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Abstract

The use of flexible micro-electro-mechanical systems (MEMS) based device provides a unique
opportunity in bio-medical robotics such as characterization of normal and malignant tissues. This
paper reports on design and development of a flexible MEMS-based sensor array integrating
mechanical and electrical sensors on the same platform to enable the study of the change in
electro-mechanical properties of the benign and cancerous breast tissues. In this work, we present
the analysis for the electrical characterization of the tissue specimens and also demonstrate the
feasibility of using the sensor for mechanical characterization of the tissue specimens. Eight strain
gauges acting as mechanical sensors were fabricated using poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) conducting polymer on poly(dimethylsiloxane) (PDMS) as
the substrate material. Eight electrical sensors were fabricated using SU-8 pillars on gold (Au)
pads which were patterned on the strain gauges separated by a thin insulator (SiO, 1.0um). These
pillars were coated with gold to make it conducting. The electromechanical sensors are integrated
on the same substrate. The sensor array covers 180um x 180um area and the size of the complete
device is 20mm in diameter. The diameter of each breast tissue core used in the present study was
1mm and the thickness was 8um. The region of interest was 200um x 200um. Microindentation
technique was used to characterize the mechanical properties of the breast tissues. The sensor is
integrated with conducting SU-8 pillars to study the electrical property of the tissue. Through
electro-mechanical characterization studies using this MEMS-based sensor, we were able to
measure the accuracy of the fabricated device and ascertain the difference between benign and
cancer breast tissue specimens.
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1. Introduction

The advancement of surgical procedures and surgical tools and the need for miniaturization
of diagnostic and therapeutic devices has resulted in tremendous growth in the research on
microelectromechanical systems (MEMS) devices. MEMS devices are small in size and can
be batch fabricated at low cost, thereby having a competitive advantage over other devices.
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One of the fastest growth areas is incorporating MEMS devices on surgical tools which
facilitate the surgeon by providing real-time force feedback, measuring tissue density,
temperature and providing more precise method for tissue cutting and extraction and thus
improving surgical outcomes [1-7]. To use the MEMS devices for surgical and bio-medical
application, there are fabrication challenges apart from integrating it with electronics, signal
processing, calibration and device packaging [4-5]. Recently, much attention is focused on
flexible, or skin-like sensor array with multiscale architectures for detecting mechanical,
chemical, thermal, and optical changes [8-17].The capability of analyzing and manipulating
the biological materials at microscale and nanoscale and the possibility of incorporating it
into portable lab-on-a-chip devices makes the MEMS sensor a potential candidate for
diagnostic capabilities [18-26]. Each year in USA alone, more than 200,000 breast cancer
cases are diagnosed [27]. The transformation from benign to cancerous state changes the
morphological signatures in the tumor environment [23,25]. Mechanical and electrical
phenotyping have been demonstrated as promising techniques to study the progression of
the breast cancer [18-22, 26]. However, to our knowledge, there are no prior studies
involving flexible MEMS device for simultaneous electro-mechanical characterization of
tissue. Thus, a device capable of performing mechanical and electrical characterization of
breast tissue quickly, accurately and simultaneously at the microscale will potentially open
new avenues for breast cancer diagnosis. Since, for the mechanical characterization,
nanoindentation is a common technique [21,23], the device should be sensitive to measuring
forces in the range of nano-to-micro Newton. A piezoresistive sensor proves to be an
effective tool to study biomechanics property of the tissue as it can be microfabricated in
array format and does not require complex electronics like atomic force microscopy (AFM)
[26]. Although, silicon is used for fabrication of piezoresistive sensors [29-39], it is a brittle
material and to piezoresistive sensor process technologies from silicon require high-
temperature process steps. In addition, it has a high Young's modulus and thus for achieving
large deflections the mechanical structures needs to be thin which deteriorates the
mechanical strength of the device.

