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A pedicle screw is a component for fixation in spine fusion surgery, often for patients with osteoporosis. Spine fusion condition
highly depends on whether the pedicle screw is tightly fixed on spine, if not, spine fusion will not work properly. After the surgery,
the first 3 months is the most crucial period, and bone healing situation cannot be shown through X-ray before the first radiologic
images taken around the sixth week. Therefore, it is helpful to have a nonradiative method to monitor the locking force of the
pedicle screw after surgery, especially during the early stage. Here a passive wireless force sensor is developed for monitoring the
locking force of the pedicle screw, as we call it a smart washer. By integrating a capacitive ring-shape force sensor with an inductor,
a passive LC sensor can be built by measuring the resonant frequency wirelessly. The smart washer is designed and calibrated to
establish the relation between the locking force and resonant frequency, and then it is fixed with a screw in a porcine femur, with
and without medium between the reader and inductor. When the locking force decreases from 8.3 to 0.9N, the error is less than
0.5N, and the maximum wireless sensing distance is 72mm. However, the medium between the reader and the sensor inductor will
affect the resonant frequency, but not the sensitivity. Therefore, the locking force variation can still be calculated by the resonant
frequency shift accurately. Furthermore, by designing another five LC sensors with different operating resonant frequency ranges,
it is possible to identify locking forces at different locations for more pedicle screws. To our knowledge, no LC force sensor was
proposed to monitor the locking force of pedicle screws after surgery in the past.

1. Introduction

In orthopedics, due to people’s aging, there are a lot of diseases
and accidents to cause bones fracture, degenerative, infection,
and inflame. To help patients with these diseases and acci-
dents, diagnosis, treatment, and postsurgical monitoring are
all very important. In orthopedic treatments, the orthopedic
screws are often used for bones fixation and realign. Unfortu-
nately, there is some probability of the orthopedics screws to
become loose, which may make orthopedic treatment failure
and bone-screw-related complications, including infection
and inflammation [1–4]. To reduce risk of orthopedic screws
loosen, improving orthopedic screws fixation [5–8] and mon-
itoring orthopedic screws loosen status [9, 10] are desired.

For instance, the pedicle screw system is one of the most
common methods in spinal fusion surgery. The purpose is to
fix the patient’s vertebra in place to maintain its stability for

the bones to heal. The first 3 months after the surgery is the
most crucial period during the healing process. Thus, the
condition of the pedicle screw fixation in the bone affects
the outcome directly. In current clinical practice, X-ray-
based images are used to check bone healing and the condi-
tion of the screw, including static radiographs [11], dynamic
radiographs [12], and computed tomography [13]. Since spi-
nal fusion [14] takes time, X-ray images are usually taken
6 weeks after the surgery, and it is not recommended to have
X-ray examinations frequently in a short period of time.
However, there is a fair chance of pedicle screw loosening
after surgery that causes unsatisfactory recovery. Therefore,
a nonradioactive method will be helpful to check the fixation
statuses earlier and more regularly during the first 3 months.

To implant a sensor in human body to measure locking
force of pedicle screw, remotely wireless sensing is preferred.
Without a battery attached to the sensor, a passive sensor,
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it is smaller and safer. Therefore, a wireless passive sensing
device is suitable to be implanted in human body for mea-
suring locking force of a pedicle screw. Various sensing prin-
ciples were proposed to measure the locking force of a screw,
such as piezoelectric [15], piezoresistive [16, 17], and piezo-
magnetic [18]. However, those devices are active and wired
devices, not suitable to be placed inside the human body. A
passive wireless vibroacoustic device [19] was proposed to
measure relative distance between orthopedic pedicle screws
and bones to decide the loosening status of pedicle screws
during surgery. However, it is not suitable after surgery to
monitor the loosening status of pedicle screws.

LC (inductor and capacitance) sensors could be passive
and wireless, and many design improvement schemes were
proposed [20–30]. Some of them were proposed for wireless
sensing in harsh environment, including sensing pH in
chemical environment [20], working at high-temperature
environment [21–23]. Some of them were proposed for sens-
ing physical properties, including monitoring structural
health [24], sensing multiple physical quantities by one sen-
sor [25–28]. Furthermore, some of them were proposed for
sensing bioinformation, including measuring blood pressure
in discussing the feasibility bioapplication [29] and eye pres-
sure with biocompatibility [30]. However, to our knowledge,
no LC force sensor was proposed to monitor the locking
force of pedicle screws after surgery.

