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Abstract: Current stress sensors for microsystems face integration challenges and complex
signal decoding. This paper proposes a real-time uniaxially sensitive stress sensor. It
is obtained by simple combinations of bar resistors using their sensitivity differences in
different axes. With the aid of a Wheatstone bridge, the sensor can measure the uniaxial
stress magnitude by simple calibration of the stress against the output voltage and detect
the bidirectional stress magnitude and direction in a micro-zone by simple rotation. The
theoretical sensitivity obtained from simulation is 0.087 mV/V·MPa when the X-bridge is
stressed in the X-direction under 1 V of excitation, and the test sensitivity of the X-bridge
prepared in this paper is 0.1 mV/V·MPa. The design is structurally and procedurally
simple, exhibits better temperature stability, and reduces interface requirements, making it
suitable for the health monitoring of multi-chip microsystem chips.

Keywords: stress sensor; uniaxial sensitive; Wheatstone bridge

1. Introduction
Microsystems technology integrates sensors, controllers, actuators, and other multi-

functions through system architecture and software algorithms, and adopts micro/nano-
manufacturing and micro-integration processes to realize the micro/nanoscale system
structure, which is a kind of cutting-edge science and technology integrating microelectron-
ics, micro-electromechanics, and micro-optics technologies and has the advantages of high
integration, micro-miniaturization, low power consumption, and multi-functionality.

As the integration of microsystems increases, factors such as packaging and heat
generation lead to a significant increase in the internal stresses of the system, with the
mismatch of the coefficient of thermal expansion and packaging stresses being particularly
prominent. Microsystems are composed of a variety of materials (e.g., silicon, metals,
and ceramics) with different coefficients of thermal expansion, which produce different
degrees of expansion or contraction when the temperature changes, thus triggering internal
thermal stresses. At the same time, the mechanical constraints between the packaging
material and the chip during the chip packaging process also introduce stresses. These
stresses not only lead to material fatigue and damage, increasing the risk of desoldering
point failure, but also lead to device performance parameter drift during temperature
changes or prolonged operation, affecting the stability and consistency of the chip. Figure 1
gives some examples of typical failures that lead to device failure including cracked solder
joints, warped substrates, broken leads, etc. Therefore, in order to ensure the normal
operation of the chip within the microsystem, it is particularly important to monitor the
stress parameters of the key components of the chip [1–5]. Currently, the stress sensors
applied to microsystems are difficult to integrate with the system, and the stress sensors
need to decode the output signal, which is not easy to apply [6–14].
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Figure 1. Typical failure examples (Wire disconnection, Substrate warping, Solder joint cracking). 

Methods used to measure micro-area stress are mainly metal thin-film stress sensors 
and semiconductor thin-film stress sensors [15]. Among them, metal thin-film stress sen-
sors usually use strain-volume-induced changes in metal or alloy resistance to measure 
stress, have the advantages of good stability, and are applicable to a wide range of tem-
peratures, etc., but their sensitivity coefficient is low, and in order to obtain a larger output 
resistance, there needs to be a large number of winding metal resistors, resulting in a low 
degree of integration. Semiconductor thin-film stress sensors use strain-induced resistiv-
ity changes to measure stress [16–18], have high-sensitivity coefficients, and are easy to 
integrate and mass produce, but their preparation process is more complex, and signal 
processing is inconvenient. In addition, the traditional semiconductor thin-film stress sen-
sors are mainly patch-type, using adhesive and other methods to combine with the meas-
ured parts, through stress transfer measurement [19–23]. There are shortcomings such as 
stress transfer attenuation, lead complexity, introduction of load error, and difficulty in 
integration, which makes it difficult to apply to online stress detection inside multi-chip 
packaged microsystems [24–28]. 

