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a b s t r a c t
In this paper, a facile polymer fabrication approach by combination of hot embossing and polymer
shrinking is presented to reduce the feature size and dramatically increase the aspect ratio of imprinted
microstructures. Pre-pattern is hot embossed on a heat shrinkable polymer at low temperature to reserve
a good shrinkage and recovery. The projected structures are removed by a polishing process. Finally,
new microstructures derive from the pre-pattern at the absence of removed materials after baking process. Through this way, both two- and three-dimensional hot embossed structures were successfully
shrunk into a smaller scale. The width along two lateral directions reduced to two-ﬁfths, and the height
along vertical direction increased by 6 times. Detailed features at different layers exhibit clearly threedimensional shrunk microstructures. This polymer-shrinking process brings a new way to extend the
fabrication capability of hot embossing process.
© 2013 Published by Elsevier B.V.

1. Introduction
In last decades, hot embossing [1–5] has been a wellestablished fabrication process for polymer microstructures in
Micro-Electro-Mechanical Systems (MEMS), such as actuators [6],
microﬂuidics [7–10], micro-optics [11–13], and other microdevices
[14]. Although various microstructures can be hot embossed by
careful design on the fabrication process [2,3,6], there are still many
challenges to enable some features. For example, reducing the feature size and increasing the aspect ratio need much improvement
on the mold insert fabrication [15,16], molding [17], and demolding processes [16,18]. However, high-aspect-ratio microstructures
tend to be damaged by demolding force [18].
Polymer shrinking becomes another approach to generate
structures by reforming pre-patterned structures [19–25]. In the
meantime, some new features can be obtained. For example,
the conservation of total volume requires anisotropic dimension
change for a biaxial planar blank shrinkable polymer. In this case,
the width of polymer sheet decreases by a factor of n, while
the height increases by a factor of n2 . Therefore, the aspect ratio
of height to width dramatically increases by a factor of n3 . The
n for commercial shrinkable polymers varies from 2 to 5, and
the increased high aspect ratio can reach 100 [21,22]. This characteristic promises the reduced feature size and enhanced high
aspect ratio by material itself, instead of improvement on the
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machining process. It was veriﬁed on different pre-patterning
processes such as reactive iron etching (RIE) [21,22], mechanical engraving [20], screen-printing [23], laser ablation [25], etc.
Zhao et al. [21,22] demonstrated a 100-fold increase in the aspect
ratio of microstructures by RIE on polystyrene (PS) ﬁlm. The width
along the two lateral directions reduces to one fourth and one ﬁfth.
Minimal shrunk width of 1 m was obtained after shrinking process. Chen et al. [20] presented a simple approach on obtaining
structures at a microscale by hand for microﬂuidic chips. Manually
scribed channels shrunk well into microscale. These pre-patterning
methods were adopted well by shrinking process. However, we still
need seek a low cost, mass productive and high quality pre-pattern
method.
Hot embossing is expected to meet the above demand since
it has been a well-established fabrication process for polymer
microstructures. However, directly shrinking of hot embossed
microstructures fails to generate new features as expected. Yokoo
et al. [24] attempted to shrink hot embossed nanostructures. The
pitch of a hole array reduced from 100 to 60 nm. But the depth of initial nanostructure tends to shallow instead of dramatically increase.
We also ﬁnd that the hot embossed pre-pattern at a microscale is a
temporary deformation, and ﬁnally vanishes after baking process.
We are curious why the shrinking of hot embossed initial pattern
is different from that in other processes such as RIE [21,22], and
more interested in how to activate hot embossed pattern to reduce
feature sizes and increase the aspect ratio dramatically through
shrinking process.
In this paper, we present a facile strategy to activate
hot embossed microstructures for the shrinking process. This
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lateral directions and an increased size in vertical direction. In the
meantime, the aspect ratio was dramatically increased.
2.1. Materials
Various commercial available heat shrink ﬁlms can be used
for this fabrication process. Here shrinkable Polystyrene (PS) ﬁlm
(Graﬁx Inc., Maple Heights, OH) 250 m thick is selected for a
demonstration because regular PS has been routinely used in hot
embossing. The suggested fast baking process starts at 150 ◦ C. After
shrinking process, the blank PS ﬁlm retracts to two ﬁfths of its original size, resulting in six times increase in thickness. Waterproof
Silicon Carbide (SiC) sandpapers (3 M) with grit from P800 to P4000
are used to remove projected regions on hot embossed sample.
2.2. Mold inserts

Fig. 1. Sketch on combination of hot embossing and heat shrinking processes. The
ﬁnal shape of shrunk microstructures is deﬁned by the absence of removed materials, (a) Shrinkable polymer PS sheet is sandwiched by a mold insert and a hot plate,
and heated to molding temperature of 120 ◦ C, (b) The PS sheet is patterned by the
mold insert with a molding pressure of 5 MPa, (c) and (d) Polymer in speciﬁc regions
of hot embossed structures is removed by polishing process with sandpaper, (e) The
shape of shrunk microstructures is homothetic to the mold insert with anisotropic
dimension changes.

