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A  composite  film  of  PMMA  microspheres  in  PDMS  is used  as  the  fusion  layer  to  avoid trapped  air  and  to
restrict  the  flow  of  the  melted  polymer  during  welding.  The  matrix  material  selection  and  distribution  of
PMMA  microspheres  is determined  by the 1-D  theoretical  model.  The  theoretical  work  reveals  that  the
difference  in  dynamic  modulus  between  the  matrix  material  and  PMMA  is  the most  significant  contribu-
tion  to  the  viability  of  this  composite  ultrasonic  welding  film.  The  experiment  is conducted  with  PDMS
as  the  matrix  material  to determine  effect  of  the  concentration  of PMMA  microspheres  as  micro  energy
ltrasonic welding
MMA
DMS
icrofluidics

omposite

directors  on  the  welding  strength  and  quality  of  the  proposed  methodology  with the  chosen  composite.
While  there  are  no visible  signs  of  trapped  air in  all specimens,  the  resultant  welding  strength  in  this
methodology  is limited  by  the  particle  size  range  of  the  PMMA  microspheres.  For  ultrasonic  energy input
of  1 kJ  on  a  32  mm ×  32  mm  sample,  the  optimum  concentration  of  PMMA  microspheres  is found  to  be
0.24.
. Introduction

Recently, there has been tremendous interest in microfludics
or applications in biomedical due to their ability to provide
ast response and low cost production with only trace amounts
f chemical bio-receptors. The microfluidic devices are usually
abricated using glass or silicon with chemical and plasma etch-
ng, and photolithography. Becker and Locascio (2002) reviewed
ther materials including polymethyl methacrylate (PMMA) and
olydimethylsiloxane (PDMS) which are commonly preferred in

ndustries as cheaper alternatives to glass. Kalkandjiev et al. (2011)
ighlighted the low fabrication cost and the ease to mass produce
s the major reasons of using PDMS and PMMA, and Luo et al.
2010) demonstrated that the PMMA  also have the potential to cre-
te complex, stable geometries using simple fabrication methods
without fabricating energy directors), while being able to accom-

odate errors in terms of reversible change upon softening and
elting.

In the production of microfluidic devices, Luo et al. (2010)

ighlighted the critical role of the welding process in sealing
pen microstructures and allowing integration into a closed fluidic

∗ Corresponding author.
E-mail address: yongjiny@ntu.edu.sg (Y.-J. Yoon).

ttp://dx.doi.org/10.1016/j.jmatprotec.2016.05.025
924-0136/© 2016 Elsevier B.V. All rights reserved.
©  2016  Elsevier  B.V.  All  rights  reserved.

paths. There are numerous welding techniques including capil-
lary adhesive welding, chamber adhesive welding, adhesive film
welding, laser welding, solvent diffusion welding, conventional
thermal welding and plasma assisted (thermal) welding. There are
also techniques such as UV degradation supported thermal weld-
ing, developed by Truckenmuller et al. (2006), which applies to a
few types of polymers only. The main welding research on these
techniques focused on finding the ideal process that has short
process time and retains the channel geometrical structure while
still produces high strength welds. However, there are not much
breakthroughs in the efficiency of mass production of microfluidic
devices due to welding process time and weld quality of exist-
ing techniques. The stability of design geometry and strength of
welding are important criterion the manufacturing of microfluidic
devices. Hence, Zhang et al. (2010b) provided guidelines that the
welding has to be tight sealing at joint interface and void of con-
taminants. They (Zhang et al., 2010a) also added that the process
has to create minimal deformation of the existing microstructures.

