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Abstract: 3D graphene foam combines the
intrinsic properties of graphene with the
advantages of a macro-porous
structure,making it a key material for
overcoming the poor flexibility and low
sensitivity of traditional sensors. This paper
systematically reviews its preparation
methods(chemical vapor
deposition,hydrothermal methods,etc.)and the
influence of its microstructure on
piezoresistive performance.The review
focuses on revealing the
structure-performance correlation and
discusses strategies for the synergistic
optimization of sensitivity and detection range.
Structural design principles tailored for
different application scenarios are proposed,
and future directions in health monitoring
and electronic skin are envisioned.
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1. Introduction

1.1 Research Background

Flexible pressure sensors have broad application
prospects in fields such as healthcare, electronic
skin, human-computer interaction, and robotic
perception, driving the transformation of
intelligent  sensing  technology. However,
traditional sensor materials (such as metal strain
gauges, semiconductor piezoresistive materials,
and conductive polymer composites) commonly
face the challenge of balancing flexibility,
sensitivity, and stability, failing to meet the
demands of high-performance sensing in
complex environments. 3D graphene foam
(3DGF), with its ultra-light weight, high porosity,
excellent elasticity, and good electrical
conductivity, has become an ideal material
platform for constructing flexible piezoresistive
sensors [1]. Currently, significant progress has
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been made in the preparation technology of this
material. However, the structure-property
relationship between its microstructure and
macroscopic sensing performance still lacks
systematic investigation. Key issues such as
linear response over a wide pressure range,
environmental stability, and consistency in
large-scale preparation remain to be resolved.
Therefore, establishing a correlation model
between  microstructure  parameters  and
piezoresistive sensing performance is of great
significance for guiding the design of
high-performance sensors.

1.2 Research Objectives

Based on the research background and problem
analysis outlined above, this study sets the
following three main objectives:

(1) Reveal the structure-property correlation
mechanism: Establish a correlation model
between preparation method, microstructure, and
sensing performance..

(2) Review performance optimization strategies:
Overview of Optimization Strategies for
Composite Modification, Interface Engineering,
and Hierarchical Structure Design..

(3) Propose forward-looking design directions:
Propose structural design principles for
application scenarios such as health monitoring
and electronic skin.

To enhance the overall performance of 3D
graphene foam pressure sensors, researchers
have proposed various optimization strategies,
including composite modification, interface
engineering, and hierarchical structural design.
However, these strategies often optimize specific
performance metrics, lacking systematic design
principles and application guidance:

(1) Composite  Modification  Strategies:
Introducing second-phase materials (polymers,
nanoparticles, etc.) can improve the mechanical
properties, interfacial bonding, and conductivity
of 3D graphene foam. However, issues such as
interfacial compatibility, long-term stability, and
process controllability of the composite system
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have not been fully resolved.

(2) Interface Engineering Strategies: Regulating
interface properties through surface
functionalization, heterostructure construction,
etc., can optimize charge transport and stress
transfer. However, the relationship between
interface design principles and performance
enhancement mechanisms requires further
exploration.

(3) Hierarchical Structure Design Strategies:
Constructing micro-meso-macro hierarchical
structures can achieve multiple performance
enhancements. However, the synergistic design
principles and  controllable  preparation
technologies for hierarchical structures still need
development.

Current research also lacks analysis of
performance requirements and guidance on

suitability design for different application
scenarios, leading to a gap between laboratory
research results and practical application needs.

2. Preparation Methods and Structural
Characteristics of 3D Graphene Foam

2.1 Overview of Main Preparation Methods
The preparation methods for 3D graphene foam
are diverse and can be classified based on the
construction principle into template methods,
freeze casting methods, 3D printing technology,
and self-assembly methods. Different methods
have respective advantages and disadvantages
regarding structural controllability, process
complexity, cost, and scalability potential. As
shown in Table 1.

Table 1. Comparison of Main Preparation Methods for 3D Graphene Foam

Preparation Method|Core Principle

Main Advantages

Main Disadvantages

Template
Method graphene, then

removing template.

Using porous material [Good structural

as template, depositing connectivity, excellent
conductivity (CVD method),template removal prone to structural
controllable morphology.

High equipment requirements
(CVD method), complex process,

collapse.

Using ice crystal

Freeze Casting growth to drive GO

Simple process,
environmentally friendly,
sheets, freeze-drying to [precise control over pore
form porous structure. [orientation and size.

Random sheet stacking, poor
long-range order, prone to
shrinkage during drying.

Layer-by-layer

Extremely high design
deposition of graphene [freedom, capable of creating requirements, prone to deformation

Demanding ink rheology

spontaneous assembly
in solution to form gels.

3D Printing ink to build preset 3D |complex or biomimetic during post-processing, limited
structures. structures. resolution.
E;Eizlet;lné éntsir:;tgofr;i Mild process, tunable Difficult to control structural
Self-Assembly chemical environment, easy [uniformity and repeatability,

functionalization.

relatively low mechanical strength.