Multi-chip-encapsulated microsystems are mainly integrated through the sub-
strate/adapter plate to achieve integrated packaging, and thin-film stress sensors inte-
grated in the microsystem packaging substrate, in the packaging process to complete the 
sensor chip batch embedding, can achieve the key microsystem parameters of the in situ 
measurement. At present, there are many problems with the above integration and testing 
methods, the most important of which is the limited number of embedded sensor in-
put/output (I/O) interfaces in the microsystem. Specifically, there is stress in the microsys-
tem in multiple directions; to measure the stress in each direction within the surface, the 
piezoresistive coefficients in each direction are calculated by the rosette resistor strip, and 
in the calibrated measurement method, at least four I/O interfaces are required and at least 
eight interfaces are required by the Kelvin measurement method, which makes the sen-
sors in the microsystems lead out to cause a high overhead of the I/O interfaces, especially 
to realize the state of the stresses within the microsystems. When inversion is required, 
arrayed embedded sensors are needed, and the number of I/O interface overheads is un-
acceptable for the microsystem. In addition, the accuracy of the sensors fabricated by this 
method has a large effect with temperature, making it difficult to use in high-temperature 
environments [29–34]. 

Figure 1. Typical failure examples (Wire disconnection, Substrate warping, Solder joint cracking).

Methods used to measure micro-area stress are mainly metal thin-film stress sensors
and semiconductor thin-film stress sensors [15]. Among them, metal thin-film stress sensors
usually use strain-volume-induced changes in metal or alloy resistance to measure stress,
have the advantages of good stability, and are applicable to a wide range of temperatures,
etc., but their sensitivity coefficient is low, and in order to obtain a larger output resistance,
there needs to be a large number of winding metal resistors, resulting in a low degree of
integration. Semiconductor thin-film stress sensors use strain-induced resistivity changes
to measure stress [16–18], have high-sensitivity coefficients, and are easy to integrate
and mass produce, but their preparation process is more complex, and signal processing
is inconvenient. In addition, the traditional semiconductor thin-film stress sensors are
mainly patch-type, using adhesive and other methods to combine with the measured
parts, through stress transfer measurement [19–23]. There are shortcomings such as stress
transfer attenuation, lead complexity, introduction of load error, and difficulty in integration,
which makes it difficult to apply to online stress detection inside multi-chip packaged
microsystems [24–28].

Multi-chip-encapsulated microsystems are mainly integrated through the sub-
strate/adapter plate to achieve integrated packaging, and thin-film stress sensors inte-
grated in the microsystem packaging substrate, in the packaging process to complete
the sensor chip batch embedding, can achieve the key microsystem parameters of the
in situ measurement. At present, there are many problems with the above integration
and testing methods, the most important of which is the limited number of embedded
sensor input/output (I/O) interfaces in the microsystem. Specifically, there is stress in
the microsystem in multiple directions; to measure the stress in each direction within
the surface, the piezoresistive coefficients in each direction are calculated by the rosette
resistor strip, and in the calibrated measurement method, at least four I/O interfaces are
required and at least eight interfaces are required by the Kelvin measurement method,
which makes the sensors in the microsystems lead out to cause a high overhead of the I/O
interfaces, especially to realize the state of the stresses within the microsystems. When
inversion is required, arrayed embedded sensors are needed, and the number of I/O in-
terface overheads is unacceptable for the microsystem. In addition, the accuracy of the
sensors fabricated by this method has a large effect with temperature, making it difficult to
use in high-temperature environments [29–34].

To address the above difficulties in existing applications, this paper provides a simula-
tion design of a single-axis-sensitive integrated stress sensor and its preparation method,
and experimentally verifies the feasibility of the design. This sensor does not need to
solve the output signal to solve for the stress component, and the measurement of the
unidirectional stress magnitude can be realized by the voltage output through a simple
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calibration of the stress versus the output voltage. In addition, the magnitude and direction
of bi-directional stress can be detected in the micro-region by a simple combination of
rotations. The method is simple in structure and preparation process, and it not only has
better temperature stability but also reduces the need of an I/O interface, which can be
popularized and applied to the health monitoring of multi-chip microsystem chips.

2. Materials and Methods
This paper uses the COMSOL Multiphysics (Version 5.6) finite element simulation tool

to guide the design of the sensor. In order to ensure simulation accuracy and optimization
performance, the simulation structure and model are appropriately simplified to improve
the mesh quality, accelerate the convergence, and reduce the computing time. The modeling
steps are roughly summarized as follows. Firstly, a solid block with a square top view
is constructed, and the sensor structure to be computationally verified is subsequently
stretched out on its top surface. In the second step, the material properties of all the solids
are set to p-Silicon (single-crystal, lightly doped) from the material library, and some basic
parameter values are shown in Table 1. The third step is to set the boundary conditions;
except for the two sides under force, the boundary conditions of the other two sides and
the bottom side are set to “Roller”, which constrains the normal displacement (or motion)
of the boundary and only allows the tangential direction to have displacement. The fixed
constraints are on the origin of the chip coordinates. This setting reduces unnecessary
constraints. In the fourth step, in the “Electric Currents” setting, the sensor part is set to
piezoresistive material and the doping region is uniformly p-type. The terminals and their
voltage or current values are set as required. Finally, the piezoresistive effect multiphysics
fields are applied to the model.

