),[62,178,179] polymers 
(e.g., PTFE, PDMS, Kapton, PET, polyamide),[61,62,173,174] and 
liquids (e.g., pure water, oil).[180,181] The top and bottom frames 
of Figure 3D illustrate contact electrification between two poly-
mers and between a polymer and a conductor, respectively. In 
the former case, net charges appear at the surfaces of the pol-
ymers. Pressure changes the gap distance and causes charge 
redistribution on the conductors due to electrostatic induc-
tion. Similar mechanisms apply to the latter case. Here, the 
conductor serves as a layer for both electrification and electro-
static induction. With such configurations, the total amount of 
charges on the two conductors is not zero.

Although triboelectric pressure sensors can be built from a 
variety of materials, applications in biomedicine require flex-
ibility, stretchability, biocompatibility, and high surface charge 
density upon contact electrification. Based on the triboelec-
tric series,[176,182] PTFE and PDMS possess high electronega-
tivity (surface charge density: ≈−113.06 µC m−2 for PTFE and 
≈−102.05 µC m−2 for PDMS when contacting with mercury),[176] 
whereas certain rubbers possess low electronegativity (surface 
charge density: ≈2.49 µC m−2 for Oil-Resistant Buna-N Rubber 
and ≈2.95 µC m−2 for Food-Grade Oil-Resistant Buna-N/Vinyl 
Rubber when contacting mercury).[183] Thin films of these 
materials are biocompatible and flexible/stretchable, and are 
thus promising candidates for the applications considered here. 
These materials can also be engineered with micro/nanostruc-
tures through soft lithography,[61,62,174] plasma treatment,[10] 
laser ablation,[184,185] and other approaches.[186] The micro/nano-
structures substantially increase the surface areas of the mate-
rials, thereby improving the effective surface charge densities. 
The amplitude of the output signal (i.e., the sensitivity) of a tri-
boelectric device built with micro/nanostructured materials can 
be enhanced by a factor of six, compared with the case without 
micro/nanostructures.[61]

The surface charge density influences the sensitivity of tri-
boelectric pressure sensors. Charges generated by contact elec-
trification depend not only on the electronegativity of the mate-
rials, but also on the temperature, humidity, surface texture, 
and others.[187–189] Accurate operation of the sensors, therefore, 
may require rigorous encapsulation and/or frequent calibra-
tion. Most triboelectric pressure sensors reported in the litera-
ture are suitable for detecting changes in pressure due to their 
high sensitivity (up to 51  mV Pa−1),[190,191] but are less able to 
provide quantitative values of the pressure.

Adv. Mater. 2024, 36, 2205609
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2.2.5. Other Mechanisms

Other bio-interfaced pressure sensors exploit permanent mag-
nets, optical elements, or combinations of the mechanisms 
mentioned in the preceding sections, to achieve interesting 
properties. Magnetic pressure sensors usually consist of a 
magnetic field detector, and a layer of hard magnetic material 
to generate a magnetic field. Pressure and other mechanical 
stimuli deform the magnetic material and cause redistributions 
of the magnetic field.[192–196] A changing flux density associated 
with dynamic pressure can be captured through an inductive 
coil in a self-powered manner. For static pressure, a Hall sensor 
or giant/tunneling magnetoresistance sensor can serve as the 
magnetic field detector. Bio-interfaced pressure sensors require 
flexible/stretchable magnetic films. A mixture of magnetic par-
ticles (e.g., NdFeB) in polymer matrices represent the most 
promising candidate for this purpose.

Optical sensors leverage various types of photonic elements 
to enhance the performance and expand the modes of opera-
tion.[2,197,198] Changes in wavelengths, polarization states, or 
other properties of light resulting from alterations in a propa-
gation medium can reflect the amplitudes and/or positions of 
sources of applied pressure. A representative example incor-
porates a dual-core (i.e., clear core and dyed core) optical fiber 
design,[197] where the chromaticity and intensity of the output 
light can determine the location, magnitude, and modes of 
deformation of the fiber.

Combining different mechanisms together provides an addi-
tional approach to improve the performance of bio-interfaced 
pressure sensors. Examples include a pressure sensor based 
on both piezoresistive and piezoelectric effects to allow for 
measurements of static and dynamic pressure;[199,200] a pres-
sure sensor based on a porous nanocomposite (i.e., mixture of 
CNT and silicone) with both piezoresistive and piezocapacitive 
properties to offer high sensitivity over a wide pressure range  
(3.13 kPa−1 within 0–1 kPa, 0.43 kPa−1 within 30–50 kPa);[201] and 
a biomimetic robot skin that incorporates electrical impedance 
tomography and acoustic tomography to measure both static 
and dynamic stimuli.[202]

2.3. Engineered Material Structures

Though intrinsic properties of materials are important, as 
outlined in previous sections, certain structural designs can 
compensate for nonideal material characteristics and they can 

greatly enhance the performance. Common designs include 3D 
geometries, micropatterns, mesh and fiber layouts, and cavity 
structures. For each design, the structural parameters can affect 
the performance of bio-interfaced pressure sensors, as summa-
rized in Table 2.