2.2 Microstructural Parameters and Their
Control

The sensing performance of 3D graphene foam
is governed by its microstructural characteristics,
including pore geometry, pore wall properties,
and the intrinsic state of graphene sheets. Pore
morphology (spherical, polygonal, layered, etc.)
is dictated by the preparation method, while pore
size distribution determines sensitivity and
detection range: small pores (<50 pm) enable
high sensitivity through enhanced pore wall
contact at low pressures, whereas large pores
(>200 pm) or multi-scale distributions extend
the compressive strain range and detection upper
limit. Pore wall thickness (typically 10 nm to
several micrometers) directly affects mechanical
strength and compressibility-thinner walls offer
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flexibility for high sensitivity but may
compromise cyclic stability, while thicker walls
provide structural robustness and durability.
Inter-pore connectivity governs strain transfer
efficiency and electrical pathway stability, with
high connectivity ensuring rapid response and
low hysteresis. The arrangement of graphene
sheets within pore walls (parallel stacking,
random intertwining, vertical orientation, etc.)
influences electron transport pathways and
mechanical behavior, where inter-sheet contact
resistance serves as the primary source of the
piezoresistive effect. Additionally, defects on
graphene sheets (vacancies, functional groups,
edges) introduce local scattering centers that
reduce intrinsic conductivity but can modify
compression-recovery behavior by affecting
inter-sheet m-m interactions, with post-treatment
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processes such as thermal reduction and doping
enabling precise regulation of defect type and
density.

2.3 Influence of Structure on Intrinsic
Material Properties

The sensing performance of 3D graphene foam
is governed by its electrical conductivity (10~ to
10> S/cm), which depends on intrinsic sheet
conductivity, inter-sheet contact resistance, and
network connectivity-with CVD-derived foams
exhibiting the highest conductivity due to
continuous graphene networks-alongside
mechanical properties that generally follow the
Gibson-Ashby model where thicker pore walls,
good inter-sheet bonding, and moderate porosity
enhance strength. Superelastic compressibility
enabling 80-90% strain recovery requires pore
walls with moderate bending stiffness, achieved
through wavy or wrinkled architectures, gradient
pore structures for progressive compression, and
reduced sheet stacking to minimize sliding
friction, while recovery behavior is further
influenced by graphene sheet toughness and

internal  energy  dissipation = mechanisms.
Additionally,  surface = chemistry-including
residual oxygen-containing groups or

heteroatom dopants (N, B, etc.)-modulates
electrical properties, surface energy, wettability,
and interfacial bonding; hydrophilic surfaces
facilitate polymer matrix composite formation
but may introduce humidity interference,
whereas chemical modification (e.g., silane
coupling agents) can enhance adhesion with
elastomers to improve composite sensor
durability.

3. Performance Characterization System for
3D Graphene Foam Pressure Sensors

As the sensitive material for piezoresistive
pressure sensors, the performance evaluation of
3D graphene foam requires the establishment of
a systematic characterization system. This
chapter first explains the basic mechanism of
piezoresistive  sensing, then defines key
performance indicators and their testing methods,
and finally discusses standardized testing
procedures and data processing norms, laying
the foundation for subsequent structure-property
correlation analysis.

3.1 Piezoresistive Sensing Mechanism
The working principle of 3D graphene foam
pressure sensors is based on the resistance
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change caused by the change in the material's
microstructure under external force.
Understanding this mechanism is a prerequisite
for optimizing structural design.

3.1.1 Contact resistance change mechanism

The piezoresistive sensing mechanism of 3D
graphene foam primarily relies on the resistance
change caused by the evolution of the material's
microstructure under external force. The core
mechanisms can be divided into two categories:
(1) Contact Resistance Change Mechanism: In
the low-pressure region (<1 kPa), compression
increases the number and area of contact points
between pore walls, leading to a significant
decrease in contact resistance, which dominates
the sensitivity increase.As described by the
modified Holm contact theory[2],increasing the
contact area (A) and the number of contact
points (n) is key to reducing resistance.

(2) Inter-Graphene Sheet Contact Mechanism: In
the medium-to-high pressure region (>10 kPa),
the sheets within the pore walls slip and
rearrange, altering the local stacking state and
further modulating the overall resistance. The
synergistic action of both mechanisms enables
high-sensitivity response over different pressure
ranges.

