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Abstract. Piezoresistive MEMS pressure sensors are widely deployed across biomedical, automotive, and aerospace sectors,
yet their sensitivity is often limited by suboptimal membrane geometry and material selection. While prior research has explored
isolated design modifications, there remains a lack of systematic, comparative analysis integrating multiple geometric
enhancements with material optimization for maximum performance. This study aims to address this gap by developing and
evaluating a four-stage structural optimization framework that systematically enhances sensor sensitivity. The novelty lies in
combining targeted geometric modifications, central relocation of transverse resistors, introduction of peripheral grooves,
addition of sub-membrane support beams, and membrane thickness optimization, with a comparative assessment of silicon (Si)
and germanium (Ge) membranes. This integrated approach enables a unified understanding of how architecture and material
mechanics interact to influence piezoresistive output. The methodology employed high-fidelity finite element modeling (FEM)
in COMSOL Multiphysics to simulate coupled mechanical—electrical behavior. Input parameters included precise geometric
configurations, material properties, and applied pressure (1 psi), while outputs comprised stress distribution, maximum
deflection, and Wheatstone bridge output voltage. Mesh convergence analysis ensured numerical accuracy without excessive
computational cost. Simulation results show cumulative sensitivity improvements of 256.8% for Si and 140.6% for Ge over
baseline designs. After thickness optimization, sensitivities reached 11.99 mV/psi (Si) and 12.51 mV/psi (Ge), closing the
performance gap between materials. Si benefited most from thickness reduction due to its higher Young’s modulus (170 GPa),
while Ge’s lower modulus (103 GPa) yielded higher initial sensitivity but earlier performance saturation. Overall, this work
demonstrates that coordinated geometric and material optimization can deliver substantial sensitivity gains while maintaining
linear mechanical behavior. The findings have direct practical relevance for designing next-generation MEMS sensors and can
be integrated into Building Information Modeling (BIM) frameworks for intelligent, application-specific deployment in
structural health monitoring, biomedical diagnostics, and aerospace instrumentation.

Keywords: Building Information Modeling (BIM); finite element modelling; germanium; membrane geometry
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1. Introduction

industrial domains,

including automotive engineering,

Nano-sensors, as a subset of micro- and nano-
electromechanical systems (MEMS/NEMS), have evolved
into a critical enabling technology across numerous
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aerospace systems, civil infrastructure, biomedicine, and
precision manufacturing (Wang et al. 2021a, Vergara 2025).
These devices, known in the United States as MEMS, in
Japan as micro-machines, and in Europe as microsystem
technology (MST) (Shariati 2012, Sun and An 2025), are
designed to detect physical, chemical, or biological changes
and transduce them into measurable electrical signals
(Sedghi et al. 2018, Shariati et al. 2019d). Their widespread
adoption stems from their miniature size, low power
consumption, high sensitivity, and ability to integrate
seamlessly into larger monitoring and control systems
(Dantzig and Ramser 1959, Milovancevi¢ et al. 2019). In
traditional industrial applications, such as automotive
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powertrain monitoring, braking and airbag deployment
systems, and tire pressure regulation, MEMS sensors have
already demonstrated their reliability (Zhang et al. 2022a,
Shariati et al. 2023). Beyond transportation, they are
employed for radiation measurement (Ismail et al. 2018,
Safa et al. 2019), acoustic performance analysis in musical
instruments, wearable electronics with haptic interfaces
(Suhatril et al. 2019), biomedical stent pressure monitoring
(Shah et al. 2015, 2016a), and high-precision security
devices such as capacitive fingerprint sensors. These
examples illustrate their versatility, affordability, and
straightforward signal conditioning requirements, making
them ideal for both consumer and industrial systems
(Shariati et al. 2011c, Tahmasbi et al. 2016). The present
research extends these established domains by situating
nano-sensor design within the context of Construction
Building Information Modeling (BIM), a methodology
traditionally associated with the planning, execution, and
lifecycle management of buildings and infrastructure (Jalali
et al. 2012, Paknahad et al. 2018). BIM provides a unified
digital environment where parametric geometry, material
properties, environmental conditions, and performance
metrics coexist (Li et al. 2019, Shariati et al. 2019e).
Integrating nano-sensors into BIM platforms allows for
real-time structural health monitoring (SHM), predictive
maintenance, and compliance verification without
disrupting ongoing operations (Khorami et al. 2017a,
Toghroli et al. 2018a). By embedding sensor models and
calibration data directly into BIM databases, decision-
makers can simulate structural responses under variable
loads and environmental conditions while concurrently
evaluating sensor placement for maximum diagnostic
efficiency (Sabetahd er al. 2022, Sun and Zhang 2024).
Central to the performance of piezoresistive MEMS-based
nano-sensors is the geometry of the sensing head, the
interface through which applied forces are translated into
mechanical strain and subsequently into electrical signals
(Toghroli et al. 2014, Trung et al. 2019). The membrane’s
structural configuration, the placement and orientation of
resistive elements in a Wheatstone bridge, and the
mechanical properties of the chosen material collectively
determine the device’s sensitivity and linearity (Toghroli et
al. 2018b, Shariati et al. 2020f). Previous studies have
demonstrated that innovative geometries, such as cross-
beam, single-island, dual-island, and multi-island
membranes, can substantially enhance sensitivity by
concentrating stress in targeted regions (Safa et al. 2016,
Davoodnabi et al. 2021). Additionally, techniques such as
groove etching at high-stress zones and tailoring resistor
orientation to maximize differential strain have proven
effective in improving performance (Nosrati et al. 2018).
However, while these advances focus on optimizing micro-
scale sensing structures, their integration into macro-scale
monitoring systems, particularly those governed by BIM
protocols, remains underexplored (Shahabi et al. 2016a,
2020c). The novelty of the current study lies in bridging this
gap by aligning finite element method (FEM)-based nano-
sensor head redesign with BIM-enabled performance
validation (Wei ef al. 2021). This dual approach ensures that
sensitivity gains achieved through microstructural
optimization are preserved and effectively utilized within

