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Abstract—This paper describes the fabrication and properties
of ﬂexible strain sensors that use thin ribbons of single-crystalline
silicon on plastic substrates. The devices exhibit gauge factors
of 43, measured by applying uniaxial tensile strain, with good
repeatability and agreement with expectation based on ﬁniteelement modeling and literature values for the piezoresistivity
of silicon. Using Wheatstone bridge conﬁgurations integrated
with multiplexing diodes, these devices can be integrated into
large-area arrays for strain mapping. High sensitivity and good
stability suggest promise for the various sensing applications.
Index Terms—Flexible circuits, single-crystalline silicon sensor,
strain gauge.

I. I NTRODUCTION

T

HE DISCOVERY of piezoresistive effects in silicon by
Smith in 1954 [1] led to the development of classes
of silicon-based electromechanical sensor technologies that
are now in widespread use in various applications, including
structural health monitoring [2], tactile image detection [3],
cardiovascular pressure measurement [4], and many others [5].
Large piezoresistive coefﬁcients, high natural abundance, and
mature processing technologies represent attractive aspects of
silicon for these applications. Typically, silicon-based sensors
are fabricated on wafers and then subsequently diced and integrated into small packages with microelectronic integrated circuits for signal manipulation and recording [2]–[5]. Although
well conﬁgured for many applications, devices in this form
are incompatible with certain applications in structural health
monitoring for aircraft and in interfaces to the human body,
where large-area large-scale integrated networks of sensors on
thin deformable substrates are required. Conventional metal-
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foil strain gauges offer ﬂexibility and the potential for use in this
format, but they suffer low sensitivity [i.e., gauge factor (GF)]
and limited scalability to large areas due to lack of strategies
for multiplexed addressing (e.g., even a small 6 × 6 array
can require as many as 72 electrode pads for addressing.) [6].
Recent research has aimed to overcome this limitation through
the use of thin-ﬁlm amorphous, microcrystalline, and polycrystalline silicon-based sensors and multiplexing devices [7]–[9].
Piezoresistive effects in these materials are, however, substantially lower than those in single-crystalline silicon [8]. Other
approaches require the development of new classes of electronic materials, based on organic semiconductors, networks
of single-walled carbon nanotubes [10], sheets of graphene
[11], and others. Although certain of these technologies appear
promising, none has the maturity and proven effectiveness of
silicon.
In this paper, we report materials, integration strategies,
mechanical modeling results, and system demonstrations of
distributed networks of piezoresistive strain sensors based on
ultrathin single-crystalline silicon membranes bonded to thin
plastic substrates (i.e., polyimide). Such systems offer high
sensitivity (i.e., piezoresistive coefﬁcient or GF) of singlecrystalline silicon while providing lightweight construction and
mechanical ﬂexibility. By using Wheatstone bridge (WB) conﬁgurations for the sensors and coupling them to multiplexing
diodes, this technology can be scaled to large-area integrated
monitors with spatial mapping capabilities.

II. D EVICE S TRUCTURE AND FABRICATION
The procedures that we use here build on concepts demonstrated for ﬂexible electronics, in which ultrathin silicon ribbons
or membranes (which we refer to as microstructured silicon,
or μs-Si) are derived from bulk wafers, or silicon-on-insulator
(SOI) substrates, and then assembled using printing-like techniques onto thin sheets of plastic [12]–[14]. Here, we use SOI
(Soitec, unibond with 300-nm top p-type Si layer with resistivity of 14–22 Ω · cm) to create devices schematically illustrated
in an exploded view format in Fig. 1(a). The process begins by
deﬁning p- and n- doped regions in μs-Si via impurity diffusion
procedures described in detail elsewhere [14]. Increasing the
doping concentration improves the quality of the ohmic contacts and reduces the temperature dependence of the resistance,
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Fig. 1. (a) Schematic of a μs-Si resistor and a WB on a thin plastic substrate
(Kapton; 75-μm thick) (b) Secondary ion mass spectrometry results showing a
boron impurity concentration of ∼5 × 1018 /cm3 through the entire thickness
of μs-Si strain gauge. (c) Top-view optical micrograph of a representative WB
and an isolated μs-Si resistor. (d) Circuit diagram of the WB. A ±3 V input bias
is applied between nodes B and D. The voltage difference between nodes A
and C correlates to the uniaxial strain.

