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Abstract

In this work, we present the development of a novel Quasi-Concertina (QC)
microelectromechanical systems (MEMS) force - displacement (F-D) sensor with a resolution
as small as 5.6 nN, and 1.25 nm, and a range of as much as 5.5 x 107 N, and 1000 pm. The
performance of the microfabricated proof-of-concept QC MEMS devices are in good
agreement with our analytical and numerical estimates. F-D sensors with these attributes will
enable the mechanical properties of biological phenomena to be continuously measured over

large F-D ranges without the need to alter the measurement instrument.

Introduction

The development of diagnostic tools, prophylactics and therapeutics of diseases
frequently coincides with an increased understanding of the biomechanics of cells and tissue
[1-7]. Current research activities are focusing on improving our understanding of cell biology
by investigating how mechanical inputs are converted into biological and biochemical
responses (mechanotransduction). These biological responses include cell motility, apoptosis,
morphogenesis, adhesion, and differentiation [8-10]. Other work is looking at understanding
the biological or biochemical process, external environment, or pathogens that cause the

biological cells to mutate or malfunction and instigate diseases [10-13] such as glaucoma,
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malaria, sickle cell anaemia, arthritis, elliptocytosis, cancer, asthma, cardiovascular diseases,
and spherocytosis [4-6, 9, 12, 14, 15]. Another area of ongoing interest is the structural
changes within the cytoskeleton and the extracellular matrix (ECM) brought about by
diseases. For instance, in cancer the mechanical properties of the afflicted cells change such
that they can stretch and contract enabling them to migrate and bring about tumour metastasis

[6, 10].

The typical tools currently employed to measure biomechanical properties include
micropipette aspiration (MA), atomic force microscopy (AFM), and optical traps (OT) [14,
16-21]. Of these, the AFM has a F-D resolution of 1 pN, and 1 uN respectively, and the
largest F-D range of as much as 0.1 nm, and 10 pm respectively. However, access to this full
measurement range requires several optical cantilever changes [16, 17, 19, 22]. Furthermore,
cells can have deformations of the same order of magnitude as an undeformed cell, which can
be as large as 100 um, and forces within an artery 10 mm long, and with a diameter of 10 mm
are of the order of 0.5 uN to 5 puN [14, 19, 23]. Thus, it is challenging to continuously
measure the full range of biomechanical properties of cells, or multicellular systems such as

tissue, organs, and small organisms using the present state of the art techniques.

In previous attempts to study the mechanics of single cells at large deformations, Saif et
al. used an optical microscope to measure the displacements of a customised silicon
microfabricated cantilever [3, 24]. This technique was developed further by using a two-
parallel fixed-fixed beam probe, and later by using a serpentine spring [25-28]. The latter had
a force resolution and F-D range of 50 pN, 1 um, and 3 mm respectively and lead to an
improved understanding of cell mechanics [22, 29, 30]. In an alternative approach, Park et al.
circumvented the use of a microscope to measure displacement by using self-sensing
cantilevers. This achieved a force resolution of 12 nN, and a F-D range of 10° N, and 100 pum
respectively and was successfully used to investigate mechanotransduction mechanisms [17,

31, 32].

In this work we propose adding Hot Wire Chemical Vapour Deposition (HWCVD)
piezoresistors to Quasi Concertina (QC) springs, both developed by the authors in earlier
work [33, 34], to address the challenges of continuously measuring the biomechanical
properties of cells and tissue with a nN and nm resolution, with a F-D range greater than 10~

N and 100 um. The large displacement, and high linearity, in conjunction with a novel



method used to integrate self-sensing, make the QC spring ideal for this application. The
envisaged use of the device entails functionalising the suspended structure with the addition
of a probe. The probe could either be included as part of the microfabrication process, or
bonded on to the suspended structure using a suitable adhesive. Quasi-static indentation force
or tether pulling measurements could then be achieved using techniques similar to those used
with AFM. As proof of concept we have microfabricated QC MEMS sensors and shown that
they can achieve a F-D resolution and range of 5.4 nN - 5.5x10° N, and 1.25 nm - 1000 pm
respectively, and that the results are in good agreement with the analytical and numerical

estimates.
Methods
Design and optimisation of a piezo-resistive self-sensing QC MEMS