Table 1. Material parameters used in the simulation.

Parameter Name Si SiO2

Density (g/cm3) 2.23 2.20
Young modulus (GPa) 170 75

Poisson’s ratio 0.28 0.23
Relative dielectric constant 11.7 3.9

Doping concentration (/cm3) 1019 /

2.1. Rectangular Resistor

First, a rectangular resistor with a piezoresistive effect is shown in Figure 2a (X-bar).
When a force of equal magnitude is applied to it in the X-longitudinal and X-transverse
directions, the resistance changes as shown in Figure 2b. As can be seen from the COMSOL
Multiphysics simulation results, the sensitivity of the resistor to the X-longitudinal stress is
significantly greater than its sensitivity to the X-transverse stress, and there is a difference
of more than a factor of 5 between them. By rotating this resistor by 90◦, it is easy to obtain
a sensor that is sensitive to the Y-longitudinal directions (Y-bar).

On this basis, by adding a small section of the Y-bar to the X-bar (Figure 3a), the
longitudinal sensitivity of the Y-bar counteracts the transverse sensitivity of the X-bar to
achieve a sensor sensitive only to the x-direction, and by rotating it by 90◦, a sensor sensitive
only to the y-direction can be obtained, which is named the X-sensor and Y-sensor.
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Figure 3. (a) The combination of Y-bar and X-bar with their (b) sensitivity offset; (c) the sensitivity of
the X-sensor.

Figure 3c shows the sensitivity of the X-sensor; the sensitivity in the Y-transverse
direction is close to zero and the sensitivity in the X-longitudinal direction is much greater
than that in the Y-transverse direction, so it can be considered that this L-shaped sensor is
capable of uniaxial stress sensing.

To maximize the sensitivity of the L-sensor, a simulation study on the length–width
ratio versus longitudinal/transverse sensitivity is conducted (Figure 4a). “b” denotes
the length of the sensor and “a” denotes the width of the sensor. As the value of b/a
gradually increases, the ratio of the longitudinal sensitivity of the sensor to the transverse
sensitivity first increases and then decreases, reaching a maximum at b/a equal to 4.5. The
sensitivity in both directions at b/a equal to 4.5 is shown in Figure 4b. The sensitivity in the
X-transverse direction is close to zero and the sensitivity in the X-longitudinal direction is
much greater than that in the X-transverse direction, so it can be said that unidirectionally
sensitive stress sensing is achieved when b/a is 4.5.
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Figure 4. (a) Optimization of the sensor’s length–width ratio; (b) The sensitivity in both directions at
b/a equal to 4.5.

2.2. Wheatstone Bridge

For easier access to the sensor stress, L-shaped resistors are placed into a Wheatstone
bridge. Thus, the measurement of the stress magnitude can be realized by obtaining the
voltage output through a simple calibration of the stress versus the output voltage.

Firstly, to ensure that the output of the Wheatstone bridge is zero in the unstressed
state, the four resistors on the bridge should be kept equal. Then, to ensure that the bridge
has an output in only one axis, the four resistors should be maintained with the same
resistance change when stressed in the unresponsive axis of the bridge, making the bridge
output still zero. Finally, the voltage output of the bridge can be maximized by placing two
L-shaped resistors in the front and back halves of each of the two bridge paths.

Therefore, to compensate for the resistance change of the L-shaped sensor in the
non-sensitive axial direction, a 45◦ bar resistor is introduced here, called the 45◦-resistor.
This is obtained by rotating the X-bar or Y-bar by 45◦ and shows the same sensitivity on
both axes (Figure 5b).
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Figure 5. (a) 45◦ resistor and (b) its sensitivity in different axes.

