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literature), with minimal channel deformation (<5%). This 
technique, which we demonstrate on assembly comprising 
up to 19 layers, presents an exciting improvement in the 
field of rapid prototyping of microfluidic devices, enabling 
extremely fast design cycles in microfluidic research with a 
material compatible with mass manufacturing, thus allow-
ing a smoother transition from the laboratory to the market. 
Beyond the research community, this robust prototyping 
technique has the potential to impact on the deliverability 
of other scientific endeavours including educational pro-
jects and will directly fuel the fluidic maker movement.

1  Introduction

Due to its low cost, optical transparency and the availabil-
ity of a range of processing methods, poly(methyl meth-
acrylate) (PMMA) has been adopted for many microflu-
idic applications (Das et  al. 2015; Pagaduan et  al. 2015). 
Compared to silicon-based materials used for microfluidic 
applications, PMMA is less fragile and does not require 
expensive manufacturing techniques. PMMA is therefore 
preferred, together with plastics like polystyrene, polycar-
bonate and cyclic olefin copolymer, for the manufacturing 
of disposable devices required for commercially orien-
tated applications (Romoli et al. 2011). PMMA structures 
can be created by a wide range of techniques including hot 
embossing, injection moulding, laser ablation, reactive ion 
etching or deep UV lithography and have mechanical prop-
erties superior to those of poly(dimethylsiloxane) (PDMS, 
another material of choice for microfluidic applications), 
guaranteeing a better fidelity to the initial shape under 
mechanical stress conditions (Madadi et  al. 2013). How-
ever, sealing of PMMA devices is not as straightforward 
as that of more conventional materials used traditionally in 
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microfluidic research, such as PDMS, and mostly relies on 
methodologies that can lead to severe changes in the mor-
phology of the final product (Tran et  al. 2013). The need 
of a reliable and high-throughput bonding method becomes 
critical as applications are rapidly translated into commer-
cialised products, in particular for clinical products (Tsao 
and DeVoe 2009; Becker 2010). Additionally, over the last 
5  years small milling machines and table-top laser sys-
tems have become available and form, besides 3D print-
ing, the bases for the maker movement. These structuring 
techniques can also be used for generating microfluidic 
structures well suited for the education of students and for 
prototyping at many places around the world backed by 
networks such as the Fab Lab network (Nascimento and 
Pólvora 2016). However, up to now, no satisfying bonding 
technique has been developed. Double-sided adhesive tape 
is often used for convenience and price, but has a number 
of drawbacks including poor optical qualities and chemical 
incompatibilities. In this work, we show a bonding method 
that allows for the fast, cost-effective and safe bonding of 
multilayer stacks of PMMA, thus overtaking part of the 
barrier that prevents the translation of microfluidics from 
the laboratory to the real world. The most common PMMA 
bonding technique is thermal bonding, in which PMMA 
elements are heated above the glass transition temperature 
[Tg ranging from 85 °C to 165 °C depending on the com-
mercial composition (Duan et al. 2010) but usually around 
110 °C (Li et al. 2015)] and pressed together. During ther-
mal bonding, the diffusion of polymer chains between the 
two interfaces leads to the formation of entanglements 
among the macromolecules (Baldan 2012) and permanent 
bonding. The influence of PMMA molecular weight on 
thermal bonding was studied, showing that longer macro-
molecules can form stronger bonds (Nayak et  al. 2009). 
Thermal bonding protocols often include temperatures up 
to 140  °C at the pressing plates, to ensure that the whole 
PMMA artefact is above the PMMA glass transition tem-
perature (Tg). To avoid thermally induced stress that would 
result in layers bending, the material needs to reach the 
final temperature slowly and similarly requires a slow cool-
ing. Therefore, the entire process can last for several hours 
(Zhu et al. 2006; Mohammed et al. 2013). Widely used due 
to its simplicity, this technique does, however, result in the 
distortion of the PMMA elements. More elaborate solu-
tions to alleviate this distortion issue have been devised, but 
are not free from drawbacks. Intermediate adhesive layers 
have been proposed, but can interact with the fluid passing 
through the microfluidic channels. Surface modification 
and solvent-assisted bonding (Brown et  al. 2006) which 
can change surface shape but usually involve highly toxic 
chemicals (chloromethane, dichloromethane, chloroform) 
(Jiang et  al. 2015) are other proposed methods. Further-
more, both methods can lead to clogging of the channels 