A conductive polymer, namely poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) has a high sheet resistance than other conductive polymer, strong mechanical
bending and ease of use which makes it a viable option to fabricate strain gauge sensors
[40-43]. Poly(dimethylsiloxane) (PDMS) being able to use in rapid prototyping with soft
lithography and acting as a compliant polymer having moduli on the order of 1 MPa is
explored for development of microfluidics [44,45]. Combining the advantage of the
flexibility of PDMS and conductivity of PEDOT:PSS, an array of the mechanical sensor can
be fabricated.

To our knowledge, the simultaneous detection of electro-mechanical properties of tissue at
micro-scale has not been studied and there is no device available to study these properties in
a high throughput manner. In this paper, we report on the design, fabrication and
characterization of novel flexible MEMS sensor array which is capable of measuring nano-
to-micro Newton force and having electrically conductive SU-8 pillars integrated on the
mechanical sensors to facilitate force measurement and apply electrical signal to the tissue.
The emphasis is on the fabrication of the flexible MEMS device and its application for
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electro-mechanical characterization of breast tissue. The schematic diagram of the flexible
electro-mechanical sensor array is shown in Fig. 1.

2. Experiments

2.1 Sensor Fabrication

The electro-mechanical sensor array is fabricated on the PDMS polymer substrate. PDMS
(SYLGARD®184 from Sigma Aldrich) is coated on a 4-inch silicon (Si) wafer and the
sensing layers are built one on another subsequently. The Si provides structural support
during the fabrication. The process flow for the device is shown in Fig. 2.

Six mask processes were used to fabricate the flexible electro-mechanical device. The
fabrication process is as follows: (a) PDMS (140um) was spin coated on Si wafers followed
by curing at 90°C for 12 hours in furnace, (b) Chrome/gold (Cr/Au) (20nm/500nm) was
deposited by using e-beam evaporator. As the PDMS and the metal deposited on PDMS
cracked when the photoresist is prebaked at 90°C, an alternate approach was used in which
the positive photoresist on metal coated PDMS was settled down for 6 minutes followed by
baking in oven for 1 minute at 60°C before UV exposure. This method keeps the PDMS and
metal film intact.

(c) Cr/Au was patterned to form electrodes for mechanical sensors (strain gauges), (d,e)
PEDOT:PSS was spin coated and patterned to form array of strain gauges (0.6um thick),
(f,g) Silicon dioxide (SiO, 0.8um) was deposited using low temperature (80°C) plasma-
enhanced chemical vapor deposition (PECVD) and patterned to open contact pads for
electrical connection, (h,i) Cr/Au (20nm/500nm) was deposited using e-beam evaporator
and patterned to form electrode for electrical sensors, (j,k) SU-8 2025 was spin coated and
patterned to form pillars of 30um diameter and 50um height, (I) SU-8 pillars were coated
with Cr/Au using e-beam evaporation and lift-off technique to make it electrically
conductive. The angle between the wafer and the gold evaporation source was kept at 45
degrees. The final part of the process was to release the complete device from Si wafer to
facilitate sensor array mounting (m). The PDMS was peeled off from Si wafer to realize the
device. The electro-mechanical sensor array covers 180um x 180um area while the complete
device is 20mm in diameter. The goal of the device is to measure the changes in the benign
and cancerous breast tissue core and the dimensions of the active region (sensor array) was
selected accordingly. The region of interest in breast tissue core is 180um x 180um in the
present case. The diameter of the device was selected so as to facilitate the attachment of the
device with the holder for experimental measurements. The length of the device could be
changed depending on the holder design, but the active region dimensions need to be kept
fixed.