Figure 6 shows two bridges that can be read separately to show the magnitude of
stresses in different directions. The Wheatstone bridge consists of a first 45◦-resistor R1,
a first L-shaped resistor Rx/Ry, a second 45◦-resistor R1, and a second L-shaped resistor
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Rx/Ry connected in the first and last orders via a transmission interface. In order to ensure
that the voltage output of the bridge is zero in the unstressed state, the R1 resistance should
remain equal to the Rx/Ry resistance. Then, in order for the bridge to maintain zero voltage
output when stressed in the non-response axis, it is necessary for the four resistors to
maintain the same sensitivity in the non-response direction. Therefore, the value of b/a
needs to be adjusted again so that Rx/Ry exhibits the same sensitivity in the non-response
direction as R1.
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Figure 6. The Wheatstone bridge sensitive to different axes.

The detection of bi-axis stresses within the micro-zone can be achieved by using a
combination of X-axis-sensitive integrated stress sensors and Y-axis-sensitive integrated
stress sensors in the micro-zone.

Theoretically, the response results of a uniaxially sensitive Wheatstone bridge at
different stresses are shown in Figure 7. Excited by a voltage of 1 V, this X-bridge maintains
an unchanged voltage output when stressed in the y-direction and exhibits a sensitivity
of 0.087 mV/V·MPa when stressed in the x-direction. As envisaged, a Wheatstone bridge
responding only in a single axis is successfully designed.
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The layout of the X-bridge and Y-bridge designed in this paper is shown in Figure 8.
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2.3. Fabrication Process

The fabrication process of the sensor is shown in Figure 9. First, a 725 µm thick
SOI wafer is provided with a Si crystal orientation of (110). Second, a 20–30 nm silica
layer is grown on the SOI wafer by thermal oxidation. It is then P+-doped using BF2

+

ion implantation (dosage is 2 × 1014 and energy is 40 KeV) and rapid thermal annealing
at 1080 ◦C for 30 s. Then, a 2 µm photoresist is spin-coated followed by reactive ion
etching and then P++ doping (dosage is 2 × 1015 and energy is 25 KeV). The next step
is silicon etching. And a layer of 0.2 µm SiO2 is deposited on top of the multilayer stack
by plasma-enhanced chemical vapor deposition (PECVD). It is then P++-doped by BF2

+

ion implantation (dosage is 1015 and energy is 15 KeV) and rapidly thermally annealed
at 1080 ◦C for 10 s. Finally, Ti is deposited and patterned. AlCu is deposited by physical
vapor deposition (PVD) and patterned.
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2.4. Characterization

The sensor seen under a scanning electron microscope (SEM) is shown in Figure 10.
X/Y sensors and the 45◦ resistor are well made.
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As shown in Figure 11 in this paper, the four-point bending (4PB) method is used to
test the stress of the material [35], and the resistance change of the device is tested by an
Agilent B1500A semiconductor analyzer (Agilent Technologies, Santa Rosa, CA, USA).
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In resistance measurement, the silicon beam is first supported in the middle of the 4PB
fixture, and the stress F is applied by the motor control and force sensor, ranging from 0 N
to 3 N. The probe is then brought into contact with the resistive gold pads by adjusting the
knob, and the force applied by the probe is about 0.02 N. Finally, the signal from the probe
is connected by a cable to the semiconductor analyzer for processing.

In the four-point bending test, the distance of the upper support is taken to be 8 cm,
and the distance of the lower support is taken to be 5 cm for the present experiments. Due
to the relatively long distance between the loading point and the support point, the stress
distribution of the beam in the pure bending section is more uniform, showing a more ideal
bending state.

3. Results
Figure 12 shows the resistance test values of L-shaped resistors with an average value

of 6891.1 Ω. The horizontal coordinate represents the serial number of the devices tested,
and a total of 90 chips from the wafer are tested and five L-shaped resistors are selected
for each chip. The resistance values of the resistors at five locations on each device are
tested separately.
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Figure 12. The resistance test values of L-shaped resistors.

When the L-shaped resistor is subjected to the same stress in each of the two axes,
its resistance change can be measured as shown in Figure 13. It can be seen that there
is more than a threefold difference between the sensitivity of the X-longitudinal and X-
transverse directions.
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Figure 13. L-shaped resistor’s change in resistance under load.

