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Ultrahigh-Dynamic-Range Resonant MEMS Load
Cells for Micromechanical Test Frames

Kivanc Azgin, Tayfun Akin, and Lorenzo Valdevit

Abstract—This paper presents a resonant double-ended tuning
fork (DETF) force sensor with an experimentally demonstrated
resolution of 7 nN and a compressive load range of 0.08 N,
exceeding a dynamic range of 140 dB (100 parts per billion).
The resonator has a scale factor of 216 kHz/N, a Q-factor ex-
ceeding 60 000 at 3-mtorr ambient pressure, and a zero-load
resonant frequency of 47.6 kHz. The resonator is kept at res-
onance via a phase-locked loop composed of discrete elements.
The sensor is implemented with a silicon-on-glass process with
a 100-μm-thick 〈111〉 silicon structural layer. The sensor and
the complete readout circuit are fully embedded in a com-
pact 65 mm × 52 mm printed circuit board (PCB). The out-
of-plane parasitic modes of the DETF are also investigated with
finite-element simulations and laser Doppler vibrometry exper-
iments, and are verified to be outside of the device working
range. The PCB is mounted on a microstage and coupled with
an off-the-shelf displacement actuator to realize an economical,
versatile, and robust micromechanical test frame with unprece-
dented combination of force and displacement resolution and
range. [2012-0054]

Index Terms—Double-ended tuning fork (DETF), experimen-
tal mechanics, mechanical test frames, microelectromechanical
systems (MEMS), micromechanics, nanomechanics, phase-locked
loop (PLL), resonant sensors.

I. INTRODUCTION

THIS PAPER presents a resonant double-ended tuning fork
(DETF) force sensor with a resolution of 7 nN and a com-

pressive load range of 0.08 N, and demonstrates its integration
in a compact micromechanical test frame with fully contained
electronics. An earlier presentation of the sensor itself had
appeared in [1].

The motivation for the development of novel microme-
chanical test frames is grounded in the recent development
of microarchitected cellular materials [2]. Novel advances in
their manufacturing and optimal design urgently require the
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development of versatile and accurate experimental techniques
for mechanical characterization at the unit cell level. Wide
force and displacement ranges are generally necessary, while
nanonewton and nanometer resolutions are needed to capture
small-scale phenomena. The ideal micromechanical test frame
should be capable of measuring forces with resolutions in the
1–100-nN range with potentially large displacements (∼1 mm),
allow visual access to the test coupon via optical or electron
(SEM) microscopy with potential for strain mapping (via digital
image correlation), and be readily reconfigurable and adapt-
able to microstructures of a variety of shapes and sizes [3].
On-chip microelectromechanical-systems (MEMS) test frames
have already been demonstrated [4]. Although excellent for
alignment purposes and resolutions, they lack the displacement
range and versatility discussed earlier. A hybrid micro-test
frame (comprising an off-chip actuator and a MEMS sensor)
with the desired displacement range and resolution was re-
cently introduced [5], but the compliant sensor limited the
achievable force range. A limited number of fully integrated
nanoindenter/SEM combinations (e.g., the one developed by
Greer et al. [6]) exist today, but such devices are unique,
highly customized, extremely expensive, and often limited in
the maximum achievable displacement and/or force range.

Hybrid test frames (whereby the force sensor and displace-
ment actuator are separated) with a microfabricated resonant
DETF force sensor could meet all the requirements described
previously. Because the working principle of DETF sensors is
the change of natural frequencies of beams when subjected to
axial loads, the sensor is both exceptionally stiff and sensitive,
allowing unprecedented combinations of resolution and range.