The scanning electron microscopy (SEM) image of the mechanical sensor array and single
strain gauge sensor is shown in Fig. 3(a) and 3(b). The strain gauge made from PEDOT:PSS
polymer can withstand much larger strain due to its flexibility [46] while maintaining its
conductivity which is not the case in metal based strain gauges [47]. Each strain gauge was
50um x 70um in size. Fig. 3(c) shows an array of Cr/Au electrodes/SiO,/strain gauges. The
circular Cr/Au pad (50um diameter) was used as the base for electrical contact to the SU-8
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pillar (see Fig. 3(d)). Figure 3(e) shows the array of conducting SU-8 pillars integrated on
the gold pads and 3(f) shows the magnified image of SU-8 pillars with top surface shining
due to metal coating. It is to be noted that the top and only one side of SU-8 pillar was
coated and not entire pillar, since it is necessary to obtain an electrical contact from the tip
of the SU-8 pillar to the base to enable the measurement of the electrical property of the
tissue.

These pillars serve a dual purpose in our device design namely: (a) transferring the force to
strain gauge and (b) acting as the conductive probe for electrical characterization (Electrode
E1).

The SU-8 pillar diameter was kept at 30um as it has two advantages: (a) Ease of alignment
at the center of the gold pad, which is 50um in diameter, and (b) metal coating using liftoff
technique is easy if the pillar size is less than the gold pad. The spacing between the pillars
was chosen to facilitate the metal coating on SU-8 pillars.

The SEM image of realized device is shown in Fig. 4, while Fig. 5 shows the photo of the
flexible electro-mechanical device.

The connection from the electro-mechanical sensor array to the contact pads (Imm x 1mm)
is through gold serpentine geometry to enable a compact footprint for routing the measured
signal to the electrical circuit.

2.2 Strain detection mechanism for mechanical sensors

Due to the piezoresistive effect, the electrical resistance of the film is proportional to the
strain of the film [48]. The schematic diagram of strain sensing mechanism is shown in Fig.
6.

The known force value using AFM cantilever is applied on the SU-8 pillar resulting in
bending of the strain sensor and corresponding change in resistance is measured. The gauge
factor G is given by following relationship:

AR R,— R;

Ge=f="® O

where, g, Rj and Ry are the strain, initial resistance of the sensor, and sensor resistance on
curved surface, respectively.

The gauge factor calculation determines the strain from the change in resistance. When the
strain gauge integrated on flexible substrate is deformed to form curved surface, it results in
surface strain € given by:

where, r is the radius of curvature and t is the substrate thickness. The substrate (PDMS)
thickness was 140um in the present study. To measure the gauge factor of the strain gauges,
the flexible device was placed on the curved surface of cylinders with different radii. The
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schematic representation and photo of actual measurement setup for measuring the gauge
factor is shown in Fig. 7.

The change in resistance AR, strain £ and gauge factor G are then calculated. The resistance
of the strain gauges was measured to be 1.2 £ 0.1 kQ2 in its undeformed configuration. The
induced strains in the sensor were found to be 1.4, 0.7 and 0.35 when placed on the cylinder
with radii of 5mm, 10mm and 20mm respectively. Using eq. (1), the measured gauge factor
of the sensor was determined to be 4.0 + 0.1.

2.3 Linear Regression Model

For accurate estimation of material properties of the tissue, researchers have studied contact
models that describe tissue behaviors [49] and algorithms finding contact point between a
sensor and tissue [50]. Since most of the tissue contact models are based on force-
indentation relationship, piezoresistive type sensors that have resistance as an output should
be calibrated in terms of force to be applied to conventional contact models. For n number of
data sets in calibration, output resistance Rg, and contact F have a linear relationship to the
sensor deformation 8, when contact occurs at the ki index. Thus:

aptai(ds);+ter if i<k
(Rs)i:{ (9%)

agtan(ds),+ez if k+1<i<n @
. k, (Rs);,;lO;nJr& if i<k
i—Rs0s= _ 4
ks (Rs)ia2221+62 if k+1<i<n 4