real-world construction environments (Benevenuta and
Fariselli 2019, Shahgoli et al. 2020). In this work, four
sequential design modifications are investigated to overhaul
nano-sensor head performance: Relocation of resistive
elements, shifting transverse resistors toward the membrane
center to exploit regions of higher strain (Chahnasir et al.
2018, Shariati et al. 2019c). Groove incorporation, etching
discrete grooves adjacent to longitudinal resistors to
concentrate mechanical stress (Shariati ef al. 2019b, 2020g).
Sub-membrane beam addition, enhancing stiffness while
preserving deflection sensitivity to maintain linearity under
load. Membrane thickness optimization, Balancing
deflection amplification against structural integrity
constraints (Sinaei et al. 2011, Khorramian et al. 2017).
Each design stage is modeled using COMSOL Multiphysics
with FEM simulations, applied to both silicon (Si) and
germanium (Ge) membranes to evaluate the interplay
between geometry and material properties (Shahabi et al.
2016b, Shariati ef al. 2022). The outputs, stress distribution
maps, deflection profiles, and Wheatstone bridge voltage
responses, are integrated into a BIM framework to certify
performance gains and ensure compatibility with
construction-specific operational requirements (Cao et al.
2021, Shariati et al. 2021c). By embedding these
performance datasets into BIM, the optimized nano-sensors
can be virtually tested within the digital twin of a structure
before physical deployment (Shariati 2008, Shariati et al.
2011a). This enables project stakeholders to: (i) determine
optimal sensor placement based on predicted stress fields in
structural components, (ii) forecast sensor lifespan under
expected operational loads, and (iii) automate compliance
documentation for safety and performance standards (Daie
et al. 2011, Shariati et al. 2020h). The result is a
streamlined pipeline from laboratory-scale sensor
innovation to field-ready, BIM-certified monitoring
solutions (Hamidian et al. 2011, Shariati et al. 2021a). In
summary, this study introduces a comprehensive
methodology that unites inventive nano-sensor head design
with BIM-driven performance certification (Mehrabi et al.
2019, Safa and Kachitvichyanukul 2019). Through this
integration, the proposed framework not only advances the
state of micro-scale sensor optimization but also ensures
that these enhancements translate into measurable benefits
in the context of modern construction and infrastructure
management (Khanouki et al. 2016, Shariati et al. 2021d).
The combined use of FEM-based structural modeling and
BIM-based deployment planning establishes a scalable,
adaptable pathway for implementing high-performance
nano-sensors in  safety-critical,  regulation-intensive
environments (Toghroli et al. 2017, Ayta¢ and Korcak
2021).

2. Method and simulation

2.1 Analysis of stress—strain relationships in
membranes

In the context of high-sensitivity nano-sensors
integrated into construction monitoring systems via
Building Information Modeling (BIM), understanding the
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stress—strain distribution in the sensing membrane is critical
to both micro-scale performance optimization and macro-
scale deployment reliability (Arabnejad Khanouki et al.
2010, Nasrollahi et al. 2018). Pressure microsensors
frequently employ circular, square, or rectangular
membranes as the primary mechanical element for
transducing applied pressure into strain-dependent electrical
signals (Shariati et al. 2012a, Ghiani et al. 2022). For a
circular membrane, the loci of maximum stress are
continuous along its perimeter, which limits localized stress
concentration and, consequently, the potential for targeted
sensitivity enhancement (Yazdani ef al. 2021, Boaventura et
al. 2024). Conversely, square membranes exhibit distinct
high-stress zones near fixed edges and corners, making
them superior candidates for inventive head designs aimed
at maximizing piezoresistive response (Shariati et a/. 2011d,
2017). The maximum in-plane stresses for square,
rectangular, and circular membranes can be expressed,
respectively, as (Shariati et al. 2020e, Petkovic et al. 2022)

2

—0308P(L) 1-u? (1)
= 0.383P (B)z (1—u? (2)
— 0.75p (R)z (1 122) 3)

In these equations, P denotes the applied pressure, L
the side length of the square membrane, B the width of the
rectangular membrane, R the radius of the circular
membrane, H the membrane thickness, and u the
Poisson’s ratio (Mohammadhassani et al. 2013a, Shariati et
al. 2021b). When the thickness, applied pressure, and
Poisson’s ratio are held constant, the relationship among
these stresses simplifies to oy, = 1.10,,, = 1.640.,
(Shah et al. 2016b, c). This indicates that, under equivalent
loading conditions, square membranes can sustain higher
maximum stress than both rectangular and circular
membranes, offering a clear mechanical advantage for
pressure sensor applications (Armaghani ef al. 2020, Hu et
al. 2025b). This property is particularly beneficial in BIM-
enabled structural health monitoring, where maximizing
signal output is critical for early detection of structural
anomalies (Chen et al. 2019, Davoodnabi 2019). In addition
to selecting an optimal membrane geometry, it is necessary
to ensure that the membrane operates within the linear
deflection regime to maintain calibration stability and
measurement accuracy (Li ef al. 2023). The small deflection
theory imposes a constraint on the relationship between
membrane dimensions, thickness, and maximum deflection,
expressed as

0.0152PL*(1 — u?
o = SSEHE L) < 02 @

Here, wg, is the maximum central deflection, and E
represents the Young’s modulus of the membrane material
(Arabnejad Khanouki et al. 2011, Shariati et al. 2016a).
This inequality requires that the maximum deflection

remain below 20% of the membrane thickness, ensuring
that the structural response remains within the linear elastic
range and avoiding geometric nonlinearities that could
compromise sensitivity and repeatability in long-term
monitoring scenarios (Jahandari et al. 2022). A further
understanding of the stress-strain distribution can be
obtained by analyzing the radial and tangential stresses in a
circular membrane, as described by Schomburg (Shaby et
al. 2015). The radial stress op and tangential stress o,
together with their corresponding strains & and &7, are
defined as