2.3.1. 3D Geometry

All mechanisms for sensing pressure require deformation of 
materials, the magnitude of which correlates with that of an 
output signal. 3D structures can be designed to enhance these 
deformations (>≈100 µm) in the direction perpendicular to the 
substrate, compared to that possible with planar devices (less 
than the thickness of the material, usually <1  µm), thereby 
providing benefits in pressure sensing. Various manufac-
turing procedures, such as stress-induced-bending[203,204] and 
compressive buckling[7,12,13,67,205] can yield 3D structures and 
devices in a parallel fashion. A promising approach exploits 
conventional strain gauges bent or buckled into a 3D form to 
detect forces in the vertical direction (i.e., normal pressure). An 
example uses a thin chromium layer (100 nm, internal tensile 
stress of ≈2 GPa[206]) on the top to bend layers of silicon nitride 
(SiN, 200  nm) and Si (2.5  µm) on silicon-on-insulator (SOI) 
wafer into curved beams.[207] The p-doped silicon piezoresistive 
element between the silicon nitride and silicon nanomembrane 
serves as a 3D strain sensor (i.e., pressure sensor). Combining 
four such sensors in different lateral directions allows for 
simultaneous detection of normal pressures and shear forces.

A recently developed compressive buckling approach can 
transform 2D patterns into 3D structures with diverse geom-
etries, including curved filaments,[205] origami constructs,[208] 
multilayer meshes,[209] and many others.[210,211] Origami 
structures can be formed by controlling the thicknesses of 
2D precursors to concentrate strains at small areas, thereby 
allowing for optimal positioning of strain sensors.[212] Devices 
that utilize such 3D buckled structures include those based 
on resistive,[7,12,13,67] capacitive,[213] and piezoelectric effects.[14] 
Figure  4A presents a 3D pressure sensor for bio-interfaced 
applications.[12] The structure consists of three layers, where 
a gold strain gauge (thickness: 100  nm) lies between two 
layers of polyimide (PI, thickness of the top layer: 4  µm, 
thickness of the bottom layer: 6  µm). A soft elastomer 
encapsulates the structure to provide an elastic restoring 
force and to enhance the robustness. Adjusting the mod-
ulus of the elastomer offers a means to tune the sensitivity  

Adv. Mater. 2024, 36, 2205609

Table 2.  Structure–performance relationships for bio-interfaced pressure sensors.

Structures Parameters Sensitivity Linear response range Response time

3D geometry Modulus of the encapsulation − + −

Micropatterns Dimension of the micropatterns −

Spacing of the micropatterns +

Mesh and fiber Density of the fiber +

Cavity structures Lateral dimensions of the cavity +

Thickness of the top membrane − +

Modulus of the top membrane − + −
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and customize the sensing range to match needs for dif-
ferent scenarios, such as the evaluation of pressure inside 
compressive stockings[13] which require sensitivity up to  
1.5 ×10−4 kPa−1, and the continuous monitoring of pressure 
at skin-prosthetic interfaces which demand response range 
as high as 350 kPa.[12] Here, PDMS serves as the encapsula-
tion layer, since its modulus can be adjusted easily (e.g., by 
changing the crosslinking density via control over the ratio 
of base and curing agent, or the curing temperature) to meet 
different requirements.

Other opportunities for pressure sensors based on 3D 
geometries include large-scale, high-density spatiotemporal 
mapping,[7,67] enabled by the scalability and parallel nature 
of the manufacturing approach. Challenges for this type of 
sensor are in design and optimization strategies that capture 
the nonlinear mechanics associated with the 2D to 3D geom-
etry transformation process, across dimensions that range 
from the millimeter (lateral dimension or height of the struc-
ture) to the nanometer (thickness of metal or doped-Si in the 
strain gauges) scale.