where the values a; = [aj1(2) ajp(/um)] ; (j=1,2) are linearly regressed parameters in the
non-contact and contact regime, respectively, K is the calibrated spring constant of the
sensor and j ; (j=1,2) are the errors that typically have different distribution depending on
the material interaction with the sensor [51]. In this model, &4 is caused by the viscous
interaction between the sensor and PBS solution covering the tissue, while €, are primarily
results from sensor-tissue friction. Material properties in conventional contact models vary
with the determination of contact point within the same data set. The contact point can be
determined by a variety of methods such as estimating the location of a threshold slope [52],
curve fitting [53], and statistical modeling [50]. One of the advantages of the sensor that we
have developed is that it allows current flow on contact and hence it acts as a switch to
detect when the contact has occurred.

In AFM studies for tissue indentation [50], the deformation depth of tissue §, can be
calculated in the contact region (k +1 < i < n) as the difference of sensor deflection with
respect to sensor position in the Z direction as shown in eq.(5). Thus:

N (Rs)l — (ig1+€2

(St)i:AZs - 6‘9:(28)1' - (ZS)Ic o

®)
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By using the tissue deformation and force data, elastic modulus of tissue can be estimated by
Zhang's contact model of a cylindrical tip that requires geometric information (of the tissue
and the indenter), reaction force, and tissue deformation depth [54].

3. Result and Discussions

3.1. Spring constant measurement

To measure the spring constant of the strain gauge sensor, we have used an AFM probe (pre-
calibrated) as a reference cantilever and pressed it on the SU-8 pillar with a known force
(see Fig. 8).

The spring constant k. of the AFM probe was calibrated using the thermal method [55,56].
The AFM force curve is obtained from the end of test cantilever upon pressing the SU-8
pillar. The measured transmitted force is given by:

F o =krey (defi —defo) (6)

where, defp and def; are the initial and final deflection of the AFM cantilever which is
sensed by the photodiode (see Fig. 8 and Fig. 9). The deflection in the sensor, &, is given by
the difference in the net deflection of the test cantilever and Z-travel [57]. Figure 10 shows
the deflection of the sensor & for increasing force values. The spring constant of the
fabricated sensor was 0.42 nN/um. The goodness of fit (R2-value) was found to be 0.9870,
which shows that the sensor has a linear response.

3.2. Tissue Preparation and Annotation

To facilitate the electro-mechanical characterization of the tissue, a gold pad having micro-
grids (Electrode E2) was fabricated on glass wafer to hold the tissue. Cr/Au (20nm/800nm)
was deposited using e-beam evaporation and patterned to form micro-grids. Figure 11(a) and
(c) show the SEM images of the gold pad having micro-grid and tissue placed on micro-
grid, respectively.

The glass wafer needs to be moisture free to enhance the adhesion of Cr/Au. Failure to
which resulted in the crumpled micro-grid as shown in Fig. 11(b). The inverted microscope
was used for observing the tissue samples and thus we have used grid instead of using a
thick pad. The tissue is placed on the conducting micro-grid. Formalin-fixed paraffin-
embedded tumor and normal breast tissue blocks were carefully identified from
Biospecimen Repository at Rutgers Cancer Institute of New Jersey. With guidance of an
annotated adjacent hematoxylin and eosin (H&E) slice, one sample of tissue core (1Imm
diameter) was extracted from each tissue block and inserted into an individual pre-punctured
paraffin blocks to make a mini-tissue microarray (TMA) using tissue microarrayer Breecher
ATA-27. The mini-TMAS were sectioned at 8um thickness and carefully placed at the center
of the gold pad containing micro-grids in 42-44°C water bath. The TMAs placed on the
grids were de-paraffinized and stored in PBS until the experiment. An adjacent 5mm section
of each mini-TMA was stained, digitized into whole slide image, as well as quality
controlled and annotated by a certified pathologist. The whole slide images, with designated
tissue regions highlighted as tissue annotation were stored at the Rutgers Cancer Institute of
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New Jersey whole slide image web service. Figure 12 shows the (H&E) and optical image
of benign and cancerous breast tissue used in present work. Green and red areas are the
regions of interest.

