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bstract

A MEMS (microelectromechanical system) capacitive-based pure bending strain sensor is presented for use in spinal fusion monitoring. The
ensor is designed to interface with a telemetry system that does not require a battery and contained in a housing that is attached to spinal fusion
ods. The cantilever structure of the sensor is composed of two parallel plates with a narrow gap and a conjoint end. Nine permutations of the
esign with different metal coverage areas (14 mm2, 9.3 mm2 and 4.7 mm2) and gaps (3 �m, 6 �m and 7.4 �m) were examined. The nominal
apacitance ranges from 7.6 pF to 42 pF. The capacitance changes 31.4–65.1% for a strain range of 0–1000 �� depending on the design parameters.

n analytical model is developed for the sensor mounted to a cantilever test bar and compared to experimental results of actual devices. The model

nd experimental results show an average difference of 5% for all nine designs investigated. The final sensor design achieved a linear gauge factor
f 252 and was fabricated for the spinal fusion application.
ublished by Elsevier B.V.
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. Introduction

Titanium or stainless steel rods are implanted to stabilize
ertebrae movement during spinal fusion surgery, which allows
one grafts to fuse two or more vertebrae. Radiograph images
X-rays), computed tomography scans (CT) and magnetic res-
nance imaging (MRI) procedures are used to assess fusion
rogress and diagnose problems during patient recovery. How-
ver, the imaging techniques yield subjective results [1] and as
consequence, result in unnecessary exploratory surgeries to

scertain the efficacy of the spinal fusion surgery.
Typical spinal fusion fixation hardware is shown in Fig. 1. As

he grafted bone fuses, the bending strain of the implanted rod
ecreases as the load is transferred to the fused vertebrae [2].

herefore, bending strain can be used as an alternative method

o monitor the progress of spinal fusion. Although most strain
auges are capable of measuring axial strain due to tension and
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hanical system (MEMS); Spinal fusion monitoring

ompression or their equivalents derived from bending, a sensi-
ive bending strain sensor that only responds to bending strain
s also desirable for spinal fusion purpose. The strain sensor is
xpected to measure 1000 �� based on an adult of 200 pounds in
corpectomy model under bending with 2 stainless spinal fusion

ods (6.4 mm in diameter and 50.8 mm long) implanted [3]. An
n vivo wireless inductively powered strain measurement system
as been developed to make this measurement practical. Capac-
tive bending strain sensors are attractive for this application
ecause of their low current requirement for sensing and associ-
ted circuitry [4]. MEMS capacitive sensors using wireless data
ransmission have been evaluated in many applications such as
umidity [5,6], temperature [6] and pressure sensing devices
6–10]. The telemetry approach to monitor strain uses induc-
ively coupled battery-less technology similar to the technology
sed in Radio Frequency IDentification (RFID) devices [6–11].
he Spinal Fusion Measurement Implant (SFMI) consists of a

ensitive bending strain sensor, inductively powered telemetry
ircuitry and an antenna packaged in a hermetically sealed hous-
ng that attaches to the diameter spinal fusion rod. The distance
etween two vertebrae is about 25.4 mm in the lumber region,

mailto:j0lin001@gwise.louisville.edu
dx.doi.org/10.1016/j.sna.2007.04.069
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Fig. 1. A typical spinal fusion fixation instrumentation.
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Fig. 2. The SFMI implant attached to a spinal fusion rod.

aking the maximum length of the housing limited to approx-
mately 12.5 mm long. Therefore, it is desirable that the sensor
ength be less than 10 mm. The housing is installed between two
edicle screws, as illustrated in Fig. 2, and will transfer the bend-
ng strain from the rod to the sensor as described in Ref. [12]. The
urved surface of the rod is compensated with the 2 mm thick
lastic housing which conforms to the rod and is trimmed 1 mm
own to provide a flat area of 2 mm × 10 mm for the sensor to
ount. This paper focuses on the development and optimization

f the custom bending strain capacitive sensing element needed
or SFMI applications.

