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Simultaneous measurement of spatially separated forces
using a dual-cantilever resonance-based touch sensor
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A simple device for simultaneously measuring two spatially separated contact forces is described.
The device uses a monolithic dual-cantilever touch sensor driven by a piezoelectric PZT actuator. A
phase-locking method allows measurement of resonant frequency shifts at constant phase, based on
the strain response of a second attached PZT. Calibration and force measurement procedures are
developed to extract applied contact forces from the dual-cantilever’s coupled, nonlinear response.
Based on a preliminary calibration, the present device exhibits maximum relative measurement error
on the order of 6%. Procedures for reducing this error are described®002 American Institute

of Physics. [DOI: 10.1063/1.1431439

I. INTRODUCTION and coupling effects is development of appropriate calibra-
. . Eion and inversion procedures, where calibration refers to
Resonance-based sensors are used in a variety of appli-

. . . . measurement of a beam’s frequency response to known im-
cations including material property measurement, mechani-

o . : S posed loads and where inversion refers to determination of
cal characterization of fluids and solids, flow and liquid level .
. o an unknown force, given a measured response and a known
metering and control, surface metrology, and friction force

3 2 . calibration.
measurement.> A number of these applications rely on si- . . . . .
. . This article describes development of a relatively simple
multaneous detection of two force components at a point or

. resonance-based method for simultaneously measuring
on simultaneous measurement of two fortasforce-related . . S
. : - . forces at two points. As shown in Fig. 1, the device incorpo-
guantitie3 at spatially distinct points. Examples of the

. . i rates a monolithic dual-cantilever driven by a PZT actuator.
former include mesoscal@nd micro- and nanoscélewves-

tigations of friction and wear while examples of the latter Decoupling of the dual-cantilever's nonlinear response is

. . . achieved in part by ensuring that each cantilever has a dis-
include fluid flow anemometry, flow metering and control, .. : ; e

. o tinct resonant frequenaiachieved here using differing beam
and high-sensitivity accelerometry.

With regard to anemometry, previous methods have us’elgngths), and in part by electronic filtering. Calibration and

S : . .~ “data inversion procedures are described in detail and mea-
separate sensors attached to vibrating pipe sections or inter-

. . . surement error is assessed. In addition, methods for improv-
nal vibrating vanes to extract total volumetric flow rates.

. ing measurement accuracy are briefly described.
Recent work® however, has focused on developing a9 y y

resonance-based method for measutingl fluid velocities.

Here, based on the measurement prinCipllederlying Pitot

tube anemometers, simultaneous measurement of flowWl DESIGN AND CONSTRUCTION OF

induced forces at two near-coincident points is required. Th@UAL-CANTILEVER PROBE

present study continues work in this direction by developing  The device is designed to simultaneously measure two

methods _for measuring simultaneously applied forces on forces,F, andF,, whereF, is applied longitudinally to the

dual-cantilever resonance sensor. long beam and~, is applied laterally to the short beam.
Vibrational coupling and nonlinear response can COMpefer to Fig. 1. This configuration is designed for future

promise the ac$gracy,°f simultaneous resonance-based forggyjication in an enclosed Pitot tub&yhere the short beam

measurements: particularly when a single cantilever is i getect local static pressure while the long beam detects

used. Although these limitations are now recognized, relajocq stagnation pressure. Other configurations are possible

tively little work as been reported on methods for accommosynciyding triple-beam, yaw-correcting measurement of three

dating and minimizing these efZects. For example, the deViC%ressures, or single beam measurement of static or stagnation
recently reported by Chuét al.” appears to represent the pressure.

only resonance-based method presently available for decou- \jeasurement of the forces acting on each of the canti-

pling lateral and vertical force measurements at a poit. g1 heams require§) that the beams’ resonant frequencies

nonresonant method for decoupling simultaneous force meaye gecoupledfii) that measured resonant frequency shifts
surements at a point was recently reported by Hendriks andy, pe related to known loads, i.e., a calibration developed:

. 3,7 . . . . . . . X X . . X
Vellinga™’) Of particular importance in treating nonlinearity 4.y i) that the calibration allows data inversion, i.e., mea-
sured frequency shifts can be used to determine the unknown
dCorresponding author; electronic mail: rkeanini@uncc.edu forces. We will consider the first requirement as well as
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FIG. 1. Schematic of the dual-cantilever touch sensor. B ' \ K'
3 : S ———————
o . : : . 0~V N
probe construction in this section and will describe calibra- 10 kHz 40 kHz

tion and data inversion in Sec. IV.

