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Miniature Heart Cell Force Transducer System
Implemented in MEMS Technology

Gisela Lin*, Roy E. Palmer, Kristofer S. J. Pister, and Kenneth P. Roos

Abstract—A fully submersible force transducer system for use tension forces that are likely greater than that of the cell’s force
with isolated heart cells has been implemented using microelec- [2], [7]. These factors inherently limit “macro” transducer

tromechanical systems (MEMS) technology. By using integrated {4 e measurements to frequency ranges of no more than a few
circuit fabrication techniques to make mechanical as well as elec- hundred hertz

trical components, the entire low-mass transducer is only a few - .
cubic millimeters in size and is of higher fidelity (x100nNand 13.3  Microelectromechanical systems (MEMS) technology offers

kHz in solution) than previously available. When chemically acti- the ability to shrink the entire force transducer down to a size
vated, demembranated single cells attached to the device contractcomparable to that of a single heart cell. MEMS uses mate-
and slightly deform a strain gauge whose signal is converted to an yi5|5 and fabrication techniques derived from integrated circuit

amplified electrical output. When integrated with a video micro- technol t t . | hi d of
scope, the system is capable of optical determination of contrac- . n_o ogy 1o create r_nlcro-s_(?ae mac mes_qompose 0 me-
tile protein striation periodicity and simultaneous measurement Chanical components in addition to the traditional electronics

of heart cell forces in the 100-nN to 50uN range. The average [11]. Submersing a miniaturized device into the cell's saline
measured maximal force wasFiax = 5.77 & 2.38 uN. Nor-  path increases measurement fidelity and reduces the noise of

malizing for the cell's cross-sectional areaf,,.x/area was 14.7 ; T

7.7 mN/mnm?. Oscillatory stiffness data at frequencies up to 1 kHz :Ee sys;em tt)y d(f,'creast!?g ?ttachment arm mass and eliminating
has also been recorded from relaxed and contracted cells. This (€ Surface tension ar |_ac : ) )
novel MEMS force transducer system permits higher fidelity mea- ~ MEMS technology without electronic transduction has been

surements from cardiac myocytes than available from standard recently applied to evaluate the mechanical characteristics of

macro-sized transducers. isolated skeletal muscle myofibrils [12], [13], but full-featured
Index Terms—CMOS, force transducer, heart cell, MEMS, mi- MEMS devices have not been previously employed to evaluate
cromachining, micromechanical. passive or active contractile function in any type of muscle

preparation. Recently tungsten needles attached to steel foils
were used to record isometric forces and rate constants of
force development from isolated cardiac myocytes. Although
HE MEASUREMENT of contractile force in the:N the force transducer has a resonant frequency in the 2-3 kHz
range from isolated ventricular heart cells (cardiac myange, the force sensing apparatus is only partially submerged.
ocytes) is crucial to the fundamental understanding of functigfiso, input mechanical length perturbations are limited to
in normal and diseased heart. The complicated organizatigequencies well below the resonance frequency in order to
of the heart precludes all but the simplest measures of cardia®id unstable oscillations [14].
function. Isolated cardiac myocytes provide a simplified model The design of a useful MEMS force transducer must address
that can more directly be related to the molecular structureeveral criteria to permit the study of mechanical properties of
responsible for contraction and its regulation. However, curremammalian cardiac myocytes. It is desirable for the device to
transducer technology has limited mechanical measuremeiiése a mechanical bandwidth in the kilohertz range so that os-
from cardiac myocytes [1]-[10]. Commercially available forceillatory and transient analyses of force can be achieved with
transducers are relatively large and must be placed outside fiigh fidelity. The device must also permit a transmitted light
cell’s saline bath. Cell attachment can only be achieved wiath through the cell to visually monitor its ends, attachment in-
relatively complex massive structures (e.g.: pipettes, needlgsyrity, and length during a contraction. Furthermore, the device
fibers, troughs, plates, or paddles), which are subject to surfagmuld exhibit minimal compliance so that the cell length does
not change significantly during a contraction unless desired.
Manuscript receivedJune 29, 2000; revised June 2, 2001. This work was sup]—hIS paper desc”bes a m'”'atu':|zed' fully submersible fF’“?e
ported by a Grant-in-Aid from the American Heart Association, Greater Ldgansducer system implemented in a technology that satisfies
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ported in part by the National Institutes of Health (NIH) underGrantHL-4706t5 ll ili “volvsili " ith . | flecti
(KPR). Asterisk indicates corresponding author alling si '(?Or_‘ (‘polysi 'CQ” ) with a V'SUE? de eCt'on_ r_eadf?”t
*G. Lin is with Standard MEMS Incorporated, 7155 Crest Road, Ranctihat was limited by a high beam compliance and finite video
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onto a single chip, (2 mm)in size. A full range of tests has|
been performed on this low-mass, disposable transducer w
and without cardiac myocytes. With this device, direct forc
and oscillatory stiffness data from relaxed and activated card wFEngrg
myocytes exceed the fidelity obtained with standard “macr FEoe
transducers and demonstrate the potential for considerably
proved mechanical measurements of cardiac myocytes or ot| i