The design of the QC spring is based on three approaches. The first is using a number
of beams in series to increase the displacement range and linearity. This is demonstrated in
the design of the lateral suspension accelerometer developed by Pike et al., and the MEMS
sensor developed by Rajagopalan et al. [22, 29, 30, 35, 36]. The second approach is that the
bending compliance of a beam with a thickness significantly less than its width is greatest
when the applied force is perpendicular to its width. The third approach is to make the
compliance of a beam in tension or compression significantly less than that of a beam in
bending. Using these hypotheses, a platform was suspended with beams oriented such that a
high compliance, linearity, and displacement range is achieved in the z out-of-plane direction
as shown in the ANSYS Finite Element Analysis (FEA) model (Figure 1). In addition, the
displacement of the suspended platform is restricted in the x/y in-plane direction by the
interconnected beams on each of the four sides of the platform. This ensures that the out-of-

plane compliance is greater than the in-plane compliance [34].
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Figure 1: A (FEA) rendered model of the QC flexure showing the multiple interconnected beams, with (a) no
force applied, and (b) a force (in the —z direction) applied to the suspended platform.

Self-sensing was integrated into the QC spring using piezoresistive transduction. The
piezoresistors were positioned in a full Wheatstone bridge configuration as shown in Figure 2

to maximise the sensitivity and minimise the effect of temperature.
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Figure 2: To achieve self-sensing, active piezoresistors R1, R2, R3, and R4 were configured into a full
Wheatstone bridge and integrated onto the suspended beams of the QC spring.

The Varidee and Vougpue shown in Figure 2 are the DC supply voltage and the measured
change in voltage (the output signal) respectively. For a full Wheatstone bridge these values

have the following relationship [37]:

VOutput _ R1 R3 — Rz R4 Eq. 1

Ve  (Ri+R)(R+R,)

Bridge
The equation indicates that the maximum Voupue Occurs when the resistance in Ry and

Rj increases (+AR) and the resistance in R, and R4 decreases (-AR) as indicated by the arrows
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in Figure 2. The reverse, i.e. maximum Voupe When R1 and R3 decrease (-AR) and the
resistance in R2 and R4 increases (+R), is also true, thus the sensor can measure both positive
and negative displacements. In full bridge configurations typically used on cantilevers [38] or
pressure sensors [37], the equal but opposite polarity of the longitudinal and transverse
piezoresistive coefficients in p-type crystalline silicon (c-Si) is used to achieve the opposing
change in resistance. However, the resulting sensitivity is highly dependent on the accuracy
of the position of the transverse piezoresistor relative to the stressed beam. This makes the
photolithographic alignment critical to the performance of the device [37]. Moreover, unlike
c-Si piezoresistors, the transverse piezoresistive coefficient in polycrystalline silicon (poly-
Si) is substantially less (< 50%) than that in the longitudinal direction. Hence, using poly-Si

piezoresistors in a transverse arrangement would result in a further loss in sensitivity.
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Figure 3: (a) Areas in compression and in tension of a double clamped beam with a central load, and (b) top
view of a QC sensor with piezoresistors for self-sensing. The beams are in compression and in tension in the areas
indicated only when a load is applied directly into the page (z-direction). The piezoresistors are strategically
positioned in areas that are in compression and in tension to fulfil the requirements for a full Wheatstone bridge. The
contact terminals continue onto the second set of beams to help dissipate piezoresistor heat.

In this work, an alternative approach was taken by strategically positioning all the
piezoresistors longitudinally on the beams in areas that are in compression or in tension as
shown in Figure 3a. By using this arrangement, the piezoresistors in tension have an equal
and opposite change in resistance to the piezoresistors in compression. To ensure the
piezoresistors are matched, each of the four piezoresistors have been divided into two equal
segments in series and positioned over two beams orthogonal to one another as shown in

Figure 3b. Thus, in the event of photolithography misalignment (lateral or rotational), all the



piezoresistors will be affected equally and the resistance bridge remains balanced. Using this

approach, the resistances R; and R; can be written as [37]:

R =R, =(+70))R, Eq.2
where Ry, m, and o) are the resistance of the unstressed piezoresistors, longitudinal

piezoresistive coefficient, and the longitudinal stress in the beam respectively. For the

piezoresistors R, and R4 under compression, the equation becomes [37]:

R, =R, =+ (-0))R, Eq.3
and substituting into Eq. 1 gives the ratio of the measured output voltage to the bridge

voltage:

V
Output = 71,0, Eq 4
\Y

Bridge

Therefore, the overall force sensitivity, S¢, for a QC sensor can be calculated using:

V, oV,

Output
S, =t

F F

Bridge Eq 5

where F is the force applied to the suspended structure.

