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Abstract

Tipless thermoplastic microcantilevers suitable for chemical and biological

sensing applications were fabricated by injection moulding. Their

stiffnesses and resonant frequencies were each determined by two

techniques. Polystyrene beams produced by this method exhibited

stiffnesses ranging from 0.01 to 10 N m-1, making them feasible for

biosensing applications. The approach proved repeatable with low standard

deviations on the parameters measured on 22 microcantilever beams

(stiffness and first-mode resonant frequency) made from the same mould.

The variations were much lower than those of similar, commercially

available, silicon-type beams. The polymeric microcantilevers were shown

to be of at least equal calibre to commercially available microcantilevers.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microcantilever beams are commonly used in fields ranging

from microscopy and molecular sensing to calorimetry

and rheology [1]. For certain applications (e.g., force

spectroscopy), the microcantilever beams must have asperitylike

tips protruding fromtheir ends,while for other applications

(e.g., adsorption-induced surface stress determination), tipless

or ‘diving board’ cantilevers are sufficient. Regardless of the

microcantilever geometries (i.e., tipped or tipless), nearly all

of the beams currently used are produced using conventional

integrated circuit manufacturing techniques such as etching,

deposition, and photolithography. This limits commercially

available beam materials to a small range of brittle ceramics.

Polymeric cantilevers have previously been reported [2–5], but

as they were prepared using photolithography, only a limited

number of materials are suitable and their fabrication can

be expensive. Nonetheless, polymeric microcantilevers have

proven to be feasible for chemical sensing applications [6, 7]

and have certain advantages when compared to silicon-type

beams, such as increased strain to fracture [8] and the ability

to manipulate the material properties for a given geometry via

filler materials (e.g., carbon nanotubes) [9].

A method capable of producing microcantilevers from

a completely new class of materials (e.g., thermoplastic

polymers) could take advantage of these benefits of polymeric

microcantilevers and enable sensing in applications that are

inaccessible using currently available beams, polymeric or

otherwise. Additionally, reduced-cost production could allow

current users to employ more exhaustive and varied testing

procedures, procedures which may be cost prohibitive when

using silicon-type parts. For these reasons and others,

this work presents the fabrication via injection moulding of

thermoplastic polymeric microcantilevers without tips suitable

for chemical and biological sensing applications [10, 11].

Injection moulding enables cantilever fabrication from a wide

range of thermoplastic materials in a high-yield, low-cost

manner, and thiswork shows that injectionmoulded cantilevers
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are of the same calibre as the commercially available, silicontype

beams. The mechanical behaviour of the plastic beams is

modelled and compared to silicon-type cantilevers.

2. Theory

For microcantilever applications, two important parameters

are the stiffness and resonant frequency. Indeed these two

parameters dictate the application for which a specific beam is

feasible and, in this work, will allow for the comparison of the

polymeric microcantilevers to their silicon-type counterparts.

The assumption of a transverse displacement field for a

microcantilever beam of the form of a complete cubic

polynomial in the beam length direction (i.e., Euler–Bernoulli

beam theory) and knowledge of the dimensions and elastic

modulus of the microcantilever material allows the prediction

of the beam stiffness, k, via equation (1).

k =

3E I

L3 (1)

where E is elastic modulus of the beammaterial, L is the beam

length, and I is the secondmoment of the beamcross-sectional

area (I is a function of the beam width, w, and thickness,

t). To derive an analytical solution to predict the resonant

frequency of a microcantilever, the equations of motion for a

beam element are employed, the boundary conditions imposed,

and the resulting equations solved to give equation (2), which

predicts the i th mode resonance frequency of a beam.

fi =

1

2ً _لi

L _2 _ E I

ٌbwt

(2)

where ٌb is the beam material density and the لi are obtained

numerically from the equation

cosh لi cos لi + 1 = 0. (3)

Substitution of the formula for I of a rectangular cross

section (I = wt3/12) into equation (2) gives (4) to predict the

resonance frequencies for a rectangular cantilever.

fi =

t

4ً _لi

L _2 _ E

3ٌb

. (4)

It should be noted that this beam theory approach neglects

any shear deformation (e.g., Timoshenko beam theories), but

the shear deformation effects are less than 1% of the normal

deformation effects forbeamswith aspect ratios (i.e., L/t) over

approximately 10, so there is no significant loss of accuracy as

the aspect ratios of all themicrocantilevers of thiswork are over

10 [12]. Another assumption here is that the rotational inertia

effects are negligible (in the derivation of equation (3)), but, as

pointed out by Timoshenko, these effects are roughly one third

of the shear effects, which were shown to be negligible [13].