3.1.2 Tunneling effect and percolation theory

In regions where graphene sheets are not in
direct contact, electrons can tunnel between
adjacent sheets. According to the Simmons
tunneling theory, the tunnel resistance is
extremely sensitive to the inter-sheet spacing;for
example,when the tunneling distance increase
from Inm to 2 nm,the tunnel resistance can
increase by several orders of
magnitude[3].Percolation theory describes the
formation and evolution of the conductive
network from a statistical perspective [4]. 3D
graphene foam can be viewed as a composite
system composed of conductive units (graphene
sheets) and insulating units (voids). When
compression increases the density of conductive
units beyond the percolation threshold, a
continuous conductive path forms throughout the
material. Percolation theory predicts that the
resistance change near the threshold follows a
power law, where the resistance depends on the
volume fraction of conductive units relative to
the percolation threshold, with a characteristic
critical exponent [4]. This theory provides a
mathematical framework for understanding the
resistance change over a wide pressure range.
3.1.3 Correlation of structural deformation and
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electrical response

Combining the above mechanisms, the
piezoresistive response of 3D graphene foam can
be divided into three typical stages:

(1) Low-Pressure Region (<1 kPa): Dominated
by contact resistance changes. Contact points
increase rapidly, causing a sharp drop in
resistance.

(2) Medium-Pressure Region (1-100 kPa):
Contact points tend to saturate, while sheet
rearrangement and tunneling effects dominate.
The rate of resistance change slows, but linearity
improves.

(3) High-Pressure Region (>100 kPa): The
structure approaches densification, and further
compression is limited. Resistance change
saturates, relating to the material's intrinsic
compressibility.

Understanding this staged response
characteristic is crucial for guiding structural
optimization for different application scenarios.

3.2 Key Performance Indicators

To objectively evaluate and compare the
performance of different 3D graphene foam
pressure sensors, a unified indicator system is
needed. The following four key performance
indicators and their definitions are the most
critical.

3.2.1 Sensitivity and detection limit

Sensitivity: Defined as the ratio of the relative
resistance change to the pressure change, usually
expressed as:S = 0(AR/Ro)/0P,where AR = R - Ros
the resistance change.Due to the typically
nonlinear response of 3D graphene foam,
sensitivity is often calculated in segments.
Detection Limit: The minimum pressure change
the sensor can respond to, usually defined as the
pressure corresponding to a signal-to-noise ratio
(SNR) of 3.

3.2.2 Linear Range and Response Time

Linear Range: The pressure interval over which
the  resistance  change  maintains  an
approximately linear relationship with pressure.
A wide linear range simplifies the design of
signal processing circuits and is crucial for
practical applications.

Response Time: The time required for the
sensor's output signal to reach 90% of its
steady-state value after pressure application. It
consists of mechanical response time and
electrical response time. Fast response is
particularly important for dynamic pressure
monitoring (e.g., pulse wave detection).
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3.2.3 Cyclic Stability and Fatigue Characteristics
Cyclic Stability: Reflects the sensor's ability to
maintain  performance  during  repeated
loading-unloading cycles. It is usually evaluated
by the degree of signal attenuation or baseline
drift after a certain number of cycles.

Fatigue Characteristics: Describes the failure
behavior of the sensor under long-term cyclic
loading, such as structural collapse or
destruction of the conductive network. The
durability of the material can be quantitatively
assessed using fatigue life curves (S-N curves).
Structures with uniform pore wall thickness and
strong inter-sheet bonding typically exhibit
better fatigue resistance.

3.2.4 Environmental Adaptability and Long-term
Reliability

Environmental Adaptability: The ability of the
sensor to maintain stable performance under
different environmental conditions such as
temperature, humidity, and chemical atmosphere.
Due to the intrinsic chemical stability of
graphene, 3D graphene foam generally shows

good environmental adaptability. However,
surface functional groups and composite
components can introduce environmental
sensitivity.

Long-term Reliability: Reflects the performance
stability of the sensor under continuous or
intermittent operation, typically evaluated over
time scales of months or even years.
Encapsulation technology, interfacial bond
strength, and material aging characteristics are
key factors affecting long-term reliability.

4. Structure-Performance Correlation and
Optimization Strategies

This chapter deeply analyzes the intrinsic
relationship  between the microstructural
parameters of 3D graphene foam and its
piezoresistive sensing performance. It reveals
qualitative  structure-property laws through
typical case studies and attempts to construct
semi-quantitative correlation models, providing
a theoretical basis for the rational design of
high-performance sensors.

4.1 Influence of Different Structural Types on
Performance

4.1.1 Relationship between Pore Uniformity and
Sensitivity

Pore uniformity refers to the consistency of the
pore size distribution within the foam. Research
indicates that a highly uniform pore structure
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facilitates a stable and predictable piezoresistive
response, but it is not always optimal.

Uniform Pore Structure: Foams prepared using
the CVD template method typically have a
highly uniform pore structure (pore size
coefficient of variation <15%). This structure
exhibits synchronous deformation behavior
during compression, with all pore walls
participating in load bearing and deformation
simultaneously. This leads to resistance change
concentrated in a narrow pressure range,
resulting in high sensitivity but a limited linear
range. For example, Li et al. (2021) [5] reported
a uniform pore 3D graphene foam with
sensitivity as high as 15.2 kPa™! in the 0-5 kPa
pressure range, but sensitivity rapidly dropped to
0.8 kPa! beyond 5 kPa.