. Background

The SFMI application requires a high bending strain sen-
itivity with enough nominal capacitance to avoid loss due to
arasitic capacitance, compatibility with an inductively powered

ircuit, and suitable dimensions for system packaging. These
haracteristics were primarily considered when reviewing lim-
ted examples of previous parallel plate capacitive strain sensors
n the literature.

o
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i
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The basic concept of the capacitive strain sensor features
pair of metalized parallel plates with a dielectric gap. The

ensing mechanism manifests itself in varying either the area of
he plate, the gap between the plates, or the dielectric medium
etween the plates. A number of parallel plate sensor designs
ith a variable air gap were analyzed by Procter and Strong

13]. These sensors generally exhibited low nominal capacitance
nd sensitivity due to the large gap. In an attempt to increase
he nominal capacitance in a non-air gap design, Arshak et al.
14] demonstrated a sensor with a parallel plate structure and
thick-film dielectric material. The dielectric film between the

wo plates was compressed during bending, thus expanding the
lm in area and decreasing the thickness from the perspective of

he electrodes. These changes in the film geometry lead to a high
auge factor of 75–80 with a 15–25 �m gap based on a uniform
odel. The capacitive gauge factor is defined by the fractional

hange in capacitance with respect to strain. This thick-film
ielectric produced both capacitive and resistive responses to
train making this approach electrically unique, but undesir-
ble for the SFMI application due to power consumption. In
nother design, Arshak et al. invoked the change in permittiv-
ty of a dielectric material resulting in a gauge factor of 3.5–6,
ith a 150 �m gap [15]. This variable permittivity approach

xhibits limited sensitivity that showed no dependency on its
imension (the gauge factor is constant and only depends on the
piezocapacitive” effect). This low gauge factor approach would
equire additional circuitry that is not desired for this implant
esign.

In general, the change in gap between the parallel plates due
o applied strain is very small. Therefore to obtain high sensitiv-
ty, these changes need to be as large as possible with respect to
he unstrained gap. Designs that maximize the change in gap
nd minimize the unstrained gap are optimal. Using non-air
ielectrics to increase the gauge factor has been shown to be
uccessful but has disadvantages such as less ideal electrical
roperties and more complex fabrication.

. Sensor design

The bending strain sensor described herein meets the require-
ents of high nominal capacitance, high sensitivity, and compact

imensions. It utilizes a variable gap configuration comprised of
ilicon and glass beams that are bonded at one end and open at
he opposing end. The bottom silicon plate was affixed to the
ending test structure. As the structure bends, the bottom plate
onforms to the structure and moves away from the straight top
late. The gap therefore widens along the stretch of the sensor,
roviding an effective mechanical amplification of the gap not
een in the typical uniform gap sensors [14,15]. To achieve high
ensitivity, a combination of a narrow gap and relatively long
lates are required. Sensitivity is also geometry dependent and
an be changed not only by changing the initial gap and length
ut also by concentrating the metal areas to the more mobile

pening end of the plates. Three coverage configurations of the
etal areas, as shown in Fig. 3, with each having three different

nitial gaps configurations (not shown) were developed to char-
cterize the sensor’s response. The air dielectric provides for low
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ig. 3. (a) Design #1, 100% electrode on glass with metal (yellow color); (b) de
n silicon; (e) complete sensor—anodically bonded glass and silicon. (For inter
eb version of the article.)

onductance making the sensor ideal for low power active and
assive telemetry applications.

The cantilever-structured design developed in this paper is
trictly a bending strain sensor that does not respond to axial
train and is therefore described analytically using a bending
ubstrate.

. Working principle of the sensor

The mechanism of sensing pure bending on a test substrate is
escribed in two-fold: the capacitance and the strain condition
mposed on the sensor, as illustrated in Fig. 4. The capacitance
rom two parallel electrode plates is given by

= ε0εr
A

D
(1)

here A is the area, D the distance between two parallel plates,
0 the permittivity and εr is the dielectric constant of the material
etween the plates.