Adv. Mater. 2024, 36, 2205609

Figure 4.  Engineered structures for bio-interfaced pressure sensors. A) Simulated distribution of strains under normal pressure of 200 kPa (left), optical 
image of a 3D pressure sensor embedded in a soft elastomer (middle), and magnified optical image of a 3D pressure sensor (right). Scale bars, 500, 
4, 500 µm, from left to right. Reproduced with permission.[12] Copyright 2020, American Association for the Advancement of Science. (B) Schematic 
illustration of the deformations of the device under mechanical stimuli (left), optical image of the pressure sensor with micropattern (middle), and SEM 
image of the micropattern (right). Scale bars, 5 mm for the middle frame and 30 µm for the right frame. Reproduced with permission.[121] Copyright 2018, 
American Association for the Advancement of Science. C) Schematic illustration of the Au-PU-Au sandwich structure (left), optical image (middle), and 
cross-sectional SEM image (right) of a nanomesh pressure sensor. Scale bars, 5 mm for the middle frame and 5 µm for the right frame. Reproduced 
with permission.[40] Copyright 2020, American Association for the Advancement of Science. D) Cross-sectional illustration of the cavity structure (left), 
optical image of a cavity-based pressure sensor (middle), and SEM image of the porous substrate (right). Scale bar, 2 mm for the middle frame and 
150 nm for the right frame. Reproduced with permission.[36] Copyright 2016, Springer Nature.
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2.3.2. Micropatterns

Micropatterns refer to microscale structures incorporated into 
the sensitive elements of the sensor to control and enhance the 
response characteristics. Surface relief in the form of arrays of 
hemispheres,[174,214,215] micropyramids,[51,113,121,131,216,217] micro-
pillars,[132] microcones,[133] and nonuniform bumps[129,218] offer 
means to tailor the sensitivity and range of operation to meet 
requirements.[51,219] Additionally, such structures can minimize 
effects of hysteresis and drift that can occur in viscoelastic mate-
rials for mainly two reasons. First, the presence of air in the 
gaps between the microstructure features allows the materials 
to bend downward, to reduce the material strains compared 
to those that would otherwise follow from compression.[51] 
Second, the microstructure can effectively reduce mechanical 
losses caused by adhesion between different layers.[220] Micro/
nanopores introduced into elastomeric materials such as PDMS 
can reduce their effective modulus (from 2.61 to 182 kPa for 10:1 
PDMS[115]) and enhance their sensitivity.[102,115,221] Microchan-
nels, often used together with liquid metals, can be designed 
to enhance local deformations to create conductive features that 
define resistances and enable incorporation into Wheatstone 
bridge structures for readout.[222]

This strategy of structural engineering is applicable 
across resistive,[214,215,221,223–229] capacitive,[51,54,113,121,122] ion-
tronic,[131–133] piezoelectric,[161,230] and triboelectric[61,174] pres-
sure sensors, with materials ranging from silicone elasto-
mers,[51,54,61,122,230] and polymer composites,[223,225–227] to ionic 
gels.[131,133] Figure  4B shows a representative example of a 
pressure sensor that incorporates hemispherical structures 
(or “hills” as described in the literature). Inspired by the spi-
nosum of human skin, the sensor consists of a bottom layer 
with a hemisphere array, a middle polyhydroxybutyrate/polyhy-
droxyvalerate (PHB/PHV) dielectric layer, and a top layer with 
a micropyramid array. Notably, the dielectric layer must be thin 
to realize a high initial capacitance. The mechanical robust-
ness of thin layers of PHB/PHV make this material a prom-
ising candidate for such capacitive pressure sensors. Upon 
application of pressure, the contact area increases and the 
separation distance between the electrodes decreases, leading 
to an increase in capacitance. The bottom layer incorporates a 
molded hemisphere structure array, where an individual hemi-
sphere covers 25 capacitors (90  000 µm2). This structure can 
be used to distinguish normal force and shear force.[121] The 
dimensions and distributions of the micropyramid array can 
influence the sensor performance. In the example shown in 
Figure  4B, smaller micropyramids contribute to higher sensi-
tivity, whereas shorter separation distances between micropyra-
mids lead to faster response times.

Remaining challenges with pressure sensors based on 
micropatterns include structural stiffening that limits the per-
formance in the high-pressure regime. Most elastomers uti-
lized in such pressure sensors have Poisson’s ratios close to 
0.5 and are nearly incompressible, which causes stiffening at 
large strains where the Gaussian elasticity of polymer chains 
does not apply.[19,231] Other disadvantages are in low sensitivity 
above certain pressure levels due to a saturation of the contact 
area,[121,221] and long response/recovery times in the low-pres-
sure range for porous designs.[221]