Non-Uniform Pore Structure: Foams prepared by
freeze casting or composite template methods
often have a wider pore size distribution (pore
size coefficient of variation >30%). This
structure exhibits graded deformation behavior
during compression: small pores collapse first,
large pores deform Ilater, thus maintaining
response activity over a wider pressure range.
Zhang et al. (2022) prepared a 3D graphene
foam with a bimodal pore size distribution (50
pm and 200 pm), which maintained a relatively
uniform sensitivity (approximately 2.5 kPa™!) in
the 0-50 kPa range, achieving a good balance
between sensitivity and linear range.

Theoretical Explanation: According to the theory
of porous elasticity, the critical collapse pressure
of a pore is inversely proportional to its size
(o co<1/r). Small pores collapse at lower
pressures, contributing to initial sensitivity; large
pores require higher pressures to deform,

maintaining response in the high-pressure region.

Therefore, tailoring the pore size distribution
allows for shaping the sensitivity distribution
curve.

4.1.2 Pore Gradient and Wide-Range Detection
Pore gradient design, where pore size gradually
changes along the thickness or radial direction of
the foam, is an effective strategy to achieve a
wide pressure range detection.

Vertical Gradient Design: Liu et al. (2023) [7]
prepared a 3D graphene foam with pore size
gradually changing from 30 um to 300 um from
top to bottom by controlling the temperature
gradient during freeze casting. This structure
exhibits progressive collapse behavior during
compression: the small-pore top deforms first,
followed by the large-pore bottom, effectively
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widening the linear response range. This sensor
maintained a sensitivity >1.2 kPa™! in the 0.1-500
kPa range with a linear correlation coefficient
R?>0.98.

Radial Gradient Design: Wang et al. (2022) [8]
used 3D printing to prepare a radial gradient
structure with small pores (50 um) in the center
and large pores (200 um) at the edge. This
design allows the central region to contribute
high sensitivity at low pressures, while the edge
region provides additional deformation space at
high pressures, achieving an ultra-wide detection
range from 0.05-300 kPa while maintaining
good linearity.

Theoretical Model: The piezoresistive response
of gradient structures can be described using a
stacking model. Considering the foam as a stack
of multiple layers with different porosities, the
total resistance change is the sum of the
resistance changes of each layer. By optimizing
the pore parameters of each layer, the sensitivity
peaks of each layer can be reasonably distributed
across the pressure axis, achieving a quasi-linear
response over a wide range. Finite element
simulations show that a reasonable gradient
design can extend the linear range by 3-5 times
[9].

4.1.3 Pore Wall Microstructure and Response
Speed

Pore wall microstructure includes pore wall
thickness, sheet arrangement, and inter-sheet
bond strength, primarily affecting the sensor's
response speed and dynamic characteristics.
Effect of Pore Wall Thickness: Thin pore walls
(<100 nm) have low bending stiffness and can
quickly respond to small pressure changes,
beneficial for high response speed. However,
overly thin walls may lead to incomplete
recovery, affecting cyclic stability. Thick pore
walls (>1 pum) respond slower but are more
structurally stable. Chen et al. (2021) [10]
systematically studied the relationship between
pore wall thickness and response time, finding
that when pore wall thickness increased from 50
nm to 500 nm, the response time increased from
8 ms to 65 ms, showing an approximately linear
relationship.

Effect of Sheet Arrangement: Oriented sheet
structures (e.g., vertically aligned structures
from freeze casting) facilitate rapid stress
transfer along a specific direction, thus
shortening response time. Randomly intertwined
sheet structures have tortuous stress transfer
paths and respond slower. Han et al. (2022) [11]
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compared and found that the response time of
the vertically aligned structure (12 ms) was
much lower than that of the random structure (45
ms), and the upper limit of frequency response
was higher (>100 Hz vs. 20 Hz).

Effect of Inter-sheet Bonding: The bond strength
between sheets affects energy dissipation during
deformation. Too strong bonding can restrict
relative sheet sliding, reducing response
sensitivity. Too weak bonding can lead to
irreversible sliding, introducing hysteresis and
drift. Optimizing inter-sheet bonding through
moderate crosslinking or interfacial modification
can balance sensitivity and response speed [12].

4.2 Analysis of Typical Structural Design
Cases

4.2.1 High-Sensitivity Structure Case
High-sensitivity structures are typically achieved
by reducing pore wall thickness to minimize
bending  stiffness, enabling  significant
deformation under minute external forces.

4.2.2 Wide Detection Range Structure Case
Wide detection range structures often employ
gradient  hierarchical pore  architectures,
integrating different pore sizes to respond to
pressures from faint touch to high loads.

