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Soft tissues exhibit significant biomechanical changes as they grow, adapt, and remodel under a variety
of normal and pathogenic stimuli. Biomechanical measurement of intact soft tissues is challenging
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because of its large strain and nonlinear behavior. Tissue distention through applied vacuum pressure is
an attractive method for acquiring local biomechanical information minimally invasive and non-
destructive, but the current requirement for optical strain measurement limits its use. In this study,
we implemented a novel flexible micro-electrode array placed within a cylindrical probe tip. We
hypothesized that upon tissue distention, contact with each electrode would result in a precipitous
voltage drop (from the resistive connection formed between input and output electrodes) across the
array. Hence, tissue distention (strain) can be derived directly from the electrode array geometry. In pilot
studies, we compared the electrode array measurements directly against optical deformation measure-
ments in-situ of agar tissue phantoms and freshly isolated porcine tissue. Our results demonstrate that
the probe derived stress–strain profiles and modulus measurements were statistically indistinguishable
from optical measurement. We further show that electrode geometry can be scaled down to 50 μm in
size (length and width) and spaced 50 μm apart without impairing measurement accuracy. These results
establish a promising new method for minimally invasive local soft tissue biomechanical measurement,
which may be useful for applications such as disease diagnosis and health monitoring.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue rigidity (often characterized as stiffness or effective
modulus) changes significantly during growth, maturation, disease
pathogenesis, and healing (Fung, 1993). Biomechanical analyses in
clinical settings have been performed for centuries through the
use of palpation, which qualitatively assesses tissue resistance to
tactile loading (Laughon et al., 2011; Kolb et al., 2002). For deeper
tissues, clinicians rely on non-invasive imaging modalities (ultra-
sound, CT, MRI) to visualize tissues and infer pathological char-
acteristics, if possible. However, these strategies are limited to
quantifying linear material responses that are not present in most
soft tissues (Robben et al., 2005; Ichikawa et al., 2010). Alternative
approaches using finite element analysis of imaging datasets
require material model assumptions for all regions of interest,
ll rights reserved.
resulting in significant time and resource costs (Celi et al., 2011;
Kauer et al., 2002; Samani and Plewes, 2007).

Few devices exist to measure biomechanics of intact soft
tissues, the most common being surface indentation (Dawes-
Higgs et al., 2004; Brommer et al., 2006). Alternatively, negative
pressure can be applied locally through a hollow member, creating
a uniaxial tensile test on the distended tissue (Jemec et al., 2001;
Buskohl et al., 2012). The principle challenge is measuring the
tissue deformation. Transparent shafts permit optical measure-
ment of strain (Butcher et al., 2007), but this limits investigation to
accessible tissue surfaces. For example, Nava et al. (2004) imple-
mented a mirror to reflect tissue distention to a video camera, but
also increased the device size and thereby its invasiveness.
Electrical changes can also characterize soft tissue distention.
Microscale strain gauges have been implemented in soft and hard
tissues to convert deflections into resistance changes (Jensen et al.,
2012). Additionally, microfabricated electrode sensors have been
used to monitor electrical currents deep within tissues such as
cardiac muscle (Shen et al., 2010).

We here tested the hypothesis that soft tissue distention under
local negative pressure could be measured by resistance changes
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in electrodes at discrete intervals. In this study, we developed and
evaluated a novel small-bore probe with an internal microelec-
trode array to quantify local soft.
2. Materials and methods

2.1. Probe design

Paired arrays containing six gold-plated electrodes (square with 50–200 μm
side lengths) and inter-electrode spacing from 50 to 200 μm were fabricated on
printable flexible circuit board (Cornell MEMS Group) (Fig. 1A,B). Arrays were
mounted parallel to each other inside the tip of cylindrical borosilicate glass tubing
(4 or 10 mm in diameter). Each electrode pair communicated independently via a
6-pin micro-FFC connector that interfaced with a data acquisition system
(USB2250, Validyne Inc.). A syringe pump generated negative vacuum pressure
(Alladin-2000, WPI Inc.) through the probe cylinder via silicone tubing (Fig. 1C).
Negative pressure was monitored via a diaphragm transducer (Validyne, Inc.).
2.2. Quantification of tissue distention

Electrode channels were integrated into a 5 V voltage divider circuit (Fig. 1D).
Voltage changes were continuously recorded for each electrode pair while negative
pressure was applied to distend the tissue (Figs. 1E and 2A). Output voltage
dropped when tissue contacted each electrode pair, due to the resistive connection
formed between input and output electrodes (Fig. 2B). These precipitous drops in
voltage precisely determined the first contact with a given pair, and output voltage
changed little as tissue distended further across each pair (Fig. 2C). Tissue strain
was thereby determined at the leading edge of each electrode pair by referencing
the electrode's fabricated distance from the device tip. These strains were co-
registered with continuous pressure measurements to determine stress–strain data
curves as previously described (Buskohl et al., 2012).
2.3. Agarose phantom tests