(Lin et al. 2007). Variants of the aforementioned solutions 
include the use of UV light to activate surfaces (Tran et al. 
2013), microwave heating combined with a conductive 
layer [patterned gold (Toossi et al. 2015), conductive pol-
ymer (Holmes et al. 2011) or metal clips acting on a sol-
vent layer (Mona et al. 2010)], or plasma treatment (Cheng 
et  al. 2015), which can be optimised to reach a bonding 
strength of 0.57 MPa in 20 min (Zhifu et al. 2015). Gener-
ally these procedures are time-consuming and require spe-
cialist equipment (Lin et al. 2007). It was shown that con-
tainment grooves between the layers to bond can improve 
the efficiency of solvent-assisted bonding methods (Wan 
et  al. 2015). Interfacial heating caused by low amplitude 
ultrasonic was used to bind preheated PMMA layers with 
imprinted nanochannels (Zhang et al. 2010). With the use 
of plasticisers, bonding can be performed at lower tem-
peratures by lowering the glass transition of the material. 
Low deformation (<10%) low temperature (90 °C) PMMA 
bonding was achieved using dibutyl phthalate (DBP) as a 
plasticiser (Duan et al. 2010). Nonetheless, DBP is a sus-
pected teratogen banned in many countries, and its pres-
ence within the bulk of the final artefact could make the 
bonding step unsafe and prevent its use in medical applica-
tions. A fast PMMA prototyping methodology, developed 
by Sun et  al. (2007), consists of a solvent-based imprint-
ing and bonding strategy. This method allows for the reali-
sation of PMMA chips in 15 min; nonetheless, it requires 
the use of photolithography techniques for the realisation 
of a template for the imprinting in a photoresist material, 
commonly SU8. Custom devices were built so as to per-
form thermal bonding in line with injection moulding, so 
as to save processing time and thermal energy. This method 
is fast and reliable, but requires a custom device and only 
allows the bonding of two layers, thus significantly limiting 
chip design (Chu et  al. 2015). Using layers of a lower Tg 
polymer, such as TMMF (photosensitive epoxy laminate) 
for the thermal welding of PMMA, reduces deformation on 
the PMMA bulk, although the procedure is time-consum-
ing and requires photolithography equipment for the shap-
ing of TMMF (Kalkandjiev et al. 2010).

We propose an optimised solvent-assisted thermal bond-
ing method, allowing for cost-effective, innocuous and 
ultrafast bonding. The solvent used is absolute ethanol, 
which is nontoxic, does not require to be handled under a 
fume hood in the small amounts required for the process 
and is extremely cheap (~$5/L). This method is therefore 
ideal for fast prototyping and manufacturing, and its use 
might encourage the use of PMMA, a material more easily 
adapted to industrial translation than PDMS, in microflu-
idic research settings. This technique might also be of inter-
est to the so-called Maker movement and the burgeoning 
microfluidic “spin-off” of this movement (Frot et al. 2016; 
Silva et al. 2015). The concept of ethanol-assisted thermal 



Microfluid Nanofluid (2016) 20:164	

1 3

Page 3 of 12  164

bonding has been described before (Klank et al. 2002) and 
is driven by the need for maintaining the initial shape of 
every layer involved in the bonding process. Indeed, by 
acting at a temperature at which only the ethanol-wet sur-
faces are modified, it is possible to minimise the effect on 
the bulk of the material. Ethanol acts both as a solvent (we 
noticed deposits of PMMA in the channels when prelimi-
narily testing with large amounts of ethanol) and as a plas-
ticiser, as it was shown (Wang et al. 1994) that it lowers the 
Tg of PMMA to 11 °C, thus allowing the movement of pol-
ymer chains at the interfaces. Yang described the character-
isation of postembossing ethanol bonding technique lasting 
a total of more than 6 h (Yang 2014). In another example, 
Hsu and Chen explored bonding with ethanol, methanol 
and isopropanol using a Taguchi approach for experiments 
planning (Hsu and Chen 2007). However, as the Taguchi 
method aims to reduce the amount of total experiments 
required by adding together the main effects of independ-
ent variables, it was not applicable to this study and led to 
misleading results in optimisation terms. Indeed, solvent 
type, temperature and bonding time cannot be considered 
as independent variables and their effects are not separable, 
as the physics ruling the bonding process (solubilisation of 
the polymer chains, diffusion of solvent within the polymer 
matrix) follows kinetics in which the solvent molecules/
polymer interactions are strictly connected to tempera-
ture (Santos et al. 2016; Bird et al. 2002; Green and Perry 
2008). Also, bonding strength is not a monotonic function 
of bonding pressure (as we demonstrate), another assump-
tion that needs to be respected in order to use the Taguchi 

method. To the best of our knowledge, we demonstrate for 
the first time that a bonding time of only 2 min is needed 
to achieve crack-free structures with a reliable bonding 
strength, furthermore using a cost-effective and safe solvent 
and a readily available experimental set-up costing under 
$1200. As our example of prototyping method, we chose 
laser cutting (Fig. 1) as a first step, in order to produce the 
different layers out of PMMA sheets with different thick-
nesses; nonetheless, other layer shaping techniques can be 
coupled with the bonding method described herein. Bond-
ing stability was tested by means of quickened ageing in 
an oven at 90 °C and in water incubation at 37.5 °C. The 
application of rapid prototyping methods from structuring 
to sealing is well justified and may alleviate issues encoun-
tered in the translation to production (Hardt et  al. 2005). 
Together with its rapidity, another great advantage of this 
method lies in the possibility to assemble several layers, 
thus allowing the formation of complex 3D microfluidic 
structures.

