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Abstract

Highly sensitive, wide-measurement-range compact load sensors are desirable for various applications, including
measurement of biosignals, manipulation and stiffness measurement of cells, and so on. Conventional load sensors
are highly sensitive but have relatively small measurement ranges. A load sensor using an AT-cut quartz crystal
resonator (QCR) has superior characteristics such as, high accuracy, improved strength under compressive stress,
long-term stability, and compact size. However, a retention mechanism is required to firmly support the QCR
because the QCR is easily broken by stretching and bending motions. Conventional machining processes are not
suitable for further miniaturization of the sensor. Even if the retention mechanism were miniaturized, the assembly
process is complicated.
In this paper, we propose a novel design and fabrication method for a load sensor using the QCR. Using
microfabrication and bonding, the assembly process was simplified. We demonstrate the feasibility of a
miniaturized QCR load sensor whose volume is 24.6 mm3 (width is 4 mm, height is 5.6 mm, depth is 1.1 mm). The
experimental results showed that the nonlinearity and hysteresis were 0.94% F.S. and 1.68% F.S., respectively.
Additionally, sensitivity of the sensor was 1458 Hz/N. We improved the sensitivity and stability of the sensor; the
fluctuation was 0.04 mN over a period of 1 min. Moreover, the effects of the temperature change were evaluated.
The temperature and the sensor output were linear within the range of 20°C–50°C.

Keywords: Quartz crystal resonator; Load sensor; Microfabrication
Background
Highly sensitive, wide-measurement-range, compact load
sensors are desirable in many fields, such as the medical
field and biological fields. Using a high-performance load
sensor, we can realize health management by simultan-
eous detection of multiple biosignals, such as distribu-
tion of body (high load), pulse/blood pressure, and body
motion by breath (small loads) on a bed/chair. More-
over, it could be possible to handle cells without damage
and to measure the stiffness of the cells using the load
sensor for force feedback in manipulation. Load sensors
have employed different methods, such as the use of
strain gauges [1,2], piezoelectric vibration [3,4], and cap-
acitance changes [5]. Conventional load sensors can be
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highly sensitive; however, in most cases, their measure-
ment ranges are relatively narrow.
To realize a high-performance load sensor with both

high sensitivity and a wide measurement range, we fo-
cused on the quartz crystal resonator (QCR). We devel-
oped a load sensor using the QCR (QCR load sensor).
Quartz crystal is a piezoelectric element. The QCR gen-
erates a periodic signal with high stability based on vi-
bration. The resonant frequency of a QCR changes with
high linearity depending on the external force [6,7]. In
addition, quartz crystals have high strength under com-
pressive stresses [8]. Therefore, a high-resolution and
wide-measurement-range load sensor can be realized
using the QCR.
However, the QCR is fragile and easily broken by

stretching and bending [9]. Therefore, a retention mechan-
ism is required to affix the QCR to avoid detrimental hori-
zontal forces [10-14]. Moreover, the retention mechanism
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plays an important role in efficiently transmitting external
loads to the QCR. Fabrication of the retention mechanism
and assembly process are complicated; miniaturization of
the retention mechanism is quite difficult. Additionally,
the sensor output is not linear owing to a gap between
the retention mechanism and the QCR, and therefore,
preload must be applied to the QCR to obtain linear out-
put. In our previous work, a screw mechanism was used
to apply preload to the retention mechanism [13,14]. This
increased the number of sensor parts and further com-
plicated assembly. In addition, to achieve further mini-
aturization and improvements in the sensor sensitivity,
conventional machining processes are not feasible owing
to the small size of the sensor elements.
In this paper, we aim to improve the QCR load sensor

with regard to miniaturization and sensitivity to increase
its number of effective applications. We propose a novel
design and fabrication method of the load sensor using
microfabrication and bonding. In this study, the sen-
sor was successfully miniaturized and its sensitivity was
improved.

Methods
Conceptual design of QCR load sensor
Figure 1 shows the concept for the miniaturized QCR
load sensor made by microfabrication and bonding.
Smaller structures can be fabricated by microfabrication.
We used only three parts, and therefore, the assembly
process was simplified. The parts are made by microfab-
rication and are bonded together (Figure 1). The QCR is
fixed between two retention parts with leaf spring struc-
tures. Because of the gapless design, the previously used
screw mechanism used to induce preload was not neces-
sary. Without it, the number of the parts required was
decreased and the assembly simplified. In addition, be-
cause each part is flat, we were able to employ microfa-
blication to make the fine parts.
Sensor output and the QCR frequency shift depend on

the load applied to the QCR. External loads compress
both the retention mechanism and the QCR element.
Figure 1 Concept of the miniaturized QCR load sensor made by
microfabrication and bonding.
Therefore, we defined the ratio of the compressive load
applied to the QCR (Fq) divided by the vertical compo-
nent of external force (load, Fv) as “load transfer effi-
ciency (η)” by the following:

η ¼ Fq

Fv
ð1Þ

The frequency shift (Δf ) is proportional to the com-
pressive load applied to the QCR (Fq), and we referred
to this proportionality constant as “load sensitivity (Sl)”.