Agarose gels between 0.75 and 1.5% w/v were tested initially as tissue
phantoms with homogenous biomechanical properties. The probe tip was posi-
tioned perpendicular to the hydrogel surface with a micromanipulator (World
Precision Instruments, Inc.) (Figs. 1E and 2A). Optical imaging was performed
simultaneously via stereo-dissection microscope (Discovery-V20, Zeiss, Inc.; Image
Pro Software, Spectra Services, Inc.). Voltage, pressure, and digital images were
recorded continuously until all electrode pairs were contacted. Resulting pressure
and deformation data from each trial were fit to a Fung-based 1st Piola Stress
Fig. 1. Aspiration probe design. (A) Gold coated microelectrodes were connected to in
vertically on a flexible PCB such that they extended along the axial length of the glass sha
probe contained two arrays directly opposite one another. Electrodes at matching heigh
voltage upon tissue incidence. E) Schematic of probe and tissue loading during aspirati
model,

P″¼ αCE″eðαE
″2 Þ

with Green's strain E″ defined as:

E″¼ 1
2
ðλ2−1Þ

and material coefficients α and C, where α�C defines an effective modulus of the
tissue as previously described (Butcher et al., 2007).

2.4. In situ tissue tests

Direct mechanical tests were conducted on intact lung, liver, and myocardium
tissue specimens obtained from freshly slaughtered pigs (∼200 kg, Shirk Meats,
Inc.). Samples were flushed with ice cold PBS, stored in sterile PBS at 4 1C and
tested within 24 h. Tissue segments were cut to fit inside a 100 mm petri dish
without disturbing the surface. The free wall of the left ventricle was chosen for
heart tissue, while segments from midsections of intact lobes were used for liver
and lung. Tissue was kept hydrated but not submerged with PBS. All tissues were
preconditioned with 10 cycles of loading to approximately 10% of deformation,
followed by quasi-static loading up to 60 kPa.

2.5. Statistics

Stress–strain data generated from the probe was compared against optical
strain based measurement. Data from at least six independent experiments were
tested for each probe configuration. Material response curve fits were fit using
nonlinear regression as previously described (Butcher et al., 2007). Effective moduli
were compared using Analysis of Variance (ANOVA) followed by Tukey post-hoc
tests and error bars reported as standard error. Po0.05 determined statistical
significance.
3. Results

3.1. Probe design analysis

Tissue was distended into the probe through a negative
vacuum pressure, and a precipitous drop in voltage was recorded
for every electrode pad in sequential order corresponding with
increased vacuum pressure (Fig. 2A and B). We determined that an
electrode size of 50 μm in length, width, and spacing (50�50_50)
was capable of recording tissue contact. Tests using arrays with
different inter-electrode spacing (50�50_50 vs. 100�100_100)
sulated traces and soldered to an FCC connector. (B) Each electrode was arranged
nk, with the bottom of the PCB flush with the outer edge of the device tip (C). Each
ts were paired and inserted into a voltage divider circuit (D) that changed output
on testing.



Fig. 2. Demonstration of electrical measurement of tissue deformation. (A) Negative pressure forced tissue distension within the probe and contacted the electrode pairs.
(B) Pad specific voltage tracings using a 50�50 μm sized pad array spaced 50 μm apart (50�50_50). Channel output voltage is constant at 5 V until tissue contact is
established, after which it drops precipitously. (C) Comparison of pressure vs. stretch ratio measurements with different electrode array geometries. (D) Effective modulus of
agarose tissue phantoms measured by a 4 or 10 mm diameter probe.
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resulted in a similar pressure vs. stretch ratio curves and over-
lapped at several pad locations (Fig. 2C). The resulting modulus
(60.8076.12 kPa, 50.15978.49 kPa, respectively) was non-
significant indicating that pad size did not affect the biomechani-
cal response. We next determined the pressure vs. stretch ratio
curves for different diameter probes (4 and 10 mm) on agarose
tissue phantoms (Fig. 2D). For 4 mm probes, we determined the
modulus at 0.75% agar (33.4574.37 kPa), followed by 1.0% agar
(44.1476.61 kPa), and 1.5% agar (84.5879.09 kPa). These values
were statistically insignificant from identical measurements made
with 10 mm diameter probes (29.8275.13 kPa for 0.7%,
39.9976.13 kPa for 1.0%, and 78.1374.45 kPa for 1.5%, P40.2
for each paired comparison). These results support that electrode
array based measurement of tissue strain under negative pressure
is insensitive to probe diameter, as predicted by our previous
studies (Buskohl et al., 2012; Butcher et al., 2007).