og = 8H2 (R A+w-r*G+w)
or =3 H2 (R (14w —7r2(1+3w) )
£ = 8EH2 (1 — u?)(R2, — 3r2)
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In these expressions, R,, is the membrane radius, r is
the radial distance from the center, and E is again the
Young’s modulus. Analysis of these equations reveals that
the radial stress and radial strain reach their maximum
values at the membrane edge (Hosur Shivaramaiah et al.
2022, Naveen Kumar et al. 2023). Moving from the
perimeter toward the center, radial stress decreases before
rising again at the midpoint, where radial and tangential
stresses converge to equal values (Shariati et al. 2012d,
Sajedi and Shariati 2019). This stress behavior suggests that
in a square membrane, conceptually modeled as a circular
membrane constrained at four points, the stress
concentration is intensified at the points of constraint
(Ferrucci and Bock 2015, Hou et al. 2022). This inherent
concentration is advantageous for enhancing the
piezoresistive response of sensing elements placed at these
high-stress locations (Shariati et al. 2014). When these
mechanical principles are incorporated into a BIM-
integrated design workflow, they enable precise prediction
of sensor behavior under operational loads (Shariati et al.
2012b, 2024). By embedding finite element—derived stress
distribution data into the digital twin of a structure,
engineers can virtually assess performance, optimize
placement, and forecast degradation, ensuring that micro-
scale design improvements translate into measurable macro-
scale benefits in structural health monitoring applications
(Shariati 2013, Nouri et al. 2021).

2.2 Finite element method

In semiconductor-based piezoresistive sensing elements,
changes in electrical resistance due to applied strain arise
from variations in the carrier conductivity and current
density (Mohammadhassani et al. 2014a, Xie 2019). The
relationship between the electric field E, the resistivity
tensor p, and its incremental change Ap under stress can
be expressed as

E=p-J+Ap-] (6)

Where ] denotes the current density vector, the
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resistivity tensor for an anisotropic medium can be written
as

Pxx pxy Pxz
p= [pxy Pyy pyzl @)
Pxz pyz Pzz

For a single-crystal material with cubic symmetry, such
as silicon or germanium, the off-diagonal components
vanish (py, = px; = py; = 0) and the diagonal elements
are equal (0 = pyy = Pz = Po) (Naghipour et al. 2020b,
Razavian et al. 2020). When external stress is applied, the
resistivity tensor changes according to

pxx pO Apxx
Pyy po| |BPyy
Pz _|Po Apzz
py| =0 |1 apy, ®)
Pxz 0 Ap,,
Pxy 0 Apxy

N

The relative change in resistivity components, Ap;;/po,
is related to the applied stress state through the material’s
piezoresistive coefficients m;; according to

APy Ty, Ty O 0 0 1704

Apyy Ty, Tz O 0 0 [02}
i Apzz 7'[12 7-[12 7T11 0 0 0 [os )
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where 0y,0,,0; are the principal stresses and 74,T,, T3
are the shear stresses. For practical design purposes, the
piezoresistive equations can be transformed into any desired
coordinate direction to align with the orientation of the
sensing elements (Shariati et al. 2018, 2019f). Bao et al.
(1991) reported that the most significant piezoresistive
coefficient occurs along the (100) crystallographic
direction. For p-type silicon oriented in this manner, the
fractional change in resistance AR/R can be expressed as

AR

1
"3 [(11 + m2)(0) + 01) + Tau(oy — o)) (10)

Given that 1,4, ,, < T4y, this equation simplifies to

AR 1

R 5”44(01 —a) (11)

Here, 0; and o, are the longitudinal and transverse
stresses at the resistor location (Shariati et al. 2012c). The
output voltage of a Wheatstone bridge composed of four
piezoresistive elements is then given by

Ugut = §n4-4-(0-l —0)Uin (12)
where U, and U,, denote the input and output voltages,
respectively. In the context of BIM-enabled nano-sensor
deployment, these relationships are crucial because they

form the mathematical link between the micro-scale stress

environment predicted by finite element models and the
macro-scale voltage signals incorporated into a digital twin
of the monitored structure (Shariati et al. 2011b, Taheri et
al. 2021). By embedding these material-dependent
piezoresistive parameters and stress—voltage
transformations into the BIM dataset, it becomes possible to
simulate in situ sensor performance under realistic
operational conditions, optimize resistor placement relative
to structural stress fields, and ensure certified measurement
accuracy before physical installation (Shariati et al. 2010,
Mohammadhassani et al. 2014b). This integration ensures
that finite element predictions are not merely theoretical but
are directly translatable into field-verified performance
metrics within the BIM framework (Heydari and Shariati
2018, Wang et al. 2021b).

2.3 Proposed geometry to improve sensitivity

Building on the theoretical results outlined in the
preceding sections, a series of sequential geometric
modifications was devised to enhance the sensitivity of a
square membrane in a piezoresistive nano-sensor (Khorami
et al. 2017b, Shariati et al. 2020d). These modifications
were selected based on their capacity to improve the stress
distribution across the sensing elements, and their
effectiveness was later verified through finite element
analysis (FEA) under realistic operating conditions (Sinaei
et al. 2012, Toghroli et al. 2020). The simulation framework
employed in this study was configured to reflect
experimentally validated material properties and boundary
conditions, thereby ensuring that the resulting performance
predictions were directly relevant to practical
implementation scenarios, including those involving
Building Information Modeling (BIM)-enabled deployment
(Shariati et al. 2020a, b). The baseline sensor configuration,
illustrated in Fig. 1(a), incorporates a Wheatstone bridge
circuit in which each of the four resistive arms consists of
three piezoresistive elements connected in series. Two of
these resistors are positioned longitudinally, while the other
two are oriented transversely. As shown by the stress—strain
analysis in Section 2.1, the transverse resistors located at
the membrane edges experience relatively low stress under
applied pressure (Liang et al. 2022, Wang et al. 2025c¢).
This distribution implies that their contribution to the
overall output voltage is limited, and their positioning is
therefore suboptimal for maximizing sensitivity. The first
proposed modification addresses this limitation by
relocating the transverse resistors from the low-stress edge
regions to the center of the membrane, as depicted in Fig.
1(b), where they are subjected to significantly higher stress
and strain levels, resulting in a measurable increase in
sensitivity. The second modification aims to enhance further
the stress concentration experienced by the longitudinal
resistors positioned at the membrane edges. This is
achieved by introducing two discontinuous grooves on
either side of the membrane, as shown in Fig. 1(c). These
grooves locally reduce membrane stiffness, causing
mechanical stress to intensify beneath the resistors during
loading. By increasing the magnitude of the strain in the
regions housing the longitudinal sensing elements, the
grooves are expected to yield an additional improvement in
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Piczoresistive ¢
Element