Figure 14 shows the test values of the rate of change in resistance for the 45◦-resistor.
When the 45◦-resistor is subjected to the same stress in the X and Y directions, respectively,
the rate of change in its resistance is so small that it can be ignored. When the resistance
change value of the 45◦-resistor under load is very small, the length–width ratio of the
L-sensor can be scaled again so that the sensitivity in the sensitive axis can be maximized.

Figure 15 shows the voltage change when the X-bridge is stressed in two directions. It
can be seen that the difference in the sensitivity of the X-bridge in two directions is about
three times the sensitivity in the x-direction than in the y-direction; moreover, the X-bridge
exhibits good linearity in both stress directions.

The X-bridge still responds in the non-sensitive direction, which is different from the
previous design result. Based on this result, the value of b/a can be adjusted again to
achieve the result that the X-bridge maintains zero output when stressed in the y-direction.
Excited by a voltage of 1 V, this X-bridge exhibits a sensitivity of 0.1 mV/V·MPa when
stressed in the x-direction.
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Figure 15. (a) X-bridge and (b) its voltage output under load.

The temperature coefficient of resistance (TCR) of the X-bridge is −0.103 mV/◦C as
shown in Figure 16. This may be due to the fact that the ion doping concentrations of
the four resistors on the bridge are not guaranteed to be identical during the fabrication
process; furthermore, the results do not set aside the effect of thermal stress.
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4. Discussion
Although the X-bridge shows good sensitivity in sensing stress in the x-direction,

its output is not zero in the non-sensitive direction. This may be due to errors in the
preparation process: when photolithography is aligned, the crystal directions are notch-
aligned (usually exhibits about 5◦ of deviation), which results in an error in the confirmation
of crystal directions, making the experimental results different from the simulation results.
The resistors are not perfectly aligned in two mutually perpendicular directions, so the
two directions are not completely canceled. The result obtained is not the sensitivity in
the ideal direction. In order to improve the alignment accuracy with the (110) and (100)
directions, the subsequent process will use KOH anisotropic wet etching. The etching
method has different etching rates for different crystal orientations of silicon. By using its
etched edge as a photolithography mark, lithography alignment accuracy can be improved.

The output is not actually zero in the state of zero stress and there is an offset of
approximately 30 mV in the unstressed state. Firstly, this may be because the simulation
results are not accurate enough. In the simulation, the sensitive directions of different
resistors do not strictly correspond to the crystal direction, so the differences in resistivity
between the (100) and (110) crystal directions are ignored. The actual bridges are prepared
with L-shaped resistance in the (110) direction and the 45◦-resistor in the (100) direction.
Secondly, unavoidable errors in the preparation will also lead to the existence of this
compensation; for example, the turn of the L resistor is not at a perfectly ideal right angle,
leading to the difference between the actual value and the calculated value. Follow-up
work can refine the simulation model, make improvements to the manufacturing process,
and fine tune the layout.

The following table (Table 2) briefly compares the results of the work in this paper
with those of other findings. It can be seen that this work innovatively achieves uniaxial
sensitivity and shows a good sensitivity of 0.16%/MPa.

Table 2. Comparison of existing piezoresistive stress sensors.

Work Uniaxial
Sensitivity

Piezo-Resistor
Sensitivity (%/MPa)

Piezo-Resistor
TCR(%/◦C)

Gharib et al. [18] NO 0.0125 0.129
Wang et al. [20] NO 0.025 0.015
Kayed et al. [36] NO 0.02 0.202

This work YES 0.16 0.064

5. Conclusions
In conclusion, the research presented in this paper has successfully developed a real-

time uniaxially sensitive stress sensor that addresses the pressing integration challenges
and complex signal decoding issues faced by current stress sensors in microsystems. The
proposed sensor leverages the simplicity of bar resistor combinations, capitalizing on
their difference in sensitivity across various axes, to achieve accurate stress measurement.
By employing a Wheatstone bridge circuit, the sensor simplifies the calibration process,
correlating stress to output voltage with ease.

The structural and procedural simplicity of the design, coupled with its improved
temperature stability and reduced interface requirements, positions this sensor as an
ideal solution for health monitoring applications in multi-chip microsystem chips. This
innovation represents a significant advancement in the field of microsystem stress sensing,
offering a practical and efficient approach to stress detection that is both reliable and cost-
effective. As a result, this research contributes to the ongoing development of more robust
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and intelligent microsystems, paving the way for enhanced performance and longevity in
various applications, from industrial to biomedical environments.