) [FHA
cell types using MEMS-based transducers. 3 — i

Il. THEORY [ | it enisony I
-'. 3 _.'

A schematic diagram of the MEMS force transducer syste .-‘ o
is shown in Fig. 1. The heart cell ends are attached to t r
transducer beams using silicon dioxide (“oxide”) clampy --.-l--f ;,-

One of these oxide beams incorporates a strain gauge m ,  Silicon substrate ¢ ;
of polysilicon, which is a piezoresistive material changin{: -
resistance when mechanically deformed. Thus, when the ‘%?rg 1. Schematic diagram of the force transducer system. See the text for
contracts, the sensor beam bends, activating the strain gauggiils on its principle of operation.

the opposite beam is immobilized. The strain gauge serves

as the variable resistor in an on-chip Wheatstone bridge. Th

bridge converts the change in strain gauge resistance |nto

eI'he equation of motion describing a damped oscillator with
no external force acting on the oscillator once it is in motion is

change in voltage which is then amplified on-chip for recordln&Z] 23]
off-chip.
Force in muscle cells is generated by the interaction between &2 d
the contractile proteins, actin and myosin, which form a molec- s + 2Cwn + wir =0 3

ular motor. They are organized within sarcomere units of par-

allel contractile filaments that are visible as cross-striations Wherew,, = the natural undamped angular frequency and
an optical microscope (see Fig. 10) [19]. Although the maximttie damping ratio described by
force from individual molecular motors is approximately the

same within a given muscle, the maximal force from different wa \ 2
heart cells is variable depending upon the number of force gen- C=1/1- < ) (4)
erators in cross-section [2], [7], [8]. Thus, in order to relate me-

chanical data from cells of different sizes to their fundament@gherew, = measured, damped frequency. The on-chip system
molecular source, measured force must be normalized to #eeponse is determined by starting with the theoretical response
cross-sectional area of the cell. As an approximation, the myf a Wheatstone bridge with one variable resistor from basic
ocyte cross section was estimated as an ellipse with a major aischanics, circuit theory, and models for piezoresistance [20],
to minor axis ratio of 1.25: 1 [8]. The area of the cell cross sef4], [25]

tion was then
dvbridge 3‘/111 GL

_ (1 wy? dF ~ 242bE ®)
A= <1.25>7r(§> (1)
where
wherew is the measured width of the cell’s major axis. Viriage OUtput voltage of the bridge;
In terms of the device characteristics, various parameters ofVin input voltage driving the bridge;
the transducer system can be theoretically estimated. For ex” input force that deforms the piezoresistor (variable
ample, the spring constant of a single fixed-free cantilever beam resistor);
is described by [20] G gauge factor of the polysilicon piezoresistor;
a beam thickness;
a*bE b beam width;
k(a, b, L) = aI3 @) L beam length;
E elastic modulus of the oxide beam.
where For design purposes, a gauge facto+@0 was used, meaning a
a  beam thickness- 3.05,m; 1% change in strain produces a 20% change in resistance. Thus,
b beam width= 20 p.m; with 1 V driving the bridge, the theoretical bridge response is
L beam length= 100 p:m; 0.22 mVj:N. Multiplying by the gain of the on-chip ampli-
E  elastic modulus of silicon dioxide- 0.73 x 10'* Pa fier (in this case 12), the predicted on-chip system response is
[21]. 2.6 mV/uN.