The dependence of the resonant frequencies of structures
on internal stresses had found applications in vibrating cylin-
der pressure transducers as early as the mid-1960s [7]. A
decade later, separation of the sensor element and the pres-
sure chamber was shown to improve the resolution, resulting
in one of the first demonstrations of axially loaded resonant
load cells [8]. This approach was subsequently applied to
micro accelerometers [9] and precision scales [10]. The use
of resonant force sensors for material characterization was first
implemented at the macroscale [11]. More recent developments
in silicon micromachining techniques [12], [13] and brilliant
yet simple design solutions for actuation and detection mech-
anisms [14] led to micromachined resonant force sensors, at
first designed for accelerometer applications [15], [16]. These
designs also incorporated leverage mechanisms to increase the
resolution. More recently, a two-stage leverage was reported
with yet improved force amplification and sensitivity [17]. The
DETF structure was later proven to be a feasible design for a
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number of other microsensor applications, from gyroscopes
[18], [19] to strain sensors [20], [21]. Material developments
were also investigated: Notably, a silicon carbide DETF device
was demonstrated as a strain sensor, featuring an extended oper-
ational temperature range relative to silicon designs [22]. One
of the most recent applications of the DETF architecture as a
force sensor is an electrometer with subnanonewton resolution
[23]. All the aforementioned examples, together with recent
progress in the control of the thermal stability of DETF-based
oscillators [24]–[27], contribute to establish the DETF structure
as a well-studied, proven, and robust sensor concept.

The governing mechanics of DETF sensors is well docu-
mented, as is their most recent application to accelerometers
and gyroscopes [28], [29]. A feasibility study on the perfor-
mance of DETFs as force sensors was recently published by
some of the authors, demonstrating that exceptional combina-
tions of force resolution and range are available with optimized
geometries [30]. However, the incorporation of a DETF force
sensor on a fully integrated printed circuit board (PCB) for
stand-alone operation (driving + sensing) and interfacing with
the sample within a micromechanical test frame has not been
experimentally demonstrated.

This paper proposes the integration of a force-sensing
MEMS DETF resonator driven by a stable and robust “phase-
locked loop” (PLL) circuitry [1]. The PLL scheme maintains
the tuning fork at resonance on a desired mode of vibration and
adjusts the driving frequency in response to changes in applied
external axial force. The circuitry is implemented on a compact
PCB that can easily be tuned for different mechanical sensors
and can be mounted on an off-the-shelf high-precision actuator.
This integration realizes an economical, versatile, and robust
micromechanical test frame with unprecedented combinations
of force and displacement resolutions and ranges.

II. OPERATING PRINCIPLE OF THE FORCE SENSOR

The sensor element is composed of a DETF resonator and
a roller structure attached to it. An SEM image of the sensor
is shown in Fig. 1. The sensor was microfabricated with a
well-established silicon-on-glass (SOG) process developed at
the METU-MEMS Center, Middle East Technical University,
as explained in [30]. The sensor can also be manufactured
with other approaches, including a more common silicon-on-
insulator process. Although the geometric parameters of the
device can be chosen to achieve optimal combinations of
resolution and range [30], the device described in this paper
is slightly suboptimal. A 100-μm-thick 〈111〉-oriented single-
crystal silicon structural layer was chosen for implementation;
this choice was motivated by the in-plane elastic isotropy of
〈111〉 silicon [31], which renders slight wafer misalignments
inconsequential for the resonance frequency of the tines. The
same device can be more economically manufactured on 〈100〉
silicon if alignment is accurately controlled. The other dimen-
sions of the device are summarized in Table I.

The DETF itself is conceptually similar to that presented
in [29]. Upon external axial force application (compressive
or tensile), the natural frequency of the tines changes (de-
creases or increases, respectively), and this change is detected

Fig. 1. SEM image of the force sensor with the roller structure, fabricated
with SOG technology.

TABLE I
SUMMARY OF GEOMETRIC DIMENSIONS AND MATERIAL PARAMETERS

FOR THE DETF PRESENTED. SEE FIG. 2 FOR VARIABLE DEFINITION

at the capacitive plates connected with the tines (Fig. 1) by
means of a PLL circuit described in the following section.
In the preliminary phase of design, three alternatives for the
geometric design of the plates were considered: 1) a simple
DETF with direct actuation on the tines; 2) the current design,
encompassing external actuation plates of minimum mass; and
3) a DETF with more massive (and, hence, more stable) ex-
ternal actuation regions. Design 1) was excluded due to the
more complex electrodynamic behavior (including undesired