3. Experimental methods

The first stage of the injection moulding process (see figure 1)

forces a polymer melt through a nozzle into a sealed cavity

under pressure; two pieces of metal (the mould halves in

Figure 1. Schematic diagram of the injection moulding process;

percentage values indicate the approximate percentage of total cycle

time (roughly 45 s) spent in each stage of the process.

figure 1), each of which has material removed to formthe shape

of the part being produced, are clamped together forming the

cavity (similar to a waffle iron). During the holding stage,

the polymer is allowed to cool, while pressure is still applied

to the melt to minimize thermal shrinkage (see figure 1). The

cooling stage removes heat from the part (i.e., by water cooling

of the mould) and the part ejection stage consists of opening

the mould halves and removing the part. Then the cycle

is repeated. Figure 1 is a depiction of the micromoulding

cycle, which is different from the cycle of a conventional scale

injection moulding machine mainly in that the moulds must be

heated above the glass transition temperature of the polymer

prior to melt injection, to ensure that the melt does not freeze

prematurely (i.e., a short shot).

A Sesame.080 nanomoulding (e.g., injection moulding)

machine (Murray Engineering, Buffalo Grove, IL) was used

to create the cantilever parts. The plunger style plastification

method minimizes residence time and allows shot size control

of roughly ±0.01 mm3. Mould heating and cooling was

achieved using electrical resistance heaters and running water

through themould, respectively. This afforded thermal cycling

of the moulds from ambient temperature to 205 .C and back

to 32 .C in 30 s. The cycle time for a single part was 45 s.

The material used was a polystyrene (Chevron GPPS 3600,

Chevron Phillips Chemical Co., Woodlands, TX).

Machining of the mould cavity (shown in figure 3) was

performed in two steps. In the first, a CAD model was

generated (Pro Engineer Wildfire, Parametric Technology,

Needham, MA) and imported into a numerical control code

generation program (SurfCAM 2001, Surfware, Westlake

Village, CA), the output of which was passed to a machining

centre (Benchman VMC-3000, Light Machines, Manchester,

NH) to machine the part cavity that comprised the base part

(the mould material was medium carbon steel), as shown in

the bottom portion of figure 2. The cavities that define the

microcantilever dimensions (see the top portion of figure 2)

were cut into the same steel block using a custom-made

piezoelectric positioning stage–spindle set-up. The base part
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Figure 2. Schematic diagram of the two mould cavity production

stages,—— = 500 µm in top (close-up) portion of figure.

Figure 3. Optical micrograph of a mould showing three

microcantilever cavities (depth into page .7 µm) and base part

cavity (depth into page .500 µm). This mould corresponds to the

three microcantilever cavities numbered 4, 5, and 6 (top to bottom in

this figure) of table 1.

cavity was machined in 10 µm steps in the direction normal

to the parting plane (i.e., the depth into the page in figure 3)

with a plunge feed rate of 0.1 mmmin-1 and a linear feed

rate of 1 mm min-1 in the parting plane direction using a

four-flute, 0.8 mm diameter, centre cutting, cobalt end mill

operated at 5000 RPM. The channels for the microcantilevers

were cut with a two-flute, 50 µm diameter, centre cutting end

mill (at 50 000 RPM) using a linear feed of 1 mm min-1 in the

parting plane directions and a single step down in the beam

thickness direction (with a step distance equal to the desired

microcantilever thickness). The plunge motion for these cuts

was performed over the previously cut base part cavity, so that

no material was removed on the plunge. Multiple passes in the

beam length direction produced the various cavity widths.

4. Results

Mould cavities were made in three different mould halves

and each mould produced parts with three cantilevers of

Figure 4. Optical micrograph of an injection moulded polystyrene

part showing complete mould cavity filling with very minor

flash—this part wasmade with the mould shown in figure 3.

Table 1. Microcantilever cavity geometries. The microcantilever

cavities were arbitrarily sorted in order of decreasing cavity

thickness. Beams numbered 1–3 were from the first of the three

moulds, beams numbered 4–6 were from the second mould, and

beams numbered 7–9 were from the third mould.