Theoretically, the spring constant of this single fixed-free oxide The threshold of force resolution (device sensitivity) is de-
cantilever beam is 10 N/m. termined by the noise level in the system. Noise produced by
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Fig. 2. SEM photo of the device, without encapsulation. The microstructu T SR .
on a quartz coverslip is flipped over the edge of the wafer revealing the cav silizan ubstrate
left behind after etching. In this photo, a fixed (dried) heart cell is glued betwe: After Relesse
the oxide clamps. The base of the lower beam contains a piezoresistive st XaFy Assemibly with Frobe
gauge connected to the Wheatstone bridge circuit via the aluminum hinges. Gold (@)

wirebonds transfer the electrical signals on and off the chip.

the on-chip electronics can be theoretically estimated by si
lating these components with a simulation program with int
grated circuit emphasis (SPICE) which considers both flick
(1/f) and thermal (Johnson) noise [26]. SPICE estimated t
noise variance to be 20V. Thus, the on-chip “noise envelope”
is 0.12 mV, assuming the envelope is three variances wide on
ther side of the signal. These estimates are conservative in te
of the actual noise that will be measured since there are ot
sources of noise that are not accounted for, such as burst nq
and noise generated in the device package. However, dividing
the theoretical on-chip system response (2.6 aiNj)/ the noise
envelope corresponds to a theoretical minimum resolvable fo
of 46 nN.

I1l. M ETHODS

(b)
A. Device Fabrication Fig. 3. Aluminum hinges. (a) Schematic diagram of the fabrication and

. . . . sembly of an aluminum hinge. Aluminum traces are patterned through
Devices were batch fabricated using a commercial CM etch window which is exposed silicon substrate. Xekchant undercuts

process [27]. In this process, thin films of polysilicon, oxidehe oxide plates and aluminum traces. Hinge assembly involves bending the
and metals are grown or deposited on a silicon substrate that agpinum by lifting the attached oxide pad with a probe. (b) SEM photo of an
also be selectively implanted with ions to locally alter the elegh@ssembled. double layered aluminum hinge.
trical properties. Both mechanical and electrical components are
created by strategically patterning the thin films and ion-infnicrograph of the MEMS force transducer system including a
planted areas of the substrate via photolithography and chefibeatstone bridge, amplifier, cantilevered beams, strain gauge,
ical etching. The patterned layers and substrate are connecte&ft clamps, and the wires for input power and output signals.
specific sites to form electrical interconnect pathways, resistorgnce the silicon substrate of the chip base is opaque, the beam-
strain gauges, and transistors. clamp assemblies are cantilevered off the side of the substrate
The individual devices on the chip are physically separaté Permit transmitted light to pass through the cell for imaging.
via wafer dicing. A single device, about 2 mm2 mm in size,
is then attached to a quartz coverslip [0.8&i0.86 inx 0.01in
(Dell Optics, Inc., Fairview, NJ)] using 5-min epoxy. This cov- Following device preparation, the mechanical microstructure
erslip had ten aluminum lines previously patterned on it via phof the device is freed for assembly by “release etching” the sil-
tolithography and E-beam aluminum evaporation. The chip wa®n substrate. The etchant, XgRwill preferentially etch sil-
wirebonded directly down to these lines providing ten electricadon and polysilicon layers over the oxide and aluminum layers
signals to and from the device (see Fig. 5). Fig. 2 shows an SEMder vacuum conditions. Thus, polysilicon strain gauges are

B. Release Etching
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Fig. 4. lllustration of clamp assembly sequence. (a) SEM of the structurég. 5. Diagram of the holder and insert used with the transducer during
before assembly, immediately after Xefelease. (b) Diagram of the structurecell experiments. The insert is placed in the chamber only after successful
after assembly, but before cell attachment. The four groups of aluminum hing@npletion of cell attachment. See the text for details.
on one of the arms are numbered in both (a) and (b).

D. Microstructure Assembly and Device Packaging

preserved if completely encased in the appropriate thicknesll microstructure assembly was done manually using four
of oxide. An array of 20x 20 ;m “etch holes” allowed the sharp tungsten needle probes (Cascade Microtech Inc., Irvine,
etchant access to the silicon substrate underneath leaving a 4¢Al} and an optical microscope mounted on a Wentworth probe
loped etch “pit” after release (Fig. 2). The microstructure releastation (Wentworth Laboratories, Brookfield, CT). Fig. 4(a)
method and apparatus are detailed by Ga|. [28]. shows the structure immediately following release etching,
but prior to assembly. The hinges are numbered on one side.
To assemble the microstructure, hinges #1, #2, and #3 were
C. Hinge Fabrication folded 90 while hinges #4 were folded 18Qo flip the entire
microstructure off the edge of the wafer [Fig. 4(b)]. The top
To make a 3-D MEMS microstructure with cantileveredlaps (60x 65:m) of the clamps were folded outwards at hinge
beams and clamps, simple hinges (Fig. 3) were created frétd to facilitate cell attachment. The beams (from #2 to #3) are
the metal layers [29]. Device assembly involved bendinkP0x 20 x 3.05:m. Hinges #3 and #4 also served as electrical
freestanding aluminum beams by lifting the oxide pads withiaterconnects to the strain gauge. Specific parts of the device
probe [Fig. 3(a)]. This aluminum beam functions as a hinge I&f€ coated using 5-min epoxy, silicone rubber, and nail enamel
remaining deformed after bending and leaving the oxide p#@r electrical isolation. Following encapsulation, output wires
vertical to the substrate. To prevent microstructure misalightere attached along one edge of the quartz coverslip (Fig. 5)
ment, hinges are forced to bend along predetermined edgéig conductive silver epoxy (Epo-Tek H20E Conductive
by patterning a first layer of aluminum underneath a portig#ilver epoxy, Epoxy Technology Inc., Billerica, MA).
of a second layer of aluminum. With this double-metal hinge ) i
approach [Fig. 3(b)], the first metal layer only extends partially: ExPerimental Chamber Design
through the hinge, stiffening one edge relative to the other. TheThe experimental chamber consisting of a coverslip holder
aluminum hinges can also function as electrical pathways. and insert was machined out of acrylic (Fig. 5). The insert has a
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small oval chamber (2.5 7 x 1.5 mm) holding about 26! of el o