2 � Materials and methods

2.1 � PMMA bonding

PMMA sheets of 0.2, 0.8 and 2.0 mm thicknesses acquired 
from various suppliers were used in this study. Bonding 
optimisation studies, as well as exemplary chips (Sect. 3.6), 
were realised with Clarex® (Nitto Jushi Kogyo Co. Ltd, JP) 
cast PMMA sheets supplied by Weatherall Ltd, UK. For 

Fig. 1   Ultrafast prototyping scheme, cost factors and process times. 
The *step timing is directly depending on the complexity of the 
device design. We demonstrate a laser cutting time of 4′09″ for a 
five-layer microfluidic mixer unit with the size of typical microscope 

slide (Suppl Info video). **Yearly maintenance cost per device is 
estimated at $500 per year divided by the production of 5000 units a 
year. ***This is based on a $800 manual hydraulic press and a $400 
custom-made thermal controller (Suppl. Inf Table 1)
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material comparison, Oroglas® (Oroglas Ltd, FR) and Per-
spex® (Lucite International Ltd) cast sheets were obtained, 
respectively, from Easter Road Plastics Ltd, UK, and Engi-
neering and Design Plastics Ltd, UK. Extruded Perspex®, 
supplied by Engineering and Design Plastics Ltd, UK, was 
also included in the material comparison study (for mate-
rial details, c.f. Table S1 Suppl. Inf). Absolute Ethanol 
(%w > 99.95 %w) was used as a solvent (Sigma-Aldrich, 
UK). A custom-made heating plate and control unit were 
developed to heat up and maintain the layers at the correct 
temperature during bonding (c.f. Suppl. Inf. Table S.2). 
As a source of pressure, we used a Bonny Doon Classic 
20-Ton Manual Press (Rio Grande, USA) or a manual 30 
tons hydraulic pellet press (Research & Industrial Instru-
ment Company, UK). Results obtained from both presses 
are compared in the results and discussion section.

After laser cutting the desired shapes using a CO2 laser 
cutter (Epilog Mini 18, Epilog, USA), PMMA layers were 
cleaned with clean-room tissue and ethanol to remove 
dust. In this step, the minute amount of ethanol applied to 
the layers via the tissue evaporates in a few seconds after 
application and does not affect the bonding subsequently. 
Ethanol was spread between the layers with a pipette just 
before bonding (20 µl for shear stress test specimens, 80 µl 
for deformation specimens, burst test specimens and our 
application examples). This allows for the partial melting 
of a superficial layer and the formation of a strong bond 
between the PMMA elements even if operating below 
PMMA Tg.

In Fig. 1, the workflow of the process is shown together 
with economic considerations on equipment and mainte-
nance. Layers were aligned in holders specific for each of 
the sample types. When several layers needed to be aligned 
with precision, such as in the realisation of complex micro-
fluidic platforms, custom-made plates with pins for align-
ment of the layers are preferred; therefore, individual lay-
ers were featured with corresponding alignment holes. For 
more simple geometries, custom frames were laser cut in 
PMMA. As the thermal profile within the PMMA layer 
stack to bind is dependent on its thickness, all the speci-
mens for shear stress, burst and deformation analysis were 
realised in stacks 4–4.2  mm tall. The microfluidic device 
examples shown in Sect. 3.6 have thickness ranging from 
2.4 to 5.2  mm and showed high performances without 
the need of further tuning of the bonding parameters. For 
PMMA stacks taller than 6 mm, a longer bonding time than 
the one suggested in this paper will be required.

2.2 � Shear stress analysis

Shear stress testing was performed by means of a tensile 
test equipment (Instron 3367, Instron, UK) with an elon-
gation speed of 0.05 mm/s and recording the highest load 

before sample break. The two sides of T-bones specimens 
with no microfluidic features were laser cut from 2.0-mm-
thick sheets, and an additional layer was added with dou-
ble-sided tape on the gripping side, to ensure alignment 
during bonding and shear stress test (c.f. Suppl Info Figure 
S.1). They were fixed in a custom holding frame, placed on 
the bottom heater plate, and 20 µl of ethanol was pipetted 
within the overlapped area (2  cm2). The top heater plate 
was placed above the specimens before applying pressure 
using the hydraulic press. The influence of temperature was 
studied by keeping bonding pressure and time constant at 
5 tons at the ram (2800 psi inside the cylinder/1.57  MPa 
on the specimen surface) for 120  s. Tests were run for a 
range of temperatures between 50 and 110 °C. The effect of 
pressure was studied at a bonding temperature and time of 
70 °C and 120 s, respectively; 2, 3, 5, 8 and 12 tons at the 
ram were used during specimen preparation, corresponding 
to 0.63, 0.94, 1.57, 2.51 and 3.76 MPa applied on the sur-
face of the specimens. Finally, in order to analyse the influ-
ence of time on bonding strength, tests were performed at 
70 °C and 5 tons at the ram for 10, 30, 60, 120, 300 and 
480 s. Between 6 and 12 specimens were used for each set 
of parameters.

Statistical relevance was calculated with ANOVA tests 
and, when necessary, with an unpaired, two-tailed student’s 
t test (VassarStats/GraphPad software).