3.3. Sensitivity Measurement and Sensor Performance of the Breast Tissue

The strain gauges used for mechanical characterization change their resistance on applying
strain and these strain values are measured to voltage by an electronic module consisting of
multiplexer and data acquisition card. To measure the sensitivity of the sensor array, the
device was mounted on a 3D printed cone shaped holder (see Fig. 13) which was attached to
the micromanipulator MP-285. Using MP-285, the device was pressed down on a glass
substrate to measure its sensitivity. For ease of approaching, we assumed right angle contact
only during the measurement. Since the sensor output caused by bending of the pillar from
inclined indentation are not distinguished from the output of z-direction compression of the
pillar that we intended, we assumed that the pillar contacts the tissue at right angle (90
degree).

To avoid inclined contact, the area of the sensor where the pillars are located was mounted
on the flat tip of the cone shape holder and maximum height of the profile (i.e. difference
between maximum peak height and maximum valley depth) of the tissue was under 0.5um,
which was much smaller compared to the dimension of the pillars.

A linear regression model was used to find the correlation between the changes in the sensor
reading to the sensor displacement (see Fig. 14). Figure 14 is the output voltage obtained
from the sensor array and is a linear fit when pressed on the glass substrate. The data
obtained is used to calculate the force from each sensor using linear regression model. The
average goodness of fit (R2-value) was found to be 0.9966, which shows that the sensor has
a linear response. The average sensitivity of the eight sensors was found to be 4.2308 x 1074
Vipm.

The sensor was pressed down on benign and cancerous tissue for 7um. A clear demarcation
between benign and cancerous breast tissue cores was obtained. It was further observed that,
for the same z-displacement, the change in voltage for benign core was higher than that for
the cancerous breast tissue core (see Fig. 15(a)). We have plotted the force vs. Z-position
obtained from the benign and cancerous breast tissue by pressing the sensor array on the
tissue for 7um depth (Fig. 15(b)). The tissue elasticity is estimated by using Zhang's contact
model [54] with a cylindrical tip and is given by:

_F (1- V2) ko (1- V2)
© 2rkéy 2rk (AZ —6)

™

where, F is contact force, v is Poisson's ratio, r is the radius of indenter, &; is the tissue
deformation, and x value is a unitless coefficient determined by the geometry of the
indenter.

The spring constant of the sensor and sensor deflection were obtained from the measured
spring constant (section 3.1) and linear regression model (section 2.3), respectively.
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Multiplication of these two values yields contact force and &; is determined by the difference
between Z-position of the manipulator and sensor deflection. By using the table of k-values,
assuming that the tissue is incompressible [54], the elasticity of the tissue can be determined.

The values of tissue elasticity estimated from the observed reaction force (see Fig. 15(b))
when the sensor is pressed down to 7um on benign and cancerous tissue are 1.3135 + 0.1575
[kPa] and 0.2424 + 0.0580 [kPa], respectively. It is important to note that since the sensor is
also inherently flexible, not all of the 7um motion of the tissue after contacting the tissue is
translated to the deformation of the tissue. We kept the sensor motion of 7um constant in all
trials for consistency. Our findings match the observations in our prior work [57, 58],
indicating that for the micron size breast tissue, the stiffness of normal tissues is higher than
cancerous tissue cores. For the micron size breast tissue core (8um thick in the present case),
the electrically conductive SU-8 pillars (E1) provides an easy way to complete the
electrically conducting path. The height of the SU-8 pillars was kept at 50pum as it facilitated
in electrical measurements without breaking. Increasing the height of pillars to 100um
caused breakage of pillars while decreasing the size to 20-30um made electrical
measurements difficult. To measure the electrical resistance of the breast tissue, a constant
voltage is applied between electrode E1 and electrode E2. When the electrode (E1) touches
the tissue sample, the current passes through the top electrode (E1) through the breast tissue
to the bottom electrode (E2). Depending on the resistance of the breast tissue, the current
passing through the tissue would be different and that is reflected in the measured voltage.
Figure 16 shows the voltage values obtained from the sensor when pressed down (about
4um) on the tissue core. From Fig. 16, we observed that there is a difference in the
conductivity of the breast tissue between benign and cancerous tissue cores. It is important
to note that a variety of other electrical signals of varying frequency can be passed through
the tissue and that the tissue resistance is not the only electrical parameter for characterizing
the tissue electrical properties. Another important parameter of the electrical property of the
tissue could be the electrical impedance of the tissue itself.