Cavity number Length (µm) Width (µm) Thickness (µm)

1 560 [8] 77 [3] 43.9 [1.0]

2 537 [14] 131 [5] 35.8 [0.4]

3 572 [9] 128 [2] 8.9 [0.2]

4 543 [13] 130 [3] 8.6 [0.3]

5 755 [7] 131 [3] 7.5 [0.3]

6 464 [14] 132 [2] 6.1 [0.3]

7 370 [12] 168 [2] 3.68 [0.3]

8 365 [8] 163 [8] 2.58 [0.3]

9 374 [5] 157 [8] 2.195 [0.3]

varying dimensions for a total of nine differentmicrocantilever

geometries. Figure 3 depicts an optical micrograph of one

of the three moulds used in this work. Cavity dimensions

that define the cantilevers for the two moulds are presented

in table 1 and were determined via white light interferometry

(Zygo NewView 3000, Zygo Corp. Middlefield, CT). The first

mould (of the three produced) consisted of the microcantilever

cavities numbered 1–3 in table 1, the second mould consisted

of the cavities numbered 4–6 in table 1, and the third and final

mould consisted of the cavities numbered 7–9 in table 1. To

obtain the data in table 1, ten different measurements for cavity

width and thickness were made in the parting plane at equal

intervals along the cavity length direction, while five different

measurements for cavity length were taken in the parting

plane at equal intervals in the cavity width direction. The

mean dimensional values are shown followed by the bracketed

standard deviations.

Figure 4 shows a portion of a microcantilever part

produced from the mould shown in figure 3; their comparison

shows that the microcantilever cavities filled completely with

little or no flash. The injection moulded parts were removed

from the mould manually, and demoulding was simple and

possible without the use of any friction-reduction agents (e.g.,

mould release agent). After removal from the mould, the

beams are flat and relatively parallel to the top surface of the

bulk microcantilever part, as shown in figure 5, allowing for

them to be used in commercial AFMs without modification of

either the equipment or the plastic parts, and no post-processes
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Figure 5. Optical micrograph (side view) of an injection moulded

polystyrene part showing the flatness of the microcantilever.

Table 2. Microcantilever beam stiffnesses and percentage

difference. These beam numbers correspond to the mould cavity

geometries of table 1. % difference =100 [(kMould - kPart) /kMould ].

Beam number kPart (N m-1) kMould (N m-1) % difference

1 N/Aa

27.7 N/Aa

2 N/Aa

29.1 N/Aa

3 0.25 0.36 31.1

4 0.21 0.39 46.5

5 0.07 0.10 25.3

6 0.16 0.23 28.7

7 0.078 0.12 37.1

8 0.042 0.043 2.7

9 0.013 0.024 45.4

a The high stiffness of beams 1 and 2 pushed their thermal

resonance amplitude below the white noise floor; therefore, the

beams were actuated piezoelectrically to measure their resonance

but their stiffness was only tenable via equation (1).

such as polishing or finishingwere necessary. Additionally, the

top surface of themicrocantilevers (i.e., the surface fromwhich

the laser is reflected from in the AFM) was smooth and shiny

enough (average roughness < 10 nm as determined by white

light interferometry) to eliminate the need for any reflective

coating such as gold or titanium. In short, the beams are ready

for immediate characterization in a commercial AFM upon

removal from the mould.

After production, microcantilever beam stiffnesses were

determined using Sader’s method coupled with a Nanoscope

IIIa scanning probe microscope [14–16]. The raw cantilever

motion/deflection was sampled from a Signal Access Module

(Veeco, Santa Barbara, CA). The thermal spectra data were

acquired with an SRS 785 dynamic signal analyser (Stanford

Research Systems, Sunnyvale, CA) fitted by a three-term

analytic form (terms for 1/ f noise, white noise, and a simple

harmonic oscillator) to obtain the quality factor, Q, and the

primary resonance mode frequency, f0. Cantilever stiffness is

computed from the results of Sader’s method germane to this

work,

k = 0.1906ٌfw2LQ_i(2ً f0 )(2ً f0 )2 (5)

where ٌf is the density of the fluid in which the beam oscillates

(air in this case), and _i is the imaginary portion of a modified

circular cross-section hydrodynamic function, given as

_ (ù0) = _1 +

4iK1_-i.iRe_

_-i.iRe_K0_.iRe_

__(ù0) (6)

Table 3. Microcantilever beam fundamental resonance

frequencies,% difference, and quality factors, Q. These beam

numbers correspond to the mould cavity geometries of table 1.