(c) (d)

Fig. 1 Order of stages of designed geometry: (a) basic
structure; (b) first stage structure; (c) second stage
structure; (d) third stage structure

output signal amplitude (Shariati ef al. 2013, 2016b). The
third modification involves the incorporation of a
reinforcing beam beneath the membrane, oriented parallel
to the transverse resistors, as illustrated in Fig. 1(d). The
addition of this sub-membrane beam modifies the local
stiffness distribution, enhancing stress concentration in both
longitudinal and transverse resistor locations while also
stabilizing the membrane against excessive deformation
(Shariati et al. 2019a, Cai et al. 2021). Although the beam
alone does not produce as significant a gain in sensitivity as
the previous modifications, it plays a critical role in
preserving linearity in the membrane’s deflection response,
particularly when other sensitivity-enhancing measures are
applied. This balance between increased sensitivity and
structural stability is essential in BIM-integrated monitoring
applications, where long-term calibration stability is a
priority (Zandi et al. 2018, Luo et al. 2019).

The fourth and final modification explores the influence
of membrane thickness on sensor performance (Cao et al.
2025). Reducing membrane thickness increases both the
maximum stress and the maximum deflection for a given
applied pressure, leading to a corresponding rise in the
output voltage of the Wheatstone bridge (Naghipour et al.
2020a, Mehrabi et al. 2021). However, as indicated by the
constraint in Eq. (5), the maximum deflection must remain
below 20% of the membrane thickness to maintain linear
elastic behavior (Shariat ef al. 2018, Arani et al. 2019). The
optimization process, therefore, involves identifying the
thickness that maximizes sensitivity without exceeding this
deflection limit (Ziaei-Nia et al. 2018, Tavakkoli et al.
2022). The resulting optimal configuration not only
provides a substantial increase in output signal magnitude
but also ensures that the sensor operates within its
mechanical limits, preserving measurement accuracy and
long-term reliability (Mohammadhassani et al. 2013b, Wei
et al. 2018). By combining these four stages of geometric
refinement, transverse resistor relocation, groove
incorporation, beam reinforcement, and thickness

optimization, the proposed design systematically enhances
the sensitivity of the square membrane sensor while
ensuring that structural integrity and operational stability
are maintained (Hosseinpour ef al. 2018, Safa et al. 2020).
When integrated into a BIM-driven monitoring framework,
the finite element—predicted performance gains from each
stage can be directly embedded into the digital twin of a
building or infrastructure asset (Zandi et al. 2012, Katebi et
al. 2020). This integration allows engineers to virtually
assess sensor placement, predict performance under service
loads, and verify compliance with performance standards
before physical deployment, thereby bridging the gap
between micro-scale design innovation and macro-scale
application in real-world structural health monitoring
systems (Afshar et al. 2020).

3. Numerical simulation results
3.1 Model setup and material properties

The present study evaluates the influence of structural
modifications on the sensitivity of piezoresistive pressure
microsensors through a comparative finite element analysis
of two membrane materials: silicon (Si) and germanium
(Ge). The sensor structure is modeled in COMSOL
Multiphysics using three-dimensional finite element
analysis (FEA), with systematic geometric modifications
applied across four progressive design stages. The
simulation domain consists of a square membrane with
lateral dimensions of 3600 um X 3600 um and an initial
uniform thickness of t = 30 um, representing a typical
configuration for MEMS-based pressure sensing
applications. The numerical simulations assess each design
stage for both Si and Ge membranes, beginning with a
baseline configuration and incorporating the proposed
geometric refinements in sequence. The baseline geometry
incorporates a square membrane of 3600 um X 3600 um
and thickness 30 um. In the second design stage, a pair of
longitudinal grooves of width wy, = 60 um and depth
dy =10 um is introduced at the membrane edges to
enhance localized stress concentration. The third stage
incorporates support beams beneath the membrane to
increase stiffness while promoting stress localization. Each
beam has a cross-section of 100 um X 1380 um, with a
square central section of width 50 um and uniform beam
thickness of 35 um. These geometries are designed to
systematically improve sensitivity by altering the stress
distribution in regions occupied by piezoresistive elements.
The piezoresistive sensing mechanism relies on stress-
induced changes in electrical resistance, mathematically
expressed as

AFR = 1;;0; (13)
where AR/R is the fractional change in resistance, 7;; are
the piezoresistive coefficients, and o;; are the stress
components in the material. This relationship forms the
physical basis for the modulation of output voltage in the
Wheatstone bridge circuit used for signal acquisition.
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Material selection plays a pivotal role in determining sensor
performance. Silicon and germanium are selected for their
contrasting elastic moduli and piezoresistive properties.
Table 1 lists the mechanical and electrical parameters
employed in the simulations. Silicon, with a Young’s
modulus E =170 GPa, is significantly stiffer than
germanium, which has E = 103 GPa. The lower modulus
of Ge results in greater compliance under pressure loading,
producing larger strain levels and consequently higher
output voltages. The Poisson’s ratio v is approximately
0.28 for Si and 0.26 for Ge, indicating similar lateral
contraction behavior under uniaxial stress. For p-type
silicon with a typical crystallographic orientation of
[110]/[100], the anisotropic piezoresistive coefficients are
Ty = 6.6 X 10711 Pa™l, 7, = —1.1 x 10711 Pa1 | and
Tae = 1381 X 1071 Pa™!, which dictate sensitivity in
both longitudinal and transverse resistor placements. The
model also incorporates aluminum interconnects with a
Young’s modulus of 70 GPa and resistivity 4.8 x 1075 Q-
cm, providing reliable ohmic contacts between resistors and
the circuit. Material densities are taken as 2.3 g/cm? for
silicon, 2.7 g/cm® for aluminum, and 5.3 g/cm?® for
germanium. These density differences may influence the
dynamic response of the sensors in potential vibrational
applications, which could also be simulated within a BIM
framework for structural health monitoring scenarios. Mesh
convergence analysis was conducted for both Si- and Ge-
based designs to ensure numerical stability. Five mesh
densities were evaluated, ranging from “Extremely Coarse”
(6927 elements) to “Normal” (60,909 elements). The
membrane deflection under a unit pressure load of 1 psi was
found to stabilize beyond the “Normal” mesh density,
confirming convergence. The “Normal” mesh was therefore
adopted for all subsequent simulations to ensure a balance
between computational efficiency and result fidelity. This
approach guarantees that the computed displacement field
w(x,y), stress tensor a;;, and the Wheatstone bridge output
voltage V,,, remain numerically stable and physically
meaningful. By embedding these validated material
properties, geometries, and mesh convergence parameters
into a BIM-compatible dataset, the simulated results can be
directly integrated into a digital twin of a structure. This
allows stakeholders to predict in situ sensor behavior,
evaluate optimal placement in high-stress structural regions,
and pre-verify performance compliance before physical
deployment, thereby ensuring that the micro-scale design
optimizations translate into reliable macro-scale monitoring
outcomes.
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3.2 Stress distribution and sensitivity trends