Here, a passive wireless LC sensor, as we call it a smart
washer, is developed to show the feasibility to detect the locking
force of the pedicle screw. The proposed smart washer does not
require a battery and canmeasure the locking force remotely, as
shown in Figure 1(a). It is based on the LC technology. When
the locking force variation induces the capacitive change on the
force sensor, the resonant frequency of the LC circuit changes
as well, as listed in Equation (1). By measuring the resonant
frequency shift by an external reader, the variation on locking
force can be identified as well, as shown in Figure 1(b). The
proposed a nonradioactive approach has great potential to help
medical staffs to inspect the condition of the pedicle screw
fixation in bones after surgery:

f ¼ 1

2π
ffiffiffiffiffiffi

LC
p ; ð1Þ

where f is the resonant frequency, L is the inductor, and C is
the capacitance.

2. Materials and Methods

2.1. Concept Design. The proposed LC sensor includes a flat
inductor and a capacitive force sensing ring like a washer, as
shown in Figure 2. When the distance between two plates in
a parallel-plate capacitor changes, the capacitance also varies
according to Equation (2), as well as the resonant frequency:

C ¼ Aε
d
; ð2Þ

where A is the overlap area of two plates, d is the distance of
two plates, and ε is the dielectric constant of the material
between two plates.

Spine bone
Skin

Reader

Smart washer

Pedicle screw

ðaÞ

Information

Force

Energy

C Antenna

Reader

Network
analyzer

L

Sensors

R

f

m
ag

.

ðbÞ
FIGURE 1: Operating principle: (a) schematic illustrations of wireless sensing for monitoring locking force of the pedicle screw and
(b) principle of wireless LC sensor.
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FIGURE 2: Concept design: (a) schematic illustration of the wireless
sensor on the pedicle screw, including (b) the inductor and (c)
capacitive force sensing ring.
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As Figure 2 illustrates, the flat inductor with a plug is
mounted on the top of the pedicle screw to reduce the dis-
tance to the skin surface, and the capacitive force ring is
placed under the rod holder. The inductor and the capacitive
sensor are connected through wires to form the LC loop.
After the pedicle screw is fixed on the bone with the desired
locking force, a corresponding resonant frequency can be
measured. If the screw loosens, the distance between the
two plates in the capacitive sensor will increase. Then
the capacitance becomes smaller, which leads to the increase
of the resonant frequency.

As shown in Figure 3(a), the pedicle screw used here has
a diameter of 5.5mm, including the whorls. The length of the
screw is 39mm, with 3mm containing no whorls. During
surgery, screws are used in pairs, and certain distances are
required between two pedicles in both directions. Figures 3(b)
and 3(c) illustrate the dimensional constraints on the capac-
itive sensor and the inductor. For a longer wireless sensing
distance, a larger antenna is preferred. The inductor is made
of copper wire with diameter of 0.5mm. There are six loops
for the inductor, where the height h= 1mm, length L= 35mm,
and widthW= 23mm. In addition, the inductor is wrapped in
PDMS to ensure the biocompatibility. The initial inductance is
calculated to be 2.68μH by Equation (3) [31], and its measured
value is 3.17μH:

I ¼ 0:0276 Wþ Lð ÞNð Þ2
1:908 Wþ Lð Þ þ 9hþ 10Dc

; ð3Þ

where N is number of loops, h is height of the inductor, and
Dc is cooper wire diameter.

The capacitive force sensor consists of two metal plates
and the dielectric layer between them. Two commercially
available stainless washers are used as the plates. The upper
plate has a 12.7mm outer diameter, a 5.5mm inner diame-
ter, and 1mm thickness. To prevent the lower plate from
touching the pedicle screw (which would cause short-circuit
of the capacitor), we use a lager washer of 6mm inner

diameter, 16mm outer diameter, and the same 1mm thick-
ness. The biocompatible PDMS is the chosen dielectric mate-
rial of the capacitive force sensor. The outer diameter is
16mm which fits with the bottom plate and the inner diam-
eter is 5.5mm. The thickness of the dielectric layer is 1mm,
and the capacitance measured value is 3.6 pF, and the system
capacitance is 5.41 pF.

2.2. Fabrication. Figure 4 depicts the fabrication process of
the LC sensor. The copper wire is wrapped around the acrylic
mold to form the inductor. To build a capacitive force sensor,
the upper stainless plate is placed in the acrylic mold with
PDMS poured in and then the bottom plate is placed on top.
After the PDMS is solidified, the capacitive force sensor can
be removed from the acrylic mold. By connecting the induc-
tor and the capacitive sensor with the copper wire, the pas-
sive wireless LC sensor is built, as shown in Figure 5.

