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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 10-3 N, and 1000 µm. 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 µN respectively, and the 

largest F-D range of as much as 0.1 nm, and 10 µm 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 µm, and forces within an artery 10 mm long, and with a diameter of 10 mm 

are of the order of 0.5 µN to 5 µN [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 µm, 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 10-3 N, and 100 µm 

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 10-3 

N and 100 µm. The large displacement, and high linearity, in conjunction with a novel 
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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 - 5.5x10-3 N, and 1.25 nm - 1000 µm 

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

approach, the resistances R1 and R3 can be written as [37]:  

 
1 3 0(1 )l lR R R     Eq. 2

where R0, πl, and σl are the resistance of the unstressed piezoresistors, longitudinal 

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

piezoresistors R2 and R4 under compression, the equation becomes [37]: 

 
2 4 0(1 ( ))l lR R R      Eq. 3

and substituting into Eq. 1 gives the ratio of the measured output voltage to the bridge 

voltage: 

 Output
l l

Bridge

V

V
   Eq. 4

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

 Output l l Bridge
f

V V
S

F F

 
   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. 
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Table 1: Design characteristics of the optimised QC MEMS probes  

Device 

No. 

Piezoresistor 

Type 

Resolution Range 

Force (nN) Displ. (nm) Force (10-3 N) Displ. (µm) 

QC1 poly-Si 6.3 0.93 6.3 1000 

QC2 poly-Si 0.78 4.31 1.3 7250 

QC3 poly-Si 0.86 4.77 1.4 8000 

QC4 c-Si 0.052 0.019 6.3 1000 

QC5 c-Si 0.020 0.111 1.3 7250 

QC6 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 µm 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 µm. 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 µm, 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 µm 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 µm 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 µm 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. 

 



9 
 

flexure
SEM im

holes on 
etch rel

abandon
holes o

  

 

Results

T

N/m at 

constan

MATLA

respecti

displace

cantilev

not hav

Figure 4: SEM
e (QC1). Surfa
mage of a QC s
the suspended
ease of the pla

ned; however, w
n the suspende

s and discu

he measure

displaceme

nt estimated 

AB, and the

ively (refer 

ement of 5

ver method 

ving  the exa

(a) 

(c) 

M images of (a)
ce particles ar

sensor (QC1) m
d platform wer
atform from th
we continued t
ed platform wa

ssion 

ed spring co

ents of 5 µm

using a num

e measurem

to Supplem

 µm can b

which can 

act design in

) an isometric 
e from the Cry

mounted onto a
e incorporated
e buried oxide
o use the lithog
as made in the

Burt et 

onstant for t

m, 100 µm, a

merical met

ments are wi

mentary Fig

e in part a

be as much

ntended bea

view, (b) botto
ystalbond. The
an electrical co
d into the desig
e layer). This te
graphic patter

e eventuality th
al. [44], was r

the QC 1 fl

and 1 mm r

thod, develo

ithin 23%, 

gure S14). T

attributed to

h as 30% [4

am thicknes

om view and (c
ese do not affec
onnector using
gn for a microf
echnique was n
rns. The asymm
he fabrication o
equired. 

lexure was 4

respectively

oped specif

12%, and 4

The large er

o the inhere

43], and due

ss and width

(b) 

(d)  

c) piezoresistor
ct the perform
Crystalbond a

fabrication pro
not ideal for th
metric triangul
of sharp silicon

4.69 N/m, 5

y. The error 

fically for th

4% for the s

rror in the s

ent error in

e to the mic

h. Multiple 

rs of a self-sens
mance of the dev

and wire bond
ocess (hydroflu
his application 
lar pattern ma
n tips, as descr

5.39 N/m, a

between th

he applicatio

same displa

spring cons

n the cantile

crofabricated

F-D measu

sing QC 
vice. (d) 

ding. The 
uoric SiO2 
and was 

ade by the 
ribed by 

and 7.34 

he spring 

on using 

acements 

tant at a 

ever-on-

d device 

urements 



10 
 

(Figure 

were lim

hysteres

from a 

displace

F

The tota

within 

Figure 6

using a 

to have

produce

the tip o

applicat

suspend

those em

to the s

will min

A moda

device, 

quasi-st

 

5.a) were 

mited to ≤ 7

sis approach

brittle ma

ements ≤ 10

Figure 5: Repr

al measured

5% of the 

6 shows a s

needle tip.