Author Contributions: Conceptualization, K.W. and T.W.; methodology, K.W., T.W., and W.Z.;
software, K.W.; validation, Z.X., X.L., and K.W.; formal analysis, K.W., Z.X., T.W., Y.Y., and W.Z.;
investigation, X.L. and K.W.; resources, C.W., Y.Y., T.W., and W.Z.; data curation, C.W. and Y.Y.;
writing—original draft preparation, Z.X. and K.W.; writing—review and editing, K.W., T.W., and
W.Z.; visualization, X.L. and K.W.; supervision, T.W. and W.Z.; project administration, T.W. and
W.Z.; funding acquisition, W.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant num-
ber 2021YFB3801700.

Data Availability Statement: The original contributions presented in this study are included in the
article, and further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Barlian, A.A.; Park, W.-T.; Mallon, J.R.; Rastegar, A.J.; Pruitt, B.L. Review: Semiconductor Piezoresistance for Microsystems. Proc.

IEEE 2009, 97, 513–552. [CrossRef] [PubMed]
2. Fiorillo, A.S.; Critello, C.D.; Pullano, S.A. Theory, Technology and Applications of Piezoresistive Sensors: A Review. Sens.

Actuators A Phys. 2018, 281, 156–175. [CrossRef]
3. Schreier-Alt, T.; Chmiel, G.; Ansorge, F.; Lang, K.-D. Piezoresistive Stress Sensor for Inline Monitoring during Assembly and

Packaging of QFN. In Proceedings of the 2013 IEEE 63rd Electronic Components and Technology Conference, Las Vegas, NV,
USA, 28–31 May 2013; pp. 2126–2131.

4. Zou, Y.; Suhling, J.C.; Jaeger, R.C.; Lin, S.-T.; Benoit, J.T.; Grzybowski, R.R. Die Surface Stress Variation during Thermal Cycling
and Thermal Aging Reliability Tests. In Proceedings of the 1999 Proceedings. 49th Electronic Components and Technology
Conference (Cat. No.99CH36299), San Diego, CA, USA, 1–4 June 1999; pp. 1249–1260.

5. Rahim, M.K.; Suhling, J.C.; Copeland, D.S.; Islam, M.S.; Jaeger, R.C.; Lall, P.; Johnson, R.W. Measurement of Thermally Induced
Die Stresses in Flip Chip on Laminate Assemblies. In Proceedings of the Ninth Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems (IEEE Cat. No.04CH37543), Las Vegas, NV, USA, 1–4 June 2004; Volume 2,
pp. 219–230.

6. Tian, K.; Wang, Z.; Zhang, M.; Liu, L. Design, Fabrication, and Calibration of a Piezoresistive Stress Sensor on SOI Wafers for
Electronic Packaging Applications. IEEE Trans. Compon. Packag. Technol. 2009, 32, 513–520. [CrossRef]

7. Kayed, M.O.; Balbola, A.A.; Lou, E.; Moussa, W.A. Development of Doped Silicon Multi-Element Stress Sensor Rosette with
Temperature Compensation. IEEE Sens. J. 2020, 20, 1176–1183. [CrossRef]

8. Zhu, X.; Qian, Z.; Chen, X.; Liu, L.; Sheng, C.; Gu, W. Electrohydrodynamics-Printed Silver Nanoparticle Flexible Pressure Sensors
with Improved Gauge Factor. IEEE Sens. J. 2021, 21, 5836–5844. [CrossRef]

9. Mohammed, A.A.S.; Moussa, W.A.; Lou, E. High Sensitivity MEMS Strain Sensor: Design and Simulation. Sensors 2008, 8,
2642–2661. [CrossRef]

10. Bittle, D.A.; Suhling, J.C.; Beaty, R.E.; Jaeger, R.C.; Johnson, R.W. Piezoresistive Stress Sensors for Structural Analysis of Electronic
Packages. J. Electron. Packag. 1991, 113, 203–215. [CrossRef]

11. Suhling, J.C.; Jaeger, R.C. Silicon Piezoresistive Stress Sensors and Their Application in Electronic Packaging. IEEE Sens. J. 2001, 1,
14–30. [CrossRef]