3. Testing Results

There are three types of tests. First, the calibration on sensor is
performed to establish the relation between the locking force
and the resonant frequency. In the second test, the LC sensor
is fixed on a porcine femoral bone to investigate the sensor
performance with and without extra tissue between the reader
and the sensor. Finally, vibration tests are conducted to exam-
ine the variation of the locking force while loosening the
pedicle screw gradually with a shaker.

3.1. Calibration. Figure 6 shows the experiment setup. A
resistive force sensor (FSR-400) is adopted as a reference
force sensor to measure the locking force of a screw fixed
on a wood block. A network analyzer (Agilent 4395A) is used
to read the resonant frequency. In the tests, the screw is
screwed into the plate by hand as tight as possible and
then is gradually turned loose. By performing this process
three times, the results shown in Figure 7 are obtained. When
the locking force decreases from 9.3 to 0N, the resonant
frequency shifts from 37.8 to 38.57MHz. The sensitivity
based on the fitted linear curve is 0.073MHz/N. The wireless
sensing distance between the reader and the sensor inductor
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FIGURE 3: Dimensions and constraints: (a) dimensions of the pedicle screw; (b) constraints on the capacitive force sensor; and (c) constraints
on the inductor.
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FIGURE 4: (a–e) Fabrication process of the inductor and the capacitive force sensor.

FIGURE 5: Fabricated prototype of the passive wireless locking-force sensor.
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FIGURE 6: Calibration tests: (a) schematic illustration of the experiment setup on the locking platform to calibrate the relation between the
locking force and the corresponding resonant frequency; (b) photograph of the experimental setup.

4 Journal of Sensors



can be up to 72mm. The limit of detection of the sensor on
locking force is 0.47N where there is an evident frequency
drop from the initial resonant frequency.

3.2. Locking Force Test on a Porcine Femur. After calibration,
the device is tested on a porcine femoral bone to mimic the
practical situation, as shown in Figure 8. A screw with the
capacitive force sensor is fixed in the femur and a slice of
1.2-cm-thick pork is attached on top of the inductor. The
relations between the locking force and the resonant fre-
quency with and without the pork slice are shown in Figure 9.
Without the pork slice, 9.0N locking force induces 0.76MHz
frequency shift. The resonant frequency at 0N locking
force is 38.59MHz, similar to the result of the calibration
test. The sensitivity based on the fitted linear curve is
0.071MHz/N, close to the sensitivity of 0.073MHz/N in
the calibration test.

3.3. Vibration Test. When the pedicle screw is installed, its
locking force may vary due to the changes in bone mass
(density) or the patient’s daily movements. In this test, we
apply external vibration to loosen the locking force of the
bone screw, as shown in Figure 10. After integrating the
pedicle screw and the sensing device, we lock the screw in

the femur and fix the femur and the sensing device onto a
vibration platform. Then, a continuous vibration with a fre-
quency of 20Hz and an acceleration of 4m/s2 is applied to
the platform. The relations between the locking force and the
resonance frequency are measured once every 30min. The
results are shown in Figure 11. When the vibration reaches
36,000 times, the locking force reduces from 8.3 to 8N. The
estimated value is very similar to the reference measured by
the piezoresistive sensor. When the vibration comes to
72,000 times, the locking force reduces to 6N, and the esti-
mated value is 6.5N. When it reaches 108,000 times, the
locking force greatly reduces to 1.3N, and the estimated
value is 1.2N. When the vibration is 144,000 times, the lock-
ing force reduces to 0.9N.

4. Discussions

In the calibration test, while calculating the locking force
from the resonant frequency, the absolute value of the lock-
ing force could be affected by the medium between the reader
and the inductor, but the sensitivity is nearly the same.
Therefore, the variation of the locking force still can be cal-
culated by the resonant frequency shift.
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FIGURE 7: The measured resonant frequency with respect to different locking forces on the locking platform.
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FIGURE 10: Photograph of (a) the passive wireless sensing device mounted on the pedicle screw and (b) the experiment setup on the porcine
femur in the vibration test.
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In the locking force test, when a slice of pork is placed
between the reader and the LC sensors, the resonant fre-
quency at 0N becomes lower. However, the sensitivity is
0.072MHz/N, very close to the sensitivity without the pork
slice.

In the vibration test, the final measurement is compared
to the initial measurement of 8.3N, the change value is 7.4N.
The change of locking force estimated by the resonance fre-
quency is 7.9N. Compared to the measured change value
(7.4N), the error is 0.5N. Within this resonance frequency
range 37.75–38.37MHz, the errors of the locking force
between the estimated values and the direct measurements
are all less than 0.5N. It indicates that the variation of the
locking force can be estimated with good accuracy by using
the measured resonance frequency.