liquid with solution exchange ports at each end. It was design ™ il f,,f"#

so that the output wires emerge out one side of the chamt ~ 2 £ step #1
Vacuum grease (Dow Corning silicone stopcock grease, Mi [L

land, MI) was applied to function as a barrier to fluid leakag 1 —— e

and secure the coverslip to the inner surface of the holder.

F. Heart Cell and Solution Preparation T Oy P
Cardiac myocytes were prepared fresh each experimental « Hm '. r x"’f :
from adult rat ventricles subject to retrograde coronary arte ™~ +*
perfusion (Langendorff) with 0.1% collagenase (Worthingto 'l ﬂm"ﬁlﬂ]]]m"mmlm""' I|
Biochemical Corp., Freehold, NJ, type 2) in Joklik minimum es I R |
sential medium (Irvine Scientific, Irvine, CA) at pH 7.4 [6]-[8]. | support platform step #2

Following 10—-20 min of perfusion, the cells were isolated b

mincing and mechanically agitating the left ventricle in relaxin

solution [6]. These cells were demembranated (skinned) for ¢

periments by adding 1% ultrapure Triton X-100 detergent to tl

relaxing solution for 20 min. The cells were washed to remo\ T !

any traces of detergent and attachment to the transducer imi m ] ||_|-~ s |

diately followed. All cells were used within the first four hours : ]

after extraction to eliminate any possible cellular deterioratio ' step #3
The contractile level of the demembranated (skinned) he.

cells was precisely controlled for these experiments using re-

laxing and activating solutions previously detailed [6]. The cells

R

= 4.5), premixed 0.1M Caglstandard (CIBA-Corning Diag-
nostic Corp, Medfield, MA) was added to relaxing solution iz

portional mixing of the relaxing and maximal activating solu
tions. All chemical components used in solutions for cell prep
ration and the experiments were purchased from Sigma Ch
ical Company (St. Louis, MO) unless otherwise noted.

G. Cell Attachment

Fig. 6 illustrates the steps for cell attachment. Starting wi
the device in the holder and the clamp plates open [Fig. 4(b
silicone sealant was applied to each plate surface using a net
probe [Fig. 6(a), step 1]. Then cells in relaxing solution we
introduced into the chamber. A cell of appropriate length wid
chosen and mounted between the clamps [Fig. 6(a), step 2]. (b)

The top plates were rotated tO_Close down upon the C_e” eng$ 6. Cell attachment steps. (a) The attachment procedure starts with
[Fig. 6(a), step 3]. Since the microstructure is very delicate,agplying glue to the open clamps (step 1). Then a cell of appropriate length is
- aced between the clamps (step 2) with the aid of a support platform. Finally,
small coverglass I.S used to support the bottom plates ta fa'Ct ‘e clamps are closed around the cell ends (step 3). (b) SEM of the device after
tate. attaChment without beam or clamp breakage. the cell is attached. The hinge numbers correspond to those in Fig. 4.
Fig. 6(b) is a SEM photo of the device after the cell attach-

men.t. Fpr this micrograph, the deyice is not encapsulated, W&der with the device, insert, and cell was bolted down to a
C?” is fixed, and the numbered_hmges _correspond to thQSet\Wb-axis micromanipulator (Melles Griot, Irvine, CA) faf—Y
Fig. 4. After cell attachment, the insert (Fig. 5) was placed int sitioning over the optical axis of an inverted water immersion

chamber. The holder with the complete transducer and cell wgs microscope objective lens (Zeiss, Germany) as shown in
tran.sferred to the imaging sy;tem for data_acquisition. Theﬁ . 7. Z-axis objective positioning with a third micromanip-
devices are desgqed for one time use only since they are enc&kior provided focus. A light emitting diode positioned above
sulated and the living cells irreversibly glued to the clamps. yhe eyperimental chamber transilluminated the cell and trans-
ducer arms. Video image data were visualized on a monitor and
recorded on tape or laser disk for later analysis [30].