4.2.3 High Stability Structure Case
High-stability  structures generally utilize
covalent crosslinking or other enhancement
strategies to limit inter-sheet sliding, improving
structural elasticity and fatigue resistance.

4.3 Composite Modification Strategies
Researchers have developed various
optimization strategies to enhance the overall
performance of 3D graphene foam pressure
sensors. This chapter systematically reviews
three  mainstream  strategies:  composite
modification, interface  engineering, and
hierarchical structure design. It compares and
analyzes the advantages, limitations, and
applicable scenarios of each strategy.

Composite modification strategies involve
introducing a second-phase material (polymer,

nanoparticles, carbon materials, etc.) to combine
with the 3D graphene foam, leveraging
synergistic effects to achieve comprehensive
performance unattainable with a single material.

4.3.1 Polymer Filling to Enhance Interfacial
Bonding

Polymer filling (PDMS, PU, Ecoflex) forms
interpenetrating networks, enhancing mechanical
strength and interfacial bonding. PDMS filling
reduces signal attenuation from 15% to 3% after
10,000 cycles and doubles sensitivity (5.2 to
11.8 kPa-1) by modulating tunneling effects [15].
Mechanisms include mechanical reinforcement,
interfacial bonding enhancement, conductivity
modulation, and environmental isolation.
Limitations: excessive filling reduces porosity

and  compressibility;  thermal  expansion
mismatch causes interfacial stress [16].
4.3.2 Nanoparticle Doping to Enhance

Conductivit

Nanoparticle doping (AgNPs, CNTs) constructs
conductive bridges, reducing contact resistance.
AgNPs/graphene achieves 32.6 kPa'! sensitivity
(~3% increase) and <5% attenuation after 5000
cycles [17]. CNTs create "line-plane" synergistic
networks, enhancing pathway density and
mechanical toughness, achieving 28.5 kPa’!
sensitivity and 20,000-cycle durability [18].
Optimization requires concentration control,
distribution management, and size matching
with inter-sheet spacing.

4.3.3 Synergistic Effects and Limitations of
Composite Systems

Composite modification achieves synergistic
1+1>2 enhancement through
conductivity-mechanical synergy, multi-scale
reinforcement, and functional integration, yet

faces challenges including interfacial
compatibility  issues, process complexity,
performance trade-offs (e.g., reduced

compressibility from polymer filling), and
long-term stability risks such as phase separation
or interface failure. Table 2 summarizes the
performance  improvements achieved by
different composite modification strategies.

Table 2. Performance Comparison of Composite Modification Strategies

Modification |Typical Material/Method Performance Improvement Comparison
Strategy Study

Zhane et al PDMS vacuum Cyclic Stability: Signal attenuation reduced from
Polymer Filling & " [impregnation into CVD 15% to 3% (10,000 cycles); Sensitivity:

(2021) [15] oraphene foam

Increased from 5.2 kPa! to 11.8 kPa’!

Li ot al. In-situ growth of Ag

(2022) [17]

Nanoparticle
Doping

foam

nanoparticles on graphene

Sensitivity: 32.6 kPa’! in 0-5 kPa range (~3x
increase); Cyclic Stability: Attenuation <5% after
5000 cycles
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Chen et al.
(2023) [18] |graphene pore walls

Nanoparticle
Doping

In-situ growth of CNTs on

Sensitivity: 28.5 kPa’'; Durability: 20,000 cycles

4.4 Interface Engineering Strategies

Interface engineering strategies focus on tuning
the interface properties between graphene sheets
and between graphene and electrodes to
optimize charge transport and stress transfer
efficiency.

4.4.1 Surface Functionalization and Wettability
Control

Surface functionalization tunes interfacial
bonding and environmental stability. Moderate
oxygen groups (C/O = 5-8) enhance PDMS
bonding and increase sensitivity ~40%;
excessive groups (C/O <3) reduce conductivity
[8]. Hydrophobic modification (fluorosilane,
contact angle >150°) reduces humidity drift from
15% to <3% [19]. Methods include chemical
reduction, plasma treatment, molecular grafting,

and N/B/P doping.

4.4.2 Heterostructure Construction and Interface
Charge Transport

Heterostructures (MoS,;, MXene) modulate

charge transport. Graphene/MoS; achieves 45.2
kPa! sensitivity and 8 ms response via built-in
electric fields [14]. MXene/graphene hybrid
foam achieves 0.1 Pa-500 kPa range and <5%
attenuation after 50,000 cycles [20]. Design
principles include band alignment, lattice
matching, interfacial bonding, and spatial
distribution control.

4.5 Hierarchical Structure Design Strategies

Hierarchical structure design strategies involve
designing structures synergistically across
different scales (nano-micro-millimeter) to
achieve multiple performance enhancements and

functional integration.

