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Abstract: A novel hot embossing/low temperature ethanol solvent bonding method for the
fabrication of polymethylmethacrylate (PMMA) field flow fractionation devices has been
developed. The separation channel on a PMMA substrate was generated by a hot
embossing process without vacuum. Special temperature-pressure profiles were used to
analyze the influence of the hot embossing parameters. After the hot embossing process,
ethanol solvent bonding was used to seal the separation channel on the PMMA substrate.
The experimental results show that the bonding strength with ethanol solvent bonding at
35 T (aspect ratio (depth/width): 0.043) is 3.05 MPa, and the deformation percentage is
very low (0.54%). A burst pressure test indicated that the as-prepared PMMA gravitational
field flow fractionation device has a very high burst pressure. Furthermore, the higher
resolution of the as-prepared PMMA gravitational field flow fractionation device in the
separation of wheat and starch particles shows that the hot embossing/low temperature
ethanol solvent bonding technique will have potential commercial value.

Keywords: gravitational field flow fractionation; hot embossing; thermal bonding;
polymethylmethacrylate (PMMA)

1. Introduction

The gravitational field flow fractionation (GFFF) technique is one of the simplest and cheapest field
separation methods [1]. It utilizes the Earth’s gravitational field as an external force that causes the
settlement of particles towards the channel accumulation wall. The hydrodynamic lift force opposes
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this action by driving particles away from the channel accumulation wall. These two counteracting
forces enable the modulation of the resulting force field to act on particles in GFFF.

GFFF has been employed for the separation, characterization and micropreparation of a wide variety
of biological, inorganic and synthetic particulate materials, such as cells [2-5], starch granules [6-11],
silica gel particles [12-14], polymer latexes [15], fine coal particles and residues from coal
liquefaction [16].

The typical configuration of most gravitational field flow fractionation devices is based on a
rectangular channel obtained by sandwiching two glass or plastic flat walls with a thin plastic
foil [2,17-22]. Bolts are generally used to bond the sandwich together. The dimension range is
25-90 cm in length, 1-2 cm in breadth and 50-500 pm in thickness [23]. These traditional devices are
rather complicated, and the processes are time consuming and costly. Therefore, cost-effective mass
production is still a challenge.

Polymethylmethacrylate (PMMA), a kind of inexpensive and hydrophobic material, has been
applied in biological and medicine fields [24]. A simple and effective process with PMMA is the hot
embossing and thermal bonding technique [25,26]. This hot embossing technique has been applied to
the fabrication of microchips [27,28]. Although inexpensive and durable templates can be used in this
relatively easy-to-operate embossing method [29], various templates still need different
temperature-pressure profiles, which have better replication accuracy in the hot embossing
process [30]. For the thermal bonding technique, which can obtain a higher bonding strength, the
separation channel for gravitational field flow fractionation has a low depth/width, which is similar to
those of microchips [31]. The deformation will remarkably increase with the reduction of the
depth/width on the bonding microchips [32]. Although much has been learned about the fabrication of
microchips, a cost-effective manufacturing method for gravitational field flow fractionation remains
poorly realized.

In this work, a novel hot embossing and organic solvent bonding method for gravitational field flow
fractionation is developed. A hot embossing process without a vacuum is presented to duplicate the
separation channel on the PMMA substrate by a stainless steel template. Subsequently, a novel organic
solvent bonding is applied to seal the separation channel. Finally, the separation capability of PMMA
gravitational field flow fractionation is further demonstrated by wheat and an analytic reagent
starch sample.

2. Experiment
2.1. Material and Template

PMMA substrate samples with a thickness of 3 mm and side lengths of 90 and 70 mm were cut
from a PMMA block with a low-speed diamond saw. A specially designed stainless steel template with
side lengths of 70 and 20 mm and a thickness of 0.86 mm used for hot embossing is shown in Figure 1.
The template was then sanded and polished to minimize surface roughness and was hot embossed on
the PMMA substrate specimens.
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Figure 1. Stainless steel template insert of the gravitational field flow fractionation device.
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2.2. Experimental Setup

Figure 2 shows the schematic of the apparatus for the hot embossing. This apparatus consists of a
manual lifting screw, a hydraulic cylinder, a pressure handle, a pressure gage and a dual channel
temperature controller. This apparatus has a maximum load capacity of 48.6 kN with a resolution of
810 N. The manual lifting screw controls the displacement of the top heating block. The dual
temperature controller allows independent heating control of the top and bottom heating block, which
can achieve a maximum temperature of 250 <C. Natural cooling in air was used for the present study.
The installation of insulation was also done in the system for the purpose of improving the quality of
the embossing parts. The hot embossing apparatus will be used in the thermal bonding process.