12. Balbola, A.A.; Kayed, M.O.; Lou, E.; Moussa, W.A. Testing of a Strained Silicon Based 3-D Stress Sensor for Out-of-Plane Stress
Measurements. IEEE/ASME Trans. Mechatron. 2021, 26, 1076–1083. [CrossRef]

13. Cho, C.-H.; Jaeger, R.C.; Suhling, J.C. The Effect of the Transverse Sensitivity on Measurement of the Piezoresistive Coefficients of
Silicon. Jpn. J. Appl. Phys. 2008, 47, 3647. [CrossRef]

14. Cho, H.; Jaeger, R.C.; Suhling, J.C.; Kang, Y.; Mian, A. Characterization of the Temperature Dependence of the Pressure Coefficients
of N- and p-Type Silicon Using Hydrostatic Testing. IEEE Sens. J. 2008, 8, 392–400. [CrossRef]

15. Bao, M.H. Analysis and Design Principles of MEMS Devices; Elsevier: Amsterdam, The Netherlands, 2005.
16. Kanda, Y. Piezoresistance Effect of Silicon. Sens. Actuators A Phys. 1991, 28, 83–91. [CrossRef]
17. Zhao, Y.; Liu, Y.; Li, Y.; Hao, Q. Development and Application of Resistance Strain Force Sensors. Sensors 2020, 20, 5826. [CrossRef]

https://doi.org/10.1109/JPROC.2009.2013612
https://www.ncbi.nlm.nih.gov/pubmed/20198118
https://doi.org/10.1016/j.sna.2018.07.006
https://doi.org/10.1109/TCAPT.2008.2006854
https://doi.org/10.1109/JSEN.2019.2948129
https://doi.org/10.1109/JSEN.2020.3038086
https://doi.org/10.3390/s8042642
https://doi.org/10.1115/1.2905397
https://doi.org/10.1109/JSEN.2001.923584
https://doi.org/10.1109/TMECH.2020.3016294
https://doi.org/10.1143/JJAP.47.3647
https://doi.org/10.1109/JSEN.2008.917491
https://doi.org/10.1016/0924-4247(91)85017-I
https://doi.org/10.3390/s20205826


Micromachines 2025, 16, 94 13 of 13

18. Gharib, H.H.; Moussa, W.A. On the Feasibility of a New Approach for Developing a Piezoresistive 3D Stress Sensing Rosette.
IEEE Sens. J. 2011, 11, 1861–1871. [CrossRef]

19. Jaeger, R.C.; Suhling, J.C.; Ramani, R.; Bradley, A.T.; Xu, J. CMOS Stress Sensors on [100] Silicon. IEEE J. Solid-State Circuits 2000,
35, 85–95. [CrossRef]

20. Wang, Z.; Tian, K.; Zhou, Y.; Pan, L.; Hu, C.; Liu, L. A High-Temperature Silicon-on-Insulator Stress Sensor. J. Micromech. Microeng.
2008, 18, 045018. [CrossRef]

21. Jaeger, R.C.; Suhling, J.C.; Carey, M.T.; Johnson, R.W. Off-Axis Sensor Rosettes for Measurement of the Piezoresistive Coefficients
of Silicon. IEEE Trans. Compon. Hybrids Manuf. Technol. 1993, 16, 925–931. [CrossRef]

22. Zou, Y.; Suhling, J.C.; Jaeger, R.C.; Ali, H. Three Dimensional Die Surface Stress Measurements in Delaminated and Non-
Delaminated Plastic Packages. In Proceedings of the 1998 Proceedings. 48th Electronic Components and Technology Conference
(Cat. No.98CH36206), Seattle, WA, USA, 25–28 May 1998; pp. 1223–1234.

23. Mohammed, A.A.S.; Moussa, W.A.; Lou, E. High-Performance Piezoresistive MEMS Strain Sensor with Low Thermal Sensitivity.
Sensors 2011, 11, 1819–1846. [CrossRef] [PubMed]

24. Mohammed, A.A.S.; Moussa, W.A.; Lou, E. Optimization of Geometric Characteristics to Improve Sensing Performance of MEMS
Piezoresistive Strain Sensors. J. Micromech. Microeng. 2009, 20, 015015. [CrossRef]

25. Zou, Y.; Suhling, J.C.; Johnson, R.W.; Jaeger, R.C.; Mian, A.K.M. In-Situ Stress State Measurements during Chip-on-Board
Assembly. IEEE Trans. Electron. Packag. Manuf. 1999, 22, 38–52. [CrossRef]

26. Lund, E.; Finstad, T. Measurement of the Temperature Dependency of the Piezoresistance Coefficients in P-Type Silicon. Am. Soc.
Mech. Eng. EEP 1999, 26, 215–218.