4.5.1 Micro-Meso-Macro Scale Synergy
Three-level hierarchical structures (micropores
<100 nm, mesopores 0.5-5 pm, macropores
50-200 um) achieve multi-scale synergy.
Micropores provide initial sensitivity, mesopores
mediate medium-pressure response, macropores
ensure  high-pressure  deformation.  This
enables >1.5 kPa™! sensitivity over 0.1 Pa-1 MPa
with R? > 0.96 [21]. Preparation combines
methods (template + freeze casting, 3D printing
+ self-assembly), requiring coordinated control
across scales.

4.5.2 Biomimetic Structure Design and
Performance Enhancement
Biomimetic designs leverage natural

optimization. Honeycomb structures (3D printed)
achieve 0-100 kPa linear response (R?>=0.99)
and >99% recovery [17]. Spider web designs
provide isotropic response and impact resistance
[19]. Bone-mimetic gradients (dense shell,
porous core) increase strength and durability
3-5x while maintaining sensitivity [13]. Design
requires function-oriented prototype selection,
scale adaptation, material matching, and
experimental validation.

5. Application Scenarios and Performance
Suitability Analysis

Based on the comprehensive analysis above,
different optimization strategies focus on
enhancing specific performance aspects and are
suitable for different application scenarios. The
applicability of each strategy is summarized in
Table 3.

Table 3 Applicability of Different Optimization Strategies for Various Application Scenarios

Functionalization|Environmental stability

Optimization Main Optimized Enhancement . . e
Strategy Performance Magnitude /Applicable Scenarios |Main Limitations
Polvmer Fillin Cyclic stability, 3-10x Long-term monitoring, i{oerfluizzsibili :

Y € [Environmental adaptability|lifespan 'Wearables pres Y

sensitivity

Nanoparticle Sensitivity, Response 2-5x High-precision ..
Doping speed sensitivity  |detection, Dynamics May reduce stability
Surface Interfacial bonding, 40-80% Composite systems, May reduce intrinsic

improvement |[Extreme environments [conductivity

Heterostructure Sensitivity, Response 3-8X. o ngh-perfonn?nce Complex process, High
speed sensitivity  |sensing, Multi-mode  [cost
Hierarchical Linear range, 5_10x rance 'Wide-range detection, |[Complex design,
Structure Multi-function integration £° Smart sensing Difficult preparation
Biomimetic Comprehensive Special function needs, [Difficult preparation,
... R-4x overall [ .
Structure erformance, Isotropicity High-end apps High cost
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The performance advantages of 3D graphene
foam pressure sensors make them promising for
numerous  cutting-edge  fields. However,
different application scenarios have significantly
different performance requirements.
Understanding these requirements and achieving
structural design and scenario suitability is key
to promoting practical application. This chapter
systematically  analyzes the performance
requirements of main application scenarios such
as  health  monitoring,  human-computer
interaction, and robotic perception, and discusses
strategies for structural design and scenario
suitability through typical case studies.

5.1 Health Monitoring and Electronic Skin
Health monitoring is one of the most promising
application areas for flexible pressure sensors,
covering a wide range of scenarios from
physiological signal detection to motion state
monitoring.

Pulse Wave Monitoring: Ultrathin-wall design
(86.3 kPa-1) enables radial pulse detection
with >0.95 correlation to medical equipment [6].
Respiratory Monitoring: Requires sensitivity >1
kPa-1, ability to distinguish between resting and
deep breathing states. Typical Case: Wang et al.
(2023) [13] integrated gradient pore graphene
foam into a chest patch, achieving 6 hours of
stable respiratory monitoring with signal drift
<3%.

Electronic Skin: Requires wide pressure range
(<1 kPa to >100 kPa), multi-point imaging, and
stretchability. Typical Case: Liu et al. (2023) [22]
constructed an 8x8 pixel array with
sensitivity >2.5 kPa-1 in the 0.1-200 kPa range,
achieving Braille recognition accuracy >98%.

5.2 Human-Computer Interaction and Smart
Wearables

Human-computer interaction is central to
human-machine interface technology. Flexible
pressure sensors can convert human actions,
touches, etc., into electrical signals, enabling
natural and intuitive interaction methods.

5.2.1 Flexible Touchpad

Flexible touchpads require <10 ms response,
<3V/<l mW power, <10 mm bending radius,
multi-touch recognition, and environmental
adaptability. A 5x5 ¢m? foam touchpad with <5
ms response achieves >96% virtual keyboard
accuracy via machine learning [23].

5.2.2 Smart Glove

Smart gloves require 10-20 sensing points, <1

Copyright @ STEMM Institute Press

kPa to >100 kPa range, >20% elongation, <20
ms response, >10,000 cycles, and <5%
hysteresis. Foam-integrated fabric  gloves
achieve >92% sign language recognition for 100
words via deep learning [24].