Figure 2. Hot embossing and thermal bonding machine.

2.3. Hot Embossing Process

Isothermal hot embossing was used in the present study. The product qualities are affected by
the main process parameters, such as the embossing temperature, the embossing pressure, the
embossing time and the unloading pressure. Various temperature-pressure profiles result in different
embossing cycles.

In this study, a temperature decrease stage was found, due to the absence of a vacuum, which is
different from the traditional isothermal hot embossing process; so, the substrate could be pressed
under the embossing temperature and the linear unloading pressure.

The temperature-pressure profiles for the hot embossing cycles are shown in Figure 3. For the
temperature the Profiles 1, 2, 3 and 4, they were referred to as the preheating stage, the substrate
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heating stage, the constant temperature stage and the cooling stage, respectively. For the pressure
Profiles A, B and C, they were referred to as the direct pressure stage, the keeping pressure stage and
the decreasing pressure stage, respectively. The experiment details are described as follows.

(1) The top and bottom heating blocks were preheated to the scheduled embossing temperatures.
The heating rate is 1 <C/s. Then, the template and substrate were inserted between the top and bottom
blocks and continued heating. Meanwhile, as the template and substrate absorbed the heat, the
temperature of the hot press dropped.

(2) Once the temperature reached the embossing temperature, the heating rate was adjusted to
0.3~0.5 <C/s. At the same time, the substrate was directly pressurized to the embossing pressure; the
embossing temperature and pressure were maintained for about 3~5 min.

(3) After the embossing stage, the method natural cooling in air was adopted to remove residual
stress, due to the embossing pressure of PMMA without a vacuum. The top and bottom surface
temperature of the heating block should be kept consistent in the cooling process; otherwise, residual
stress would make the substrate deform in the de-molding process.

Figure 3. The pressure-temperature profile for hot embossing.
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2.4. The Channel Dimension Measurement

The channel dimension of the PMMA substrate was measured by a laser CCD (LK-G150, Keyence,
Elmwood Park, NJ, USA). The measured positions are the top, middle and bottom parts of the channel,
and each position was measured three times to obtain the average value. Evaluation indexes were used
to analyze the influence of the hot embossing parameters on the channel dimension. The evaluation
indexes are equal to the ratio of the channel dimension, such as the length, width and depth, to the
original substrate thickness.

2.5. Hot Bonding Process

Figure 4 shows the overall scheme for bonding two PMMA substrates via ethanol treatment and
then hot pressing. Prior to bonding, through-holes with a diameter of 5 mm were drilled on the PMMA
substrate at a position corresponding to the inlet of the field flow fractionation devices and the PMMA
cover plate at positions corresponding to the outlet of field flow fractionation devices. These PMMA
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substrates and cover plates were then ultrasonically cleaned in ethanol at 50 <C for 20 min, followed
by drying in a vacuum furnace at 80 <C for 6 h with a vacuum pressure of 0.1 MPa. The dried PMMA
substrate and the cover plate were then brushed with ethanol (95%) on their surfaces, aligned
according to the positions of their inlet and outlet, mechanically clamped and thermally bonded at
45 <C for 90 s at a bonding pressure of 1.5 kPa.

Figure 4. Overall procedure for the bonding of two polymethylmethacrylate (PMMA)
substrates (70 mm =20 mm) via ethanol treatment and then hot pressing. (a) The PMMA
substrate in the ethanol treatment; (b) the PMMA cover plate in the ethanol treatment;
(c) the bonded PMMA assembly.