AZGIN et al.: MEMS LOAD CELLS FOR MICROMECHANICAL TEST FRAMES 1521

Fig. 2. Nondimensionalized mode shape function of the half tine with the physical dimensions of the tine, plate, and connector bar.

nonlinearities). Design 2) was chosen over design 3) with the
goal of maximizing the spring-constant-to-mass ratio of the
tines, with consequent improvement on the scale factor and,
ultimately, the force resolution. The price to pay with slender
actuation plates is an increased sensitivity to external vibrations
(as numerically and experimentally demonstrated hereinafter),
with possible actuation of undesired modes. To overcome this
problem, a careful analysis (both numerical and experimental)
of the parasitic modes is presented in this paper. The results
clearly indicate that the chosen design is sufficiently robust
for operation as a force sensor: As a characterization tool,
this device will be used in a lab setting or even inside an
electron microscope, where external vibrations can be carefully
controlled.

In the operation of the DETF force sensor, the basic me-
chanical parameter affected by the axial load is the equivalent
spring constant. The detailed derivation of the lumped mass
and spring constant of a DETF tine with a capacitive parallel
plate connected to its center point can be found in [30]. For
very low damping, the natural frequency of the out-of-phase
mode shape (Fig. 2) in the absence of axial load can be writ-
ten as

ωn,0 =

√
keff,0

meff,0
=

√√√√ 192EI
L3

f

13
35ρhwfLf + ρh(wpLp + wcLc)

(1)

where keff,0 is the equivalent spring constant at zero axial load,
meff is the equivalent mass, EI is the flexural stiffness of
each tine, ρ is the material mass density, h is the thickness
of the device, Lf and wf are the tine length and width, Lp

and wp are the capacitive plate length and width, and Lc

and wc are the connector bar length and width, respectively.
Equation (1) predicts the operation frequency of the DETF
in very good agreement with the finite-element (FE) results
discussed hereinafter.

In the proposed implementation, the tuning fork is anchored
on one side and connected with a roller on the opposite side.
The external load is applied to the roller, which is designed to
provide minimal resistance to axial loading; the axial compo-
nent of the applied force is then nearly entirely transmitted to
the tuning fork, while any nonaxial components are absorbed
by the roller, guaranteeing near-perfect load alignment and,
hence, exceptional robustness. The efficacy of this roller guide
mechanism was verified with a set of FE analyses, as discussed
in [30].

When an axial load (Fappl) is applied to the roller, the
resonance frequency shifts to [30]

ωn =

√
keff
meff

=

√√√√ 192EI
L3

f

+ 2.4
Fappl

Lf

13
35ρhwfLf + ρh(wpLp + wcLc)

=

√
ω2
n,0 + 2.4

Fappl

meffLf
. (2)

Note that Fappl is equal to twice the force applied on each
tine. The scale factor (rate of change of the frequency of this
mode with respect to axial loading) is then

∂ωn

∂Fappl
=

1.2

meffLf

√
ω2
n,0 + 2.4

Fappl

meffLf

. (3)

In the absence of the applied load, the scale factor reduces to

α0 =
∂ωn

∂Fappl

∣∣∣∣∣
Fappl=0

=
1.2

meffLfωn,0
. (4)

Considering all the parameters to be constant except for the
loading force, the scale factor increases as the compressive
loading increases, and approaches zero as the tensile loading
increases (compressive loads are negative by convention). Sub-
stituting (4) into (2), the force–frequency relation can be writ-
ten as

ωn =
√

ω2
n,0 + 2α0ωn,0Fappl. (5)

Hence, the tip loading can be found as

Fappl =
ω2
n − ω2

n,0

2α0ωn,0
. (6)

Equation (6) directly relates the resonance frequency to tip
loading. This simple relation also helps in calibrating the device
with only two parameters: the resonance frequency and the
scale factor, both at unloaded conditions. The details of the
calibration procedure are provided in Section VI.