In order to measure the strain magnitude, a cantilever test
ubstrate is utilized. For strain and capacitance calculations, it is
ssumed that the dimensions of the cantilever test substrate are
arge compared to the sensor and that the sensor is firmly affixed
o the substrate. For a cantilever beam, the moment of inertia, I,
s given by [16]

1
=
12WT 3 (2)

here W is the beam width and T is the beam thickness. For a
eam in uniaxial state of stress, the strain at any point on any

t
e
r
a

2, 67% electrode coverage on glass; (c) design #3, 33% on glass; (d) electrode
tion of the references to color in this figure legend, the reader is referred to the

urface under bending is given by [16]

= σ

E
= Mc

EI
= 6Fd

EWT 2 (3)

here σ is the stress on the surface, E the Young’s modulus of
he steel test substrate, M the bending moment, c the distance
rom the neutral axis to the surface, F the force applied at the
ree end of the beam and d is the sensor location from the free
nd of the beam. The sensor location on the beam is given by

= L − L4 + L2

2
(4)

here L is the length of the cantilever test substrate, L4 and L2 are
he longitudinal boundaries that define the bottom beam of the
ensor. Fig. 4a shows the sensor location on the bent cantilever
est substrate. Fig. 4b is the side view of a bending condition of
he sensor design depicted in Fig. 3e, showing the sensor’s metal
ayer coordinates and the widened gap, D0 + D(x). Fig. 4c–e
hows the details of the top and bottom electrode while under
ending for the three designs of interest (100% metal coverage,
6% metal coverage and 33% coverage), as seen in Fig. 3a–c.
he initial sensor capacitance is given by

0 = ε0εr
w1(L2 − M1)

D0
+ ε0εr

w2(M1 − L1)

D0
+ Cp (5)

here L1 marks the beginning of the metal layer on the bottom
lectrode, L2 not only represents the boundary of the sensor
ut also the end of the metal layers on both the bottom and

op electrode beams and therefore, L2 − L1 = L0 the effective
lectrode length. With various designs, M1 is a variable that
epresents the start of the metal layer on the top electrode beam
nd also ends the trace that connects the electrode to the pad on



J.-T. Lin et al. / Sensors and Actuators A 138 (2007) 276–287 279

F + D(x
t ate.

t
o
m
F
o
t
i
c
p
o
p

i
s
b
p
a
b

v

w
a

s
d
(

v

w
a
d

θ

t

v

(

b

ig. 4. (a) The sensor on a substrate bar under bending. (b) The sensor’s gap D0

hree sensor designs and their respect metal coordinates on the cantilever substr

he bottom beam. Therefore, w1(L2 − M1) represents the area
f the overlapping metal plates, w2(M1 − L1) the area of the
etal trace, and D0 the initial spacing between the plates (see
ig. 4b and c). The first term represents the capacitance of the
verlapping metal plates. The second term is the capacitance of
he trace between the electrode and the pad. The third term, Cp,
s the parasitic capacitance of the metal traces between L1 and L3
ombined with the planar pads between L4 and L5. L3 is also the
ivot point where the gap starts and L5 is the physical boundary
f the top electrode beam. Capacitance calculations for planar
ads indicate that the third term is 0.035 pF [17].

In order to estimate sensor sensitivity to strain, the capac-
tance change caused by an applied strain is calculated using
tandard beam equations. The sensor metal plate attached to the
eam will follow the beam deflection while the initially parallel
late will remain straight under deformation. The deflection of
cantilever beam and the attached sensor metal plate is given

y [16]

−F

(x) =

6EI
(3Lx2 − x3) (6)

here the v(x), as seen in Fig. 4a, is the vertical displacement
t position x on the beam. The initially parallel plate remains

v

), zoomed in from above, varies as a function of position x. (c), (d) and (e) The

traight and its position is represented by a line tangent to the
eformed beam at the pivot point of the sensor. The tangent line
see Fig. 4a) is given by

t(x) = θ(x)x + b (7)

here θ(x) is the slope at x and b is a constant determined by
boundary condition. The slope is determined from the first

erivative of the deflection and given by

(x) = −F

2EI
(2Lx − x2) (8)

At the sensor pivot point, L3, from Fig. 4b, the deflection of
he two metal plates is equal, providing the boundary condition

t(L3) = v(L3) (9)

The constant b from (7) is solved by combining (6), (8) and
9) at point L3 and becomes