2.3.3. Mesh and Fiber

Mesh and fiber structures are of interest for creating soft, 
flexible, air permeable, and durable features.[146,151,152] Tech-
niques for fabrication include electrospinning,[40,123–125,232] 
thermal drawing,[233] and 3D printing[234–236] for sensors that 
exploit resistive ,[100,101,103,232,237] capacitive,[40,119,123–125,238] piezo-
electric[233] and triboelectric[10] mechanisms, with materials 
ranging from metal nanomesh constructs and conductive fibers 
as electrodes,[40,232,239] nanofibers of polymers (e.g., PVDF-HFP, 
PVDF, and PLGA-PCL) as dielectric layers,[123–125,130] fibers 
coated with conductive materials (e.g., graphene oxide-coated 
silk fabrics, textile-structured CNT-coated cotton fabrics) as 
resistive materials,[101,103] piezoelectric composite (e.g., P(VDF-
TrFE)/BaTiO3) fibers as piezoelectric materials,[233] and woven 
PTFE and silver coated nylon yarn as materials for contact elec-
trification.[10,240] In all cases, pressure generates a change in 
resistance, capacitance or voltage.

Functional materials in mesh and fiber structures can be 
engineered into textiles for wearable physiological moni-
toring.[40,101,103] Ultrathin, porous, and open-mesh layouts also 
allow sensors to be attached to the skin in a comfortable or 
even imperceptible manner.[40,130] A representative example 
in Figure 4C highlights a pressure sensor that involves mesh 
patterns in nanoscale geometries[40] for monitoring finger 
manipulation. The sensor incorporates a nanomesh bottom 
electrode in gold, a parylene-coated (thickness: 200 nm) poly
urethane (PU, thickness: 10.5  µm) nanomesh interlayer with 
an air gap (distance: 1  µm), a gold nanomesh top electrode, 
and a PU nanomesh-embedded passivation layer (thickness: 
2.5  µm). Here, electrospinning of PVA nanofibers forms a 
sacrificial supporting layer. Thermal vacuum deposition of Au 
(thickness: 100  nm) on the PVA, followed by dissolving the 
PVA in water, yields the nanomesh pressure sensor. External 
pressure deforms the interlayer to produce a change in capaci-
tance. Major factors that influence the sensitivity include the 
density of PVA nanofibers for top Au nanomesh electrode, and 
the stiffness of materials for the interlayer. Specifically, denser 
PVA nanofibers lead to higher sensitivity. PU coated with a 
layer of parylene can provide optimal stiffness to enhance 
the sensitivity. The sensitivities are 0.141 kPa−1 for pressures 
less than 1  kPa and 0.010 kPa−1 for pressures between 1 to 
10  kPa. The ultrathin nature of this nanomesh sensor (total 
thickness: ≈14  µm) is of interest because it does not inter-
fere with natural human tactile sensation. These same fea-
tures of pressure sensors that utilize mesh or fiber structures 
make them well suited for other bio-interfaced applications, 
with excellent levels of stretchability, water resistance, and 
breathability.[40,232,241]

2.3.4. Cavity Structures

The structures introduced in the previous sections (Sec-
tions  2.3.1–2.3.3) are most well suited for measuring contact 
pressure between solid materials, especially at soft tissue inter-
faces. Measurements of pressures from gases or liquids are 
best performed using sealed cavity structures. Deformations of 
a thin membrane that seals the cavity directly reflect the outside 
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fluid pressure, with demonstrated applications in monitoring 
of BP, ICP, and bladder pressure.

Pressure sensors of this type include two key elements: a 
relatively rigid structure as the base of the cavity and a flex-
ible membrane on top. Deformations of the membrane cause 
a change in either the capacitance (when the top membrane 
and bottom cavity forms a capacitor[242]) or the resistance (when 
resistive materials are integrated in the membrane[36]). Parame-
ters that define the performance include the lateral dimensions 
and depth of the cavity, the modulus and thickness of the mem-
brane, the properties of the materials that fill the cavity, and the 
nature of the seal that defines the cavity. Specifically, increasing 
the lateral dimensions or reducing the flexural rigidity of the 
membrane increases the sensitivity. Increasing the depth of the 
cavity expands the range of allowed deformations of the mem-
brane, thus increasing the response range. Sealed cavities allow 
for measurements of both fluid and contact pressures when 
encapsulated with soft elastomers (e.g., TakkTile sensors based 
on MEMS barometers[243,244]). Open cavities are suitable only 
for contact pressure.