Ultrasonic welding is a technique in which the specimens are
connected by the melting of plastic with ultrasonic acoustic energy
source. Benatar and Gutowski (1989) claimed the high efficiency

of this method due to its stability and ability to produce strong
joints with automated compact equipment, and Ng et al. (2009)
use ultrasonic welding to join connectors which enables rapid pro-
cess time (in the order of seconds) and economical mass production

dx.doi.org/10.1016/j.jmatprotec.2016.05.025
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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Fig. 1. Illustration of polymer using (a) conventional and (b) composite film ultra-
sonic welding. In conventional ultrasonic welding, the energy directors melt and
flow  across the surface of the samples, resulting in a thinner fusion layer. In ultra-
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Fig. 2. (a) Maxwell standard linear solid and (b) Wiechert model (Wineman and
Rajagopal, 2000). The viscoelastic materials of the thermoplastic-elastomeric com-

(ke + k1)[(ke + k1) (�ω) + ke ]
onic welding using composite film, the energy directors melts but maintains its
eight due flow restriction by the matrix material.

f the microfluidic devices. Rani et al. (2007) studied the parame-
ers in ultrasonic welding and gave an better understanding to the
rocess. The ultrasonic welding process, with current simplicity
f operation developed by Grewell (1999), utilizes an ultrasonic
nergy source (usually with a frequency of 20–50 kHz) and low
mplitude (15–60 �m)  mechanical vibration to induce localized
rictional heating through viscoelastic dissipation by intermolec-
lar friction. The generated heat melts contacting surfaces of the
olymer and joins the two surfaces.

Truckenmuller et al. (2006) fabricated the first ultrasonically
elded microfluidic device by concentrating energy with con-

ex energy directors. The time for energy director to melt is in
he order of seconds. Therefore, it is difficult to precisely control
he flow of the melted polymer. Although, overflow and under-
ow of molten polymer is acceptable for welding of most macro
evices, Zhang et al. (2010b) have highlighted that it may  clog
overflow) or leave small gaps (underflow) in the micro structures
nd cause a microfluidic device to be unusable. Sun et al. (2012)
sed micro energy directors to allow more space for the flow of
olten PMMA.  However, this does not eliminate problems of over-

ow and underflow entirely and it also causes air trapped when the
nergy directors are tightly arranged.

This present study explores the feasibility of using a composite
lm made of distributed thermoplastic particles in an elastomeric
atrix to restrict the flow of melted energy directors and eliminate

roblems of trapped air, thus reducing its impact on the shapes of
ow channels of microfluidic devices. The design process includes
he matrix material selection, energy director distribution and opti-

izing the ultrasonic welding process parameters. Experiments are
lso conducted on the welding strength of PMMA  samples welded
sing the present methodology.

. Method

The fusion layer of the ultrasonic process in this work is a thin
omposite film consisting of micro-energy directors and a elas-
omeric matrix. The elastomeric matrix would constrict the flow
f PMMA  energy directors when they are in viscous state as well as
eplace the air which might be otherwise trapped during the pro-
ess. Fig. 1 shows the ultrasonic welding using air (conventional)
nd elastomeric polymer as matrix. Other than the presence of
rapped air and uncontrolled molten polymer flow, the two  main
otable differences of the welded products are the change in sepa-
ation distance (shown in Fig. 1) and welding strength. The change
n separation distance of conventional ultrasonic welding is,
s = hed − Voled

A
(1)
posite is modeled as a system of springs and Newton dashpots. In a small range of
temperature and vibration frequency, we approximate the Wiechert model to the
Maxwell standard linear solid with equivalent spring and damping constants.

where hed is the initial height of the energy directors, Voled is the
total volume of the energy directors and A is the area of material
welding (excluding channels, etc.). The change in separation dis-
tance using composite film is negligible due to incompressibility of
the matrix material.

In this section, a methodology of composite material selection
and design with a theoretical model for initial feasibility anal-
ysis followed by an experimental verification of such design is
presented. The 1-dimensional theoretical model assesses the suit-
ability of different matrix material as well as distribution of energy
directors on the composite welding film. For this work, PDMS is
chosen as the matrix material based on studies from the theoret-
ical model after comparing some common elastomeric materials.
The composite is fabricated by spin coating PMMA-microspheres-
mixed-PDMS-base. Following so, the experiment presents the
effect of different composite ratio on the welding strength of the
proposed method. The experimental result also elucidates limita-
tion of the fabrication method.