A. Probe construction FIG. 2. Typical system frequency response function.

In order to ensure relatively low thermal expansion andt
resistance to melting both during fabrication and in high-

L?;nepggfgrleaa&%yC?gg;f’tgg; et:J”r(l:esltSerr:]g;:]k;? deedtf)rovrCe(b:g?lrt_ added mass and stiffness effects can also be estirhated.
y ' o lung y The response characteristic of each cantilever beam over

For ease of fabrication and testing, the probe’s dimensiong small frequency band about a resonance depends on the
are relatively large. However, the calibration and inversionbeam and boundary conditions’ compliance, inertia, and

method, and the re_sults described belov_v are expected to .aHémping. Since these parameters in turn generally vary with
ply to smaller devices. Actuator and pick-up piezoelectric

sensors are bonded to opposite sides of the dual cantilevertge contact force applied to the beam’s tip, the sensor's reso-
) ) . j nance frequencies and associated response characteristics
vertical arm using M-BOND 200 adhesive. The sensors ar q P

. : : %Iso vary. However, since contact force-induced variations in
fabricated using rectangul&8 mm wide, 10 mm long and 1 y

. . ) .~ compliance, inertia, and damping are fixed and repeatable for
mm thick lead-zirconate-titanatéPZT) plates that are ori- a given sensor, variations in resonance and response can be

ented longitudinally along the cantilever’s vertical arm'éiirectly and unambiguously relategia calibration to the

While both transverse and longitudinal modes are excite contact force. As an illustration, consider sealed Pitot tubes

within the dual cantilever, the PZTS' size, orientation, andin which each beam tip contacts an elastic, pressure-sensitive

placement have not been optimized to excite or detect eithedf. . . ;
. iaphragm. Increasing fluid pressure on the diaphragm re-
of these modes. As noted in Sec. Il C below, measuremen phrag 9 P phrag

are based on detected transverse modes tt?uces the co_mpliance (_)f the elas(ide_rtzia.rj conFact bet
' tween the tip and diaphragm while likely increasing

structural/interface damping and inertial loadifdye to in-
B. Approximate design equations and decoupled creased area of contacBarring contamination and material
beam response or structural changes, however, compliance, inertia, and
damping variations remain fixed and variations in sensor re-
sponse depend only on pressure. Note that theoretical treat-
Fents relating applied force on a dual cantilever to trans-
verse or longitudinal resonance frequencies apparently have
not been reported.
From Eqgs.(1) and (2), it is apparent that in the present
ign where both beams have identical cross sections, well-
‘separated resonant frequencies require significant differences
in beam lengthL. As shown in Fig. 1, a long-beam length

(2j—1)7 [E\Y2 twice that of the shorter was chosen. In applications requir-
:—(_ ' 1) ing equal or near-equal beam lengths, vibrational decoupling

2L p
. o ] can be ensured by mismatching beam materiddgp),
wherew; is the frequency ofth longitudinal model is the  544/0r beam cross sections.

beam length, an& andp are the beam’s elastic modulus and
density. Likewise, transverse natural frequencies can be esti-

he beam’s second moment of inertia. If necessary, shifts in
the first longitudinal resonant mode due to contact-induced

As shown by Vidicet al.? transverse or longitudinal ex-
citation can be used to drive the dual cantilever. Although th
analysis in Vidicet al? is not strictly applicable to the beams
in the present device, for preliminary design purposes, it pro
vides useful qualitative information on the behavior of reso-
nance frequency as a function of beam geometry and beara‘bs
material properties. Thus, the longitudinal resonant fre
quency for either beam is estimated as

@j

mated usin@ C. Phase locking
Ag The dual-cantilever’s frequency response function
w”:z—wj, (2) H(jw) is first determined under nonloaded conditioRs,

=F,=0, over a range of excitation frequencies. As shown in
where g; is the natural frequency factor for theh mode, Fig. 2, for the resonator described here, the amplitude ratio
A=(EI/pL*)?? is the beam’s cross-sectional area, arid  |H(jw)| exhibits four peaks, corresponding to the first four
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system resonances. The two lowest frequency peaks remai Vot B
ol 1

fixed at all forcing frequencies and correspond to modes ex-
cited in a heavy clamp used to fix the dual-cantilever probe. Voluge @) | Drendcavision
The highest and next highest peak frequencie$) and
»{?, by contrast, correspond, respectively, to the short anc [oleedss
long beam’s lowest order transverse resonant frequencies ar | Veltage meter -
are sensitive to loading. In particular, under load, effective DSA Tastrument El :
added stiffness increases each beam’s resonant frequenc e -z _
which, in turn, produces shiftsyw; andAw,, in »{* and —-M =
w(zo) . F; e XN
A standard phase locking circuit is used to detect the
frequency shiftsA w; andAw,, as a function of the applied FIG. 3. Schematic diagram of force measurement system.