= F

6EI
(3LL2

3 − 2L3
3) (10)
Therefore, the tangent line is expressed as

t(x) = − F

2EI
(2LL3 − L2

3)x + F

6EI
(3LL2

3 − 2L3
3) (11)
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The increased gap (see Fig. 4b) between the two electrode
lates is a function in the x-direction and expressed as

(x) = vt(x) − v(x) (12)

The capacitance change is determined by calculating the aver-
ge distance between the two metal plates of the strain sensor.
he average displacement, in addition to the initial gap, between
ain metal layers is expressed as

1 = 1

L2 − M1

∫ L2

M1

(vt(x) − v(x)) dx (13)

here M1 is where the sensing portion of metal starts and L2
here it ends. The capacitance due to the trace has an average
isplacement of D2, which is expressed as

2 = 1

M1 − L1

∫ M2

L1

(vt(x) − v(x)) dx (14)

here the metal stops at L1. Capacitance, due to beam deforma-
ion, Cf, is given by

f = ε0εr
w1(L2 − M1)

D0 + D1
+ ε0εr

w2(M1 − L1)

D0 + D2
+ Cp (15)

ombining (3), (13), (14) and (15), yields

f = ε0εr
w

D0+(ε(L(L3
2−M3

1 )−(1/4)(L4
2 − M4

1 ) + (3L2
3L−2L3

3

+ε0εr
w2

D0+(ε(L(M3
1−L3

1)−(1/4)(M4
1−L4

1)+(3L2
3L−2L3

3

The sensitivity of three different strain sensor designs with
hree different initial gaps was calculated. The values of the
nitial gaps are 3 �m, 6 �m and 7.4 �m, determined by the
abricated sensors. Although all the sensors behave in a non-
inear fashion from (16), one can define an average sensitivity,
1000, in the range from 0 �� to 1000 �� for the spinal fusion
easurement, to be

1000 = (C0 − C1000)/C0

10−3 (17)

here C0 is the capacitance at zero strain and C1000 is the capac-
tance at 1000 ��. S1000 is similar to the devices “gauge factor”.
ince the gauge factor term is traditionally reserved for lin-
ar devices, we have elected to define a separate performance
etric, S1000 to accommodate devices that respond in either lin-

ar or non-linear fashion. The calculation results of the average
ensitivity for all nine designs are listed in Table 4.

In addition to the bending response for a spinal fusion strain
imulation, several properties of the sensor are heeded. In cases
here bending is upward, the tip of the flexible bottom plate can

xceed the initial gap to touch the straight upper plate, resulting
n a limitation of sensing. When the distance between the tips

f the two plates becomes zero or “pinched”, the condition is
xpressed as

0 − (vt(L2) − v(L2)) = 0 (18)

e
t
s
t

tors A 138 (2007) 276–287

− M1)

−M1) + ((3/2)L2
3 − 3L3L)(L2

2 − M2
1 )))/3dT (L2 − M1))

−L1)

−L1)+((3/2)L2
3−3L3L)(M2

1−L2
1)))/3dT (M1 − L1))

+ Cp

(16)

Solving (18) for the force, Fc, required for the two electrodes
o pinch yields

c = 6EID0

3L2
3L − 2L3

3 − 3(2L3L − L2
3)L2 + 3LL2

2 − L3
2

(19)

The resulting strain at the sensor location for the applied force
c is found by substituting (19) into (3) giving

c(d) = 6Fcd

EWT 2

= 36dID0

WT 2(3L2
3L − 2L3

3 − 3(2L3L−L2
3)L2 + 3LL2

2−L3
2)

(20)

here εc defined as contact strain, represents the limiting con-
ition when the tips of the two plates pinch together. It is clear
rom (20) that the contact strain is proportional to the initial
ap. Results regarding the limiting measurement of strain for
ifferent initial gaps will be compared with experimental results.

One restraint of the parallel plate sensor is the natural deflec-
ion of the suspended beam because it would alter the initial gap
nd create non-parallel characteristics. Two factors need to be

onsidered after the release of the plates: the maximum deflec-
ion due to gravitational acceleration and the Casimir effect [18].
he deflection due to gravitational force is given by [17]

max = 3gρL4
0

2Egt
2
1

(21)

here δmax is the displacement at the tip, g the gravitational
cceleration, ρ the density of glass, L0 the length of cantilever
eam, Eg Young’s modulus for glass and t1 is the glass thick-
ess. The tip deflection distance at the end of the cantilever is
alculated to be 0.0077 �m, which is negligible compared to
he initial gap of a few micrometers. The Casimir effect on the
arallel conductors is even smaller compared to the deflection
aused by gravity [18].