2.3 � Burst test analysis

One of the most important requirements for a microfluidic 
bonding method is its ability to efficiently seal channels, in 
such a way that they can stand pressure without suffering 
from leaks. Therefore, burst test analysis was performed 
within the same range of bonding pressure, time and tem-
perature used for shear stress testing. Considering the 
larger area to bind, 80 μl of ethanol was spread between 
each of the layers. Chips featuring a 0.5-mm-wide channel 
leading to a dead-end 4-mm-diameter round chamber were 
realised sandwiching a 0.2-mm-thick layer, between two 
2.0-mm-thick PMMA layers, one of which served also for 
the fluidic connection (realised through ferrules and con-
nectors, supplied by Epigem Ltd, UK, tightened to the chip 
by a screw/nut system). A Nemesys mid-pressure (up to 
20 MPa) syringe pump (Cetoni Gmbh, DE), with a medium 
pressure stainless steel 5-ml syringe was used to push 
deionised water within the specimens at 0.5  ml/min. As 
there is no way out, the air enclosed within the channel and 
chambers is gradually forced in a smaller volume and its 
pressure increases. Pressure changes were monitored with 
a Nemesys pressure sensor for measurement up to 20 MPa 
(Cetoni) through a Nemesys user interface PC Software 
v20151214. The highest pressure reached before chip fail-
ure was considered the burst limit of the specimens. As 
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just above 10  MPa of pressure, leaks were noticed at the 
syringe pump and tubing connection, testing was stopped 
every time 10 MPa was exceeded; thus, the pressure limit 
reported for some specimens is safely underestimated with 
respect to the actual resistance of the chip. At least three 
specimens were used for each bonding condition.

2.4 � Deformation analysis

Tests were performed to study how bonding parameters 
(pressure, temperature and time) affect the shape of the 
channel. Rectangular (81 ×  40 mm) specimens were fab-
ricated by laser cutting sheets of PMMA and sandwiching 
a 0.2-mm-thick layer between two 2.0-mm-thick layers. 
To allow a direct comparison, the area of these rectangles 
was chosen in order to have the same pressure distribu-
tion sustained by the shear stress and burst test specimens 
when the same force is applied at the ram. In the central 
layer, three 0.5 × 10 mm channels were laser cut. Before 
hot pressing the three layers together, 80 µl of ethanol was 
pipetted between each of the layers and spread along the 
whole surfaces by gently rubbing them together. Tests were 
performed in the same range of bonding temperature, pres-
sure and time as shear stress analysis. To check the differ-
ent impact that bonding time may have below and above 
glass transition temperature, tests at 70 and 110  °C were 
also performed for 480  s. Finally, an extreme case study 
was realised by bonding a specimen at 110 °C and 12 tons 
at the ram (3.76 MPa) for 480 s.

Samples were prepared for cross-sectional analysis by 
cutting through the imbedded channels using a diamond 
saw. Imaging of the channel cross sections was carried out 
with a Leica DM6000 microscope with bright-field illumi-
nation in transmission mode. An overall magnification of 
50Χ was used to record the images. For some specimens, 
a deformed area was noticed around the channels, prob-
ably due to solvent swelling. Both a channel height and a 
deformed area height were recorded. In order to compen-
sate for the variations in the thickness of the central layer 
(200 µm ± 10% according to manufacturer), the recorded 
heights were divided by the initial measured thickness for 
each chip and data are reported as dimensionless normal-
ised deformation.

2.5 � Ageing testing

In order to test the stability of the bonding under long-term 
storage, 18 shear stress specimens were manufactured, 
starting with elements cut from the same 2.0-mm-thick 
PMMA sheet, bonding at 70 °C and 5 tons at the ram for 
2 min (optimal conditions). Six specimens underwent shear 
stress testing within the next 24 h from the bonding step, 
being stored at room conditions. For accelerated ageing, six 

were incubated within a closed bottle filled with deionised 
water at 37 °C for 216 h, before testing. Similarly, the last 
six were kept at 90 °C for 216 h before testing. Incubation 
steps were performed in a MK 53 Dynamic climate cham-
ber (Binder GmbH, DE).

3 � Results and discussion

In this part, results and discussions are separated in sec-
tions aimed to explain how pressure, time and temperature 
affect the bonding strength.

3.1 � Influence of pressure

The bonding strength was shown to follow a nonmonotone 
trend by both shear and burst analysis (Fig. 2a). The plots 
report the load at break (N). The shear stress at break (N/
m2) was not reported because in most cases concentrated 
shear stresses at the bent interfaces cause normal stress fail-
ure. The plots show a clear trend, and in particular, a peak 
in bonding strength is present for specimens bonded press-
ing with 5 tons at the ram. In order to explain the inefficient 
bonding at low pressure, it is easy to invoke an incomplete 
adhesion between the layers to bind and, often, bubble-
shaped unbonded areas were noticed for low pressure bond-
ing. Regarding the behaviour shown at higher pressures, 
two possible scenarios can be considered. During prelimi-
nary testing, it was noticed that excessively high-pressure 
results in wrinkles in the PMMA layers. This could result 
in incomplete matching of the surfaces. Another way of 
interpreting the phenomenon is considering that, when 
pushing the two surfaces together, a higher pressure will 
result in a thinner film of ethanol spread in between the 
PMMA layers, thus reducing the effect of the solvent. It is 
worth noticing that all the results obtained with the 20 tons 
press, although showing exactly the same trend as those of 
the 30 tons press, always showed higher bonding strength. 
The ram of this press terminates in a square plate that fits 
perfectly the custom-made heater plates. On the contrary, 
the ram of the 30 tons press was round and, due to the 
shape of the piece of equipment, it was hard to place the 
heating system exactly at the centre of the pressure point. 
We decided to show both results, as they show the same 
trend as well as give an indication that a good alignment 
can guarantee a more even pressure distribution, resulting 
in stronger bonding. 