To verify the operational range of the sensor with the roller
structure in the proposed implementation, 3-D FE simulations
were performed with the commercial code Abaqus. Geometric
nonlinearities were modeled in the loading step to incorpo-
rate the resulting state of prestress in the vibration analysis.
Quadratic elements were used for increased accuracy. The
geometric dimensions and material properties are summarized
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Fig. 3. (a) Natural frequency versus axial loading for the first ten resonant modes, simulated by FE analysis (with the commercial package Abaqus). (b) Detailed
view of the operational mode (mode 4) and the in-phase mode (mode 3), overlaid with the analytical model [(2)]. As the applied load approaches the buckling
load along the operational mode, the in-phase “sister” mode diverges.

Fig. 4. Zero-load resonant mode shapes for the finite element (FE) simula-
tions in Fig. 3.

in Table I. Fig. 3(a) shows the effect of the axial loading on
the ten lowest resonant modes of the DETF; the corresponding
mode shapes are shown in Fig. 4. The preferred operational
mode for the DETF is the out-of-phase mode (mode 4 in Fig. 4)
due to its superior tip stability and overall anchor dissipation.
The results clearly show that different modes exist with very
similar frequencies. These “sibling” modes are a result of the
symmetric structure of the DETF sensor. For example, the first
two modes have nearly identical force–frequency trajectories,
and the mode shapes are theoretically the same, albeit with

opposite phases. The same is true for modes 3 and 4, sufficiently
far away from the buckling load [Fig. 3(b)]. At zero load, the
in-phase mode (mode 3) has a slightly lower frequency (Fig. 4)
due to the slight difference in the effective stiffness near the
boundaries of the tines: That is, if two localized moments (or
shear loads) are applied at neighboring regions on the surface
of an elastic half space, less strain energy is stored in the
medium if the moments (or the shear loads) have the same
direction. (Naturally, this difference—and, hence, the mode
separation—vanishes as the points are moved further apart). As
the axial compressive load is increased, the separation gradu-
ally diminishes until the frequency–force trajectories cross at
an applied load of ∼0.1 N. This is due to the fact that the
axial load tends to slightly deform the tines in antisymmetric
manner (as revealed by FE analysis), hence biasing mode 4.
Mode 4 is the lowest buckling mode, as indicated by a FE
eigenvalue extraction (Fbuckling = 0.1225 N, according to FE
simulations, in good agreement with the Euler formula, Fcr =
2π2Ehw3

f/3L
2
f = 0.12 N). As this critical load is approached,

the tine transverse stiffness in mode 4 drops to zero, together
with the mode 4 resonant frequency; conversely, the stiffness
along mode 3 increases (together with the mode 4 resonant
frequency), as resonating this mode implies overcoming the
deformation induced by the axial load. This behavior is shown
in detail in Fig. 3(b). Note that the analytical model described
earlier [(2)] captures the frequency–force trajectory for mode 4
remarkably well.

The FE analyses shown in Figs. 3 and 4 reveal two potential
problems: 1) The operating mode (mode 4) is very close in fre-
quency to the sibling in-plane mode for nearly the entire useful
force range [Fig. 3(b)], and 2) the frequency–force trajectories
of modes 1–2 and 3–4 cross at an applied compressive force of
∼20 mN [Fig. 3(a)]. In principle, both features might confuse
a detection system based on frequency locking. In practice,
carefully balanced actuation solves both problems, as illustrated
hereinafter.

Consider the frequency sweeps at zero load shown in Fig. 5,
which are performed using an HP 4195A Network/Spectrum
Analyzer with an LF353 OpAmp Transimpedance stage with
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Fig. 5. Test setup and the frequency response of the DETF with no applied
force. The smaller peak corresponds to the undesired in-phase mode: Its pres-
ence is due to geometric and wire-bonding asymmetries and can be minimized
or eliminated with more accurate manufacturing.