. Sensor fabrication

The sensor fabrication process is illustrated in Fig. 5.
he materials include borosilicate glass (Pyrex Corning 7740,
00 �m thick) and silicon wafers (p-type, (1 0 0), 1–10 � cm,
ouble side polished, 310 �m thick). Fabrication began with
lean glass and silicon substrates as shown in Fig. 5a and c. An

lectrode, traces, and a pair of contact pads were patterned onto
he glass substrate by sputtering 0.02 �m chromium for adhe-
ion layer followed by 0.2 �m of gold. The metal trace leading
o the bonding area makes electrical contact with the silicon side
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Fig. 5. Cantilever bending strain sensor fabrication process. Illustrations on the left are the side views and on the right are the top views. (a) Pyrex (Coring 7400)
g xidat
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lass, (b) sputter of Au/Cr on glass as one electrode, (c) silicon substrate, (d) o
latforms for anodic bonding with glass, (f) sputter Au/Cr on silicon as the othe
nodically bonded and (h) the individual sensor after final separation, noting th

lectrode after anodic bonding. Wet etching was used to pattern
he metal (Fig. 5b).

The silicon wafer was wet oxidized (Fig. 5d), patterned using
hotolithography and etched with buffered oxide etch (BOE)
olution to form an oxide mask for silicon surface machining.
he wafer was etched using potassium hydroxide (KOH) at
5 ◦C (approximately 0.7 �m/min) to form recessed features and
reated the initial gap spacing. The etching mask was removed
sing BOE leaving two silicon islands, which function as anchor
latforms for the anodic bonding interface, as seen in Fig. 5e.
n electrode and trace were then sputtered and patterned onto

he silicon using the previously described metallization process.
he small contact area on the raised anchor connected the pad
n the glass plate with the electrode on the silicon plate via the

races, as seen in Fig. 5f.

The glass and silicon wafers were stacked with the metal
urfaces facing each other and visually aligned using a mask
ligner. Methanol was used to temporarily maintain alignment.

s
a
s
t

ion of the silicon as the etching mask, (e) etching silicon with KOH to create
trode, (g) side view of partial dicing (arrows marks) after glass and silicon are
between the two electrodes.

he substrates were anodically bonded at 450 ◦C on a grounded
otplate using a pointed probe to selectively place a −1000 V
ource on the glass, as shown in Fig. 5g. This technique of selec-
ively applying the electric field and bonding pressure prevented
he recessed spaces from bonding to each other due to thermally
nduced warpage and electrostatic attraction.

An automated dicing saw equipped with a 250 �m thick
iamond blade was used to separate the individual sensor die
rom the bonded wafers. The silicon substrate was diced nearly
hrough at the area above the contact pads. This was accom-
lished by limiting the depth of the cut and using the dicing
lignment marks previously patterned on the silicon. Cuts to
ndividually remove the sensors were similarly made from the
ilicon and glass substrate leaving approximately 30 �m of each

ubstrate’s depth (Fig. 5g). Care was taken to avoid chipping
nd prevent debris from filling the sensor gap. The sensors were
eparated from the wafer manually by flexing them to break
he remaining thin substrate (Fig. 5h). Two wires were attached
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Fig. 6. A bending capacitive strain sensor (design #2).

ith silver conductive epoxy to the sensor contact pads. A com-
leted bending capacitive strain sensor is shown in Fig. 6. A
EM image was taken at the open end of the sensor to show the
reestanding parallel plates (Fig. 7).