A stress analysis was conducted under a standard gauge
pressure of 1 psi to characterize the spatial distribution of
mechanical stresses in the membrane. According to the
fundamental mechanical relation

o=~ (14)
where o is the stress, F the applied force, and A the
loaded area, the membrane exhibits a non-uniform stress
field whose distribution is strongly influenced by geometric
constraints. Figs. 3(a)-(c) illustrate the evolution of stress
patterns across the different design stages. The results show
that the longitudinal resistors consistently experience higher
stress magnitudes than the transverse resistors, indicating
that longitudinal stresses predominantly govern the sensor’s
sensitivity. In the first design stage, the transverse resistors
are relocated to the membrane center. Finite element
simulations confirm that, in this new configuration, the
transverse resistors are subjected to significantly greater
stress than in the baseline edge position, thereby improving
sensitivity. The second stage enhances this effect by
introducing two discontinuous grooves along the membrane
edges, intensifying local stress in the longitudinal resistor
regions. In the third stage, the addition of a beam beneath
the membrane further amplifies stress concentration in both
longitudinal and transverse resistor locations. The stress
distribution for this configuration, shown in Fig. 3(c),
reveals markedly elevated stress values at the longitudinal
resistor positions, attributable to the combined effects of
grooves and sub-membrane reinforcement. Comparing
these patterns with the baseline and Stage 1 demonstrates
that the stress differential between the strain gauges is
increased, a change directly correlated with higher sensor
sensitivity. From a piezoresistive perspective, the governing
relationship

AR
= = % = Vou = Vin -0y 15
indicates that the Wheatstone bridge output voltage is
directly proportional to the stress acting on the resistor
locations. Thus, increasing the stress differential Ac =
Olong — Ograns DEtween longitudinal and transverse resistors
results in an enhanced output signal. This principle
underlies the observed performance gains across the
progressive design stages. Membrane deflection profiles for

(b) Silicon

Extremely Coarseéxtra Coarse Coarser Coarse Normal
Element size

Extremely Coarséxtra Coarse

Coarser Coarse Normal
Element size

Fig. 2 Diagrams (a) Mesh independence for germanium; (b) Mesh independence for silicon; and (c) Normal lattice
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Fig. 3 Stress distribution of the (a) basic structure; (b) first
stage; (¢) third stage; (d) deflection of the basic
structure; (e) first stage; (f) third stage

the baseline, Stage 1, and Stage 3 configurations are shown
in Figs. 3(d), (e), and (f), respectively. In all cases,
maximum deflection occurs at the membrane center and
decreases gradually toward the fixed edges, approaching
zero at the membrane walls. The introduction of the beam
in Stage 3 produces a measurable increase in central
deflection under the same applied pressure, while also
promoting greater stress localization at critical resistor
positions. These findings confirm the role of mechanical
amplification in improving sensor response. The beam
reinforcement not only strengthens the membrane against
excessive deformation but also intensifies strain in regions
critical to signal generation. When this structural behavior
is incorporated into a BIM-integrated framework, the
simulated stress and deflection maps can be linked directly
to structural digital twins, enabling predictive placement of
sensors in high-strain zones and ensuring that the enhanced
sensitivity observed in simulation translates into practical
gains in real-world structural health monitoring
applications.

3.3 Output voltage and deflection response

The electrical output of the piezoresistive pressure
microsensor is fundamentally dictated by stress-induced
variations in the resistance of the sensing elements,
particularly those aligned along the longitudinal direction
(Chen et al. 2024, 2025). In the present design, longitudinal
resistors dominate the response due to the alignment of
principal stress vectors produced by membrane deflection
under external pressure loading. The mechanical behavior
of a square membrane under uniform pressure results in
maximum bending stress at the membrane center and along
the diagonals, making longitudinal gauge placement the
most effective for maximizing piezoresistive coupling and
thus signal output (Gong and Li 2024, Cheng et al. 2025).

The governing relationship for the piezoresistive effect can
be expressed as

AR AR
® =% 2 Vour = Vin "R (16)

where AR/R is the fractional change in resistance, 7;;
represents the piezoresistive coefficient tensor, g;; denotes
the stress tensor components at the resistor location, V;, is
the excitation voltage (2.5 V in this study), and V,,, The
Wheatstone bridge output voltage is directly proportional to
the induced strain. Figs. 5(a) and (c) present the simulated
voltage-pressure response for silicon (Si) and germanium
(Ge) membranes, respectively, across the four design stages.
For Si membranes, the baseline configuration yields V,,, =
3.36 mV/ psi. Relocating the transverse resistors to the
membrane center (Stage 1) increases sensitivity to
552mV/psi, a 64.3% gain over the baseline. The
introduction of edge grooves in Stage 2 raises this further to
7.49 mV//psi, representing a 35.7% increase over Stage 1.
Adding the sub-membrane beam in Stage 3 yields a final
value of 7.86 mV/psi, an additional 4.9% gain over Stage
2. For Ge membranes, the baseline response is 5.2mV/psi.
Stage 1 increases sensitivity to 9.0 mV/psi (+73.1%),
Stage 2 to 11.38mV/psi (+26.4%), and Stage 3 to
12.03 mV/psi (+5.7%). The net sensitivity improvement
from Stage 0 to Stage 3 corresponds to a total gain of
133.9% for Si and 131.3% for Ge. These improvements
are the cumulative effect of three key structural
modifications: the central relocation of transverse resistors
to higher-stress regions, the incorporation of discontinuous
grooves to amplify stress concentration, and the addition of
sub-membrane beams to enhance stiffness and deflection
control while preserving linearity. Deflection analysis,
shown in Figs. 5(b) and (d), reinforces the voltage response
trends. In all configurations, maximum deflection occurs at
the membrane center and increases with each design
iteration (Hui et al. 2024, Hu et al. 2025a). The observed
deflections satisfy the linearity constraint