Cell experiments were conducted using a microscope and-ollowing the attachment procedure, the cell was usually
video imaging system mounted on an air-suspension table. Biack between the clamps due to the difficulty of attaching a

H. Test Setup and Imaging System
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Fig. 7. Schematic diagram of the experimental setup. The holder sits on top of an inverted microscope lens with camera underneath to imagehthg cell. Bat
solutions are pumped in manually through the input line and out via a suction tube placed at the top of the chamber. The suction tube also coetrofs the lev
the solution meniscus. Output wires emerge from underneath the insert to interface with power supplies, off-chip electronics, and the datesystprisitThe

array of tungsten needle probes (each attached to a three-axis micromanipulator mounted around the experimental chamber) is not shows. for simplicit

cell during the assembly process. Since this is not the nornadil the chip (Fig. 8). Since functional integration of the on-chip
condition in the heart [2], [7], it was necessary to remove amjectronics, the folded microstructure, and the interconnect
slack by moving the clamps further apart. Thus, after installainges was a major goal in device development, the on-chip
tion on the microscope system, an external needle probe vedeactronics were kept extremely simple. The on-chip amplifier
inserted into the clamp opposite the arm with the strain gaugecomposed of nine transistors (differential input stage, biasing
This crude method not only took up the slack and stretched tinansistors, and output stage). Due to the lack of a gain stage,
cell to an appropriate length, but it also immobilized this endhe on-chip gain was very low (12) and additional gain was
Hence, the entire force was sensed by the arm containing tlteeded. A low-noise operational amplifier (MAX427, Maxim
strain gauge. Integrated Products, Sunnyvale, CA) and a simple resistor and
Activating and relaxing solutions were manually pumpedapacitor filter were added off-chip. The off-chip electronics
through the input line into the chamber (Fig. 7). A glass suctiomere configured to have a maximum gain of 511 and a filter
tube was placed at the top of the chamber to remove excesk off at 7.2 Hz to achieve a measurable change in output
fluid and maintain a constant solution meniscus level for wltage. However, the gain and roll-off could be easily adjusted
steady focus of the cell image during solution changes [6]. by changing the resistors R1 and R2, respectively (see Fig. 8).

The Wheatstone bridge was biased freid.3 Vto —1.3 V,
and the on-chip amplifier was biased from 3.2 V+4®.8 V.

Stored video image data were digitized using a PC-basgHese biasing rails were chosen to achieve an on chip signal
frame-grabber system. These data were subsequently filtergghtered at 0 V to utilize the full dynamic range of the off-chip
contrast-enhanced, and analyzed to obtain cell length (tragectronics. For the transducer evaluations with attached cells,
ducer clamp spacing) and sarcomere striation pattern periodiitg off-chip gain was typically reduced to 325 so that the output
using custom software [30]. At the relatively low magnificatiomignal would remain within thek5 V input range of the data
used for these studies, the system had a spatial resolution of&uisition system. All signals were recorded for analysis with
proximately 5 pixelgim (+0.20:m). Both the cell length and either a digital oscilloscope (HP 54 600B, Palo Alto, CA) or
sarcomere striation periodicity (sarcomere length) were contipith a computer equipped with a LabVIEW data acquisition and

I. Image Analysis

uously measured during each experiment. control system (National Instruments, Austin, TX).
, , Prior to a contraction experiment, beam displacement versus
J. Force Measurements and Signal Processing output voltage(V,.,;) was recorded for each device by manu-

To obtain a usable voltage signal representing cell foredly deflecting the sensor beam using a separate probe and mea-
from the transducer arm deflection, the signal changes from thgring the change in output voltage in air (without cell) and so-
Wheatstone bridge needed to be amplified and processed onlatidon (with cell in the clamps) [18]. Even though the cell is
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oG oFF-CHaP M. Oscillatory Data

—. To perform the oscillation experiments with attached cells,

I = the needle probe from the piezoelectric disk was inserted into
the clamp opposite the sensor beam (instead of the manual

A=q2 length adjustment probe used in the maximal force study).