Sl ¼ Δf

Fq
ð2Þ

Considering the load transfer efficiency (η), the sensor
sensitivity (Ss) is given by the following equation:

Ss ¼ Δf

Fv
¼ η⋅Sl ð3Þ

Here, load sensitivity (Sl) is constant and depends
on the QCR material properties (cross sectional area,
temperature, cut direction, etc.). Therefore, to increase
the sensor sensitivity, it is necessary to improve the load
transfer efficiency. The load transfer efficiency is im-
proved if the rigidity of the leaf spring in the vertical dir-
ection is low. However, it is difficult to miniaturize the
leaf spring further using conventional machining processes.
Therefore, we used microfabrication to miniaturize the leaf
spring [15,16].

QCR design
An AT-cut quartz crystal has superior temperature sta-
bility at room temperature [17,18]. When AC voltage is
applied between two metal electrodes on both sides of
the AT-cut QCR, thickness-shear vibration is generated
along the quartz crystal’s electrical axis (x-axis).
Therefore, we designed the shape of the AT-cut QCR

as shown in Figure 2. The bonding plane and oscillation
component of the QCR are separated by a slit. The load
is applied in the direction 34.8° from the x-axis of
the AT-cut QCR. Load sensitivity is not a function of
temperature fluctuations in this direction [19]. Stable vi-
bration of the QCR is necessary to obtain highly stable
sensor outputs; the QCR oscillates both mechanically
and electrically. Vibration is generated from the center
of the electrode of the QCR, and bonding to the surface
will disturb the vibration of the QCR. Therefore, the
bonding plane is kept at a distance from the electrode.
Thus, the oscillation component of the QCR was de-
signed with a rectangular cross section.

Retention mechanism design
A schematic of the retention mechanism is illustrated in
Figure 3. The retention part is made by processing a



Figure 2 Schematic of the QCR.

Figure 4 Dynamical model of the sensor.
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single silicon (Si) wafer. The height of the leaf spring
must be small to improve the sensor sensitivity. There-
fore, we employed microfabrication techniques to fabri-
cate the fine retention parts.
One surface of each retention part is slightly etched not

to interfere with the oscillation and wiring components.
The retention parts have a hole for wiring connections.
Figure 4 shows the analytical model of the sensor where the
total structure is regarded as the combination of the
springs. C-part and V-part indicate the ideal contact parts
between the center structure of the QCR and the leaf spring
and between the leaf spring and the flame of the sensor,
respectively. The parameters kq, kl, ks, Rq, and Rs show the
spring constants of the center structure of the QCR, the leaf
spring, and the frame structure of the sensor, and reaction
force to the center structure of the QCR, and to the frame
structure of the sensor, respectively. From the calculation of
equilibrium of force at the C-part and V-parts, the follow-
ing equation was derived:
Figure 3 Schematic of the retention mechanism.
Fv ¼ ks
Kq

kl
ks þ kl

þ 1

� �
⋅Rq ð4Þ

Here, Rq is the reaction force of Fq in Eq. (2). Thus,
the load transfer efficiency (η) is derived from Eqs. (2)–(4)
as follows.

η ¼ kq ks þ klð Þ
kskl þ kqks þ klkq

¼ 1þ kl=ks
kl=kq þ 1þ kl=ks

ð5Þ

Here, kq and ks are given by

kq ¼ wt⋅Eq

Hq
ð6Þ

ks ¼ Wb⋅Es

Hs
ð7Þ

where Eq is the Young’s modulus of the quartz crystal and
Figure 5 Result of FEM stress analysis.



Figure 6 Process flow of the sensor fabrication. (a) Electrode patterns was formed by sputtering, (b) sheet resist was laminated, (c) sheet
resist was pattered by exposure and development, (d) quartz crystal was etched by sand blasting, (e) photoresist(OFPR) was patterned by
exposure and development, (f) silicon was etched by DRIE, (g) photoresist(SU-8) was patterned by exposure and development, (h) silicon was
etched by DRIE, and (i) quartz crystal and silicon were bonded.
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Es is the Young’s modulus of Si. We assumed that both
ends of the leaf spring are supported by the beam with a
rectangular cross section (width is b, height is h, and length
is l). Therefore, kl is given by the following equation:

kl ¼ 16Esbh
3

L
ð8Þ

kl must be less than kq, to increase the load transfer ef-
ficiency (η), which is from Eq. (5). From Eq. (8), it is evi-
dent that high load transfer efficiencies can be realized
by decreasing h. However, b must be sufficiently large to
firmly support the QCR. Therefore, the ideal leaf spring
has a large aspect ratio.
Here, we determined the dimensions of the QCR and

the retention parts via calculation using Eqs. (5)–(8) such
that the load transfer efficiency (η) is 0.950: w = 2.0 mm,
Figure 7 Picture of the fabricated sensor.
Hq = 3.5 mm, t = 0.1 mm, W = 4.0 mm, Hs = 5.0 mm,
b = 1 mm, h = 0.69 mm, and L = 1.6 mm.
In practice, the base of the leaf spring was rounded to pre-

vent stress concentration. We calculated load transfer effi-
ciency using finite element analysis with SolidWorks
Simulation (SolidWorks Corp.). The analysis was performed
with the leaf spring having a radius of 0.1 mm. Von Mises
stress of the sensor was analyzed via the assumption that
the perpendicular compressive load applied to the sensor
top was 10 N. Analytical results are shown in Figure 5. The
results indicate that the load applied to the QCR was 9.42 N
(it was calculated as 47.1 MPa by multiplying the average
stress on A-A’, which has a section area of 0.2 mm2). Thus,
the load transfer efficiency was found analytically to be
0.942, which is 0.8% smaller than the value calculated using
Eqs. (5)–(8). The maximum allowable load applied to the
sensor is 31.8 N based on an allowable stress for AT-cut
quartz crystals of 150 MPa.

Fabrication
The sensor was fabricated with the following procedure
(Figure 6).
Figure 8 Experimental setup of loading examination.



Figure 9 Result of the loading test.
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Fabrication of the QCR

(a)Electrode patterns were formed to both faces of the
AT-cut quartz crystal plate (thickness of 100 μm) using
a photolithography technique lift-off process [20].
Chromium (Cr) and gold (Au) were deposited using
sputtering equipment (E-200S, Canon ANELVA).

(b)Sheet resist (50X077, Nichigo-Morton Co.) was
laminated to the quartz crystal.

(c) Sheet resist was patterned by photolithography.
(d)QCRs was formed into the pattern of sheet resist

using sandblasting (Elfo-Blaster, Elfotec CO.).

Fabrication of the Si structure

(e)Photoresist (OFPR800 15CP,Tokyo Ohka Kogyo CO.,
LTD) was patterned on the Si wafer (thickness of
500 μm).
Figure 10 Stability of the sensor output for (a) 1 minute, (b) 3 minute
(f ) Silicon wafer was hollowed to a depth of
approximately 50 μm using deep reactive-ion
etching (DRIE) (Multiplex-ASE-L, Sumitomo Preci-
sion Products Co.).

(g) Photoresist (SU-8 3025, MicroChem Corp.) was
patterned on the Si wafer.

(h)Silicon wafer was formed into the pattern of SU-8
by DRIE, and SU-8 was removed.

Assembly

(i) Si structure was bonded from both sides of the
QCR. Epoxy adhesive was used to bond the sensor
parts, and wiring was attached using conductive
silver paste.

A quartz crystal plate can be easily formed into any ar-
bitrary shape using sandblasting. In addition, a Si wafer
can be formed into minute structures having a high as-
pect ratio and high accuracy using DRIE.

Results and discussion
Load test
A fabricated sensor is shown in Figure 7. The volume of
the sensor is 24.6 mm3 (width is 4 mm, height is
5.6 mm, depth is 1.1 mm), which is drastically reduced
relative to a conventional sensor [14]. We calibrated the
frequency shift–applied load relationship of the fabri-
cated QCR load sensor by loading test. A schematic of
the calibration system is shown in Figure 8. In the ex-
periment, an oscillation circuit and the sensor were con-
nected, and the sensor output was measured using a
frequency counter (53131A, Hewlett Packard). The QCR
s, (c) 1 hour.



Figure 12 Temperature characteristics (20 to 50°C).
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load sensor was fixed on the Z-stage, and electronic bal-
ance (UW4200A,SHIMADZU) was set under the sensor.
The central axes of the sensor and the electronic balance
were precisely aligned to avoid undesired lateral force to
the sensor and to accurately measure the load applied to
the sensor. Load was applied in 1 N increments from
0 N to 20 N, and then decreased in 1 N increments from
20 N to 0 N. The results are shown in Figure 9. The re-
lationship between the applied load and the frequency
shift was approximated by

Y ¼ 1458x⋅10−6 þ 16:075 ð9Þ

where, x is the applied load [N] and Y is the oscillating
frequency [MHz]. The correlation coefficient between
the experimental results and the output of Eq. (9) is
R2 = 0.9997. Thus, the results suggest that the fabri-
cated QCR load sensor achieved a nearly linear rela-
tionship without preloading. The experimental results
showed that the nonlinearity and hysteresis were 0.94%
of the full scale (F.S.) and 1.68% F.S., respectively. Add-
itionally, sensitivity of the sensor was 1458 Hz/N, which is
2.5 times greater than that of the conventional sensor
(573 Hz/N [14]).