2.1. Ultrasonic welding model

Benatar and Gutowski (1989) categorized the mechanism of
ultrasonic welding into mechanics and vibrations, viscoelastic
heating of thermoplastic, heat transfer process, flow and wetting,
and intermolecular diffusion. In this model, the mechanics and vis-
coelastic heating of thermoplastic is considered for the purpose of
material choosing and energy director distribution. The Maxwell
form of the standard linear solid (SLS) (Fig. 2(a)) is adopted to
estimate the strain response with material parameters.

The strain response for input stress, �(t) = �0 cos(ωt) + �c, in SLS
is,

�(t) = �0R cos(ωt − ı) + �c

ke + k1
(2)

R2 = U2 + V2 (3)

U = (ke + k1)2(�ω)2 + k2
e + k1ke

(ke + k1)[(ke + k1)2(�ω)2 + k2
e ]

(4)

V = k1(ke + k1)(�ω)
2 2 2

(5)
ı = tan−1 V

U
(6)

where �i = �i/ki.
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ig. 3. Design of composite film to prevent overflow of PMMA  during ultrasonic we
f  the base PMMA  and target PMMA  respectively. hed and hmm are the height of t
nterferometry analysis of the PMMA-microspheres-mixed-PDMS composite on a P

Due to the time scale difference in the ultrasonic frequency and
hange in temperature, a constant temperature is assumed within
ne cycle of oscillation and the averaged net power dissipation per
olume (PDPV) is,

 = �2
0 ω

2
V (7)

During ultrasonic welding, the total changes in length of the
ample at areas with the energy directors and with the matrix
aterial are,

ed(t) = �b(t)hb + �ta(t)hta + �ed(t)hed − (hmm − hed) (8)

mm(t) = �b(t)hb + �ta(t)hta + �mm(t)hmm (9)

here Fig. 3(a) shows the denotations of the equation, and hb and
ta are the effective length due to the non-uniformity and coarse
istribution of the energy directors where beyond the effective

ength, there is an uniform distribution of stress. The effective
ength also depends on the stiffness of the PMMA  and matrix

aterial.
Considering the balance of force and comparing the time varying

omponent of Lmm(t) = Led(t), the ratio of PDPV (from Eq. (7)), ˛, is,

PPMMAed

PPMMAmm

)
=

(hefr)2 + R2
m

(
hmm
hed

)2
+ 2RmRd cos(ıM)hefr

hmm
hed

sin(ıPMMAmm)
sin(ıPMMAed) Rd[(hefr)2 + 1 + 2hefr]

(10)

here hefr = (hb + hta)/hed, Rd = RPMMAmm/RPMMAed, Rm = RMM/
PMMAmm and ıM = ıPMMAmm − ıMM. The subscripts ‘MM’  and

PMMA’ denotes the matrix and PMMA  materials respectively, and
he subscripts ‘mm’  and ‘ed’ denotes the area with PMMA-matrix

aterial and PMMA-PMMA  contact respectively.
The power dissipation in the energy director as a ratio of the

otal power dissipation is,

PowerPMMAed

PowerTotal

)
= ˛Ar

˛Ar(1 + hefr) + (hefr) + VMM
VPMMAmm

(
hmm
hed

) (11)

here Ar = Aed/Amm.

.1.1. Effect of matrix material properties and distribution of
nergy directors

The terms in the numerator and denominator in Eq. (10) are
ompared to determine the significant factors affecting the PDPV
atio. The ratio of sine terms and the term Rd in the denominator
epresent the contribution of the change of PMMA’s viscoelastic

amping and dynamic modulus with temperature on the PDPV
atio.

Considering the small differences in other factors, Rm(hmm/hed)
s the determining factor on the feasibility of using any material as
 (a) Cross-section of the composite model where hb and hta are the effective height
MA energy directors and matrix material thickness respectively. (b) White light

 substrate.

the matrix. Matrix material selection has to satisfy the condition,
min(RMM)hmm > RPMMAhed to ensure that the PDPV is always greater
at the energy directors contact area regardless of the temperature
of the matrix material. The effective length ratio in the first term
reduces the effect of Rm in the PDPV ratio.