. Finite element analysis

FEA was performed using CoventorWare software to visual-
ze stress concentration for the glass and silicon material when
ach was used as a bottom plate. The working range of the sen-

or is limited by the fracture strength of the bottom plate and
he “pinch” condition in which the two electrode plates touch
n the reversed bending direction. Glass has fracture strength
f approximately 60 MPa and the silicon crystal 7 GPa. Exper-

7

i

ig. 7. SEM image of the edge of a 6 �m gap sensor shows the parallelism of the two
310 �m thick).
ig. 8. FEA showing stress distribution on the surface of the bottom glass plate
silicon is hidden).

mentally, the glass was found to fracture around 300 �� when
sed as the section attached to the bending test bar, whereas
he silicon did not fracture until 1800 �� when attached to the
ending test bar. These fractures occurred at the peak stress con-
entration location shown in Fig. 8 as predicted. For maximum
ynamic range, the silicon substrate is preferred as the bottom
eam of the sensor.
. Sensor testing

Nine various combinations were fabricated for testing. Test-
ng was performed to gather behavioral characteristics of the

electrodes. The top plate is glass (500 �m) thick and the bottom plate is silicon
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Table 2
Design variables and results of calculation at 1000 ��

Design 1 Design 2 Design 3

Electrode coverage 100% 67% 33%
Starting metal position M1 = L1 M1 = L1 + (L0/3) M1 = L1 + (2L0/3)
Metal length L0 2L0/3 L0/3
Trace length 0 L0/3 2L0/3
D0 (�m) 3, 6 and 7.4 3, 6 and 7.4 3, 6 and 7.4
D
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ig. 9. Steel test structure containing the bending strain sensor (design #3, top)
nd a reference metal foil strain gauge (bottom).

ensor and to correlate capacitance values to strain using cali-
rated foil strain gauges. Adequately bonding the sensor to the
est fixture is critical for proper strain transfer. M-bond AE-10
poxy (Vishay Measurements Group) was chosen after experi-
enting with various cyanoacrylate and epoxy adhesives. The

apacitive bending strain sensor and a conventional metal foil
eference gauge were placed side by side onto the cantilevered
est steel bar, as shown in Fig. 9. The coordinates of the sen-
ors on the steel test bar and their dimensions and properties are
isted in Table 1. A load was applied to the free end of the bar
o produce strains in approximately 100 �� increments at the
ensor location. Capacitance of the bending strain sensor was
easured using a HP 4280 CV meter and the metal foil refer-

nce gage was monitored using a Measurements Group P-3500
train indicator.

One important aspect is that the sensor’s resolution does not
et worse because the capacitance is inversely proportional to
he frequency in the c–f converter [19] in the implant circuit. The
requency is further divided for modulation. The relationship of
he capacitance and the frequency of the system can be expressed
s

= D

2.3RC
(22)
here f is the modulation frequency, D the division factor of
he modulation, R the resistance and C is the capacitance. With
urther simplification, the capacitance Cf in Eq. (16), is also

able 1
alues used in the design and calculation with the sensor on test steel bar

ensor
ocations

Value Cantilever
test bar

Value Sensor
parameters

Value

(mm) 395 W (mm) 60 Cp (pF) 0.02

0 (mm) 7 T (mm) 5 w1 (mm) 2

1 (mm) 53 L (mm) 450 w2 (mm) 0.05

2 (mm) 60 E (GPa) 200 t (mm) 0.31

3 (mm) 52.5 ε0 (F/m) 8.854 × 10−12

4 (mm) 51 εr 1

5 (mm) 50 D0 (�m) 3, 6 and 7.4

a

d
s
T
v
3

T
T
e

G

3
6
7

1 (�m) 3.36 4.76 6.78

2 (�m) 0 0.542 1.64

nversely proportional to the bending strain value,

f = A

B + ε
(23)

here A and B are constants, thus, the modulation frequency and
train value have a linear relationship. The wireless transmission
as based on frequency from the oscillator that converts the

apacitance to the frequency.
Some of the fabricated sensors were wirelessly tested after

eing connected to the telemetry circuit and bonded onto
he sealed SFMI housing assembly. The SFMI assembly was
ttached to a stainless steel fusion rod. A bio-mechanical test
as performed by mounting the rod and SFMI assemble on
edicle screws implanted in the spine of a cadaver. Measure-
ents were taken at various body positions. The spine was then

xcised and mounted on a material test machine and subjected to
oads before and after disc tissue removal to simulate fused and
n-fused conditions. The implant circuitry, the telemetry reader,
nd the surgery setup and results were detailed in [20].