Deformation does not seem to strictly depend on pres-
sure, although at higher pressures (8–12 tons at the ram) 
cracks were often noticed around channels (Fig.  3a). The 
internal heights of the channels were shown to reduce 
between 1 and 3% (sagging) while the deformed layer was 
7–8% higher than channels. An increase in channel height 
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was shown for 0.3 MPa bonding, probably due to a slight 
solvent erosion effect (~10 μm) occurring at lower pres-
sure, when the amount of ethanol constrained within the 
layers is reasonably higher.

3.2 � Influence of time

Shear stress testing at 70  °C and 5 tons at the ram 
(1.57  MPa on specimens) showed that bonding strength 
is strongly dependent on bonding time for the first 120 s. 

After this, a plateau is reached and pressing the specimens 
for longer did not result in any advantage in terms of bond-
ing strength. On the other hand, not all of the specimens 
processed for times shorter than 60  s were completely 
bonded (Fig. 2b.i), and sometimes bonding failure occurred 
while clamping the specimens to the tensile stress equip-
ment or removing them from the hot plates. Burst test con-
firmed the existence of a plateau at about 8.3 ± 1.6 MPa, 
a pressure much higher than those required for the great 
majority of microfluidics applications. The burst pressure 

Fig. 2   Results for shear stress test (row 1) (N = 6–12), burst test (row 
2) (N = 3) and deformation analysis (row 3) (N = 3–6) as a function 
of bonding pressure (column 1), time (column 2) and temperature (col‑
umn 3). On all graphs, the vertical dash lines and white background 
zone highlight the optimal parameters. The SDs on all graphs are rep-
resented using coloured regions. The width of the region at a given 
data point of the graph gives the exact SD at this point. Between data 
points, the upper and lower SD is connected by a straight line to facili-
tate the reading of trends. Shear stress results (row 1) are shown for 
specimens bonded with both a 20 tons BD press (black squares) and 
a 30 tons RIIC press (grey circles). The 20 tons BD press was pre-
ferred for all subsequent experiments (including   rows 2 and 3 and 

subsequent result sections). Hydraulic equivalents are given in the text. 
On the burst test (row 2) results, the dash horizontal line corresponds 
to the maximum value achieved by the Nemesys high-pressure equip-
ment. For the deformation analysis (row 3), the plot reports the height 
of both the channels (which sag during harsher bonding conditions, 
black squares) and the deformed areas around channels (which on the 
contrary grow with harsher bonding conditions, grey triangles). For 
readability, the horizontal dash line indicates the absence of deforma-
tion. The collective reading of the three tests (shear stress, burst, defor-
mation) against each of the parameters (pressure, time, temperature) 
gives a clear reading of the optimal parameters, highlighted by the 
white zones for each parameter
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detailed in this study is higher than any previously reported 
for PMMA in the microfluidic literature, where the usual 
range is 0.5–0.6 MPa (Hsu and Chen 2007; Romoli et al. 
2011; Tran et al. 2013) with a highest previously reported 
operating pressure of 2.6  MPa (Lin et  al. 2007) (calcu-
lated). It should be noted that the failure point for most 
previous burst test studies occurred at the connections. 
Above 120 s of bonding time, on average one specimen out 
of three withstood over 10 MPa, and it was not possible to 
go above this, due to failure of the high-pressure syringe 
pump. Hence, the reported maximum values are probably 
lower than the actual ones. All the specimens bonded for 
120 s or longer stood at least 6.2 MPa before bursting.

Although after 120-s bonding time does not seem to 
affect bonding strength, cross-sectional imaging showed 
that a longer time resulted in higher deformations (Fig. 2b.
iii), both in terms of channel sagging and growth of 
deformed area around channels (6  ±  6 and 36  ±  4%, 
respectively, for 8-min bonding, compared to 1 ±  1 and 
0 ± 0%, respectively, for 1-min bonding).

3.3 � Influence of temperature

Contrary to what was shown in the previous two sec-
tions, shear stress and burst analysis gave different results 
when testing specimens bonded at different temperatures 
(Fig. 2c.i, c.ii). Burst tests show that bonding becomes reli-
able after 70 °C and bonding strength remains nearly con-
stant from this temperature on. In shear stress analysis, on 
the contrary, after a peak at 70 °C, bonding strength con-
siderably drops at 85 °C and then shows a mild increase at 
100 and 110  °C. To explain this discrepancy between the 
two modes of analysis, we need to consider that, at atmos-
pheric pressure, ethanol boils at 78 °C. Hence, even if the 
same amount of ethanol was deposited through a pipette 
on the surface of each specimen, the ones treated at higher 
temperature must have lost, by evaporation, a considerable 

part of it before pressure was applied to the system. The 
evaporation of the solvent affects the burst test specimens 
to a lesser extent, as they are bonded on a much larger area, 
thus trapping ethanol within the layers to be bound and 
offering less air–ethanol contact surface available for evap-
oration to occur. Deformation analysis at 110  °C showed 
a 90% reduction in the cross-sectional area of the chan-
nels (Fig.  3b). In contrast, a deformed ellipsoidal zone is 
clearly visible, with area 2.5 times larger than initial chan-
nel. Complete channel disappearance and maximum defor-
mation (nearly 400% in height) were obtained for samples 
bound at 110 °C for 8 min, irrespective of whether the pres-
sure was 5 or 12 tons at the ram (1.57 or 3.67 MPa on spec-
imen) (Fig. 3a).