Stability of sensor output
Time stability of the sensor output was measured. The
measurement was conducted after the sensor output
reached steady state at a controlled temperature (28°C).
Figure 10 (a), (b), and (c) show fluctuation of the sensor
output for 1 min, 3 min, and 1 h, respectively. Here, f
and Df shows the average value of the measurement fre-
quency and difference value between f and measured fre-
quency, respectively. Therefore, Df / f shows relative error
in each measurement time. From the results, the frequency
fluctuations of the fabricated sensor were 3.3 ppb for
1 min, 5.5 ppb for 3 min, and 18.5 ppb for 1 h, respectively.
The sensor output showed high stability, even over the
Figure 11 Temperature characteristics (20 to 80°C).
course of a long-term measurement. The fluctuation of the
external load estimated from the fluctuation of the sensor
output was 0.04 mN for 1 min, 0.06 mN for 3 min, and
0.20 mN for 1 h, respectively. Compared to the conven-
tional sensor (3.21 mN [14]), the fabricated sensor had su-
perior stability with regard to the sensor output.

Temperature characteristics
The sensor output was approximated via the differential
change in temperature. The sensor output was measured
when the sensor was heated in 5°C increments from 20°C
to 80°C and cooled in 5°C increments from 80°C to 20°C.
The fabricated sensor including the oscillation circuit was
placed in the thermostat chamber; the results are shown
in Figure 11. The relationship between the temperature
and sensor output was nonlinear and had apparent hys-
teresis. This might have been caused by the temperature-
dependent change of the Young’s modulus of the epoxy
resin used for bonding. Here, the temperature and the sen-
sor output are linear in the range from 20°C to 50°C. Thus,
the sensor output was measured when temperature of the
sensor was varied from 20°C to 50°C. The results are
shown in Figure 12. The relationship between temperature
and the sensor output was approximated by

Y ¼ −14:363T⋅10‐6 þ 16:075 ð10Þ

where, T is the temperature of the sensor [°C] and Y is the
oscillation frequency [MHz]. The correlation coefficient
Table 1 Comparison of sensor characteristics

Size [mm]
(Volume [mm3])

Sensitivity
[Hz/N]

Stability of sensor
output for 3 min [mN]

A. Asakura
et al. [13]

ϕ13 × 13 (1724.6) 360 22.5

K. Narumi
et al. [14]

ϕ7 × 11 (423.1) 573 3.21

Fabricated
sensor

4 × 5.6 × 1.1 (24.6) 1458 0.06
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between the experimentally measured and analytically cal-
culated results is R2 = 0.995. Furthermore, the results sug-
gest that the temperature and the sensor output follow a
linear relation within the range of 20°C–50°C. Temperature
compensation can be easily implemented via integration of
a temperature sensor with the QCR load sensor, following
the relationship given by Eq. (10).

Discussion
Table 1 shows a comparison of the characteristics of the
fabricated QCR load sensor to conventional QCR load
sensors. The fabricated sensor was successfully miniatur-
ized and its sensitivity and stability were improved. In
this paper, we used an adhesive to bond the sensor com-
ponents together. Because the melting point of the adhe-
sive was relatively low, it may have affected the linearity
of the sensor output with regard to temperature changes.
If the Si parts and the quartz crystal plate were to be
bonded using hybrid plasma bonding [21], the thermal
properties of the sensor would be improved. Our future
studies will investigate superior bonding conditions for the
sensor.

Conclusions
In this paper, we proposed a novel design and fabrication
method for a QCR load sensor. Using microfabrication
and bonding, the assembly process was simplified, and
we achieved miniaturization of the QCR load sensor.
The proposed retention mechanism has improved load
transfer efficiency via the Si structure formed using
DRIE. We successfully fabricated a high-sensitivity load
sensor, and significant miniaturization of the sensor was re-
alized using microfabrication and bonding techniques. The
parts all have a flat structure and the fabrication process is
based on photolithography, and therefore, is suitable for
mass production.
In the future, we will work toward further improve-

ments regarding the sensitivity and miniaturization of
the sensor. A key issue will be the methods used to bond
the quartz crystal plate and Si parts together.
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