. Results and discussion

Various sensor designs were investigated. Table 2 lists the
alues of the design variables and the average displacements
alculated between the electrodes and traces. The nominal
apacitance and performance differences at 1000 �� between
he calculated and experimental results of the nine designs are
hown in Table 3. The average difference between all designs is
%. Design #3 with a 3 �m gap shows the highest difference of
0.8%. This is due to the small fabrication error in the gap that
ffects the nominal capacitance and overall performance.

The response of the 3 �m sensor for each metal distribution
esign is shown in Fig. 10. Design #3 also exhibits the highest

ensitivity compared to the other designs, as seen in Table 4.
he average sensitivity of design #3 is confirmed by calculated
alues of the average displacement, D1, which increases from
.36 �m for design #1 to 6.78 �m for design #3 as the metal cov-

able 3
he nominal capacitance and performance difference of the calculated and
xperimental results in the range of 0–1000 ��

ap (�m) Design #1 Design #2 Design #3

.0 42 pF, 4.2% 29.5 pF, 4.2% 18.2 pF, 10.8%

.0 21.6 pF, 2.6% 14.5 pF, 4.0% 9.4 pF, 5.5%

.4 18.4 pF, 5.0% 12.8 pF, 5.0% 7.6 pF, 3.2%
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Fig. 10. Capacitance vs. strain response for sensors with 3.0 �m gap.

Table 4
Average sensitivity (S1000) over the range of 1000 �� as defined in Eq. (17), for
the nine sensor permutations

Design Result Design #1 Design #2 Design #3

3 �m gap Calculation 529 604 661
Experiment 532 596 651

6 �m gap Calculation 359 423 482
Experiment 387 450 583
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“pinch” condition occurs at a slightly lower strain magnitude
.4 �m gap Calculation 312 371 427
Experiment 314 378 462

rage shifts to the end of the plates. Capacitance contributed by
he electrical trace area is small compared to the main electrodes.
verage sensitivities for different gaps of design #3 are the high-
st for the same reason because the change in capacitance is
elated to the averaged change in gap relative to the unstrained
ap. Most of the sensitivity occurs at the beginning of bending
ecause the gap is relatively small in the unstrained state, as seen
n Fig. 11. At higher strain values, the gap is increased and the
hange in gap is relatively small. Sensitivity, hence, is non-linear
hroughout the 1000 ��. Therefore, the change in sensitivity is
elatively smooth at higher strain values, indicating the larger
ap has a more linear sensitivity behavior.

Gap dependence results for sensor design #1 are shown

n Fig. 12. A similar trend in gap dependence is evident in
esigns #2 and #3. The sensitivity increases as the unstrained
ap decreases, as discussed previously and is shown in Fig. 13.

Fig. 11. Sensitivity of 3.0 �m gap with different designs.

c
s

ig. 12. Capacitance vs. strain response for sensor design #1 with different gaps.

his is also confirmed by the value D1, as compared with the
nstrained gap, where a larger value indicates a higher change
n capacitance.

The other factor responsible for linear sensitivity is inferred
rom the average displacement values of D1 and D2. In Table 2,

1 of design #1, and D2 of design #3 and design #2 also repre-
ent the average displacements of sensors with cantilever beam
ength of 7 mm, 4.67 mm and 2.33 mm in full metal coverage
design #1of their lengths). The average displacement decreases
rom 3.36 �m to 0.54 �m as the cantilever beam lengths (design
1) decrease from 7 mm to 2.33 mm. As the sensor length
ecreases, sensitivity decreases at lower strain conditions, avoid-
ng high displacement at the end of the flexing beam, resulting
n a better linearity over a larger strain range.

Since the average displacements and the gap in all sensors
nder test from 0 �� to 1000 �� are comparable, changes in
apacitance are close to the nominal values. From the experi-
ental results, the capacitance values of the nine designs change

rom 31.4% (design #1 with 7 mm full metal length) to 65.1%
design #3 with 2.33 mm metal length at the movable end). In
ther words, the average sensitivity of the 9 designs, as defined
y (17), ranges from 314 to 651 in experimental values and
re also listed in Table 4 for comparison with the calculated
alues.