3.4 � Comparison of different brands of PMMA

PMMA sheets are mainly produced using two methods, 
casting or extrusion. While extrusion produces PMMA 
sheets with better thickness tolerances, cast PMMA has 
higher thermal stability and optical properties. Depending 
on the manufacturers, PMMA mechanical and chemical 
properties such as molecular weight and degree of poly-
merisation can vary within a certain range and may affect 
the bonding optimisation. Here we show how our opti-
mal parameters [70  °C, 5 tons (1.57  MPa on specimen), 
2  min] perform with PMMA supplied by different manu-
facturers, without further optimisation. Interestingly, Per-
spex® PMMA, no matter if cast or extruded, performed in 
the same way as Clarex® PMMA and shear stress results 
gave nearly overlapping bonding strengths. On the other 
hand, several cracks were noticed on the specimens cut-off 
extruded sheets. Also, this material showed the tendency to 
arch and deform during laser cutting, probably due to the 
relaxation of stress induced during manufacturing. Oro-
glass® PMMA showed lower bonding strength compared to 
the others. These results suggest that the applicability of our 

Fig. 3   a Microscope photographs of the channel cross sections 
showing the deformation in and around the channels at different 
bonding conditions. b Cross section of a channel bonded at 110 °C, 

2 min, 5 tons: as the real channel sags to a tenth of the initial area, the 
solvent changes the morphology of a large surrounding area
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method does not depend on the manufacturing process (cast 
or extruded) used, but rather on the grade of the polymer. 
Long polymer chains require greater energy to move than 
shorter ones; thus, the bonding of higher molecular weight 
(Mw) PMMA will require longer time and higher amount 
of solvent to be as efficient as the bonding of lower Mw 
PMMA. Since Oroglass® material reports higher mechani-
cal and thermal properties (see Table.S1 Suppl. Inf.) than 
the others, it is legitimate to assume that it is composed of 
a heavier polymer (Nguyen and Kausch 1999) which would 
explain why it is harder to create a bound using the same 
bonding conditions. Unfortunately, the different suppliers 
have not yet replied to our questions regarding their poly-
mer composition, and our hypothesis remains unconfirmed. 
Nonetheless, it must be noticed that complete bonding was 
achieved for the whole surfaces treated regardless of the 
brand, thus showing the general applicability of the method 
(Fig. 4).

3.5 � Bonding stability and quickened ageing

Quickened ageing tests were performed to verify bond-
ing stability under extreme conditions. Statistical analy-
sis shows that there is no significant difference between 
untreated specimens and those aged at 90 °C in dry condi-
tions or in water at 37.5 °C for 216 h, and differences in the 
mean can be related to statistical variability alone (p = 0.87 
and 0.19, respectively). These results, shown in Fig.  5, 
beside holding good promises for long-lasting shelf life 
(even if a thorough characterisation for longer times would 
be necessary), show that microfluidic chips bonded using 

this method can be applied to several different biological 
studies, including cell-related investigations, where 37.5 °C 
water incubation is frequent, and even on-chip PCR which 
involves temperature cycling up to about 95 °C.

3.6 � Microfluidic device examples

To prove the reliability of the bonding protocol to common 
microfluidic tasks, several typical microfluidic applications 
are demonstrated. All the devices were produced by designing 
their layers on AutoCad (Autodesk, UK) and laser cutting them 
from sheets of PMMA with thicknesses 0.2, 0.8 or 2 mm.

3.6.1 � Five‑layer split‑and‑recombine mixer

A five-layer split-and-recombine mixer was realised and 
tested under a range of flow rates. The bottom layer (#1) 
was realised in 2.0-mm-thick PMMA, to allow for micro-
fluidic connections. The other four layers (#2, 3, 4 and 
5) were realised in 0.2-mm-thick PMMA (Fig.  6a.i). The 
average channel cross section was 200 µm × 500 µm. The 
bonding step was realised with the optimal parameters 
70 °C, 1.57 MPa, 120 s (respectively bonding temperature, 
pressure and time). Two syringe pumps (World Precision 
Instruments, UK) were used to drive blue and yellow food 
dyes mixed with deionised water through the device. Flow 
rates (always equal for both syringe pumps) ranged from 
10 up to 170 ml/h (upper limit for the pumps used) (Fig. 6a.
ii). Although the chip shown here simply mixes two liquid 
streams, it proves that leak-proof 3D microfluidic structures 

Fig. 4   Comparing PMMA from various manufacturers. To test the 
applicability of the technique to multiple brands of PMMA, Instron 
shear stress testing was performed on specimens machined from 
PMMA sheets [N = 9 for all samples, but Perspex® cast (N = 7) and 
Clarex® (N = 12)]. Error bars show the SD

Fig. 5   Bonding stability at different environmental conditions. 
Instron shear stress testing was performed on specimens bonded 
at optimal conditions and then aged at 90  °C in dry conditions or 
37.5 °C in water, for 216 h. Error bars show the standard deviation. 
There are no statistical differences between the treated and untreated 
specimens (respectively, p =  0.87 and 0.19). N =  9 for all samples 
but ambient conditions N = 12
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can be realised in a single bonding step. The five-layer 
mixer showed no sign of clogging nor leaking for any of 
the flow rate used (10 ml/h up to the maximum pump rate 
of 170 ml/h), and bonding of the layers is consistent along 
the entire surface. Mixing of the two streams was observed 
under microscope at three locations on the device (Fig. 6b). 
As expected, mixing was more efficient at higher flow rates 
(Fig. 6a.iii and iv, respectively, 10 ml and 100 ml/h). Sup-
plementary Information video shows the complete manu-
facturing and testing of this device.