The third term indicates that the ratio of PDPV at energy direc-
tor contact area reduces with the increased difference between
the viscoelasticity of the materials (ıPMMA − ıMM) and the extent of
the effect is determined by the effective length ratio, (hb + hta)/hed.
This particular conclusion corroborates with the experiment by Sun
et al. (2012) (Fig. 8(a)) where widening the dimension of the energy
directors (making the distribution coarser) reduces the percentage
area of fusion.

2.1.2. Composite material selection and design
In actual materials, the Wiechert model (Fig. 2(b)) represents

the dynamics of the viscoelasticity more closely than the SLS model
(Fig. 2(a)). We can reduce the Wiechert model to the SLS model with
equivalent ke and k1 where the viscoelastic effect is the greatest
(ıV/ı(�ω) = 0) by grouping together relaxation time, �i, of the same
order.

Capodagli and Lakes (2008) concluded that Arrhenius form is
more accurate in predicting the temperature shift in PMMA,

�(T)
�(Tref )

= e�H/R((1/T)−(1/Tref )) (12)

where �H  is the activation energy of mechanism of internal fric-
tion taken to be 7.1 kJ/mol (McCrum et al., 1997) and R is the gas
constant. With this estimations, we  obtain the properties graph
1/R[�(T), ωref] (Fig. 4(a)) from Lee et al.’s (2000) measurements of
dynamic modulus in the frequency domain.

Capodagli and Lakes (2008) measures the changes in the inverse
damping peak of PMMA  experimentally and approximate it to,

1
tan ıpeak

= −0.1108(T − 273.15) + 17.410 (13)

where T is the temperature in Kelvin and the damping, tan ıpeak,
approaches infinity at melting temperature of PMMA. This prop-
erty of PMMA,  together with Eq. (10), reveals two mechanism
in the ultrasonic welding of PMMA.  At the start where temper-
atures are similar, the concentration of energy is achieved by the
term Rm(hmm/hed). When the temperatures difference increases, the
PDPV ratio increase exponentially due to the increase damping of
PMMA  (ratio of sine terms in Eq. (10)).

PDMS is an excellent choice for matrix material for PMMA with
its R value approximately 2 orders higher than PMMA (Fig. 4(a)).

With such large value Rm, the PDPV ratio can be approximate to
R2

m. Although, the difference in damping, V/U, of PMMA and PDMS
is relatively large compared to other polymers (Fig. 4(b)), the value
of cosine term in Eq. (10) varies between 0.95 and 1 only.
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Fig. 5. PDMS spin coated thickness with different rotating speed and PMMA  micro-
ents at temperature, T = 23 C. The temperature-time shift is approximated with
rrhenius form.

.2. Experiment

.2.1. Preparation of composite film
PMMA  microspheres with a variance over mean diameter ratio

f 0.34 and 0.32 is used in conduction with PDMS to study its effect
n welding and controlled melting. The use of PMMA  microspheres
nables slightly non-uniform distribution to show a minimal bond-
ng strength in the experiment so that the conditions would be
loser to practical microfluidic devices with multiple channels. It
lso shows the possibility for future fabrications of ready-to-use
omposite films for ultrasonic welding. Using an optical micro-
cope, we found that the PMMA  microspheres had a distribution
ean of 260.2 �m by 271.8 �m and variance of 88.6 �m and

7.2 �m respectively. We  introduced the PMMA  microspheres with
recise concentration into a PDMS mixture of a fixed recipe of 184
ilicone elastomer base and curing agent at a ratio of 10:1, spin
oated the mixture onto a PMMA  substrate and cured it at 80 ◦C for
0 min. We  established that spin coating parameters of 1000 rpm
or 30 s (Fig. 5) provides the best control over the distribution of
MMA microspheres.

.2.2. Ultrasonic welding process and pull test
We welded the PMMA  welding plate (32 mm × 32 mm)  to a

lank PMMA  base plate (40 mm × 40 mm)  using the Hermann
ltrasonic Welding Machine with base fixture and platform leveled

o ensure balanced and equal welding across the welding plate. The

requency, maximum power, weld force and displacement ampli-
ude were 35 kHz, 1 kW,  100 N and 16.25 �m respectively. We  set
he trigger height at values between 15–20 �m and adjusted the
ltrasonic horn to control to trigger height within the trigger win-
ow.
spheres concentration. The error of the thickness value to any trend is caused by the
large variance of the PMMA microspheres size.