The goal of the present work was to fabricate flexible sensor array and to explore it as a
possible candidate for electro-mechanical measurements of micron size tissue cores. Thus,
only one sample of each type (benign and cancer) is used for measurement. More extensive
studies of benign and diseased breast tissue cores are required for a stronger claim of the
capability of a device to delineate the type of tissue core.

4. Conclusion

This paper represents the fabrication and characterization of the flexible MEMS-based
device with the possibility of simultaneous electro-mechanical analysis of tissue. The results
obtained from the initial experiments shows a flexible MEMS device that can be used to
delineate the breast cancer tissue from the benign tissue based on mechanical and electrical
measurements. The device is not only simple but also small enough to report tissue changes
at the microscopic level. In our future work, simultaneous electro-mechanical phenotyping
of breast tissue to determine the malignancy in tissues as well was the stage of disease
progression from the onset of the disease is envisaged. The present MEMS-based device is
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not only a potential candidate for breast cancer diagnosis but for other diseases in which the
biomechanical changes occur in the tissue from the onset to progression.
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Figure 1.

Flexible MEMS device. (a) schematic diagram, (b) magnified schematic of sensor array top

view, and (c) angled view.
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Figure 2.
Process flow for flexible electro-mechanical sensor array.
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e} il ab 15 0V 68 S 21 20

Figure3.
Sensor fabrication SEM images. (a) strain gauge array and (b) single strain gauge, (c) array

of devices showing gold pads/SiO»/strain gauge, (d) magnified image of single device, (e)
array of gold coated SU-8 pillars/gold pads/SiOo/strain gauges and (f) magnified images of
SU-8 pillars on gold pads (inset shows gold coated SU-8 pillars on gold pads).
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Figure4.
SEM image of the device.
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Figure5.
Photos of flexible MEMS-based device
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Figure6.

Strain sensing mechanism for PEDOT:PSS based sensor.
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Figure. 7.
Measuring electrical output from single strain sensor. (a) schematics, and (b) experimental

setup.
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Figure8.
Schematic diagram of the AFM configuration used for spring constant measurement of

PEDOT:PSS strain gauge using reference cantilever method. 2D representation of (a) AFM
cantilever in contact with SU-8 pillar/strain gauge, (b) AFM cantilever pressed against the
SU-8 pillar/strain gauge to a preset force value, and (c) 3D representation of spring constant
measurement.
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Figure9.
AFM force curve on the SU-8 pillar/strain gauge/PDMS.
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(a)

Page 23

Figure 11.
SEM image of (a) micro-grid, (b) crumpled micro-grid, and (c) breast tissue core placed on

micro-grid.
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Figure12.
Breast tissue core (a) and (b) H&E image and optical image of benign sample, (c) and (d)

H&E image and optical image of cancerous sample.
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Figure 13.
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Device mounted on cone shape holder for mechanical and electrical characterization. (a)

schematic and (b) actual photograph.
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Figure 14.

Sensitivity measurement of fabricated sensor array.
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(a) Mechanical characterization: response of device on benign and cancerous breast tissue.
(b) Force curves obtained from normal and cancerous breast tissue.
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Electrical characterization: response of device on benign and cancerous breast tissue.
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