Optimisation

The performance of the device was optimised using the guidelines for piezoresistive
devices published by Park et al., and Doll et al. [39-42]. A total of 6 devices were optimised.
QC 1, 2, and 3 were optimised for poly-Si piezoresistors, while QC 4, 5, and 6 were
optimised for c-Si piezoresistors. The characteristics of these devises are shown in Table 1.
The HWCVD poly-Si piezoresistors used in these estimates have a gauge factor of 44 [42].
This is significantly less than the gauge factor of a c-Si piezoresistor which could be as much
as 130. Furthermore, poly-Si piezoresistors have a Hooge factor two orders of magnitude
larger than that of c-Si piezoresistors [40]. This explains the significantly higher F-D
resolution of the devices with c-Si piezoresistors. Additional details are provided in the

Supplementary Table S1.



Table 1: Design characteristics of the optimised QC MEMS probes

Device | Piezoresistor Resolution Range
No. Type Force (nN) Displ. (nm) Force (10° N) Displ. (um)
QC1 poly-Si 6.3 0.93 6.3 1000
QC2 poly-Si 0.78 431 1.3 7250
QC3 poly-Si 0.86 4.77 1.4 8000
QC4 c-Si 0.052 0.019 6.3 1000
QCs c-Si 0.020 0.111 1.3 7250
QCo6 c-Si 0.019 0.106 1.4 8000

Fabrication

Proof-of-concept sensors, based on the less intricate QC 1 design, were microfabricated
and characterised to validate the design. The fabrication process is included in the
Supplementary Information. Details of the HWCVD poly-Si piezoresistors used in this work
are available in previously published work by the author [33]. Figure 4 shows scanning
electron microscope (SEM) images of a microfabricated QC flexure with the integrated full

Wheatstone bridge.

Analytical and numerical methods used to estimate the spring constant and displacement
limit

The analytical method to estimate the spring constant of the QC spring was described
previously [34]. Briefly, the spring is deconstructed into individual double clamped beams,
and the spring constant for each resultant individual beam estimated using Bernoulli-Euler
beam theory. The total spring constant was than estimated by accounting for each beam in the
system according to whether they are in parallel or in series. The numerical methods used to
estimate the spring constant, linearity, and displacement limit are available in the

Supplementary Information.

Methods used to measure the spring constant

The spring constant of the QC springs were measured as described previously [34].
Briefly, the spring constant of the QC spring for displacements < 5 um was measured using a
modified atomic force microscope cantilever-on-cantilever method [43]. A F-D rig,

consisting of a precision balance positioned directly beneath a Vernier micrometer head, was
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employed for measurements at displacements > 5 um. Additional detail about these methods

is available in the Supplementary Information.

Methods used to measure the electrical characteristics

For the electrical characterisation, the devices were mounted onto bespoke connectors
using Crystalbond and electrical connections were made using aluminium wire bonding as
shown in Figure 4d and Supplementary Figure S16. The devices were then connected to a
circuit which powered the bridge and amplified the output signal. The circuit (Supplementary
Figure S15) consisted of a precision amplifier, with buffered coarse and fine reference
voltage adjustment and a voltage regulator with buffered bridge voltage adjustment. The
circuit allowed measurements to be performed using the +15/-15 V source available from the
AFM or using batteries as a low noise power supply. For sensitivity measurements with
displacements < 5 um, the devices were connected to an AFM (Bruker, Multimode V) using
a bespoke adapter in place of the microscope’s laser head (Supplementary Figures S18-20).
To actuate the devices, a 100 um diameter by 2 mm length of piano wire was bonded
perpendicularly to a metal sample disc (10 mm diameter x 0.5 mm thick) using a
cyanoacrylate adhesive and mounted on to the microscope’s sample stage (Supplementary
Figure S21). The output from the device was then recorded using the AFM. For
displacements > 5 um the forces applied to the device were measured using the F-D rig. In
this setup, the device was actuated using a Vernier micrometer head connected to the device’s
spring platform via a 100 pm diameter by 10 mm length of piano wire bonded at both ends
using a cyanoacrylate adhesive. During the Power Spectral Density (PSD) noise
characterisation measurements, the device and the circuit were placed inside a shielded
aluminium enclosure to reduce the influence of environmental noise. The bridge voltage was
provided through a battery source and the amplified output from the device was connected to