% difference =100[( f Mould

0 - f Part

0 )/ f Mould

0 ].

Beam f Part

0 f Mould

0 Quality

number (kHz) (kHz) % difference factor Q

1 35.0 37.4 6.4 N/Aa

2 35.9 33.2 -8.1 N/Aa

3 7.4 7.8 5.6 68.8

4 7.2 7.3 1.0 57.5

5 3.5 3.5 0.1 37.0

6 8.3 7.6 -9.9 42.4

7 7.1 7.2 1.0 24.5

8 5.4 5.2 2.7 19.9

9 4.2 4.2 -0.2 9.1

a The high stiffness of beams 1 and 2 pushed their thermal

resonance amplitudes below the white noise floor,

therefore no thermally-induced quality factor was tenable.

where ù0 is 2ً f0 , K0 and K1 are modified Bessel functions

of the third kind [17], Re is the Reynold’s number equal to

ٌfù0w2/4ç (ç is the dynamic viscosity of the fluid inwhich the

beam oscillates), and _(ù0) is a correction factor to transform

the hydrodynamic function for a circular cross-section to that

of a rectangular cross-section.

Fitting the analytic form to thermal spectra data, and using

equations (5) and (6), provided themeasured stiffness, resonant

frequency, and quality factor of the parts produced. These are

listed in tables 2 and 3 along with the predicted values based

on mould geometry (Q cannot be predicted solely from the

measured mould geometries). The calculation of f0 and k

using the mould geometries was done to assess the validity of

predicting these two parameters (i.e., f0 and k) solely from

the mould cavity dimensions, hence eliminating the need for

characterization in an AFM by the end user. The discrepancies

between the predicted values of f0 and k (obtained with the

mould geometries and equations (1) and (4)) and the observed

values of f0 and k in tables 2 and 3 likely reflect shrinkage of the

polymeric beam during the cooling phase and any inaccuracies

present in both the mould dimension measurement technique

and inmaterial property data. Additionally, the error in Sader’s

method is not trivial (.10% [18]) and is likely another source

of the experimental and theoretical disagreement of this work.

To examine the repeatability of the injection moulding

process, 22 three-beam parts were prepared under fixed

moulding conditions (mould cavity temperature of 175 .C,

injection velocity of 0.75 m s-1, holding pressure of 50 MPa,

holding time of 20 s, cooling time of 10 s). The same beam

on each of the 22 parts (each moulded in cavity number 4 of

table 1) was characterized with Sader’s method. The means ± standard deviations for k, f0, and Q were 0.24 ±0.02 N m-1,

7.45 ± 0.01 kHz, and 56.7 ± 5.8, respectively. This is good

repeatability, especially in light of the fact that the moulding

parameters were not optimized for k, f0, and Q. The standard

deviations listed for k and f0 are much lower than most

manufacturer-provided values for the range of k and f0 of

silicon-type beamswith similar values for these twoparameters

(e.g., Veeco ESPW cited values, k = 0.02–0.1 Nm-1,

f0 = 6–20 kHz; MikroMasch NSC12/Tipless/No Al ‘E’ type
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cited values, k = 0.3 ± 0.1 Nm-1, f0 = 17 ± 3 kHz).3

,4

Therefore, one can conclude that, mechanically at least, the

injection moulded parts are of a calibre commensurate with

the commercially available, silicon-type microcantilevers.

5. Conclusions

This work presents injection moulding of polymeric

microcantilevers, which had thicknesses on the order of

microns (ranging from roughly 2 to 40 µm) and in one case

an aspect ratio (i.e., L/t) over 170. The tipless beams had

stiffnesses ranging from roughly 0.01 to 10 N m-1, making

them feasible for biological sensing, for example. The

microcantilevers were extremely flat, making them ready for

use in commercial AFMs without modification to either the

parts or the machine. There was good agreement between

predicted values for resonant frequency and experimental

values, but markedly less agreement for predicted stiffness.

Nonetheless, the polymeric microcantilevers were shown to be

of at least equal mechanical quality to commercially available

microcantilevers.
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