Capacitive sensors incorporate electrodes located at the top 
membrane and the bottom of the cavity. An example of a device 
of this type includes a PLGA cavity with a Zn electrode on the 
membrane and a Mg electrode on the bottom trench, as the 
basis for a bioresorbable pressure sensor for ICP.[245] In another 
case, a fixed plate of Si3N4 and a moving plate in poly-Si form 
a MEMS capacitive sensor for monitoring motions of the skin 
near the wrist due to pulsatile flow of blood through near sur-
face arteries.[246] Unconventional cavity designs can improve the 
performance and form factor. For instance, a single-sided ionic 
material and human skin can serve as electrodes of a capacitor 
for pressure sensing. Here, the cavity exploits two supporting 
elements that separate the ionic electrode from the skin elec-
trode, thereby yielding a thin device naturally integrated with 
the skin.[242]

Resistive pressure sensors that exploit the cavity design rely 
on sensitive materials integrated as part of the membrane, such 
as doped silicon,[36,83] silicon carbide[247] and metals.[63] The 
cavity under the membrane provides a large space for defor-
mation upon exposure to external pressure, with a sensitivity 
that can be much larger than that possible in sensors without 
a cavity.[83] Figure 4D presents a bioresorbable sensor that con-
sists of a membrane of PLGA (thickness: 30  µm) that sup-
ports a patterned resistive trace of P-type doped Si (thickness: 
≈200 nm; GF: ≈30) as the top seal of a cavity defined in nano-
porous Si (dimension: 0.67  mm by 0.8  mm by 0.03  mm).[36] 
An encapsulation layer of SiO2 (thickness: ≈100 nm; deposited 
through electron-beam evaporation) protects the doped silicon 
from biofluids. The nanoporous feature substantially increases 
the area, thereby accelerating dissolution in vivo. The sensor 
can monitor pressure in various body cavities, including the 
brain, the intra-abdominal space, and compartments of the leg. 
High sensitivity requires cavities with large lateral dimensions 
or with very thin membranes. For example, for a Si membrane 
with a thickness of 3–6  µm, a sensitivity of 0.0117  kPa−1 cor-
responds to a cavity of ≈1 by 1 mm.[248] The trade-off between 
overall dimension/spatial density/flexibility and accuracy/sensi-
tivity demand careful optimization to address the needs of spe-
cific applications.

3. Devices and Systems

As discussed previously, pressure sensors with soft and thin 
form factors enable placements on delicate tissues for nonin-
vasive measurements over long periods of time. This section 
presents various technologies of this sort, with an emphasis on 
those that enable measurements in or on the skin, heart, and 
brain. Pressures inside or at the interfaces with these organs 
provide important information on the evaluation of skin con-
ditions, surgical procedures, cardiovascular diseases, and many 
other factors related to human health.

3.1. Skin-Interfaced Pressure Sensors

Skin-interfaced sensors can provide information on exter-
nally applied pressures (e.g., pressure between skin and other 
objects),[249–252] and they can also be used to approximate pres-
sures inside the body. Advanced sensors have thin, soft form 
factors with the ability to be arranged into multiplexed arrays 
or distributed components, with capabilities in wireless data 
communication.

3.1.1. Pressure Sensing at a Single Point

In many scenarios, monitoring of pressure at a single location 
can provide sufficient information. Examples in biomedicine 
involve the measurement of contact pressures at specific loca-
tions to prevent skin ulcers or peripheral nerve injuries,[253] the 
evaluation of pressure during compression therapy,[13] and the 
estimation of BP through a noninvasive pressure sensor near 
the artery. In particular, tracking of changes in BP can be accom-
plished with a sensor positioned above the radial artery.[9,254,255] 
Figure 5A presents a wired sensor for this purpose with a three-
layer architecture, which includes a nanofibrous ionic interlayer 
(thickness: ≈50 µm, formed by electrospinning) with patterned 
conductive fabrics above and below (thickness: ≈300  µm). 
The ionic material is a gel-based matrix of P(VDF-HFP) with 
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
(EMIM TFSI, weight ratio 1:1). These flexible thin films allow 
the sensors to form conformal contact directly with the human 
hand or indirectly through a glove. The device offers a high 
sensitivity of 114 nF kPa−1 and a pressure resolution of 2.4 Pa. 
Although many bio-interfaced pressure sensors exploit wired 
connections for proof-of-concept demonstrations,[9,100,222,227,256] 
wireless operation eliminates restrictions in motion that follow 
from these physical tethers. Techniques for wireless communi-
cation range from passive approaches based on LRC circuits, 
to standard wireless protocols based on near-field communica-
tions (NFC) and Bluetooth low-energy (BLE) systems.