2.6. Bonding Performance Analysis
2.6.1. Separation Channel Characterization Test

The separation channel test was performed on a fractionation device with a channel size of
70 mm %20 mm % 0.5 mm fabricated with minimum bonding pressure and temperature by injecting
black ink that was washed away by a carrier liquid. The flow rate was 99.99 mL/h. A rubber tube of
ID = 5 mm was used to connect the device inlet and a mechanical pump (Microinfusion Pump
WZ-50C2, Zhejiang University). The hold time for the common carrier liquid is 20 min, and the time
for washing the injected black ink is 40 min to observe the flow characteristic of the carrier liquid and
the leak-proof ability.

2.6.2. Burst Pressure Test

The burst pressure test for the ethanol solvent bonding was measured using an oil hydraulic system,
as shown in Figure 5. A connection was made to a hydraulic source (Model KY2012, Beijing Kai
Hang Ke Ji Co., Ltd., Beijing, China), which was fitted with a pressure transducer with an accuracy of
1.6% full span F.S. in the range of 0-60 MPa. The sample was pressed through a pre-pressure lever
and a turn-off pressure stop valve. Subsequently at a faster rate, the pressure was increased by using a
hand wheel until it reached a maximum value, before it dropped suddenly. The maximum value is the
burst pressure.

2.7. Separation Experiment
2.7.1. Operating Principle and Basic Structure

Gravitational field flow fractionation is characterized by gravitational force as the external field
applied perpendicularly to the direction of the sample, while the hydrodynamic lift is applied in a
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backward manner, due to the aspect ratio of the gravitational channel with the laminar parabolic profile
that develops. These two counteracting forces modulate the location of different particles with respect
to the accumulation wall. Based on this, particles of different sizes are separated.

The gravitational field flow fractionation device is composed of a cover plate and a substrate with
separation channel-like ribbon by using hot embossing and the solvent bonding method. The total
dimension is 500 mm-long and 60 mm in width, and the separation channel is 0.5 mm in depth, 40 mm
in width and 463 mm in length. Its inlet channel has an inclined angle of 54<

Figure 5. The burst test setup connected with the bonded PMMA substrate.

2.7.2. Experiment Setup

PMMA gravitational field flow fractionation was chosen to evaluate the separation performance.
The separation experiment setup is shown in Figure 6. In the evaluation of the separation properties, a
monocular microscope, DTX-1 (Taike Instrument Inc., Beijing, China), was used to observe the
fractionation process, and a CCD camera (Basler 102f, Basler, Ahrensburg, German) was used to
capture the image at the outlet channel.

Figure 6. Experimental setup of the gravitational field flow fractionation system.
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3. Results and Discussion
3.1. Influence of Hot Embossing Parameters
3.1.1. Effect of Hot Embossing Temperature

Figure 7 shows the effect of embossing temperature on the channel dimensions. It can be seen from
the figure that the temperature has no significant effect on both the channel length and width.
However, temperature has some effect on the channel depth. The channel was deeper at a higher
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temperature range (110-135 <C) than that at a lower temperature range (90-105 <C). The possible
reason is that when the embossing temperature is higher than the glass transition temperature (105 <C),
PMMA becomes soft, which causes a deeper embossing channel. This indicates that under higher hot
embossing temperatures, a desirable embossing depth can be obtained.

Figure 7. The relationship between temperature and evaluation indexes.
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When the embossing temperature is higher than 135 <C, a bulging phenomenon happens; the
embossing depth is 0.88 mm, larger than the original thickness of the substrate, producing melting
along the edges, blisters, pitting, wrinkling and yellow dots on the product surface, as shown in
Figure 8. This means that a temperature higher than 135 <C is not suitable for hot embossing.

Figure 8. An unsuccessful sample showing the partial melting phenomenon along the
edge, blisters, pitting, wrinkling and yellow dots on the product surface.

3.1.2. Effect of Hot Embossing Pressure

Figure 9 shows the relationship between embossing pressures and evaluation indexes
(depth/thickness) under different embossing temperatures. It was found that the evaluation index
increases more rapidly with the increase of the embossing pressure under a higher embossing
temperature than that under a lower embossing temperature. This means that under a higher embossing
temperature, a deeper channel can be achieved with a higher embossing pressure applied. Furthermore,
the device embossed under the glass transition temperature range exhibits higher replication accuracy.
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Figure 9. The relationship between embossing pressure and evaluation indexes
(depth/thickness) under different temperatures.
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3.2. Influence of Thermal Bonding Parameters

Figure 10a shows the channel under a high thermal bonding temperature of ~95 <C. It can be seen
that the channel depth is 362.29 um, which is much smaller than before the hot bonding process
(862.68 um). This indicates that a high hot bonding temperature results in a serious deformation of the
channel. As shown in Figure 10b, while the bonding temperature was held at 85 <C, no cleft and
clogging were not found between the upper and lower substrates, and the channel remained almost the
same as the embossing channel. Therefore, the bonding temperature was held below 85 <C.