3.2. Comparison of in situ soft tissue biomechanics measurement

Independent biomechanical datasets on freshly isolated por-
cine tissue was obtained simultaneously via optical (Fig. 3A) and
probe measurement of strain (Fig. 3B), for direct comparison.
Aggregate data from at least 6 samples (Fig. 3A and B, dots) were
fit to Fung-type strain energy constitutive models (Fig. 3A and B,
solid lines). Optical and probe derived deformation measurement
trends compared well for the different tissue types. During
biomechanical testing via optical, the effective modulus of porcine
heart tissue was most stiff (58.9173.83 kPa), followed by liver
(39.1273.21 kPa) and lung (5.1870.7 kPa, Po0.05 for each).
Similarly via probe, the effective modulus of porcine heart tissue
was most stiff (61.177.06 kPa), followed by liver (37.1372.13 kPa)
and lung (6.0070.94 kPa, Po0.05 for each). However no statis-
tical differences in modulus measurement were found between
either measurement approaches for any of these tissues (Fig. 3C).
Together, these results indicate that the probe and traditional
optical strain measurement will return identical tissue biomecha-
nics data across (at least) this range of tissue modulus.
4. Discussion

Soft issue rigidity is a product of many biological phenomena,
including porosity (permeability), amount, orientation and matur-
ity of extracellular matrix fibers, degree of cellularity, cell con-
tractility, and water content (Karsdal et al., 2013). Each of these
components initiates locally and changes over development and
with disease progression. It has been suggested that local in-situ
tissue stiffness measurement may be useful for disease diagnosis
and treatment monitoring. This requires direct measurement of
local tissue strain under a defined force in real-time. In vivo
imaging, can quantify local tissue strain, but inferring tissue
stiffness is challenging with heterogeneous tissues that exhibit
nonlinear mechanics (Oberai et al., 2009). Clinical screening of
in vivo tissue biomechanics is achieved largely through palpation,
whereby the region of interest is compressed and resistance to
that deformation assessed qualitatively. A non-biased, quantitative
approach such as the one presented here is an attractive alter-
native. Other instruments have been developed to assess com-
pressive tissue mechanics in vivo through local indentation
(Hansma et al., 2009; Vasara et al., 2005).

We here present a method of electrical based strain measure-
ment that achieves high-resolution without signal interference or
variation with probe diameter. While attractive for hard tissue
surface damage such as cartilage, assessment of deeper and/or
softer tissue is challenging because the tissue is likely to translate
through its connecting fascia in addition to deforming. Local
vacuum pressure alleviates this concern by providing means to
both secure and test the tissue. Our results indicate that even low
stretch ratios (λo1.2) can generate biomechanical distinction
between tissues; particularly as soft tissue responses are often
nonlinear. Specifically, the probe derived stress-strain profiles and
effective modulus measurements were statistically indistinguish-
able from optical measurement, and resulting stress–strain curves
were identical. We further show that electrode geometry can be
scaled down to micron size pads and spacing without jeopardizing
measurement accuracy.



Fig. 3. Direct comparison of optical and electrical based measurement of porcine heart, liver, and lung using vacuum pressure distention. (A) Representative tissue
biomechanical measurement (dots) and model fits (solid lines) using optically measured strain. (B) Tissue biomechanics obtained from electrode array based strain
measurements. (C) Tissue modulus using the optical vs. probe approaches was statistically insignificant.
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Previous computational analyses have determined that this test
mimics a uniaxial tensile test of a region two diameters wide and
two diameters deep (Michaelson et al., 2002). This test determines
an average response across this volume, but if different layers of
tissues and/or inclusions/voids exist they will contribute to the
resulting biomechanical measurements (Cowin et al., 2002). This
possibility for local heterogeneous features should be accounted
for when determining the best probe geometry to apply, and
balanced against the number of tests needed (which will be more
for a smaller probe tip). The diameter of the probe is limited only
by the curvature that can be sustained by the flexible electrode
array, which for the current designs is about 1 mm. Recent
advances with graphene flexible arrays suggest diameters well
under 0.1 mm are possible (Yan et al., 2012).

Conversely, measurement of local bulk tissue mechanics may
also important if tissue inclusions are often not at the surface
(Cowin et al., 2002; Hendricks et al., 2006). Detection of these
deeper features is possible with this approach, and may therefore
be an attractive complementary diagnostic tool (Kolb et al., 2002).
Taken together, the optimal size of the interrogation area will be a
function of tissue accessibility, tissue size, and clinical practicality.
This non-destructive method is also particularly attractive for
sensitive tissues for which removal poses risks to the patient, like
lymph nodes, glandular tissue, and densely innervated tissues
(Goyal et al., 2008). Alternatively, the probe need not have a long
shaft and could be delivered locally through a catheter to test
internal lesions such as atherosclerotic plaques or colon polyps.
Finally, impedance scanning through the microelectrodes could
provide an additional independent parameter for soft tissue
assessment (Chauveau et al., 1999).

In conclusion, we present a novel device and method for
quantification of soft tissue biomechanics in situ. By tuning the
probe geometry and array parameters, a broad range of tissue sizes
and locations can be tested. We believe it may be useful indepen-
dently or in conjunction with traditional imaging methods to
better quantify regional tissue mechanics and/or establish biome-
chanical boundaries within tissues.
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