3.6.2 � Three‑layer H filter

A three-layer H filter (Fig. 6b-i) was realised and used to 
demonstrate the separation of fluorescein from blue food 
dye. The design features inlet and outlets channels placed 
3  mm from the edges of the chip (Fig.  6b-ii), and with 
this feature we intended to demonstrate that the bonding 
obtained with this method is reliable along the entire sur-
face of the chip, even close to the edges of the chip. The 
length of the main channel was 30 mm, and the width on 

Fig. 6   Practical examples of microstructures manufactured using the 
proposed ultrafast method. a Five-layer split-and-recombine mixer 
test chip. a-i Blow-up view of the chip design. The chip has the foot-
print of a microscope slide (75 × 25 mm) and is composed of four 
0.2-mm PMMA layers and one 2.0-mm PMMA layer (bottom layer). 
a-ii Top view of the assembly. The grey zones correspond to the visu-
alisation windows: a-iii Mixing patterns obtained at 10 and 100 ml/h 
at three locations on the chip. b H filter chip. b-i Blow-up view of the 
chip design. B-ii Top view of the H filter chip. The grey zones cor-

respond to the visualisation windows: b-iii–b-vi shows the result of 
the separation in two Eppendorf tubes. c Droplet generation and celtic 
design pattern. c-i Blow-up view of the five-layer chip. c-ii Top view 
of the assembly with inlets and outlets. The inset shows a tilted view 
of the droplet channel passing underneath one of the branches of the 
triquetra as well as a 300-µm interchannel gap. c-iii Photographs of 
the device with four flow rate ratios producing four different droplet 
sizes
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drawing was 1  mm. A 3-ml syringe filled with deionised 
water was loaded on the first inlet, while a 3-ml syringe 
was filled with a mixture of fluorescein sodium salt 
(Sigma-Aldrich, 26  mg/ml), blue food dye (Classikool, 
5% v/v) and deionised water. The syringe was fitted on 
syringe pumps and actuated at 1.5 ml/h. Images were taken 
using a Dino-Lite (AM4113T-YFGW, Dino-Lite Europe, 
Naarden, Netherlands) under UV excitation (Fig.  6b-iii, 
iv and v). Fluorescein having a higher diffusion coeffi-
cient (5.4 × 10−4 cm2/min) than typical natural blue dyes 
(4.942 ×  10−6  cm2/min (Kawahito and Yasukawa 2009)) 
can be separated across the length of the channel to out-
let #O1 while the food dye does not diffuse into the water 
stream and exits exclusively in outlet #O2. Figure  6c-vi 
shows the result of the extraction.

3.6.3 � Droplet chip

Another five-layer device was created to demonstrate the 
intricacy of designs permitted by this technique as well 
as the reliability of the bonding for droplet applications 
(Fig. 6c-i). A microfluidic double triquetra (classic symbol 
in several European cultural groups) was created. Droplets 
are produced at the intersection of two channels merging 
in a circular channel surrounding the triquetra symbol and 
passing above and underneath the successive branches of 
the triquetra (inset, Fig. 6c-ii). Two inlet channels branch-
ing in the channel at a 90° angle allow the creation of 
droplets by flowing mineral oil at flow rate Qo and aque-
ous coloured solution at flow rate Qrd. We demonstrate the 
production of various droplet sizes using different flow 
rate ratio Q = Q0/Qrd (Fig. 6c iii, iv, v and vi, respectively, 
Q = 50, 25, 1.7 and 1).

3.6.4 � Nineteen‑layer assembly

For proof of concept, we designed a nineteen-layer Lon-
don tube map, featuring 9 of the tube lines adapted to 
fit the present layout (Jubilee, Bakerloo, Metropolitan, 
Hammersmith, Northern, Picadilly, Central, Circle and 
District). The chip measures 50 ×  50  mm, with channel 
widths on drawing, 200  µm. Each layer is 200  µm (total 
stack thickness is 3.8 mm). Each London tube line is filled 
with a different coloured dye corresponding to its official 
colour as illustrated in Fig. 7. This proof-of-concept chip 
was cut and assembled in minutes and thus demonstrates 
the ease and flexibility of the technique with regard to the 
number of layers that can be assembled in one single step. 
Finally we also demonstrated the use of this technique in 
the context of public engagement, school kid activities and 
undergraduate teaching (Bridle et  al. 2016; Morton and 
Bridle 2016).