1-MΩ feedback resistor, in vacuum (2.7 mtorr), and with a
proof mass voltage of 40 V. The effect of the feedthrough
capacitance is eliminated by a calibration run. Note that, due
to balanced excitation, the gain difference between two modes
is significant (> 20 dB), and the quality factor of the operational
mode is above 60 000. This guarantees locking on the desired
mode. In theory, the in-phase mode can be eliminated entirely
by perfectly symmetric driving (whereby the forcing signal
on the two tines has no phase difference); in practice, any
geometric or chip/substrate bonding asymmetry would make
it appear. A balanced actuation is crucial, as the frequency
separation of the two modes is very small (for the geometry
under consideration, the measured in-phase mode has a natural
frequency of 47.28 kHz, versus a frequency of 47.63 kHz for
the out-of-phase mode). It should also be noted that these are
the first modes visible with balanced excitation and detection
of the parallel-plate structure, implying that modes 1 and 2 are
not interfering at zero load.

Furthermore, the large-force test results presented in
Section VI show that the crossing of mode pairs 1–2 and 3–4
at 20 mN does not affect the operation of the DETF, thanks to
balanced actuation.

In summary, it is important to emphasize that the numerical
analysis discussed before clearly indicates that the two tines
do not act as independent oscillators, but rather follow the
dynamics of a 2-degree-of-freedom (DOF) system. A 2-DOF
analytical model that is able to differentiate modes 3 and
4 is currently being developed, although its more complex
formulation is outside the scope of this paper. Importantly,
this omission has no practical implication on the operation
of the device, as discussed previously: Although the 2-DOF
dynamics is interesting from a theoretical standpoint and useful
in quantifying the effect of geometric and material uncertainties
on the mode separation, the simple and effective calibration
procedure described in Section VI is sufficient for accurate
operation of the device.

III. RESONANT-FREQUENCY DETECTION SCHEME

Detection of frequency changes upon external load applica-
tion is performed via a PLL circuit, implemented by discrete
components on a custom-designed compact PCB. Compared to
alternative approaches like self-resonance or amplitude detec-
tion, the PLL circuit offers unique flexibility in selecting the
desired resonance mode of operation with better control in oper-
ational parameters like detection bandwidth and range [32]. As
DETF resonators have multiple eigenmodes (Section II) and the
bandwidth requirement for quasi-static mechanical characteri-
zations is not very demanding, a low-speed—thus stable—PLL
implementation is the best choice as a control scheme. The
PLL circuit comprises four main blocks (Fig. 6): a preamplifier
stage, a phase detector, a controller, and a voltage-controlled
oscillator (VCO). The VCO output is a 500-mV peak-to-peak
sinusoid, which is attenuated and connected to the drive plates.
The current pumped by the sense plates, which is proportional
to the velocity of the tines, is fed into the transimpedance
amplifier (TIA) and converted into voltage. This signal is then
cleared from offsets, shifted 90◦ in phase to compensate for
the differentiator effect of capacitive detection, and fed into a
phase detector composed of a multiplier (AD630) and a low-
pass filter. The multiplier has the other input coming from the
drive signal. Thus, the signal at the end of the low-pass filter is
proportional to the cosine of the phase angle between the drive
and the sense signals. The proportional–integral (PI) controller
adjusts the VCO (EXAR2206) frequency so that this phase
difference between the excitation signal and the TIA output
locks to 0◦, thus achieving resonance. Here, the bandwidth of
the PLL is set by the PI controller, and it is designed to be 1 Hz.
Additional design details on phase lock operation can be found
in [33].

Although an amplitude controller would improve the robust-
ness of an analog (sinusoidal) PLL for a limited frequency
range, it complicates the operation when the resonance fre-
quency of the sensor changes considerably. Since the TIA
output signal amplitude is proportional to the tine velocity
(not its displacement), a drastic change in the resonance (or
operation) frequency would result in drastic changes in the
vibration amplitude. As this is undesirable, it was decided to
maintain the VCO output amplitude constant. Thus, the VCO
output amplitude is attenuated with a fixed negative gain to a
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Fig. 6. Schematic of the implemented PLL.

safe level (to avoid elastic nonlinearities possibly induced by
excessive vibration amplitude) and directly fed to the DETF
drive plates.