Smax < 0.2 ¢ (17)

where 8,5 is the peak deflection and t is the membrane
thickness (30 um in the initial design). For both Si and Ge
membranes, post-Stage 3 deflections remain below this
threshold, confirming that structural integrity is maintained
and the output gains are achieved without inducing
nonlinear deformation effects. These voltage and deflection
trends quantitatively validate the mechanical optimization
strategy (Jiang et al. 2025, Li et al. 2025). The output
amplification observed is directly attributable to targeted
stress field enhancements aligned with the piezoresistive
axes. Within a BIM-integrated deployment scenario, these
simulated electromechanical performance profiles can be
embedded into a digital twin of the monitored structure,
enabling predictive calibration, sensor placement
optimization, and real-time performance verification under
operational loads. This ensures that the micro-scale
sensitivity gains achieved through structural refinement
translate into reliable macro-scale monitoring benefits (Liu
et al. 2024a, b).
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3.3.1 Piezoresistive output mechanism and
structural coupling effects

Figs. 4(a), 4(b), and 4(c) illustrate the current density
distribution across the piezoresistive elements and the
corresponding electrical potential map of the Wheatstone
bridge circuit. The potential difference measured in the
green-highlighted regions of the diagram, approaching 2.5
V, is used to determine the output voltage and,
consequently, the sensor’s sensitivity (Ma et al. 2019, Liu et
al. 2024c). The current density plots reveal how electrical
currents are distributed within the strain gauges, offering
direct insight into the electromechanical coupling between
stress distribution and signal output (Qian et al. 2025, Qi et
al. 2026). The combined analysis of output voltage profiles
and maximum deflection plots provides the essential basis
for assessing both sensitivity and linearity under the
operational range of 0—1 psi. The sensitivity improvements
observed across the four design stages can be attributed to a
deliberate redistribution of stress within the membrane and
the optimized positioning of resistive elements within the
Wheatstone bridge network (Shi et al. 2024, Wang et al.
2025a). While earlier discussion established the trends in
voltage and deflection, it is critical to emphasize that stress-
induced resistance modulation is influenced not only by
axial stress components but also by shear contributions,
especially in non-symmetric geometries or under mixed-
mode loading conditions. Although the m,, coefficient is
dominant in transverse resistor configurations; the
longitudinal resistors in this study are strategically located
in regions of maximum oy,, as confirmed through finite
element stress contour mapping. This placement ensures
that the gauge factor is maximized and that the primary
contribution to output voltage originates from axial strain
rather than shear strain, the latter of which can introduce
instability and noise into the measurement signal (Wang et
al. 2025b, Xia et al. 2025). The structural modifications
introduced, notably the addition of grooves and sub-
membrane beams, not only reshape the stress field but also
reduce compliance mismatches between the piezoresistive
layer and the supporting membrane. By minimizing
parasitic mechanical damping, these adjustments contribute
directly to the linear voltage-pressure relationships observed
in Figs. 5(b) and (d). From a mechanical perspective, the
observed enhancement in sensitivity follows a predictable
scaling behavior derived from classical plate theory

Pa*
Wpmax X ﬁ (18)

where w,,,, is the maximum membrane deflection, P is
the applied pressure, a is the membrane half-width, E is
Young’s modulus, and t is the membrane thickness. This
relationship confirms that a reduction in E (e.g., when
substituting Ge for Si) or a decrease in thickness t results
in a nonlinear amplification of deflection and, consequently,
strain at the resistor locations. The compounding effect of
these parameters across the design stages explains the total
sensitivity gains of 133.9% for Si and 131.3% for Ge.
When implemented in a BIM-integrated monitoring
framework, these detailed electromechanical characteri-
zations can be directly linked to a structural digital twin,

(a) (©)

Fig. 4 (a) potential diagram; (b) current density array
diagram at longitudinal resistors; and (c) current
density array diagram at transverse resistors

enabling predictive calibration of sensor response, real-time
performance verification, and optimization of sensor
placement for long-term structural health monitoring (Yin et
al. 2023, Xie et al. 2025). This ensures that the
experimentally validated micro-scale enhancements yield
measurable macro-scale monitoring improvements in
operational environments.

3.3.2 Membrane geometry impact on sensitivity
and deflection behavior

Fig. 5 provides a detailed comparison of the sensor’s
sensitivity gains resulting from progressive geometric
modifications to the membrane. The output voltage-
pressure responses for silicon (Si) and germanium (Ge)
are shown in Figs. 5(a) and (c), respectively. For the Si
membrane, the measured sensitivities are 3.36 mV/psi for
the baseline structure, 5.52mV/psi for Stage 1,
7.49 mV/psi for Stage 2, and 7.86 mV/ psi for Stage 3.
In the case of Ge, the corresponding sensitivities are
5.2 mV/psi, 9.0 mV/psi, 11.38 mV/psi, and 12.03 mV/
psi. These values translate into cumulative improvements
for Si of 64.3%, 122.9%, and 133.9% relative to the
baseline at Stages 1, 2, and 3, respectively, while Ge
achieves increases of 73.1%, 118.8%, and 131.3% over the
same stages. The consistently higher sensitivity of Ge is
attributed to its lower Young’s modulus (E = 103 GPa)
compared to Si(E = 170 GPa), which allows greater
membrane deflection under the same applied pressure. This
results in higher induced stress at the piezoresistors and,
given the proportionality between stress and piezoresistive
voltage output, a correspondingly greater sensitivity. The
maximum deflection behavior for Si and Ge membranes is
illustrated in Figs. 5(b) and (d), respectively. The high
stiffness of silicon ensures that deflection-pressure behavior
remains highly linear across all enhancement stages. For a
membrane thickness of t = 30 um, the mechanical design
constraint dictates that the maximum deflection must
remain below 0.2t =6 um, and all Si configurations
satisfy this condition. In contrast, Ge’s lower stiffness
results in larger deflections under identical loading
conditions. The addition of grooves in Stage 2 increases
compliance, producing a mild nonlinearity in the deflection
response. This is effectively mitigated in Stage 3 by
incorporating a structural beam beneath the membrane,
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Fig. 5 (a) Output voltage diagrams for Si; ((b) Maximum deflection diagrams for Si; (c) Output voltage diagrams

for Ge; (d) Maximum deflection diagrams for Ge

which enhances stiffness, restores linear behavior, and
further concentrates stress in regions of highest
piezoresistive sensitivity.