e such larg

ed by FEA 

of the needl

tion contex

ded platform

mployed on

surface of th

nimise sens

al analysis o

show that t

tatic measur

carried out

700 µm to a

hes 0% for 

aterial such

00 µm, and 

(a) 

resentative QC
linearity

d displacem

estimates m

scanning ele

 This show

ge deflectio

(results sho

le not being

xt the sens

m and disp

n AFM stag

he specimen

sor tilt.  

of the struc

the fundam

rement freq

to investig

avoid dama

displaceme

as Si. Th

10% for dis

C1 spring meas
y versus displac

ment before 

made using

ectron micro

ws the conce

ns. The ge

own as a ren

g applied ex

or will hav

lacement w

ges. The pro

n. This arra

cture using F

mental mode

quency (≤10

gate the hys

aging the de

ents ≤ 700 

he measured

splacements

 

surements (a) F
cement (loaded

fracture for

g finite elem

oscope (SE

ertina-like b

eometry of 

ndered imag

xactly to the

ve a probe

will be cont

obe will the

angement, w

FEA softwa

e of the dev

0 Hz) envisi

steresis of t

evice. The m

µm. This is

d mechanic

s > 100 µm 

F-D hysteresis
d until fractur

r QC 1 was 

ment analys

M) image o

beam deflec

the beam 

ge in Figure

e centre of t

e mounted 

trolled using

n be brough

which is no

are (ANSY

vice was > 4

ioned for thi

the device. 

measuremen

s typical for

cal non-line

and ≤ 700 

(b) 

(multiple load
e) graphs 

as much as

sis (FEA) s

of a QC spri

ctions which

deflections

e 1b).  The 

the suspend

centrally a

g piezoelec

ht into cont

t unlike tha

S), and cha

4.5 KHz [34

is device.  

The displa

nts indicate

r devices fa

earity was 

µm (Figure

d cycles), and (

s 1000 µm w

software (A

ing being d

h enable the

s is similar

tilt shown i

ded platform

and normal

ctric stacks 

tact perpend

at used in a

aracterisatio

4], thus out

acements 

that the 

abricated 

1% for 

e 5.b).  

 

(b) Force 

which is 

ANSYS). 

displaced 

e device 

r to that 

is due to 

m. In the 

l to the 

such as 

dicularly 

an AFM, 

on of the 

tside the 



11 
 

thick
mounte

deflect th

T

piezore

power s

is great

of Hoog

 

Figure 6: SE
kness of 4.5 µm
ed on a soft vin
he suspended p

he resolutio

sistors, and

spectral den

er at lower 

ge noise wh

EM image show
m, and a beam w
nyl block using
platform as sho

its un-defl

on in piezo

d the electro

nsity (PSD) 

frequencies

hich is the d

(a) 

wing the large 
width of 10 µm
cyanoacrylate

own. Since Si d
ected state foll

oresistive tra

onics system

plot for a fa

s and becom

dominant sou

deflection cap
m. To demonst
e adhesive. A n
does not exhibi
lowing the rem

ansduction

m used to a

fabricated Q

mes uniform

urce of nois

 

abilities of a Q
rate the range

needle was inse
it any plastic d

moval of the ap

is limited b

amplify the 

QC 1 sensor 

m at frequen

se in piezore

QC spring (QC
of the QC ME

erted into the v
deformation [45
plied force. 

by the nois

signal. A r

is shown F

ncies > 10 K

esistors.  

(b) 

 

C5) which has a
EMS, the devic
vinyl block and
5], the spring r

se generated

representativ

Figure 7a. T

KHz. This is

a beam 
ce was 
d used to 
returns to 

d by the 

ve noise 

he noise 

s typical 

 



12 
 

F
QC 1 me

comp

 

A

and the 

and Joh

  

T

measure

which i

wire us

displace

displace

A

shown 

hysteres

is signi

that the

not the 

displace

by supe

linearity

(Figure 

Figure 7: Repre
easured using a
pliance in the p

displacemen

At higher fre

 bridge volt

hnson noise,

he trace an

ed using th

is higher tha

ed to actuat

ement of th

ement sensi

A further VO

in Figure 

sis of the de

ficantly les

e hysteresis 

device. The

ements of 1

erimposing 

y to be ≤ 1

8).   