b i 7 _ Using the digital oscilloscope to record the MEMS system
‘,l;. . > Ll output response, sinusoids of various frequencies and of a few

“3.;'! | . microns in longitudinal displacement (1%—-2% cell length)
i were delivered to perturb the cell. The off-chip gain was set

to 511, and the roll-off of the filter electronics (Fig. 8) was
changed to 1800 Hz. Then, steady state “snapshots” were

Ay 2 taken at frequencies ranging from 10 Hz to 1800 Hz under

both relaxing and activating conditions. Though separate tests
revealed nonlinearities in the piezoelectric disk’'s frequency

Fig. 8. Schematic diagram of the on-chip and off-chip electronics. Theharacteristics, it was deemed acceptable for preliminary cell
indicated bias voltages were used to center the output voltage to around Q)gcillation experiments up to 1.8 KHz
allowing optimal use of the system’s dynamic range during data acquisition. ’ ’

t, it had no effect thi f “on-site calibrati 'V RESULTS
present, it had no effect upon this type of “on-site calibration.” _
Using these data and the calibrated spring constant of the begm,T ransducer Characteristics
Vout could be directly correlated to force. Averaging over eight devices, the measured MEMS system
response was 0.8+ 0.16 V/uN. Dividing by the gain of the
off-chip amplifier (511), the on-chip system response was 1.6
4+ 0.31 mVLuN. Averaging over eight devices, the calibrated
The beam containing the piezoresisitive polysilicon straspring constant of the beam was 28.42 N/m. In general, the
gauge (Figs. 2 and 6) was calibrated using a standard “macsystem response was linear with a small amount of scatter that
force transducer, the Cambridge 406A (Cambridge Technolzan be attributed to a variety of sources. One potential source
gies, Watertown, MA 02172) [6], [8], [9]. The Cambridgewas slippage or variation in contact interface between the pol-
transducer was used to apply a known force to the beashed and rounded Cambridge glass pipette tip and the MEMS
by directly interfacing its glass tip to the end of the MEM$eam. Other sources of scatter could arise from electronic noise
transducer beam. The change in output voltage of both thetemperature sensitive variations in either transducer system.
Cambridge and the MEMS force transducers was recordedlhe unfiltered output responses of the mechanical bandwidth
simultaneously for various amounts of applied force. THests in air and water are shown in Fig. 9(a) and (b). The mechan-
Cambridge force transducer was calibrated separately ibgl bandwidth estimated from the cycle time of the oscillations
hanging wires of known weights off the force transducer. lisfs) was approximately 30.3 KHz in air and 13.3 KHz in water.
response was 13 mMN and was linear [6]. The change inThe natural frequenci€g,,) were 30.3 KHz in airand 13.7 KHz
Cambridge output voltage was then converted to applied foricewater (via nonlinear curve fitting of the data in Fig. 9). The
and plotted versus the corresponding change produced in ¢gogresponding damping ratios [by (4)] were 0.0081 in air and
MEMS system output voltage to determine the MEMS systefh24 in water. These levels of damping are negligible, indicating
response. In a separate experiment, the MEMS beam what the beam is close to resonating in both environments under
deflected with a probe in air, and the corresponding chantieese experimental conditions.
in output voltage(V,,,;) was recorded. By dividing the slope The damping force can be derived from the analytical values
of the best-fit line in theAV,,; versus deflection curve by of massf,,, and¢ in air and water along with the velocity of the
the slope of theAV,,; versus force curve, an estimate of thdeam. From the data in Fig. 9, the beam velocity was estimated
beam'’s spring constant for each device was obtained. to be 0.17 m/s in air and 0.031 m/s in water. The damping force
is described by the second term in (3), and the values inferred
from these data are 46 nN in air and 500 nN in water. Since
a heart cell's shortening velocity is less than the speed of the
To determine the beam’s mechanical bandwidth, it wdseam in this test£0.008 m/s), the damping force it experiences
deflected approximately 1@m and quickly released. Theis about==100 nN. Compared with the micronewton forces ex-
deflection was achieved using a needle probe attached to angeeted from the cells, this level of damping force should not
ternal piezoelectric disk (Radio Shack, #273-091B, Ft. Worthjnder clamp and beam movement through the saline bath.
TX 76102). The beam was released when a programmed steffhe measured output noise of the whole device was typically
voltage delivered to the piezoelectric disk caused the needledtd V peak-to-peak. Dividing by the off-chip gain (511 for these
quickly move to the side and cleanly disengage. This actidests) and ignoring the off-chip noise, the measured on-chip
allowed the beam to “flick” back to its normal position with &noise envelope” is 0.2 mV. Dividing by the measured on-chip
resulting oscillation. The MEMS system output response wagstem response, the analytical minimum resolvable force is
recorded using a digital oscilloscope. roughly 100 nN. With an off-chip gain reduction to 325 (i.e., the

K. System Response and Beam Calibration

L. Mechanical Bandwidth Measurements
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Fig. 10. Images of attached cell. (a) Attached cell in relaxing solution,
| clearly showing the sarcomere striation pattern. (b) Same cell during maximal
1 | activation showing a less distinct striation pattern and cell shortening. A probe
is inserted in the left clamp (not shown) to immobilize that beam and take up
| cell slack. The force sensor is on the right side.