In general, the distance from the human spine to skin
surface is about 30–60mm [32, 33], and the maximum mea-
surement distance 72mm of our device is suitable for most
cases, but may not suitable for seriously obese patients whose
distance from spine to skin surface could reach 80mm [33].
Furthermore, it is often to use more than one pedicle screw
in surgery. The possibility of using multiple screws with LC
sensors is discussed below.

4.1. Multiple LC Sensors Design. In spine surgery, it may need
4–6 pedicle screws. In order to identify the signals from
different sensors, six LC sensors with different resonant fre-
quencies are designed, as listed in Table 1, where all six LC
sensors have the same capacitive force sensors, but different
inductances.

When the locking force on the f1 sensor increases from 0
to 9.2 N, the resonant frequency of f1 LC sensor is decreased
from 38.43 to 37.61MHz. In order to make resonant fre-
quency range of f2 sensor does not overlap with f1, the loops
and height of f2 inductor are increased to 9 turns and 1.5mm,
respectively. Its estimated and measured values of inductance
is 4.12 and 4.63μH, respectively. Therefore, in locking force
test, the resonant frequency range of f2 sensor is from 33.34 to
32.61MHz, which does not overlap with f1. On the other
hand, its sensitivity is 0.069MHz/N, and its maximum wire-
less sensing distance is 64mm.

By the similar procedure, the other four LC sensors with
different resonant frequency ranges are designed, fabricated,
and tested, as listed in Table 1. Among these six LC sensors,
the maximum sensitivity is 0.078MHz/N, and the minimum

sensitivity is 0.029MHz/N, and the farthest wireless sensing
distance is 72mm, and the shortest one is 56mm.

4.2. Interference of Two Passive Wireless LC Sensors. When
two passive wireless LC sensors are too close, it is possible to
cause interference which makes resonant frequencies of LC
sensors shift in sensing. To find the minimum separation
distance of two sensors without interference, the inductor
distance experiment of two sensors is carried out, as shown
in Figure 12. Among the six passive wireless LC sensors,
resonant frequencies of f1 and f2 are the closest, and resonant
frequencies of f1 and f6 are the farthest. The interference
experiment result with f1 sensor and f2 sensor is shown in
Figure 12(b). It shows that when the separation distance S is
0.8 cm, the resonant frequency shift of f1 and f2 is about
0.2MHz. When the separation distance is increased to 2 cm,
the resonant frequency shift is almost 0MHz. On the other
hand, the minimum separation distance S is 1.2 cm for f1 and
f6 two sensors, as shown in Figure 12(c). According to these
results, at least 2 cm separation distance between these six LC
sensors is enough to avoid interference in reading resonant
frequency.

5. Conclusions

The pedicle screw system is for spinal fusion surgery. The
first 3 months after the surgery is the most crucial period.
Currently, the examination of the bone healing condition
relies on the radiologic approach. A nonradiative method
for monitoring the locking force of the pedicle screw on
the bone after the surgery is favorable to check the fixation
condition earlier and more frequently. This study proposes
to use a passive wireless LC sensor for monitoring the pedicle
screw’s locking force by integrating a ring-shape capacitive
force sensor and an inductor, as we call it a smart washer.
When the locking force decreases, the capacitance of force
sensor also decreases and the resonant frequency becomes
higher. By measuring resonant frequency shift, the variation
of the locking force can be estimated through the calibration
curve. Our experiment results show that when the locking
force decreases from 8.3 to 0.9N, the error is less than 0.5N.
The maximum wireless sensing distance is 72mm. However,
the medium, referring to the pork slice in the test, between the
reader and the inductor will affect the resonant frequency, but
will not influence the sensitivity. Therefore, the absolute value

TABLE 1: Six LC sensors with different resonant frequencies.

LC sensor type f 1 f 2 f 3 f 4 f 5 f 6

Loops of inductor (turns) 6 9 12 15 18 21
Vertical height (mm) 1 1.5 2 2.5 3 3.5
Estimated inductance (μH) 2.68 4.12 7.66 12.45 18.00 27.82
Measured inductance (μH) 3.17 4.63 8.67 10.15 18.90 27.16
Measured frequency range (MHz) 38.43–37.61 33.34–32.61 22.47–21.89 20.71–20.26 12.28–11.91 10.11–9.79
Sensitivity (MHz/N) 0.078 0.069 0.057 0.042 0.034 0.029
Measured maximum wireless sensing
distance (mm)

72 64 66 60 58 56
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of the locking force could be inaccurate due to the medium
between the sensor and reader, but the locking force variation
still can be calculated accurately by the resonant frequency
shift. Another five LC sensors are also designed, fabricated,
and tested to have different operating resonant frequency
ranges. It is possible to identify locking forces at different
locations with more pedicle screws.
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