Two settings were used in the experiment. The optimal parame-
ters (welding time of 1.5 s) is reference from results on non-coated
PMMA  with energy director hot embossed onto the plate surface.
We also used alternative parameters which reduces the welding
time to 1 s to prevent over-welding as there are high amount of melt
and shattering present in samples welded with optimum parame-
ters (Fig. 6(a)). This pattern of melt could be caused partially by the
difference in sizes of the PMMA  powder. Since ultrasonic welding
at such a micro level requires precision leveling, these deviation in
sizes present a certain level of difficulty in obtaining a good weld.
However, in the adapted parameters which the weld time is 1s, the
resulting weld produced a much better weld (Fig. 6(b)).

Welding strength is determined by a tensile pull test using
the Instron Microtester. Pull test to break is executed at a rate of
5 mm/min  after calibrating the tester with fine positioning, load
balancing and gauge length zeroing.

3. Results and discussions

For the alternative parameters, the concentration of 0.24 is
optimum where the energy input is able to melt all the PMMA
microspheres. Any further increase in concentration of PMMA
microspheres requires a longer welding time. However, with a
longer welding time (such as that of the optimum parameters),
Fig. 1(a) shows undesirable over-welding at the edge on one side
of the samples. This over welding is due to the diverse distribution
of the PMMA  microspheres diameter, which cause PDMS mixture
coating to be highly non-level at high concentrations of PMMA
microspheres. The overwelding can also be seen from the optimum
parameters trend line which is much higher than that of the alterna-
tive parameters and the model’s estimates of optimum parameters,
and it does not appear to have any maximum at any concentration
of PMMA  microspheres (Fig. 7).

While there are no visible signs of overflow, underflow and
trapped air in all specimens, the resultant welding strength in this
methodology is limited by the particle size range of the PMMA
microspheres. Composite with larger range of microspheres size
has a lower maximum ultrasonic energy which it can be subjected
to before over melting occurs. This limits the maximum welding
strength at ≈35 kPa (Fig. 7) for composite film with concentration
of 0.24. Reducing the variance of the PMMA  microsphere diame-
ter distribution would allow increased welding time without risk
of over-welding. The local welding strength, �LWS, can be approxi-
mated with Fig. 7,
�LWS ≈ d�T

dc
× �PMMA

�PDMS
(14)
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Fig. 6. Ultrasonic welding of composite film coated PMMA  samples with (a) 100% amplit
amplitude (1 kW), 100 N weld force, 1 s weld time (adapted parameters).
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lotted. The horizontal lines depict the limit of welding strength of the samples with
he respective ultrasonic welding parameters.

here �T is the total welding strength of the sample. The local
elding strength is approximated to be 188 kPa.

With matrix material of large  ̨ wrt PMMA  such as PDMS, the
otal power dissipation ratio (Eq. (11)) can be approximated to
/(1 + hefr) = constant, which is similar to a fusion layer without
he matrix material in Sun et al.’s (2012) micro energy directors.
his effect of a constant total power dissipation ratio regardless
f energy director height and concentration can be seen from the
traight line trend of the alternative parameters in Fig. 7. Taking ref-
rence from the experimental results of the alternative parameters,
he energy input required can be calculated,

 = 1.53 × 1010cAh (15)

here E is the energy input, c is the PMMA  microsphere concen-
ration, A is the area of the sample and h is the mean diameter of
he PMMA microspheres (all parameters in SI unit).

. Conclusions

The matrix material selection is significantly determined by the
atio of dynamic modulus of the matrix material over that of the

MMA.  The welding strength of the PDMS-PMMA microspheres
with a variance over mean diameter ratio of ≈0.33) composite film
s up to 35 kPa at a concentration of 0.24. The proposed method-
logy of ultrasonic welding provides an option to compromise
ude (1 kW), 100 N weld force, 1.5 s weld time (optimum parameters) and (b) 100%

welding strength for better control of molten polymer flow and
problems of trapped air in welded samples.
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