27. Beaty, R.E.; Jaeger, R.C.; Suhling, J.C.; Johnson, R.W.; Butler, R.D. Evaluation of Piezoresistive Coefficient Variation in Silicon
Stress Sensors Using a Four-Point Bending Test Fixture. IEEE Trans. Compon. Hybrids Manuf. Technol. 1992, 15, 904–914. [CrossRef]

28. Olszacki, M.; Maj, C.; Bahri, M.A.; Marrot, J.-C.; Boukabache, A.; Pons, P.; Napieralski, A. Experimental Verification of Temperature
Coefficients of Resistance for Uniformly Doped P-Type Resistors in SOI. J. Micromech. Microeng. 2010, 20, 064008. [CrossRef]

29. Meng, Q.; Lu, Y.; Wang, J.; Chen, D.; Chen, J. A Piezoresistive Pressure Sensor with Optimized Positions and Thickness of
Piezoresistors. Micromachines 2021, 12, 1095. [CrossRef]

30. Kayed, M.O.; Balbola, A.A.; Lou, E.; Moussa, W.A. Development of MEMS-Based Piezoresistive 3D Stress/Strain Sensor Using
Strain Technology and Smart Temperature Compensation. J. Micromech. Microeng. 2021, 31, 035010. [CrossRef]

31. Mohammed, A.A.S.; Moussa, W.A.; Lou, E. Development and Experimental Evaluation of a Novel Piezoresistive MEMS Strain
Sensor. IEEE Sens. J. 2011, 11, 2220–2232. [CrossRef]

32. Kayed, M.O.; Balbola, A.A.; Lou, E.; Moussa, W.A. Hybrid Smart Temperature Compensation System for Piezoresistive 3D Stress
Sensors. IEEE Sens. J. 2020, 20, 13310–13317. [CrossRef]

33. Cho, H.; Jaeger, R.C.; Suhling, J.C. Characterization of the Temperature Dependence of the Piezoresistive Coefficients of Silicon
From −150 ◦C to +125 ◦C. IEEE Sens. J. 2008, 8, 1455–1468. [CrossRef]

34. Lund, E.; Finstad, T.G. Design and Construction of a Four-Point Bending Based Set-up for Measurement of Piezoresistance in
Semiconductors. Rev. Sci. Instrum. 2004, 75, 4960–4966. [CrossRef]

35. Noda, K.; Sun, J.; Shimoyama, I. 6-Axis Stress Tensor Sensor Using Multifaceted Silicon Piezoresistors. Micromachines 2021, 12,
279. [CrossRef]

36. Kayed, M.O.; Balbola, A.A.; Moussa, W.A. A New Temperature Transducer for Local Temperature Compensation for Piezoresistive
3-D Stress Sensors. IEEE/ASME Trans. Mechatron. 2019, 24, 832–840. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/JSEN.2010.2102350
https://doi.org/10.1109/4.818923
https://doi.org/10.1088/0960-1317/18/4/045018
https://doi.org/10.1109/33.273694
https://doi.org/10.3390/s110201819
https://www.ncbi.nlm.nih.gov/pubmed/22319384
https://doi.org/10.1088/0960-1317/20/1/015015
https://doi.org/10.1109/6104.755088
https://doi.org/10.1109/33.180057
https://doi.org/10.1088/0960-1317/20/6/064008
https://doi.org/10.3390/mi12091095
https://doi.org/10.1088/1361-6439/abdbd6
https://doi.org/10.1109/JSEN.2011.2113374
https://doi.org/10.1109/JSEN.2020.3005091
https://doi.org/10.1109/JSEN.2008.923575
https://doi.org/10.1063/1.1808917
https://doi.org/10.3390/mi12030279
https://doi.org/10.1109/TMECH.2019.2891069

	Introduction 
	Materials and Methods 
	Rectangular Resistor 
	Wheatstone Bridge 
	Fabrication Process 
	Characterization 

	Results 
	Discussion 
	Conclusions 
	References