In the fourth stage of design optimization, membrane
thickness is reduced to improve both deflection magnitude
and voltage output (Zhang et al. 2022b, Yu et al. 2025). The
deflection for a clamped square membrane under uniform
pressure P is governed by classical thin-plate theory

2\ p 4
W = oA —vbat (19)
16Et3
where v is Poisson’s ratio (0.28 for Si and 0.26 for Ge),
a = 1800 um is half the membrane side length, t is the
membrane thickness, E is Young’s modulus, and P is the
applied pressure. This cubic inverse dependence (Wp,x X
t™3) shows that even modest reductions in thickness
produce significant increases in deflection and thus in strain
and output voltage. To maintain linearity and structural
integrity, the maximum deflection must satisfy wp,x <

50
— s
— Ge

40

30
Ge Optimum
(29.5 um, 12.51 mv)

Output Voltage (mV)

10

Displacement (um)

0.2 t. While all Si configurations remain within this limit,
Ge’s lower stiffness means that thickness reduction must be
carefully controlled and combined with reinforcement
measures such as the Stage 3 beam to avoid exceeding the
allowable deflection. The optimization results shown in Fig.
6 confirm this approach. Figs. 6(a) and (b) present the
output voltage and maximum membrane deflection,
respectively, as functions of thickness under 1 psi loading.
As thickness decreases, output voltage, and thus sensitivity,
increases, while deflection grows proportionally. The
optimal thickness is identified at the intersection of the
deflection curve and the wy,,x = 0.2 t limit. For Ge, the
optimal thickness is 29.53 um, producing a sensitivity of
12.51 mV/psi, which is a 3.9% improvement over Stage
3. For Si, the optimal thickness is 26.05 um, yielding a
sensitivity of 11.99 mV/ psi, representing a 52.5% gain.
The larger improvement in Si arises from the greater
deviation of its initial thickness from the optimal value,
whereas Ge’s baseline thickness was already close to
optimal. Across all four enhancement stages, the cumulative

— si
— Ge
= 0.2 x thickness
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Fig. 6 Thickness optimization diagrams at 1 psi pressure
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sensitivity improvement reaches 256.8% for Si and
140.6% for Ge. The lower net gain for Ge is thus
explained by its inherently favorable baseline compliance.
When applied within a Building Information Modeling
(BIM)—enabled monitoring framework, these findings allow
predictive determination of optimal membrane geometry for
given material properties and structural environments. The
simulated sensitivity—thickness maps can be integrated into
a digital twin model of the monitored structure, enabling
automated sensor calibration, real-time performance
tracking, and targeted deployment of sensors in zones
where geometric optimization delivers the highest return in
measurement accuracy and stability.

3.4 Thickness optimization and linearity constraint

The final stage of optimization focuses on
systematically reducing membrane thickness to enhance the
sensitivity of the piezoresistive pressure sensor. According
to classical thin-plate theory, the maximum central
deflection wy,,, of a clamped square membrane subjected
to uniform pressure scales inversely with the cube of the
membrane thickness t, i.e., Wy, X t73. As a result, even
moderate reductions in thickness can lead to substantial
increases in membrane deflection, thereby amplifying the
stress at the piezoresistor locations and increasing the
output voltage of the Wheatstone bridge. However, to
maintain mechanical linearity and avoid excessive
deformation that could introduce geometric nonlinearities
and measurement instability, the deflection must satisfy the
constraint

Winax < 0.2t (20)

This condition ensures that the membrane remains
within the linear elastic regime, preserving both structural
integrity and the proportionality between applied pressure
and output voltage. The optimal thickness for each material
is thus defined at the intersection of the simulated
deflection-thickness curve and the wy,,, = 0.2t limit.
Simulation results indicate that for germanium (Ge), the
optimal thickness occurs at approximately 29.53 um,
yielding a sensitivity of 12.51 mV/psi, which represents a
3.9% improvement relative to Stage 3. For silicon (Si), the
optimal thickness is found to be 26.05 um, producing a
sensitivity of 11.99 mV/psi, corresponding to a 52.5%
increase over the prior stage. The larger relative sensitivity
gain in Si is attributable to its initially thicker membrane,
which was significantly above the optimal range, and its
higher Young’s modulus (E = 170 GPa), which allows linear
performance to be maintained at reduced thicknesses. In
contrast, Ge’s initial thickness was already near optimal,
and its lower Young’s modulus (E = 103 GPa) results in
higher compliance and earlier onset of nonlinear deflection.
Consequently, further thickness reduction in Ge would
violate the Wy, < 0.2t constraint, leading to
performance saturation. While both materials benefit from
thickness optimization, silicon demonstrates a more
pronounced sensitivity improvement due to its greater
deviation from optimal thickness and superior stiffness,
which together allow for significant performance

enhancement without compromising linearity. Germanium’s
comparatively minor gain reflects the material’s inherent
compliance and baseline proximity to optimal geometry.
When implemented in a Building Information Modeling
(BIM)—integrated structural monitoring system, these
optimized thickness parameters can be directly embedded
into the digital twin of a monitored asset. This enables
predictive recalibration of sensor networks, ensures that
deflection limits are not exceeded under operational loads,
and maximizes long-term sensitivity while preserving
measurement stability.