but at the expense of reductions in the piezoresistance factor
(i.e., strain sensitivity or GF) [15], [16]. With a boron concentration of ∼ 5 × 1018 /cm3 , silicon is sufﬁciently doped to
provide good ohmic contacts. Furthermore, at this concentration, the temperature dependence (i.e., temperature coefﬁcient
of resistance or TCR) is reduced by a factor of ∼ 5× [15],
whereas the longitudinal piezoresistance factor is maintained
to ∼80% [16] of its value at concentrations of 1 × 1016 /cm3 .
By precisely controlling the diffusion temperature and duration, approximately uniform concentrations of boron (∼ 5 ×
1018 /cm3 ) can be achieved throughout the thickness (i.e.,
300 nm) of the silicon used here, as illustrated in Fig. 1(b). We
then print μs-Si on a polyimide substrate (DuPont Kapton(R)
100E ﬁlm, 75-μm thickness) spin cast with a thin adhesive layer
of polyamic acid (Sigma Aldrich Inc.), as described in detail
elsewhere [12]–[14]. We use a simple strain gauge geometry, in
which a layer of SiO2 (200 nm deposited by plasma-enhanced
chemical vapor deposition) and metallization of Cr/Au (50 nm/
200 nm deposited by electron beam evaporation) serve as
interlayer dielectric (ILD) and electrodes, respectively. Fig. 1(c)
provides optical images of a strain gauge that uses a WB design
with four separate μs-Si resistors, as well as a separate isolated
μs-Si resistor, all on a polyimide substrate. The corresponding
circuit schematic appears in Fig. 1(d); power is applied to
nodes A and C, whereas output voltages are measured between
nodes B and D. Imbalances between the voltage drops across
the four resistors, caused by strains, lead to changes in Vout . We
note that the devices can be stretched along different uniaxial
modes, or in biaxial or other conﬁgurations. More complex
layouts of strain gauges are, however, needed to characterize
multiple strain components.
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Fig. 2. (a) Fractional change in resistance (ΔR/R0 ) of a μs-Si resistor as
a function of the applied longitudinal tensile strain; the slope corresponds to a
GF of 43. (b) Contour plot of strain calculated by FEM in a μs-Si resistor and
a WB for a strain of 0.1% applied to the polyimide substrate in the longitudinal
direction. (c) Change in output voltage ΔVout from a WB as a function of
uniaxial tensile strain. (d) Voltage output from a WB measured at different
stages of fatigue testing, which involves 1000 bending cycles to different radii
of curvature R indicated in the legend. For current designs, the minimum
bending radius is ∼3 mm. (e) Fractional change in resistance (ΔR/R0 ) of a
μs-Si resistor as a function of temperature from 40 ◦ C to 80 ◦ C, indicating
a TCR of 1.5 × 10−3 /◦ C and 7.0 × 10−3 /◦ C for unstrained and strained
conditions, respectively. (f) Change in output voltage ΔVout from a WB as
a function of various temperatures from 40 ◦ C to 80 ◦ C.

III. R ESULT AND D ISCUSSION
Uniaxial tensile strain applied along the lengths of resistor devices reveals its strain-induced changes in resistance.
Fig. 2(a) shows a representative set of data from a device that incorporates a strip of silicon with dimensions of 20 × 200 μm2 ;
the inset provides a schematic. The resistance linearly varies
with tensile strain throughout this range; the effective GF of
this heterogeneous system is ∼43 derived by
GF =

ΔR
R × εapp

(1)

where εapp is the applied strain onto the polyimide substrate.
Since the mechanical properties (e.g., moduli) of silicon and
the polyimide substrate differ by nearly a factor of 100, the GF
measured in this manner does not directly yield the value for
the μs-Si. An analysis by ﬁnite-element modeling (FEM) yields
distributions of strain that can be then used to determine intrinsic GF values (i.e., GFSi ). Fig. 2(b) presents a plot of the calculated strain on the top layer of the silicon resistor and the WB
strain gauge for an applied tensile strain of 0.1% along the
vertical direction. The FEM results indicate that the strain in
the silicon is approximately 0.045% when a strain of 0.1% is
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applied to the polyimide substrate for a device that has overall dimensions (i.e., silicon and surrounding polyimide) of
30 mm × 1 mm. The value of GFSi can be calculated by
GFSi = GF ·

εapp
.
εSi

(2)

For GF = 43 at an applied strain ε = 0.1%, the true strain in
silicon εSi = 0.045%, such that GFSi is found to be ∼97. The
intrinsic GF of [110] Si can be analytically calculated by the
following equation [17]:
GFSi[110] = απSi[110] ESi[110]
= 0.8 × 71.8 × 10−11 × 168 × 109
= 96.49

(3)

where α is a correction coefﬁcient accounting for different
doping concentrations [16], π is the piezoresistive coefﬁcient,
and E represents Young’s modulus. This calculated GFSi value
is in excellent agreement with our experiment and modeling
result.
Fig. 2(c) shows the change in the output voltage of a WB
strain gauge under ±3 V input bias as a function of applied
uniaxial tensile strain [see the inset in Fig. 2(c)]. To model the
voltage, we use the well-known equation
Vout
R4
R2
=
−
Vin
R3 + R4
R1 + R2