loadsF; andF,. The principal of operation is as follows.
First, the phases{” and ¢$” and corresponding long and |v. CALIBRATION AND DATA INVERSION
short beam resonant frequencie’ and w'® are measured I
under nonloading conditions. A load combinatiof, (F,), A. Calibration
is then applied, and a corresponding frequency response The calibration procedure constitutes a two-step process
function generated by exciting the PZT actuator over narrovand results in the creation of two calibration surfaces,
bands of frequency neas(® and »”. Due to changes in =Q4(F1,F,) andw,=Q,(F1,F,). In the first step, a set of
effective added stiffness, the resonance frequencies shift fislequency measurements is obtained by incrementally vary-
w,(F,,F,) and w,(F,,F,); these in turn are determined ing F; (the force on the long beanrom F,;,(=0.036/N) to
from the updated frequency response function using the corfn,{=0.35/N) while holdingF, (the force on the short
stant phaseg{” and ¢{” . beam fixed at, sayF$) . The resulting measurements of
and w, are then fit to third order polynomials, giving the
curvesw, = w1 (F1,FY’) andw,= w,(F,FY). This process
is repeated at a series of fixed valie , whereF ,<F%
<Fax- In the second step, two-dimensional linear interpola-
IIl. EXPERIMENTATION tion is used to generate the surfacék (F,,F,) and
O,(F,,F,); these are saved digitally at fixed intervalsHn
A longitudinal force,F,, and transverse forcé;,, are  andF,. As described by Phahpolynomial fitting and linear
simultaneously applied to the tips of the long and shortinterpolation programs used for calibration were written and
beams, respectively. Due to the short beam’s relatively lowalidated against commercial software. Contour plots of the
sensitivity to transverse loading, this choice provides a fairlysurfaces(); andQ), are shown in Figs. 4 and 5.
robust test of the dual-cantilever’'s capabilities. While any
combination of purely transverse and longitudinal loadingB. Data inversion
can be applied to the beam tipshlique loading introduces
two force components at each tip, necessitating a more inf-
volved calibration procedure. During calibratisee belowy req
the range of applied forces is limited to 0.035 to 0.36 N.
The forces are applied through flexure-based load cells,
each of which are monitored using a linear variable differen-
tial transformenLVDT ). Here, a micrometer presses a small 0
spring (stiffness-2.2x10° N/m) connected to the LVDT
(sensitivity=50 mV/um) which in turn contacts the beam
tip. Voltage from the inductive gage is measured via a volt ~ .072F
meter (accuracy0.02 mV) while a digital signal analyzer 108F
(DSA; Hewlett—Packard model HP 35665) Areates the
driving signal and detects the response at the sensing PZT. IZ *
is important to note that contact forces must be applied by:~-180-
the same means during both calibration and measurement 546l
For example, in the present set of experimeaisd as al-
luded to in Sec. Il B, since the sensor’s response depends in
part on the spring’s spring constant, calibration, and force  .288;
measurements use the same spring and associated attac  gq4|
ments. The DSA also determines the phase la{f8 and . .
¢ between the driving signal and the unloaded beams anc o 072 -144F N) 216 -288 -360
then measures the frequencies and w, (at these phase 1

|399' as functions Qf the applied .forcé*sl ar?d Fg- A'sche-  Fig. 4. Contour plot of calibration surface,=;(F;,F,). Frequencies
matic of the experimental setup is shown in Fig. 3. shown in Hz.

Determination of two unknown forceb,; andF,, given
uency measurements, and w,, requires inversion of
the calibration relationshipsw;=Q(F;,F,) and o,
QO,(F1,F5). The inversion procedure, and several poten-

.036

144r

2521
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FIG. 5. Contour plot of calibration surface,=,(F;,F,). Frequencies FIG. 6. Comparison of forces measured by dual-cantilever touch sensor
shown in Hz. with actual imposed forces. Twenty simultaneous force measurements were

performed. The force§, shown here are those on the long beam while
those shown in Fig. 7K,) are those on the short beam.

tial pitfalls, are perhaps most easily described in geometric(:earit and in particular. its nonuniaue response to imoosed
terms. Thus, consider the surfades and(), shown in con- Y, P ' q P P