Electrostatic driving of the tines reduces their operational
frequency by introducing a negative stiffness term in (2) (elec-
trostatic softening). The operational resonance frequency of the
overall loop can then be written as [30]

ωn,op =

√√√√192EI
L3

f

+ 2.4
Fappl

Lf
− ε0hLp

g3

(
V 2
dc +

V 2
ac

2

)
13
35ρhwfLf + ρh(wpLp + wcLc)

(7)

where Vdc is the dc polarization voltage applied to the DETF
body and Vac is the actuation voltage applied to the drive tines.
All other parameters are the same as that in (2). One should also
note that any change in the actuation amplitude also affects the
resonance frequency, clearly showing that keeping the actua-
tion voltage constant (i.e., avoiding an amplitude controller) is
essential for resonant force sensors.

A critically important aspect of the PLL-MEMS integration
is the active frequency range and the PLL start-up procedure.
The start-up frequency of the VCO is much more vital in
MEMS applications than it is for the PLLs used in digital
devices. The source of the problem is that the resonator re-
sponse is below the noise level if the excitation frequency
is not in the active range of the resonator. To illustrate this,
consider the frequency sweep in Fig. 5. The out-of-phase mode
has a resonant frequency at 47 628.7 Hz, and the resonator
response drops down to the noise level for frequencies outside
of the 47 500–47 800-Hz range. This range represents the active
frequency range of the resonator. If the VCO start-up frequency
is outside of this range, the PLL cannot excite the resonator and,
thus, cannot lock. To overcome this problem, a microcontroller
external to the PLL PCB is utilized to sweep a band of fre-
quencies at start-up while monitoring the error signal (the LPF
output). When the error signal is 0 V (meaning that the PLL has
already locked), the sweep is stopped, transferring control to the

PLL. The microcontroller also monitors the controller output
for the case of saturation and shifts the VCO range accordingly,
yielding a resonant load cell with a wide operable frequency
range.

Fig. 7 shows the placement of the discrete components on the
65 mm × 52 mm PCB, which also supports battery operation.
Button cell batteries on the board proved to be a noise-reducing
aspect, particularly when high-voltage piezostage is in opera-
tion and very small forces are being measured.

IV. MICROMECHANICAL TEST FRAME

Fig. 8 shows the complete nine-axis micromechanical test
frame. The PCB implementation of the PLL circuit described
in Section III is mounted on a commercially available piezo
displacement actuator with 10-mm range and 50-nm resolution.
Another closed-loop actuator with subnanometer resolution and
15-μm range can be added in series to the aforesaid actuator for
utmost position control in terms of both resolution and range.

The sensor is mounted on a four-axis sensor stand, and the
sample is placed on the five-axis sample stand for precise
alignment with the load cell. The redundant degrees of freedom
are for both alignment and imaging purposes.

The entire test frame is inserted in a vacuum chamber for
maximum resolution. Direct imaging of the experiment is easily
achievable with a long-working-distance lens; alternatively, the
entire test frame can be operated within an electron microscope
(SEM).

V. DEVICE CHARACTERIZATION

A g-test was performed by rotating the sensor about its out-
of-plane axis—thus using the roller as a suspended mass—and
measuring the change in natural frequency of the fork (Fig. 9).
When the gravitational force on the tuning fork is com-
puted as Fg = mrollerg sin θ, a force range between −2.25
and +2.25 μN is probed, and a sensitivity of 216.1 kHz/N is
obtained (Fig. 10).
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Fig. 7. Placement of the discrete components on the 65 mm × 52 mm PCB.

Fig. 8. Image of the sensor mounted on the PCB and integrated in a nine-axis
micromechanical test frame.