a RF spectrum analyser [33]. Further details are provided in the Supplementary Information.



Figure 4: SEM images of (a) an isometric view, (b) bottom view and (c) piezoresistors of a self-sensing QC

flexure (QC1). Surface particles are from the Crystalbond. These do not affect the performance of the device. (d)

SEM image of a QC sensor (QC1) mounted onto an electrical connector using Crystalbond and wire bonding. The
holes on the suspended platform were incorporated into the design for a microfabrication process (hydrofluoric SiO,

etch release of the platform from the buried oxide layer). This technique was not ideal for this application and was
abandoned; however, we continued to use the lithographic patterns. The asymmetric triangular pattern made by the

holes on the suspended platform was made in the eventuality the fabrication of sharp silicon tips, as described by

Burt et al. [44], was required.

Results and discussion

The measured spring constant for the QC 1 flexure was 4.69 N/m, 5.39 N/m, and 7.34
N/m at displacements of 5 um, 100 pm, and 1 mm respectively. The error between the spring
constant estimated using a numerical method, developed specifically for the application using
MATLAB, and the measurements are within 23%, 12%, and 4% for the same displacements
respectively (refer to Supplementary Figure S14). The large error in the spring constant at a
displacement of 5 pum can be in part attributed to the inherent error in the cantilever-on-
cantilever method which can be as much as 30% [43], and due to the microfabricated device

not having the exact design intended beam thickness and width. Multiple F-D measurements
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(Figure 5.a) were carried out to investigate the hysteresis of the device. The displacements
were limited to < 700 um to avoid damaging the device. The measurements indicate that the
hysteresis approaches 0% for displacements < 700 um. This is typical for devices fabricated
from a brittle material such as Si. The measured mechanical non-linearity was 1% for
displacements < 100 pm, and 10% for displacements > 100 um and <700 um (Figure 5.b).
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Figure 5: Representative QC1 spring measurements (a) F-D hysteresis (multiple load cycles), and (b) Force
linearity versus displacement (loaded until fracture) graphs

The total measured displacement before fracture for QC 1 was as much as 1000 um which is
within 5% of the estimates made using finite element analysis (FEA) software (ANSYS).
Figure 6 shows a scanning electron microscope (SEM) image of a QC spring being displaced
using a needle tip. This shows the concertina-like beam deflections which enable the device
to have such large deflections. The geometry of the beam deflections is similar to that
produced by FEA (results shown as a rendered image in Figure 1b). The tilt shown is due to
the tip of the needle not being applied exactly to the centre of the suspended platform. In the
application context the sensor will have a probe mounted centrally and normal to the
suspended platform and displacement will be controlled using piezoelectric stacks such as
those employed on AFM stages. The probe will then be brought into contact perpendicularly
to the surface of the specimen. This arrangement, which is not unlike that used in an AFM,

will minimise sensor tilt.

A modal analysis of the structure using FEA software (ANSYS), and characterisation of the
device, show that the fundamental mode of the device was > 4.5 KHz [34], thus outside the

quasi-static measurement frequency (<10 Hz) envisioned for this device.
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Figure 6: SEM image showing the large deflection capabilities of a QC spring (QC5) which has a beam
thickness of 4.5 um, and a beam width of 10 um. To demonstrate the range of the QC MEMS, the device was
mounted on a soft vinyl block using cyanoacrylate adhesive. A needle was inserted into the vinyl block and used to
deflect the suspended platform as shown. Since Si does not exhibit any plastic deformation [45], the spring returns to
its un-deflected state following the removal of the applied force.