As explained previously, an LRC resonance circuit employs 
a capacitive pressure sensor and an inductor for wireless 
sensing. Deformation in a pressure sensor leads to a change 

in capacitance that shifts the resonance frequency (f = 
π

1

2 LC
).  

An external readout coil can detect the resonance frequency 
wirelessly through inductive coupling. Demonstrations of this 
method include wireless monitoring of pressures on the wrist, 
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on a shoe insole, and in a pulmonary artery, around a facial 
artery, and inside a cranial cavity.[29,135,136,245,257,258] The scheme 
applies only to capacitive sensors and the readout electronics 
(coil and impedance analyzer) can be large and bulky.

On the other hand, NFC offers an alternative battery-free 
communication scheme that avoids these disadvantages. The 
NFC interface can support both data and energy transmission. 
Figure  5B shows a thin device of this type that consists of a 
3D pressure sensor and an NFC circuit on a flexible printed 
circuit board (FPCB). The device design allows insertion into a 
prosthetic socket for continuous monitoring of the pressure at 
the interface with the skin of a residual limb. The soft silicone 
elastomer and the thin films of polyimide and metals render 
skin-like features for the pressure sensor, thereby supporting 
comfort for use in prosthetic sockets. Here, digitized pres-
sure information passes wirelessly to a battery-powered circuit 
module (including an NFC coil and an NFC reader) mounted 
outside the prosthesis that also supports BLE transmission to 
a portable electronic device for data recording and analysis.[12]

3.1.2. Pressure Mapping

Multiple sensors arranged in array formats create additional 
opportunities in pressure measurements. Imitating human 
grasp for accurate robotic control[7,121,130,175,222,239,259,260] and spa-
tiotemporal mapping of body pressure over a large area[56,63] 
represent two important applications. Figure 5C shows an array 
of 548 resistive sensing elements, where each node consists 
of an overlap of an orthogonal thread network (3-ply stainless 
steel conductive threads, 12 µm in fiber diameter, 0.34 mm in 
overall diameter) and a force-sensitive thin film (3  m Velostat 
electrically conductive copolymer, thickness: 0.1  mm) sand-
wiched between.[260] The array can be integrated on a glove for 
quantifying pressure distributions during grasping of different 
objects. A deep learning framework can analyze the results for 
object identification. In this example, an analog multiplexer 
scans through each row to record the corresponding resist-
ances at each sensing point. Additional amplifiers and switches 
ground the sensing elements in a programmed sequence 

Adv. Mater. 2024, 36, 2205609

Figure 5.  Noninvasive bio-interfaced pressure sensors. A) Wearable ionic pressure sensor that incorporates mesh structures. Reproduced with permis-
sion.[130] Copyright 2017, Wiley-VCH. B) Wireless, battery-free pressure sensor for prosthetic users. Reproduced with permission.[12] Copyright 2020, 
American Association for the Advancement of Science. C) Pressure sensor array for spatiotemporal mapping. Reproduced with permission.[260] Copy-
right 2019, Springer Nature. D) Wireless, distributed array of sensors for pressure mapping across the entire body. Reproduced with permission.[63] 
Copyright 2021, Springer Nature.
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to eliminate crosstalk.[258,261] Another option for spatiotem-
poral mapping without crosstalk involves transistors at each 
sensing element. Flexible transistors for this purpose can use 
Si nanomembranes,[262] organic semiconductors[263] or various 
other thin-film materials,[264,265] with straightforward paths for 
integration with circuits, multiplexing capabilities, and on-site 
amplification.

In some applications, pressure mapping does not require 
high spatial density, but must cover large areas (e.g., across the 
whole body).[56,63] In such cases, the sensors can be sparsely 
arranged into distributed arrays. Figure  5D demonstrates this 
type of multisite pressure sensing system,[63] where eight pres-
sure sensors distribute across different locations of the body 
(heel, malleolus, knee, elbow, scapulae, and sacrum). A metal 
strain gauge (made of Cr/Au bilayer, thickness: 10 nm/30 nm) 
sandwiched between PI films (thickness of the upper film: 
75 µm; thickness of the lower film: 10 µm) adheres on top of a 
trench (lateral dimension: 2 mm × 2 mm; depth: 0.15 mm), and 
operates as the resistive sensing element. Here, each sensing 
element incorporates an NFC wireless module to pass pressure 
values to a reader device in a wireless manner.

3.2. Invasive Pressure Sensors

Besides pressures at the skin interface, many cavities inside 
body experience pressures that are related to health status. Min-
imally invasive, miniaturized and biodegradable pressure sen-
sors minimize risks to the patient, because the former reduces 
the dimensions of the incisions needed for implantation, and 
the latter eliminates requirements for surgical extraction.