5.2.3 Smart Wearable Health Monitoring
Wearable health monitors require <0.1 mW
power, <5x5 mm? size, Bluetooth/MCU
integration, comfort, and motion artifact
resistance. A 3x3x1 mm?*® foam pulse module
integrated into smartwatches shows >0.9
correlation with medical equipment [19].

5.3 Robotic Perception and Motion Detection
The intelligent development of robots requires
them to perceive environmental and self-status
information. Flexible pressure sensors have
important applications in robot tactile sensing,
force sensing, and motion perception.

5.3.1 Robot Tactile Sensing

Robot tactile sensing requires <2 mm pixel size,
0.1-500 kPa range, <5 ms response, robustness,
and multi-modal (normal/shear) perception. An
8x8 foam sensor array enables non-destructive
grasping with >90% material classification [25].
5.3.2 Plantar Pressure Monitoring

Plantar pressure monitoring requires 0-1 MPa
tolerance, full coverage, dynamic
response, >100,000 cycles, and conformability.
A 16-sensor system for humanoid robots
provides walking balance feedback with <5%
attenuation after 10,000 steps [26].

5.3.3 Flexible Gripper Perception

Flexible gripper perception requires >50%
elongation, 0.1-10 kPa detection, <10 ms
response, soft material integration, and >5000
cycles. Foam-integrated soft  grippers
achieve >95% success in grasping fragile items
via real-time force feedback [24].

6. Current Challenges and Future
Development Directions

Although 3D graphene foam shows great
potential in the field of flexible pressure sensors
and numerous research results have emerged,
moving from the laboratory to practical
applications still faces many challenges. This
chapter systematically analyzes the technical
bottlenecks in current research, proposes a
"structure-function integration" design
framework, and envisions future research
directions.

6.1 Analysis of Technical Bottlenecks
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6.1.1 The Challenge of Linear Response over a
Wide Pressure Range

A linear response (i.e., resistance change
proportional to pressure) is important for
simplifying signal processing circuits and
improving measurement accuracy. However, the
intrinsic  nonlinear characteristics of 3D
graphene foam make it difficult to achieve a
linear response across the entire pressure range.
As summarized in Table 4. High sensitivity and
poor linearity trade off in low-pressure regions;
gradient designs extend range (0.1-100 kPa) but
reduce linearity (R%*: 0.99—0.95) [9]. Root

conductive network evolution, and separated
response peaks from different pore sizes.
Solutions include inverse design, nonlinear
circuit compensation, and active operating point
control.

6.1.2 Stability Issues in Complex Environments
In practical applications, sensors may face
complex environmental conditions such as
temperature variations, humidity fluctuations,
chemical corrosion, and mechanical shock,
posing severe challenges to performance stability.
Table 5 outlines these stability issues and
corresponding countermeasures.

causes include intrinsic nonlinear stress-strain,
Table 4. Analysis of the Challenge of Linear Response Over a Wide Pressure Range

Aspect Content
High sensitivity but poor linearity in low-pressure region; improved linearity but decreased
Problem [sensitivity in high-pressure region; Linear range limited to 1-2 orders of magnitude, difficulty|

covering wide dynamic range; Nonlinearity complicates calibration.

Intrinsic nonlinear compressive stress-strain of porous materials; Nonlinear evolution of]
Root Causelconductive network (contact resistance, tunneling effect); Different critical collapse pressures
for different pore sizes lead to separated response peaks.

Current |Zhao et al. (2023) [9] extended linear range from 0.1-10 kPa to 0.1-100 kPa via gradient pore
Progress |design, but linearity R? decreased from 0.99 to 0.95.

. Inverse Design: Infer structural parameters from target linear response; Nonlinear
Solution . . . L . .
Ideas Compensation: Couple with nonlinear circuits for system-level linear output; Active Control:

Introduce active components to adjust operating point in real-time.
Table 5. Analysis of Stability Issues in Complex Environments

Aspect  |Content

Temperature Drift: 10-30% resistance change in -20°C to 80°C range (Zhang et al., 2022);
Humidity Effect: 15-25% signal drift from 30% to 90% RH (Wang et al., 2023); Long-term
Aging: Structural relaxation, interface weakening, oxidative degradation; Mechanical Shock:
Irreversible damage from overload or impact.
Intrinsic sensitivity of graphene's electronic structure to temperature and chemical environment;
Humidity sensitivity introduced by hydrophilic oxygen groups; Gradual failure of weak
interfaces under long-term cycling; Existing encapsulation struggles to balance breathability,
flexibility, and barrier properties.
Surface Passivation: Hydrophobic modification, ALD protective layer; Temperature
Solution (Compensation: Integrated temperature sensor, algorithmic drift correction; Interface
Ideas Enhancement: Covalent crosslinking, chemical bonding for structural stability; Advanced
Encapsulation: Multi-layer structures combining flexibility, breathability, and isolation.