Figure 1la is a cross-section image of the channel before bonding. The depth averaged
862.68 + 1.00 um. Figure 11b shows the cross-section image of the channel at a 35 <C bonding
temperature. The depth averaged 858.00 = 1.00 um. Therefore, the absolute decrease of the channel
depth is 4.68 um, and the sample’s deformation is calculated to be 0.54%.

Figure 10. Cross-section pictures of the channel at bonding temperatures of 95 <C (a) and
85 T (b).
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Figure 11. Cross-section images of the channel before bonding (a) and the channel at a
bonding temperature of 35 <C (b).
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To further investigate the influence of bonding temperature on the deformation, we changed the
bonding temperatures from 35 to 85 <C, while keeping the bonding pressure of 1.5 kPa and the
bonding time of 90 s. When the bonding temperature was held at 35 <C, the deformation value of the
channel depth is 4.68 um (minimum value); the percentage of the corresponding deformation value is
0.54%. The bonding deformation increased with the increase in temperature. When the temperature
was held at 85 T, the deformation value of the channel depth is up to 85 um (maximum value) with a
standard deviation of 1.0 um; the percentage of the corresponding deformation value is 9.7%, as
shown in Figure 12.

Figure 12. The relationship between bonding temperature and channel depth deformation.
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The relationship between bonding temperature and bonding strength was measured through a
universal testing machine. The bonding temperature range of the sample is 35~95 <C, and the pressure
is 1.5 kPa, with a bonding time of 1-2 min. The lapped surface has an area varying between 1 mm? and
1.5 mm?. All the samples were torn apart at the base material, indicating that permanent bonding was
obtained. Figure 13 shows the bonding temperature’s effect on bonding strength. In this figure, it can
be seen that the ethanol solvent bonding has a very good bonding strength and the lowest possible
bonding temperature, 35 <C. The bonding strength for PMMA substrates at 35 <C was 3.02 MPa,
which is much stronger than that (0.64 MPa) for tradition thermal bonding at 100 <C [27]. The bonding
strength increases with increasing bonding temperature from 35 <C to 85 <C. When the bonding
temperature was 85 <C, which is lower than the glass transition temperature, the bonding strength was
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up to 8.1 MPa. When the temperature was above 85 <C, the bonding strength decreased as the
temperature increased. This is not surprising, because at a high temperature, PMMA tends to deform
under pressure, resulting in a relatively low pulling force, due to the stress concentration on the
fractured surface while pulling the overlapped PMMA substrate.

Figure 13. The relationship between bonding temperature and bonding strength.
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Previous studies on the bonding of microfluidic chips revealed that factors, such as the adoption of
the solvent and the depth/width (aspect ratio) of chip structure, have a significant influence on the
deformation of microchannel [32]. The deformation percentage of the microchannel in the PMMA
thermally bonded microfluidic chip in the absence of solvent is 11.9% at a minimum, and its bonding
strength is 2.10 MPa at a maximum [33]. The deformation percentage of the microchannel in the
microfluidic chip (aspect ratio: 0.4) with isopropanol solvent is 2%-6%, and its bonding strength is
0.3 MPa [34]. The deformation percentages of the microchannel in the microfluidic chip (aspect ratio:
0.34 and 0.03) with ethylene glycol dimethacrylate is 1.6 #0.3% and 30%, respectively [32]. The
bonding strengths with ethanol solvent (aspect ratio: 0.043) are 3.05-8.1 MPa, which are much
stronger than those with other solvents or without the solvent bonding reported above. The
deformation percentage is 0.54% with ethanol solvent (aspect ratio: 0.043), which is much lower than
that with ethylene glycol dimethacrylate (aspect ratio: 0.03).