The resolution in piezoresistive transduction is limited by the noise generated by the
piezoresistors, and the electronics system used to amplify the signal. A representative noise
power spectral density (PSD) plot for a fabricated QC 1 sensor is shown Figure 7a. The noise
is greater at lower frequencies and becomes uniform at frequencies > 10 KHz. This is typical

of Hooge noise which is the dominant source of noise in piezoresistors.
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Figure 7: Representative (a) noise PSD for QC 1 at various voltages, and (b) calibration sensitivity curves for
QC 1 measured using an AFM microscope in F-D measurement mode. The curve shows hysteresis which may be due
compliance in the piano wire used to actuate it. Representative (c) calibration sensitivity curves for QC 1 for
displacements as large as 600 pm, and (d) Vougput linearity % versus the displacement of QC 1.

At higher frequencies, the Johnson noise which is independent of both the frequency
and the bridge voltage, becomes the dominant source of noise [39-41]. The estimated Hooge

and Johnson noise, at various bridge voltage, are in good agreement with the measurements.

The trace and retrace plots of the Voupuw versus displacement graph (Figure 7b)
measured using the AFM setup indicate a hysteresis of 3.82% at a displacement of 2.5 um
which is higher than expected. The likely cause for this hysteresis is compliance in the piano
wire used to actuate the device. The gradient of the curve represents the relationship between
displacement of the suspended platform and the measured voltage output and is known as the
displacement sensitivity of the device.

A further Voupu versus displacement plot, this time measured using the F-D rig, is
shown in Figure 7c. These measurements were also repeated 5 times to investigate the
hysteresis of the device. The measured Voupu versus displacement hysteresis is 0.73% which
is significantly less than that measured using the AFM setup. This supports the hypotheses
that the hysteresis observed in the AFM measurements originates from the test method and
not the device. The measured Voupu versus the displacement non-linearity is 1% and 10% for
displacements of 100 um and 575 pum respectively (Figure 7d). An overall linearity, achieved
by superimposing the measured force and electrical output linearity, estimates the device
linearity to be < 1%, and < +/- 3% over a displacement of 75 um, and 600 um respectively

(Figure 8).
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Figure 8: Combined mechanical and electrical linearity versus displacement of the device. This was estimated
by superimposing the measured force and electrical output linearity.

The displacement and force sensitivity versus the bridge voltage for QC 1 is shown in
Figure 9a. The plot was prepared using data from the AFM setup (displacements < 5 um) and

the F-D rig setup (displacements < 600 um) F-D calibration sensitivity curves.
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Figure 9: (a) Displacement and force sensitivity versus the bridge voltage for QC 1. The data for the graphs
was extracted from the micro and macro sensitivity measurements, and (b) representative integrated noise and
displacement resolution versus the frequency for measurements made with a bridge voltage of 0.39 V for QC 1

The linear change in sensitivity versus the change in the bridge voltage is as expected
for a piezoresistive device [42]. At a bridge voltage of 0.39 V, QC 1 has a force sensitivity of
22.4 V/N which is within 2% of the estimates. The force resolution is the minimum force that
can be detected just above the electrical noise. This can be estimated by dividing the
integrated noise at the frequency of interest by the force sensitivity (shown graphically in
Figure 9a). For measurements made with a bridge voltage of 0.39 V, the force and

displacement resolution at 1-10 Hz is 5.6 nN, and 1.25 nm respectively which are within 5%
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and 29% of our estimates. The error in the displacement resolution was mainly due to the

difference between the spring constant estimate and the measured spring constant.

Conclusions

In this work we have shown that a highly linear large displacement MEMS sensor with
predicable mechanical and electrical characteristics, suitable for continuously measuring the
biomechanical properties of cells and tissue with nN and nm resolution, and with a F-D range
greater than 10~ N and 100 pm, can be achieved by integrating a full Wheatstone bridge on
to a QC spring. Furthermore, we can predict that similar devices will be capable of a F-D
resolution of at least one order of magnitude higher. Future research will focus on the
fabrication of higher resolution devices, and the use of the QC MEMS sensors for measuring

the mechanical properties of Biomaterials.
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