3.7 � Comparison with existing techniques

In Table 1, our method is compared with the most recent 
advancements in PMMA bonding. The only method which 
can be performed more quickly (Toossi et al. 2015) requires 
the deposition of a gold layer to allow microwave heating 
at the surfaces. The present technique is the fastest and pre-
sents deformation in the lowest range and is the only tech-
nique that has been demonstrated with up to 19 PMMA 
layers. Additionally our method only requires a hot press 
and an inexpensive as well as innocuous solvent. Nonethe-
less, this method was always employed for channels with 
dimensions of 100 µm or more and may not be as suitable 
for nanochannels as some of the other techniques listed. No 
channel clogging was ever encountered for channel cross 
sections higher or equal to 200 µm × 200 µm; nonetheless, 
clogging might occur for smaller channel width due to the 
small solvent erosion effect discussed previously. There-
fore, the bonding technique is not suggested when features 
smaller than 100 µm are required. In comparison with 3D 
printing, another rapid prototyping method which poten-
tially alleviates the need for bonding and produces simi-
lar results for channel above 100 µm (Comina et al. 2015; 

Fig. 7   Microfluidic London tube map. Proof-of-concept, nineteen-
layer assembly representing nine of the London tube lines. The 
assembly of this chip was performed in a single step at the opti-
mum time, pressure and temperature. 250 µl of ethanol correspond-
ing to our recommend volume of 10 µl/cm2 was applied directly on 
the side of the stack prior to mounting the stack on the press. Each 
tube line is filled with diluted food dye corresponding to its official 
colour [respectively, Jubilee (grey), Bakerloo (brown), Metropolitan 
(purple), Hammersmith (light pink), Northern (black), Victoria (light 
blue), Piccadilly (blue), Central (red), Circle (yellow) and District 
(green)] (colour figure online)
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Morgan et  al. 2016), our combined laser cutting and eth-
anol-assisted bonding method is faster and more flexible. 
To produce the mixer example chip (Fig. 6a) on a typical 
high-resolution 3D printer such as the multimaterial polyjet 
CONNEX 500 would take approximately 45 min, printing 
only. The resulting product would then need to be soaked 
overnight to remove the support material in the intricate 
feature of the chip. Alternatively, the chip would be printed 
in several parts and then bonded, creating the same situa-
tion as the current method.

4 � Conclusions

Ethanol-assisted thermal bonding of PMMA was opti-
mised and characterised for the purpose of microfluidic 
prototyping. This method was demonstrated in conjunc-
tion with laser cutting, but is adaptable to other structur-
ing methods such as moulding, hot embossing, stamping 
and milling, and is therefore also relevant to mass pro-
duction. We showed that it is possible to reach a shear 
bonding strength of at least 1.5  MPa (dividing the load 
at break for the whole bonded area), and channels able 
to withstand pressures over 6.2  MPa (minimum burst 
pressure recorded), by pressing PMMA layers for just 
2 min at 70 °C and 1.57 MPa. These conditions are very 
mild on the material, the temperature being 40  °C lower 
than PMMA glass transition, and easy to reach, since the 
pressure required is in the lowest range of any hydraulic 
press. Bonding stability was demonstrated with quick-
ened ageing at 90 °C (dry conditions) and 37.5 °C in water 
for 216  h. Several layers can be stacked together in one 
bonding step (up to 19 have been demonstrated), creating 

three-dimensional structures. The channel height deforma-
tion observed is always lower than 5%. We demonstrated 
the manufacture of several structures including mixers, 
H filter, droplet generators capable of sustaining flow 
rates of at least 170 ml/min, which is sufficient for most 
microfluidic applications, including high flow rate applica-
tions. This ultrafast technique is applicable to microfluidic 
devices with minimum feature size of 150 µm and requires 
a low capital investment of around $16,000 (including 
laser cutter and bonding equipment). It will be particu-
larly attractive within microfluidic laboratories which are 
looking for rapid translation of devices into products, as 
well as for rapid prototyping, and the educational aspects 
of this technique will be of interest to a broader public, 
such as secondary, undergraduate and postgraduate teach-
ing professionals and more generally to developers and 
researchers requiring multilayer, polymeric and cost-effec-
tive solutions.
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Table 1   Comparisons of thermal techniques for bonding PMMA

a  Involves the use of DBP, a suspected teratogen, banned for some applications in the USA and Europe
b  Allows to bind only two layer and requires a sophisticated equipment
c  Requires the deposition of a thin gold layer before bonding. N.C. noncommunicated

Method Bonding time T° (°C) Bonding strength 
(method)

Deformation Maximum number of 
layers demonstrated

Refs.

Oxygen plasma treat-
ment

>25 min 85 0.57 MPa (tensile test) <1% for microchan-
nels, 10% on nano-
channels

2 Zhifu et al. (2015)

Plasticiser-assisteda >20 min 90 N.C. <10% 4 Duan et al. (2010)

Acetonitrile-assisted <15 min 25 N.C. N.C. 2 Sun et al. (2007)

Ultrasound treatment 5 min 70 0.7 J/cm2 (crack open-
ing)

5% on nanochannels 2 Zhang et al. (2010)

In-moldb 4 min 100 0.35 MPa <10% 2 Chu et al. (2015)

Microwavec 35 s 50–160 1.4 MPa (tensile test) <5% 2 Toossi et al. (2015)

Ultrafast C2H6O-
assisted

2 min 70 1.23 MPa (shear test) <5% 19
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