. e

fusion of the activating solution (pCa 4.5) was initiated. The

e e e — spike corresponds to the initial burst of fluid on the transducer
Tema [1s5] beam. After a 4-s delay due to solution transit time and chamber
(b) mixing, the cell contracted, developed force, and the transducer

Fig. 9. Step response of the beam in (a) air and (b) water. See the text?é'lrtpm. V0|tage rose. ACtIV?.tlng squtlpn was Comlnuc.)us'y n-

details. ' used into the chamber until point B (Fig. 11). The relatively flat
nature of the plateau segment demonstrates the system’s min-
imal noise and drift and the effectiveness of the fluid exchange

off_-chip gain used for cellular force measurements), the syst tem. The output voltage dropped slightly at point B because

able force attainable through commercial force transducers S%E‘h relaxing solution. After another 4-s delay

: the cell relaxed
as the Cambridge 406A when attached to cells [6].

and the output voltage returned to its starting position. The small
force spike just prior to the relaxation was a consistent feature
in these studies. The exact cause of this spike is unclear, but it
Chemically skinned cardiac myocytes were attached to theuld be due to some solution mixing issue or the initial phase
clamps of this device and their forces measured under controllefdrelaxation eliciting some degree of cell elongation to a more
steady state and oscillatory conditions. Fig. 10 shows a did@rceful level along the ascending limb of the force-length rela-
tized video image of an attached cell at rest and at the peak dicnship. Based on the DC level shift in the trace in Fig. 11, the
chemically activated contraction. The optical system permittedlibrated maximal force generated by the cell wags@N8The
imaging of the attachment clamps for cell length determinati@veragel’,, .. over 15 trials on eight cells was 5.272.38:N.
and the sarcomere striation pattern for sarcomere length deterfhe measured width of each cell was taken to be the major
mination. axis of the ellipse for this calculation. Using (1), the average
Force development data was recorded from eight skinned caatue obtained fof,,../area was 14.% 7.68 mN/mn3. Image
diac myocytes. Fig. 11 illustrates a complete activation—relaanalysis determined that the average sarcomere length was 1.99
ation sequence from the cell shown in Fig. 10. At point A, in+ 0.13;:m at rest and 1.39- 0.16 zm at maximal contraction.

B. Maximal Force Measurements
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Veq and Force vs. Time During Contraction in air. Theoretically the natural frequency should not change

P el P 0 AT e MBS L At S LR R NS with environment. Assuming the spring constant is independent
i [ of environment, the analytical results indicate that the mass of
adibon ulj 4 the structure has increased by a factor of 4.4 in water. This is

= ]
S

analogous to having a boundary layer of water 48 thick
completely surrounding the beam and clamp. Presumably this
boundary layer of water is effectively contributing added mass
| 1 to the microstructure, which decreases the resonant frequency.
The measured on-chip noise envelope (0.2 mV) is larger
= than theory predicts (0.12 mV), as expected. However, this
& value is sufficiently low being less than 1% of the expected
! [ maximal forces generated by typical cardiac myocytes (0.2 mV
M’ corresponds to a minimum resolvable fore@00 nN via the
|

‘

a1

MRS Symimm Durgel Yollaga ()
-

measured on-chip system response). Also, this indicates that a
large portion of the output noise comes from the low-frequency
A . noise in the on-chip electronics, as the theoretical SPICE
Rzl Bl AR 7.....;.|:;.;;:.-=._-:J R simulations modeled Johnson andf noise in the on-chip
electronics. Other sources of noise may include contributions
Fig. 11. Force data obtained from cell shown in Fig. 10. From the left prior #0m the packaging or the random thermal cooling effects of
point A, the cell is relaxed. At point A, the infusion of activation solution (pCahe solution environment that surrounds the strain gauge.