(4)

where R denotes the resistance of each bridge (i.e., each μs-Si
resistor) and can be calculated by
R = R0 (1 + GF · ε)

(5)

where ε is the applied strain, and R0 is the initial resistance
of each bridge. These gauges are sensitive to both in-plane and
bending strains. For samples under uniaxial tension, ε is the
applied tensile strain; for samples under pure bending (i.e., bent
around a cylindrical tube),
ε=

h
2r

(6)

where h is the sample sheet thickness, and r is the bending
radius. Simulation based on (4) and (5) result agrees well with
measured results, as illustrated in Fig. 2(c).
The mechanical fatigue properties of these devices are important to understand due to the mechanically brittle nature
of silicon and to the stresses that concentrate at the interface
between silicon and the underlying polyimide. For this purpose,
we measured the change in output voltage for many cycles of
bending to various radii. The results in Fig. 2(d) show that the
changes in output voltages do not vary in any appreciable way
to bending radii from 25 to 12 mm with up to 1000 cycles.
These data suggest mechanically robust construction and stable
operation. Another parameter of practical concern is sensitivity
to variations in temperature. Fig. 2(e) presents the resistance of
a μs-Si resistor as a function of temperature. The extracted TCR
of 1.5 × 10−3 /◦ C is comparable to literature values for p-type
silicon with ∼1018 /cm3 dopant concentration [15]. The value

Fig. 3. (a) Schematic of a mapping array of μs-Si strain gauges, with μs-Si
p-n diodes for multiplexed addressing. (b) Optical image of a representative array on a plastic substrate (Kapton); the inset on top and bottom left
gives a circuit diagram and a top view of a single unit cell, respectively.
(c) Current–voltage characteristics of a p-n diode with dimensions of 180 ×
180 μm2 and a thickness of 300 nm. The blue and red curves correspond to
linear and semilog plots. (d) Change in output voltage ΔVout from a WB as a
function of bending radius; positive and negative radii correspond to bending
in the outward and inward directions, respectively. The red dots and blue lines
correspond to experimental measurements and modeling results, respectively.

reduces to 7.0 × 10−3 /◦ C, perhaps due to the carrier repopulation induced by valence band splitting [18], for a device bent to
a radius of 25 mm. The reduction of GF in high temperature,
as a consequence, is comparable to silicon piezoresistors reported elsewhere [19]. For strain gauges in WB conﬁgurations,
same TCR associated with four μs-Si resistors yields minimal
temperature effect in the unstrained condition, although the
temperature can affect the device performance in the strained
state. According to Fig. 2(c) and (f), the voltage induced by
bending to a radius of 25 mm or, equivalently, by applying 0.15% tensile strain overwhelms the voltage induced by
changes in temperature for an operating range from 40 ◦ C to
80 ◦ C.
Electrically integrating these strain gauges with p-n diodes
can yield distributed networks of sensors with multiplexed
readout for large area applications. An additional ILD layer
(SU-8 2; MicroChem Corporation) resides between the ﬁrst
and second metal layers to separate the bias and data lines.
For multiplexing, we chose p-n diodes over transistors due to
their relative simplicity in construction and operation. Fig. 3(a)
shows the layout of such a system, where anodes of two p-n
diodes are connected at the output nodes of each WB. In this
structure, all WBs in each row share a single bias line for
one of their two input nodes, and all WBs in an array share a
−3 V bias line for their other input node (e.g., six rows require
a total of seven bias lines, i.e., six bias line for each row and
one −3 V bias line for the entire set.). Each column also shares
a line that is connected to the cathodes of the p-n diodes in that
column. Multiplexing operates by applying +3 V to the input
bias line of each row, in turn, while holding the bias of all the
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Fig. 4. Operation of the integrated array of μs-Si strain sensors, with μsSi p-n diodes for multiplexed addressing, showing responses to bending in
conﬁgurations, which induce uniform tensile and compressive strains, and a
combination of these two. The bending radius is ∼18 mm.
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IV. C ONCLUSION
This paper has presented a ﬂexible strain mapping technology and multiplexing strategy that uses printed micro/
nanostructures for single-crystalline silicon for gauges and
p-n diodes on plastic substrates. Mechanical and electrical
measurements show good stability and high sensitivity well
suited for many applications in structural health monitoring and
others. Extensions of these ideas can be used with stretchable
or curvilinear substrates to address demanding requirements in
strain mapping in biomedical applications.
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