3.3. Gravitational Field Flow Fractionation Characteristic Test and Burst Pressure Test

The gravitational field flow fractionation characteristic was tested with black ink. The flow rate was
0.99 mL/h, and the ink retention time was approximately 40 min inside the channel. It was found from
Figure 14a that the ink solution passed through the channel without leakage or destruction. Meanwhile,
the carrier liquid flew through the channel as time went by, forming a liquid line along the centerline
of the channel, which probably showed the maximum flow rate of the centerline of the channel. This
phenomenon is accordant with the parabolic laminar hypothesis of field flow fractionation, as shown in
Figure 14b.

The burst pressure test was also performed by an oil hydraulic system. As shown in Figure 15, the
burst pressure strength increased significantly with increasing bonding temperature. The channel that
was bonded at 35 <C exhibited a high burst pressure of 430 psi. The burst pressures of the PMMA
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gravitational field flow fractionation device at the thermal bonding temperatures of 65, 75 and 85 <C
with ethanol solvent are very high (~783, ~913 and above 1,160 psi, respectively), which are much
higher than that obtained at 77 <C [35]. Generally, the inner pressure of the traditional gravitational
field flow fractionation device cannot be higher than 435 psi. However, the PMMA gravitational field
flow fractionation device with ethanol solvent thermal bonding exhibits a very high burst pressure.
Therefore, it will have a wide range of applications.

Figure 14. (a) The injection of black ink into the channel; (b) the result of the parabolic
laminar hypothesis.

Figure 15. The effect of bonding temperature on burst pressure strength for ethanol bonded
substrates [35].
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3.4. Fractionation Test Results

Figure 16a shows the non-separated wheat particles of three different sizes. The injection rate
of the fractionation flow was 1 mL/min with 0.2 mL per injection and a 2-min relaxation time. After
field-flow fractionation, the wheat particle agglomerates are separated into three groups
in sequence at times of 6 min 30 s, 6 min 40 s and 7 min 5 s, with roughly the same particle size of the
powders in each group, as shown in Figure 16b—d. The time taken for fractionation in the present study
is 1 min longer than the traditional gravitational field-flow fractionation method. This is due to the fact
that for the traditional gravitational field-flow fractionation method, glass plates with ultra-low surface
roughness were used, whereas the PMMA fractionation devices used in the present study have a much
higher surface roughness (Ra = 0.21 um) after embossing treatment. In order to testify to the
fractionation selectivity effect of the fabricated PMMA fractionation devices, separation experiments
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for starch were performed. Form Figure 17, it can be seen that particle agglomerates with different
sizes are effectively separated.
Figure 16. The separation results of the wheat particles. (a) Non-separated wheat particles;
(b) the first separation sample; (c) the second separation sample; (d) the third
separation sample.

(a) (b)

(c) (d)
Figure 17. The separation results of starch particles. (a) Non-separated starch particles; (b)
the first separation sample; (c) the second separation sample.
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4. Conclusions

In conclusion, a novel method for fabricating gravitational field flow fractionation devices was
developed by using hot embossing and the ethanol solvent bonding method. In the hot embossing
process, the major influencing factors are hot embossing temperature and hot embossing pressure. In
the thermal bonding process, a very effective ethanol solvent bonding method was adopted. In this
way, the thermal bonding process can be done under low temperature. Even at 35 <C, the bonding
strength of PMMA substrates can reach 3.05 MPa, and the deformation percentage of the channel is
0.54%, which are satisfactory parameters for real applications. The burst pressure of the as-prepared
PMMA gravitational field flow fractionation device can reach up to ~1160 psi at a bonding
temperature of 85 <C. Surprisingly, the fabrication of the PMMA gravitational field flow fractionation
device can be finished in less than 5 min. The hot embossing/thermal bonding method developed is
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economically efficient, due to the reusability of the stainless steel template and the hot press without a
vacuum. The successful separation of wheat and starch particles of different sizes by the as-prepared
PMMA gravitational field flow fractionation device indicates that it will have potential applications in
the separation and purification of materials. In addition, PMMA gravitational field flow fractionation
can be applied to mass production, and this fabrication methodology may also be suitable for other
polymeric fabrications.
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