- . : forces.
tour n Figs. 4 and (5&])G|ven a measured valu&»gt which In order to determine which solution should be used,
we will denote asw;™, thep th?m)set O,f all possible (1:no)rces ancillary information regarding, e.g., the relative magnitudes
(F1.F>) (ﬁ?Pable C?f produc.mgul defines a curvd“l(ms of the forcesF; andF, may in many cases be used to elimi-
whereI'}" is the mtgrsegﬂon between the plane= @31 nate the inappropriate solution. For example, and as men-
and the surfac€),. Likewise, the set of all force pairs ca-

i ) e tioned, the present device will eventually be incorporated in
pable of producing the observed valuewf=w;" defines a 4 pitot-tube-based anemometéiin this case, since the sum

similar curvel'§"™ on the surfacdl,. of the static and dynamic pressures on the long beam are
Given the curved'{™ andI'{", representing a set of |arger than the static pressure on the short b&aym,F,. As
two nonlinear equations in two unknowrts; andF,, then  another example, the present device could be used for high
three potential outcomes must be consider@di:no solu-  precision fluid density measurements. In this case, the canti-
tions exist; (2) one solution exists; of3) more than one |evers would be aligned vertically, parallel to the gravity
solution exists. The first pOSSlbl'lty can be dismissed by reCﬁe|d’ so that a S||ght|y h|gher hydrostatic force on the |0ng
ognizing that the curve§'{™ and I'l"”, projected on the heam would again lead to the constraft>F,. Alterna-
planew =0, must cross at least once. Since all points on bothjvely, nonunique solutions can be circumvented at the cali-
curves are experimental realizations of the dual-cantilever'gration stage by using data that satisfy any given constraint
response to applied forces, any pair of observed frequencigsetweerF; andF,. In cases where no such constraint exists,
must correspond to at least one pair of imposed forces, i.e.,i@may be necessary to validate the data inversion procedure
point (F;,F;) common to both curveqThis assumes that over the entire range of observable frequencies; here, spuri-

the unknown forces lie within the range of forces used togus solutions are identified and flagged prior to actual force
generate the calibration. measurements.

Considering the third possibility, that of multiple solu-
tions, we find that in most cases, the curi&g’ andI'{"™” v, RESULTS AND DISCUSSION
actually cross at two points, i.e., two distinct pairs of applied
force are capable of producing a nominally identical pair of
resonant frequencies. Prior to discussing this observation
' (F@ @ i i

is useful to briefly differentiate between instances when théFl P2 )|_20' are applied to th? dual cantilever and the

curves actually cross and when the curves touch or appear £'TeSPonding resonant frequencies measured. Each of the 20
touch tangentially. The first case, indicated when data pointQhaIrS of measured resonant frrfqrtljenmes are then input into
on each curve lie fore and aft of the crossing point, signaldh€ data inversion program which determines 20 associated

. . i i e) (e (e) (o)
the existence of an actual root or solution. The second caffirs of estimated force,F( ,F§ Niv FT7FZ) 0.
could indicate a real solution, but more likely represents a-°mparisons of the actual and estimated forces for each of

spurious solution produced, e.g., by suboptimal resolution ii€ 20 trials are shown in Figs. 6 and 7. Defining maximum

frequency shift measurements and/or interpolation error inf€lative errorsg, andE,, as

troduced during calibration. Fortunately, extensive tests sug- ){,ﬂe)_ Fla
E;=maX——z—

In order to test the dual-cantilever method, 20 different,
arbitrarily chosen pairs of known forcest ) ,F&)|y,...,

. N L 1i 1i .
gest that in this system, tangential incidence never occurs. F@ | i=1,..,20
Thus, considering the observation that most curves cross u

twice, it is clear that this feature reflects the system’s nonlinand
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FIG. 7. Comparison of forces measured by dual-cantilever touch sensor

with actual imposed forces. See the caption to Fig. 6 for an explanation. FIG. 8. Absolute relative measurement errors for simultaneous force mea-

surements shown in Figs. 6 and 7.
%F;?)—F(;P etry. More generally, and as shown above, the nonlinear,
E,=max ———=—

, 1=1,..,20 coupled response of cantilever-based measurements can lead
to nonunique extraction of forces. Although nonlinear cou-
we see from Fig. 8 tha, is approximately 6% whilé, is pling characterizes many cantilever-based measurements,
on the order of 2%. e.g., friction force microscopédsthe potentially ubiquitous
The effect of interpolation error is apparent in Fig. 8, nature of this problem has not been considered in the litera-

where the largest errors occur dinterpolated points ture. In addition, development of robust calibration and in-
(F,,F,) that are somewhat removed from experimentalverSion procedures is critical to tackling problems associated
points used in calibration. In order to improve the accuracyVith nonlinear coupling.
of dual-cantilever-based force measurements, the accuracy of
the calibration between force and frequency can be im?‘CKNOWLEDGMFNT _ _ _
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