= 4.5) is initiated. After about 4 s, the force rises rapidly to a plateau. Infusion Th ts of absolut d lized f .
ceases at point B while the stopcock is switched to relaxing solution. Reinfusion € meéasurements or absolute and normalized 10rces In car-

starts at point C. Relaxation follows in about 4 s with the force rapidly returnifdiac myocytes are slightly less than, but comparable to those

to a stable baseline level. found by our own and other groups studying steady-state con-
tractile characteristics of cardiac cells [1], [2], [4], [6], [10].
C. Cell Oscillation Experiments This discrepancy can be largely attributed to several factors.

First, there was a greater MEMS beam compliance than antici-

from 10 Hz to 1800 Hz. Fig. 12 shows snapshots of such d gted which permitted cell shortening to less optimal sarcomere
from relaxed and fully eictiva'lted cells oscillated at 1 KHz. Th engths. At the_,-se very short sarcomere Iengt_hs, much less force
qualitative differences in the magnitude of the output trace d%_gvelopment Is expected along the ascending limb of the car-

Cells were longitudinally oscillated at frequencies rangin

flections indicate that the fully activated cell was about 15— S?.(; Lir;gg;;?;nst'OR{;S':SQ:EQ:EE]CZO[Q’ l[i?]](':sgg?[rl% tlze gelrun?'t
times stiffer than under the relaxed condition. At lower freque S ) ' Pl u'd permi

cies, the contracted cell produced force output waveforms t air amount of internal shortening in the cell. The amount of

were periodic from 10 Hz to 100 Hz and then consistently sing:~€ compliance varied from device to device since it was ap-

soidal from 100 Hz-1800 Hz, while those of the relaxed ce‘ﬂ“ed by hgpd. Ao!dmonally, the cell'ends were not always opti-
mally positioned in the clamps, which may result in partial cell

were very noisy at frequencies from 10 Hz to 100 Hz, ther]. . . .
roughly sinusoidal from 100 Hz to 1800 Hz. slippage, striation pattern nonunlformlty,_ and rgduced recordgd
force. However, attachment and compliance issues are being
addressed by redesigning the microstructure to include stiffer
V. DiscussioN beams and a triple-plate hinged clamp. Superior adhesives are
The measured on-chip system response was less than thatalsse being identified.
dicted by theory (1.6t 0.31 mV/j:N versus 2.6 m\iN). This Compared with other macrosize transducers, the MEMS
discrepancy most likely arose from the nonrigid beam suppdransducer described in this report should provide up to two
structure that has flexibility. Theory assumes that the beam sapders of magnitude improvement in fidelity in solution (13.3
port is completely rigid. The calibrated beam spring constaktz). This improvement in fidelity is achieved without com-
was also less than that predicted by theory @2.8.42 N/m promising sensitivity or noise levels. The overall performance
versus 10 N/m). The difference may arise from the fact that teéthese MEMS devices will enable more sophisticated oscilla-
actual beam consists of multiple layers of four different oxidasry stiffness or force/length transient analyzes to be performed
and a piezoresistor at the base, which would likely function dién cardiac myocytes. Such studies can potentially reveal
ferently than a slab of pure silicon dioxide as assumed in thendamental aspects of force generation and other mechani-
theoretical estimate. In addition to the nonrigid beam suppocglly related function in cells at the molecular level. With the
this may also explain the discrepancy between theoretical d@ntportant advances in molecular genetics and its relationship
measured system response as well as the variability in systentardiac diseases, such evaluations of simple cellular models
response. like myocytes will assist in our fundamental understanding of
The estimated mass of the beam and clamp ix8l6~1! Kg, heart function and dysfunction. Although a full range of studies
assuming the beam is composed of a single slab of oxide andwere not performed here, the high-frequency data obtained
density of oxide is 2.5 g/c[31]. Using the calibrated spring from oscillating cardiac myocytes confirm that this new MEMS
constant (2.8 N/m) and the mass, the expected mechanical batekign permits cell measurements at higher fidelities than
width is 28.7 KHz, which is close to the experimental resufireviously available with standard macro-transducers.
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Fig. 12. Oscillatory force data. The voltage scaling for the relaxed cell force (upper pair) output is a factor of ten greater than for the atifiated palr).
These panels show recordings of the input voltage to the piezoelectric disk and the corresponding MEMS sensor output responses from a lillatgatell osci
1 KHz. The piezoelectric disk is attached to the clamp opposite the sensor bean. An increase in piezoelectric voltage (lower trace of each jasriiauoyes t
toward the sensor clamp, thus shortening the cell. The upper trace of each pair is the MEMS transducer output voltage; an increase in voltagsaedecps
movement toward the cell. Thus input peaks correspond to output valleys.
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