To experimentally investigate the maximum achievable force
resolution, the frequency data are acquired over 3600 s (1 h) at
a sampling rate of 1.18 samples/s (corresponding to a sampling
time of 0.85 s) in Fig. 11. The data were collected using a 32-b
counter with an oven-stabilized quartz reference. With the help
of Allan variance analysis [34], resolutions as low as 7 nN are
demonstrated at a frequency integration time of ∼20 s (Fig. 12).
Although, for high-frequency applications, this is unacceptably
slow, it is perfectly adequate for quasi-static mechanical char-

Fig. 9. Experimentally measured frequency shift of the tuning fork as a
function of the rotation angle during the g-test.

acterization of materials and small-scale structures, which is
the primary application of the device presented in this paper.
Tests are conducted without any temperature compensation at
an average ambient temperature of 22 ◦C.

An investigation of the parasitic out-of-plane modes of the
device was conducted with a Polytec MSA-500 Scanning Laser
Doppler Vibrometer to confirm that the frequency range of the
DETF for the 0–0.085-N compressive load range is free of para-
sitic modes. The device was actuated with a planar piezoelectric
transducer, sweeping the frequency range of 1–150 kHz. As FE
analyses provide the frequency dependence of all the parasitic
modes (Fig. 3), a zero-load investigation is sufficient. Fig. 13
shows the average spectrum of the structural out-of-plane
modes alongside the measured mode shapes. The results agree



1526 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 21, NO. 6, DECEMBER 2012

Fig. 10. Frequency shift for the g-test shown in Fig. 9, plotted as a function of
the corresponding axial load applied to the fork (Fg = mrollerg sin θ). Notice
the excellent linearity, with a scale factor of 216.1 kHz/N.

Fig. 11. One-hour-long frequency drift of the overall setup (sensor +
electronics).

reasonably well with the FEM simulation results in Figs. 3
and 4 in terms of both mode sequence and eigenfrequency
values. The only discrepancy is the rotational antiphase mode
(mode 8), which shows a lower frequency than that predicted
by FEM, possibly due to undercuts during the fabrication step.
The emphasis should be put on the fact that the frequencies of
these out-of-plane modes are away from the in-plane and out-
of-phase operational modes, and the same conclusion applies in
the presence of axial loads in the 0–0.085-N range.

VI. DEVICE CALIBRATION SCHEME

Importantly, the g-test method described in Section V can
also be used for calibration purposes. Calibration is essen-
tial to correct manufacturing imperfections and if mechanical
experiments require characterization at different temperatures.
Temperature changes affect a DETF force sensor output by
modifying three parameters: offset (i.e., zero-load) frequency,
scale factor, and noise level. The offset frequency is altered
by changes in dimensional quantities (beam lengths and widths

Fig. 12. Allan variance analysis on the data shown in Fig. 11, revealing a
maximum resolution of ∼7 nN at an integration time of ∼20 s.

and gap sizes), material property changes (Young’s modulus of
silicon) [35], and, to a lesser extent, thermomechanical stresses
(induced by differences in thermal expansion coefficients of
the device layer, substrate, and package) [36]. Incidentally,
changes in the ambient pressure can also significantly affect
the offset frequency. The scale factor is mostly distorted by
thermally induced geometric changes in the tine cross section.
We propose a low-cost calibration method that can correct the
offset and scale factor differences at different temperatures, thus
expanding the application of this sensor to a wide temperature
band. For calibration, two parameters are required: the zero-
load resonance frequency (ωn,0,op) and the zero-load scale
factor (α0,op). Equation (6) can then be rewritten as

Fappl =
ω2
n,op − ω2

n,0,op

2α0,opωn,0,op
(8)

which provides a calibration curve.
The validity of this equation is shown in Fig. 14, depicting

the load–frequency result of a full-range load test. The test
frame actuator was used to push the load cell against an
external commercially available resistive load cell (Sensotec
31/1435-01, 250-g range). The shifts in resonant frequency
were detected by the PLL circuit described in Section III,
whereas the load was measured by the external load cell. For
application of (8), the zero-load resonance frequency and the
zero-load scale factor were obtained by the g-test described
earlier (hence requiring no external apparatus). Remarkably,
(8) is in excellent agreement with the experimental results
over the entire operational range of the device (0–80 mN in
compression). The important conclusion is that the proposed
load cell requires no external calibration instrument to correct
manufacturing imperfections and/or changes in the operating
temperature; it is sufficient to perform a g-test with the de-
vice immediately prior to its use to obtain ωn,0,op and α0,op.
During the experiment, the force can then be obtained as
a function of the detected frequency change via (8). Notice
that the calibrated frequency/force curve predicts buckling for
the operational (out-of-phase) mode at a compressive load of
∼105 mN, approximately 15% lower than that predicted by FE
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Fig. 13. Average spectrum of the structural out-of-plane modes of the device with the measured mode shapes, obtained using a Polytec MSA-500 Scanning
Laser Doppler Vibrometer.