Table 6. Analysis of Consistency and Cost Control Challenges in Scalable Preparation
Aspect |Content
High Batch Variability: Significant fluctuations in porosity, pore size, conductivity, etc.;
High Process Complexity: Multi-step processes lead to long cycles and high costs;
Low Yield: Issues like structural collapse and cracks make reaching >90% yield difficult;
High Equipment Dependency: CVD relies on expensive vacuum equipment, limiting throughput.
Sensitive Process Parameters: Small fluctuations (temperature, concentration) significantly affect
structure;

IProblem

'Root
Cause

IProblem

223;6 Template Limitations: Metal templates are costly, removal process damages structure;
Complex Post-processing: Reduction, drying prone to defects;
Lack of In-line Monitoring: Absence of real-time quality control.
. |Process Simplification: Develop one-step or template-free methods;
Solution . o . .
Ideas Continuous Production: Explore roll-to-roll, continuous coating;

Process Control: Introduce in-line monitoring and closed-loop control;

http://www.stemmpress.com Copyright @ STEMM Institute Press



Journal of Engineering System (ISSN: 2959-0604) Vol. 4 No. 2, 2026 383

variability.

Standardization: Establish unified standards for materials, processes, testing to reduce batch|

6.1.3 Consistency and Cost Control in Scalable
Preparation

The transition from laboratory research to
industrial production faces severe challenges in
scalability, including batch-to-batch consistency,
cost control, and yield improvement. Table 6
analyzes the specific challenges and potential
solutions for scalable preparation.

6.2 Structure-Function Integration Design
Framework

To address the above challenges, this paper
proposes a '"Structure-Function Integration"
design framework. This framework emphasizes
starting from application requirements and
holistically considering material selection,
structural design, performance optimization, and
system integration to achieve synergistic
optimization of multiple objectives.

6.2.1 Three Core Principles of Intelligent
Structural Design

Customization on Demand: Co-design at three
scales (nano: material properties, micro: pore
structure, mm: shape/packaging) based on
specific ~ scenario  requirements, ensuring
structure serves function.

Gradient Hierarchy: Overcome the performance
limitations of single structures (e.g., narrow
sensing range) by designing pore size gradients,
density gradients, or hierarchical pores, enabling
wider and more accurate sensing.

Interface Enhancement: Improve durability
through chemical bonding, and integrate
self-healing, biomimetic, or smart-responsive
materials for enhanced stability and intelligence.
6.2.2 Four-Step Synergistic Design Process

This  framework  integrates  application
requirements with material selection, structural
design, and system optimization through three
principles: multi-scale customization
(nano-micro-mm co-design), gradient hierarchy
(pore/density gradients to overcome
single-structure  limitations), and interface
enhancement (chemical bonding and self-healing
materials). The four-step process flows from
requirement definition to structural parameter
design, preparation method selection, and
iterative validation.

6.3 Future Research Directions
Based on the analysis of current research
progress and technical bottlenecks, future

Copyright @ STEMM Institute Press

research on 3D graphene foam pressure sensors
can be further expanded in the following
directions.

Future development will focus on three
directions: smart adaptive structures using shape
memory polymers and dynamic covalent bonds
for self-healing capabilities [12]; system-level
integration of multi-modal sensing with flexible
circuits and wireless modules for intelligent edge
processing [27]; and green sustainable
preparation via biomass-derived sources and
recyclable designs for closed-loop material
cycles [28].

7. Conclusion and Outlook

7.1 Main Research Conclusions

Through a systematic literature review, this
paper deeply investigates the structural design
and performance optimization of 3D graphene
foam for flexible pressure sensors. This review
establishes that: (1) CVD, freeze casting, and 3D
printing  processes  determine  structural
parameters (porosity, pore size, wall thickness)
and piezoresistive performance; (2) Porosity,
pore size, and wall thickness quantitatively
govern sensitivity, range, and response time,
with gradient structures extending linear range
3-5%; (3) Composite modification, interface
engineering, and hierarchical design achieve
2-10x sensitivity gains and 3-10x lifespan
extension with trade-offs in complexity; (4)
Health monitoring requires high sensitivity,
electronic skin wide range, HCI fast response,
and robotics high durability; (5) The
"structure-function  integration"  framework
provides systematic methodology via
requirement analysis, structure mapping, process
selection, and system integration; (6) Linear
response, environmental stability, and scalable
consistency remain challenges, with future
directions in smart adaptation, system
integration, and green sustainability.

7.2 Research Limitations and Suggestions for
Future Work

Current limitations include limited data
comparability due to varying preparation and
testing standards, preliminary quantitative
models  lacking experimental validation,
insufficient dynamic performance analysis, and
narrow focus on materials rather than system
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integration. Future work should establish
standardized  databases = and  multi-scale
simulations for model optimization, strengthen
dynamic research for vibration monitoring
applications, advance complete device system
integration, and conduct collaborative real-world
validation in healthcare and robotics.
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