3.2.1. Minimally Invasive Sensors

Such devices enable evaluations of pressures inside body cavi-
ties, such as IOP,[3,4] ICP[135] and BP,[8,11] through small inci-
sions. Materials used for biocompatible encapsulation of these 
sensors include parylene-C,[3,11] silicone elastomers,[3,4,7,266] 
PI,[4,8,135] polycaprolactone,[267] and silicon dioxide.[268] An 
example is in an FDA-approved device (CardioMEMS) that 
consists of a capacitive pressure sensor and an inductor encap-
sulated in a quartz housing. The device has a dimension of 
15 mm by 3.4 mm by 2 mm, to allow implantation into the pul-
monary artery through a 12 Fr introducer sheath in a minimally 
invasive manner. The device monitors pulmonary hypertension 
to aid in management for heart failure.[258,269]

An alternative type of miniaturized sensor measures the 
pressure at the interfaces between surgical tools or implant-
able devices and biological surroundings for diagnostic and 
therapeutic procedures. Examples integrate pressure sensors 
on catheters,[7,270,271] endoscopes,[272,273] or stents.[274,275] The flex-
ibility and stretchability of soft pressure sensors of this type 
create opportunities for spatiotemporal mapping. Figure  6A 
shows a resistive pressure sensing array (8 by 8) mounted 
on a balloon catheter, with capabilities in mapping the pres-
sure distributions at tissue interfaces during cardiac surgery.[7] 
These PU or silicone balloons can deflate during insertion and 
inflate during surgery. In the deflated state, the sensors collapse 

together with the balloon to reduce the overall dimensions for 
minimally invasive insertion. Expansion via inflation allows for 
interfaces with tissues over large areas (≈1 cm2). All the mate-
rials (i.e., Au, PI, silicone elastomer and others) exploited here 
are biocompatible, and can be patterned precisely through 
lithographic techniques. Afterwards, the pressure sensors 
and other functional components together form a multilayer 
structure on a balloon catheter through layer-by-layer transfer 
printing. These features provide means to construct pressure 
sensor arrays with high spatial resolution for measurements of 
pressure distributions.

Other biomedical applications of minimally invasive pres-
sure sensors include continuous monitoring of IOP to improve 
glaucoma management,[276,277] long-term measurement of uri-
nary bladder pressure for the assessment of dysfunction,[278] 
and pressure monitoring in the aneurysm sac after endovas-
cular repair to prevent endoleak.[279]

3.2.2. Biodegradable Sensors

In some cases, such as monitoring of ICP after a severe 
traumatic brain injury, the relevant operational time extends 
only through the critical risk period at the initial stages of 
recovery. Current practice, therefore, requires a surgical pro-
cess to remove the devices from the intracranial space, but 
with additional risks and costs of care. A promising strategy 
that eliminates this secondary surgery exploits biodegrad-
able sensors, designed to naturally disappear in biofluids 
after a relevant period of time.[245] Beyond continuous moni-
toring of pressure for traumatic brain injuries,[84,245,280,281] 
additional applications are in orthopedic rehabilitation[118] 
and cardiovascular diseases.[136] Enabling materials include 
monocrystalline silicon and metal oxides (e.g., ZnO) as semi-
conductors[282] for piezoresistive or piezoelectric sensing, 
metals (e.g., Mg, Zn, Mo, W) as conductors for electrodes 
and interconnects,[118,136,245] and silicon nitride, silicon oxide, 
and various polymers (e.g., PLGA,[36,124,245,280] poly(l-lactide) 
(PLLA),[118,136] poly(octamethylene maleate (anhydride) cit-
rate) (POMaC),[118,136] and PHB/PHV,[136] and natural wax) 
as insulators for dielectrics, substrates and encapsulation 
structures.[283]

Figure  6B shows an implantable bioresorbable pressure 
sensor of ICP, capable of chronic operation in vivo for up to 4 
weeks.[84] The device consists of a Si substrate (lateral dimen-
sion: 1.3 mm by 1.3 mm, thickness: ≈15 µm, dimension of the 
trench at the center: 200  µm by 200  µm), a thermally grown 
SiO2 layer as encapsulation that extends the time for bioresorp-
tion (thickness: ≈10 nm), a monocrystalline Si nanomembrane 
as the resistive material (t-SiO2, thickness: ≈200  nm, doped 
with phosphorus at a concentration of ≈1 × 1019 cm−3, GF: 
-20.9), and a SiO2 layer formed by electron-beam evaporation 
(eb-SiO2, thickness: ≈600 nm). This eb-SiO2 material separates 
the conductive Si nanomembrane into four sensors that form 
a Wheatstone bridge (two strain gauges extend on top of the 
trench and two temperature gauges directly adhere to the Si 
substrate). The encapsulation layer of t-SiO2 allows for stable 
operation over 25 days with a sensitivity of −0.13 mmHg−1. 
Complete degradation in biofluids occurs over a period of 
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slightly more than a year. The distinct dissolution rates of SiO2 
layers formed by different deposition approaches (i.e., ther-
mally grown and electron-beam evaporation) provide opportu-
nities to control the operational lifetime of such bioresorbable 
pressure sensors.[283]