(c) 

esentative (a) n
an AFM micro
piano wire use
nts as large as 

equencies, t

tage, becom

, at various 

nd retrace 

he AFM setu

an expected

te the devic

e suspended

itivity of the

Output versus

7c. These 

evice. The m

ss than that 

observed i

e measured 

00 µm and 

the measu

%, and < +

noise PSD for Q
oscope in F-D m
ed to actuate it.
600 µm, and (d

the Johnson

mes the dom

bridge volta

plots  of t

up indicate

d. The likely

ce. The grad

d platform a

e device. 

s displacem

measureme

measured V

measured u

n the AFM

VOutput vers

575 µm res

ured force a

+/- 3% over 

 

QC 1 at variou
measurement m
. Representativ
d) VOutput linea

n noise whi

minant sourc

age, are in g

the VOutput

e a hysteres

y cause for 

dient of the 

and the mea

ment plot, th

ents were a

VOutput versu

using the A

M measurem

sus the displ

spectively (

and electric

r a displacem

us voltages, an
mode. The cur
ve (c) calibrati
arity % versus

ich is indep

ce of noise 

good agreem

versus dis

is of 3.82%

this hystere

curve repre

asured volta

his time m

also repeate

us displacem

AFM setup. 

ments origin

lacement no

(Figure 7d).

cal output l

ment of 75 

(d) 

d (b) calibratio
ve shows hyste
ion sensitivity c
the displacem

pendent of 

[39-41]. Th

ment with th

placement 

% at a displa

esis is comp

esents the re

age output a

measured usi

ed 5 times 

ment hystere

This suppo

ates from th

on-linearity 

 An overall

linearity, es

µm, and 60

on sensitivity c
eresis which m
curves for QC

ment of QC 1.  

both the fr

he estimated

he measurem

graph (Fig

acement of

pliance in th

elationship b

and is know

ing the F-D

to investig

esis is 0.73%

orts the hyp

he test met

y is 1% and 

l linearity, a

stimates the

00 µm resp

 

curves for 
may be due 
C 1 for 

equency 

d Hooge 

ments. 

gure 7b) 

f 2.5 µm 

he piano 

between 

wn as the 

D rig, is 

gate the 

% which 

potheses 

thod and 

10% for 

achieved 

e device 

pectively 



13 
 

 

F

T

Figure 9

the F-D

F
was ex
displa

T

for a pie

22.4 V/

can be 

integrat

Figure 

displace

Figure 8: Comb

he displace

9a. The plot

D rig setup (d

Figure 9: (a) D
xtracted from 
acement resolu

he linear ch

ezoresistive

/N which is 

detected j

ted noise at

9a). For m

ement resol

bined mechanic
by superimpo

ement and f

t was prepa

displacemen

(a) 

Displacement a
the micro and

ution versus the

hange in se

e device [42

within 2% 

just above 

t the freque

measuremen

lution at 1-1

cal and electric
osing the meas

force sensiti

ared using d

nts ≤ 600 µ

nd force sensit
macro sensitiv

e frequency for

nsitivity ve

2]. At a brid

of the estim

the electric

ency of inte

nts made w

10 Hz is 5.6

cal linearity ve
sured force an

ivity versus

data from th

µm) F-D cali

tivity versus th
vity measurem
r measuremen

ersus the ch

dge voltage 

mates. The f

cal noise. 

erest by the

with a bri

6 nN, and 1

ersus displacem
d electrical ou

s the bridge

e AFM setu

ibration sen

he bridge volta
ments, and (b) r
nts made with a

hange in the

of 0.39 V, 

force resolu

This can b

e force sen

dge voltag

.25 nm resp

 

ment of the dev
tput linearity. 

voltage for

up (displace

nsitivity curv

(b) 

age for QC 1. T
representative 
a bridge voltag

e bridge vol

QC 1 has a 

ution is the m

be estimate

nsitivity (sho

e of 0.39 

pectively w

vice. This was 

r QC 1 is s

ements ≤ 5 µ

rves.  

The data for th
 integrated no
ge of 0.39 V for

ltage is as e

force sensi

minimum fo

ed by divid

own graphi

V, the fo

which are wi

estimated 

hown in 

µm) and 

he graphs 
ise and 
r QC 1 

expected 

itivity of 

orce that 

ding the 

ically in 

orce and 

ithin 5% 



14 
 

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 10-3 N and 100 µm, 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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