Fig. 14. Frequency–force plot for a full-range load test. The markers represent
experimental results, with the force measured by an external load cell and the
frequency shift collected by the load cell PLL circuit. Whereas the analytical
model [(2)] significantly overpredicts the resonant frequency, the calibration
curve [(8)], fitted only with zero-load frequency and scale factor, is in excellent
agreement with the experimental results over the entire force range of the
device.

analysis (Fig. 3). Also note that the theoretical frequency/force
curve [(2)] significantly overpredicts the resonant frequency
over the entire force range. This difference is entirely attributed
to manufacturing imperfection and confirms the importance
of the robust calibration approach presented in this paper. At
the same time, the experimental results show evidence of in-
phase buckling (and pull-in) at a compressive load as low as
90 mN. Such a large separation in the in-phase and out-of-
phase buckling modes is not predicted by FE analyses but can
be explained by a slight asymmetry in the loading conditions
(whereby one tine is slightly more stressed than the other).
Modeling the effect of asymmetries on the behavior of DETF

force sensors requires a more complex dynamic analysis, where
the DETF is modeled as a 2-DOF oscillator. Although impor-
tant for a theoretical understanding of the DETF behavior and
useful for the quantification of imperfection sensitivities, this
analysis is beyond the scope of this paper and will be presented
in a separate assessment. The key conclusion of this assess-
ment though is unaffected by these theoretical difficulties: A
robust and convenient self-calibration scheme results in an
operational frequency/force curve that is in excellent agreement
with the experimental results over the entire force range of the
device.

VII. CONCLUSION

This paper has demonstrated the operation of a DETF force
sensor with unprecedented combinations of resolution and
range. A previous optimal design and feasibility study by some
of the same authors had suggested that DETF force sensors
are capable of nanonewton resolution and newton range when
operated in vacuum. In this paper, we have demonstrated that
these properties are indeed achievable in a fully contained
extremely economical device, driven by a custom-designed
PLL circuit. The MEMS sensing element was manufactured
using a SOG process, with a device layer of 100 μm. A spring-
supported roller was interposed between the tuning fork and
the load application point to cancel any off-axis applied-force
component, with enormously increased robustness. A stable,
reliable, yet economical PLL circuit was implemented using
off-the-shelf components and assembled on a custom-designed
PCB; all driving, sensing, and resonance-locking operations
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were performed by the circuit. A simple g-test was performed
to calibrate the sensor and verify its linearity: A scale factor of
216.4 kHz/N was measured for loads in the micronewton range,
in good agreement with FE results. Importantly, we suggest that
the g-test provides a simple yet powerful calibration technique
for tests under varying temperatures.

To ascertain the minimum resolution achievable by the sen-
sor, an extensive data log was collected at no applied load, and
an Allan variance analysis was performed: The results clearly
show that resolutions lower than 10 nN are indeed achievable
for reasonable integration times (20 s). Faster integrations for
dynamic force sensing are possible, albeit at a decrease in
resolution. Although resolutions of this order of magnitude
were previously demonstrated in a number of systems (e.g., ca-
pacitive force detectors, atomic force microscopes, and nanoin-
denters), to the best of the authors’ knowledge, the combination
of ∼10-nN resolution and ∼0.1-N range in an economical,
fully contained, and versatile device is unprecedented. Future
work will verify the operation against an external sample,
thus demonstrating a unique micromechanical test frame. We
anticipate that this device will have considerable applications
for the mechanical characterization of microarchitected multi-
functional materials.
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