Other examples of bioresorbable pressure sensors of ICP 
include an optical device formed in bioresorbable Si and SiO2 
that exploits Fabry-Perot resonances,[2] and a LRC sensor (PLGA 
as the membrane, Zn foil integrated in the PLGA membrane 
as the flexible electrode, and Mg foil etched with a trench as 
the fixed electrode) that operates remotely through inductive 
coupling.[245]

A key challenge with such devices is in maintaining stable 
performance (e.g., the shift in sensitivity, the change in 

sensing range) during the process of biodegradation by elimi-
nating effects of changes in the properties of the constituent 
materials. Strategic structural designs and careful selections 
of materials are critically important. One scheme involves 
sealing the cavity with bilayers of materials, where the top 
layer possesses a higher modulus than the bottom layer (e.g., 
Si as the top layer, PLGA as the bottom layer).[280] Integrating 
the resistive material inside the bottom layer at a proper posi-
tion through its thickness allows for sensitivity that does not 
change as the top layer, exposed to biofluids, degrades. This 
positioning balances factors that increase and decrease the 
sensitivity, i.e., the bending stiffness of the bilayer and the 
distance from the sensing element to the neutral mechanical 
plane, respectively.

Adv. Mater. 2024, 36, 2205609

Figure 6.  Minimally invasive and bioresorbable bio-interfaced pressure sensors. A) An array of 3D pressure sensors integrated on a balloon 
catheter for pressure mapping at tissue interfaces during minimally invasive surgery. Scale bars, 2 mm for the images in black outline, 500 µm for 
images in blue dashed outline, and 100 µm for images in orange dashed outline. Reproduced with permission.[7] Copyright 2020, Springer Nature. 
B) Bioresorbable pressure sensor for monitoring recovery processes or progression of diseases. Reproduced with permission.[84] Copyright 2018, 
Springer Nature.
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4. Conclusion

This review summarizes the metrics, materials and engineered 
structures associated with emerging classes of pressure sen-
sors, with an emphasis on those with uses in biomedicine. 
Such devices must balance requirements in high linearity, low 
hysteresis and drift, fast response time, and stable long-term 
performance, subject to fundamental constraints set by soft 
constituent materials and unconventional structural designs. 
For example, measurements of BP require pressure sensors 
with fast response times, whereas those monitoring of ICP 
demand low drift. Bio-interfaced pressure sensors for these 
and other purposes benefit from low stiffnesses and com-
pliant mechanical properties to facilitate soft, noninvasive and 
conformal contact with biological tissues. Options include 
organic materials that have intrinsically low moduli, inorganic 
materials in ultrathin geometries or 3D architectures and com-
posites that include inorganic nanoparticles or nanowires in 
polymer matrices. Integrating these materials in structures 
that enable or amplify out-of-plane deformations is a common 
design strategy. Examples range from 3D geometries, micropat-
terns, to meshes, fibers and suspended membranes.

Recent demonstrations of bio-interfaced sensors in con-
tinuous monitoring of pressure at the skin interface, in spa-
tiotemporal mapping of pressure distributions on the cardiac 
surface, and in measurements of internal body processes 
suggest promise for these technologies in practical applica-
tions. Future opportunities lie in the development of i) mate-
rials that simultaneously support both high sensitivity, wide 
dynamic range and excellent stability, ii) manufacturing 
schemes that can form arrays of sensors at high spatial reso-
lution and/or across large areas, or that can integrate func-
tional circuits and sensors on 3D surfaces,[284] iii) functions 
beyond pressure that can decouple complex mechanical 
stimuli (such as shearing, bending, twisting and stretching), 
or even other parameters[285] (e.g., modulus, proximity, tem-
perature, thermal conductivity, humidity), and iv) devices and 
systems that can reduce noise to further enhance the signal-
to-noise ratio in biomedical measurements.[286,287] Integration 
of these types of bio-interfaced pressures with other sensor 
and actuator systems create additional areas for further work. 
Envisioned possibilities include therapeutic systems with 
simultaneous, closed-loop capabilities in assessment and 
remedy, along with adapted versions of these technologies for 
other fields of use such as those in soft robotics and human–
machine interfaces.
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