During upward bending, experimental results show that a
ompared to the calculated values, as seen in Fig. 14. Contact
train occurs when the capacitance stops increasing as the two

Fig. 13. The sensitivities of design #1 with different gaps.
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Fig. 14. A comparison between the calculated and experimental results of the
“pinch” limit.
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the strain. Using a linear fit of the differential capacitance data
graphed in Fig. 17, the gauge factor was calculated to be 252
for 0–1000 ��. This value is unmatched in the current literature
[13–15]. By comparison, piezoresistive gauges typically pro-
Fig. 15. Hysteresis behavior of sensors with 6 �m gap.

lates near contact. Shorting is prevented since the plates are
lightly longer than the electrodes.

Low hysteresis is evident for the 6 �m gap sensor, as shown
n Fig. 15. The average hysteresis value of the nine designs is
.5% with a cyclic loading. Sensors in design #3 of all gaps
how more hysteresis difference, as seen in Table 5, due to
heir more sensitive nature. A constant strain of 600 �� was
mposed on a sensor for more than 300 h at room tempera-
ure with no trend in capacitance drift and fluctuation of less
han 1%. The dielectric constant of air only changes a few ppm
ue to small fluctuations in temperature, pressure and humid-
ty [16]. These experiments show an air dielectric change of
21 ppm/RH% from 10% to 85% relative humidity. Tempera-
ure affects capacitance by 157 ppm/◦C in the temperature range
f 20–130 ◦C. Temperature effect on the sensor largely depends

pon the substrate due to the thermal coefficient of expansion
etween the bottom plate of the sensor, adhesive and the test
ubstrate. Abrupt changes in capacitance are caused by severe

able 5
ensor hysteresis in a loading cycle

ap (�m) Design #1 (%) Design #2 (%) Design #3 (%)

1.8 1.9 3.7
1.2 0.8 6.5

.4 5.3 4.1 5.9
F

ig. 16. Comparison of the calculation and experimental results of a strain sensor
lued to a spinal fusion rod.

umidity changes and were observed at times due to vapor con-
ensation on the plates. However, the sensor will eventually be
ackaged in a hermetically sealed housing prior to implantation.
herefore, humidity and temperature effects should not be a
oncern.

The bending strain sensors from Table 2 produce non-linear
ensitivities to varying degrees over the tested range. A linearly
esponsive gauge can be designed, at some cost to sensitivity, by
educing the electrode length (design #1) or by increasing the
ominal gap. Sensors fabricated with less than 3 �m gap have
een fabricated, but with unreliable capacitance values and low
ield because of the collapsing of the two electrodes during the
nodic bonding process. In an effort to maintain high nominal
apacitance, preserve sensitivity and promote linearity, a sensor
ith an electrode area of 2 mm × 4 mm, 100% metal coverage

nd a gap of 3 �m was fabricated for final SFMI prototyping.
his sensor was tested on a spinal fusion rod with a near-linear

esponse, as shown in Fig. 16. Gauge factor is defined as

F = dC/C

ε
(24)

here dC/C is the fractional change of capacitance and ε is
ig. 17. Linear plot for the bending strain sensor with gauge factor of 252.
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ide a gauge factor less than 200 [21] even at the cost of high
emperature sensitivity.

. Conclusions

A MEMS fabricated SFMI sensor design achieved an excep-
ionally high sensitivity due to the mechanical advantages of a
ong beam and a small nominal gap. The small gap also provided
ufficient capacitance to avoid sensitivity losses due to parasitic
apacitance from packaging and connected circuitry. Varieties
n the sensor design parameters resulted in 65.1–31.4% changes
hat are equivalent to the non-linear gauge factor of 314–651
n the measured range from 0 �� to 1000 ��. A final sensor
esign with a linear gauge factor of 252 was also calculated and
abricated.

Calculations reliably predicted the measured response typi-
ally within 5%. Hysteresis and drift testing showed the sensor
o be repeatable and stable. Most importantly, the sensor showed
atisfactory sensitivity while connected to a battery-free wireless
elemetry circuit and during bio-mechanically testing.
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