3.5 Discussion of the results

The finite element modeling conducted in COMSOL
Multiphysics provided a high-fidelity platform for
evaluating both the mechanical and electrical behavior of
MEMS-based piezoresistive pressure sensors employing
silicon (Si) and germanium (Ge) membranes. A preliminary
mesh convergence analysis established that the “Normal”
mesh configuration (60,909 elements) delivers stable and
accurate predictions of stress, displacement, and output
voltage, while maintaining computational efficiency.
Achieving mesh independence is particularly critical in
microscale modeling, where numerical discretization errors
can introduce significant deviations in sensitivity
predictions. Across the progressive design stages, geometric
modifications produced substantial gains in sensor
performance by intensifying stress concentration and
enhancing membrane deflection. Relocating transverse
resistors to the center, introducing peripheral grooves, and
incorporating  sub-membrane support beams each
contributed to a measurable increase in stress localization.
Finite element stress contour plots revealed that
longitudinal resistors positioned along high-o,, regions
capture the most significant piezoresistive response,
validating their optimized alignment. Notably, the Stage 3
addition of support beams enhanced both stress localization
and global stiffness, preserving linear deformation behavior
while further boosting voltage output. From an electrical
perspective, the sensitivity improvement directly reflects
the governing piezoresistive relation

A?R =T j g; j (21)
where AR/R is the relative change in resistance, m;; is
the piezoresistive coefficient tensor, and o;; denotes the
stress tensor at the resistor location. For silicon, output
voltage increased from 3.36 mV/psi in the baseline
configuration to 7.86 mV/ psi in Stage 3, representing a
total enhancement of 133.9%. For germanium, the
corresponding improvement was from 5.20 mV/psi to
12.03 mV/psi, a 131.3% increase. Ge’s higher baseline
sensitivity is primarily attributed to its lower Young’s
modulus (E = 103 GPa), which allows greater strain under
equivalent loads compared to Si (E = 170 GPa). The final
optimization step-membrane thickness reduction-was
guided by classical plate theory
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where v is the Poisson’s ratio, a is half the membrane’s
side length, E is the Young’s modulus, t is the thickness,
and P is the applied pressure. The cubic inverse
dependency on t (Wpax X t™3) demonstrates that even
modest reductions in thickness produce significant
deflection increases, thereby enhancing strain at the resistor
locations. However, to ensure structural linearity and avoid
geometric nonlinearity, the condition Wy, < 0.2t must
be satisfied. Applying this constraint yielded an optimal
thickness of 26.05um for Si and 29.53 um for Ge.
These thicknesses resulted in sensitivities of 11.99 mV/psi
and 12.51 mV/psi, representing Stage 4 gains of 52.5% for
Si and 3.9% for Ge. The greater improvement in Si arises
from its initially suboptimal thickness and higher stiffness,
which enable further thinning without violating linearity
constraints. By contrast, Ge’s performance gain is smaller
due to its initial thickness being close to optimal and its
higher compliance leading to earlier onset of nonlinear
deflection. Simulation outputs further support these
findings. Stress contour maps confirm intensified oy,
localization along longitudinal resistor regions in successive
stages. Deflection profiles reveal amplified central
displacement without exceeding linearity thresholds.
Voltage-pressure curves remain linear while exhibiting
significant slope increases. Current density plots within the
Wheatstone bridge show uniform and well-confined
conduction paths, minimizing parasitic effects and ensuring
accurate signal acquisition. Overall, the study demonstrates
that both geometric optimization and material property
tailoring play pivotal roles in enhancing MEMS
piezoresistive pressure sensor performance. While Ge offers
inherently higher baseline sensitivity due to its compliance,
Si benefits more from aggressive structural optimization,
particularly in thickness reduction, yielding a maximum
total sensitivity improvement of 256.8% compared to
140.6% for Ge. When applied in a Building Information
Modeling (BIM) framework for structural health
monitoring, these optimized sensor designs can be
embedded into digital twins of monitored assets. This
integration enables predictive maintenance, real-time
recalibration based on operational loads, and assurance that
both deflection and stress levels remain within safe design
thresholds, maximizing sensor lifespan and measurement
accuracy.

4. Conclusions

This study has presented a systematic investigation into
the enhancement of piezoresistive MEMS pressure sensor
sensitivity through a four-stage structural optimization
framework. The stages comprised: (1) relocation of
transverse resistors to the membrane center to maximize
exposure to principal stress, (2) introduction of edge
grooves to intensify local stress concentration, (3) addition
of sub-membrane support beams to amplify stress
localization while preserving structural stiffness, and (4)

optimization of membrane thickness to exploit the cubic
inverse relationship between thickness and deflection
predicted by classical plate theory. In addition to geometric
refinement, the study evaluated the impact of membrane
material selection, specifically comparing silicon (Si) and
germanium (Ge), on overall performance. Each stage was
implemented and analyzed using high-fidelity finite element
simulations in COMSOL Multiphysics, with results
presented for both materials to quantify performance gains.
Simulation outcomes demonstrate that the proposed
geometric modifications yield substantial improvements in
sensitivity, with cumulative gains after all four stages
reaching 256.8% for Si and 140.6% for Ge relative to their
respective baseline configurations. After the first three
stages, sensitivities were 7.86mV/psi for Si and
12.03 mV/psi for Ge, the latter’s advantage stemming
from its lower Young’s modulus and higher inherent
compliance. However, the Stage 4 thickness optimization
closed this performance gap, producing final sensitivities of
11.99 mV/psi for Si and 12.51 mV/psi for Ge -nearly
equivalent values. These findings suggest that membrane
thickness optimization can, in many applications, serve as
an effective alternative to material substitution for
achieving higher sensitivity. Conversely, selecting a
material with inherently favorable mechanical properties,
such as Ge, can reduce the reliance on aggressive thickness
reduction.  Application-specific  constraints, including
fabrication feasibility, allowable deflection, long-term
stability, and operating environment, should guide the
choice between these strategies. By combining theoretical
modeling with numerical simulation, this work delineates
the roles of both structural architecture and material
mechanics in sensor performance enhancement. When
embedded into a Building Information Modeling (BIM)
framework for structural health monitoring, the presented
optimization strategy allows for the integration of sensor
geometry, material properties, and operational constraints
directly into the digital twin. This enables predictive
recalibration, ensures adherence to deflection and stress
safety limits, and supports long-term measurement stability
across a wide range of engineering applications, from
biomedical diagnostics to aerospace and automotive
systems.
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