developed fabrication approach brings new vitality for conventional hot embossing process.
2. Experiment method
The shrinking performance of embossed pre-patterns is affected
by the material properties. Heat shrinkable polymer is mechanically pre-stressed and oriented plastic with molecular chains
stretched out [19,20]. They tend to recover to their randomly
oriented and tangled state upon exposure to an external baking stimulus. Different from directly removing materials on local
regions by RIE process, the hot embossing forms microstructures
by re-distributing oriented materials. Embossed pre-pattern will
almost vanish due to material reﬂow. For example, an original
embossed step of 250 m may turn into a small step no more than
2 m.
Although the direct shrinking of embossed pre-patterns was
blocked by the shape memory effect, there is still possibility to
solve this problem. In fact, the re-distribution of materials in shrinking makes it possible to deﬁne ﬁnal structure by removing speciﬁc
regions. The sketch of a new shrinking process is shown in Fig. 1.
The pre-pattern was pressed down into polymer materials during
hot embossing process, which is expected to shrink into ﬁnal microstructures. Because of the shape memory effect, it tends to rise and
return to its original relative position during the shrinking process, and no shrunk microstructures can be seen directly. In fact,
the shrunk pattern just submerged in non-pressed-down materials. Thus a feasible way of exposing the shrunk microstructures
is to remove the non-press-down part. It was done by removal of
the non-press-down materials by polishing before shrinking process. This strategy enables the pressed-down pre-patterns to shrink
alone and expose without being submerged by other part. Microstructures are hot embossed above the glass transition temperature
(Tg ), as in Fig. 1(a) and (b). Projected regions on the surface layer
are removed by a polishing process, and act as recessed parts after
shrinking process, as shown in Fig. 1(c) and (d). The ﬁnal shape is
deﬁned by the absence of removed materials before shrinking, as
shown in Fig. 1(e). Through this method, hot embossed structures
are activated and shrink into new patterns with a reduced size along

Two types of mold inserts including two- and three-dimensional
structures were used for hot embossing process. The twodimensional microstructures, including posts and needles, were
designed and fabricated on a nickel mold insert through UV lithography and electroforming processes that are standard UV-LIGA
[26,27]. The mold insert of around post with height and diameter of 250 and 50 m respectively, is shown in Fig. 2(a). The
mold insert of microneedle array with inner and outer diameter
of 200 and 400 m, respectively, is shown in Fig. 3(a). The height is
also 50 m. The mold insert of square post with height and side
length of 250 m, respectively, is shown in Fig. 4(a). SU8 3050
photoresist (MicroChem, USA) was spin-coated on a 4-in. silicon
wafer with Cr/Au (50/100 nm) seed layers, soft baked at 95 ◦ C for
15–30 min, and exposed by UV light with a dose of 250–300 mJ/cm2
in Karl Suss MA6 aligner (Karl Suss, Germany) using printed mask
(CAD Art Service, USA). Sequentially, it was post baked at 95 ◦ C
for 5 min, and developed in propylene glycol monomethyl ether
acetate (Sigma–Aldrich, USA). The patterned SU8 was used as a
mold for electroplating. Nickel 3 mm thick was deposited at a
direct current of 2.0 A in plating station SE101 (Digital Matrix,
USA). Nickel 3 mm thick was deposited on an around area with
diameter of 91.6 mm at a direct current of 2.0 A in plating station
SE101 (Digital Matrix, USA), ending in an average current density of
30.4 mA/cm2 . The electroformed Nickel mold insert was machined
to adapt the work holder in hot embossing machine. Finally, the
SU8 was removed by SU8 remover (MicroChem, USA).
United States one-cent coins (commonly known as a penny)
were also used as mold inserts to demonstrate the shrinking ability
on three-dimensional structures, as shown in Fig. 2.
2.3. Hot embossing process
The hot embossing process is performed with a HEX01 (JENOPTIK, Germany) machine. There are two hot plates in this machine: a
bottom stationary hot plate and a top movable hot plate. The maximum force and temperature are 50 kN and 320 ◦ C, respectively.
A rotary pump is connected to an embossing chamber to provide
a vacuum of lower than 0.1 mbar. The polymer was patterned
through a conventional hot embossing process with different process parameters such as molding force, temperature and time. The
polymer and mold insert were heated up after holding together.
Once the temperature of polymer reaches the setting value, the
molding force was rapidly raised to target value in a linear manner.
The objective of hot embossing process is to reserve good shrinking ability. For shrinkable PS, the slow baking temperature of 110 ◦ C
is close to the glass transition temperature (Tg ) of around 95 ◦ C
[21,22]. Thus the shrinkable polymer may be baked during molding
process. Our solution is to decrease the molding temperature and
reduce the heating cycle. In this case, the molding temperature is
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Fig. 2. Nickel mold insert of microposts (a), SEM view of shrunk polymer posts (b).

Fig. 3. Nickel mold insert of microneedle (a), SEM view of the shrunk polymer needles with cross section (b).

Table 1
Hot embossing parameters.
Process parameter

Value

Molding temperature
Molding force
Molding time
Demolding temperature

120 ◦ C
5 MPa
2 min
85 ◦ C

120 ◦ C, slightly higher than the Tg . But the total duration at temperatures higher than Tg is less than 6 min. The overall hot embossing
parameters are shown in Table 1.
2.4. Surface polishing with sandpaper
Projected regions of hot embossed polymer sample were manually removed by sandpaper. The embossed sample was attached to

a ﬂat plate by double side tape. Large grit sandpaper is used for fast
polishing. Small grit sandpaper is used to get smooth surface. In this
case, the hot embossed samples were polished by a combination of
different grits sandpapers. For example, 50 m thick polymer materials were removed by consecutive grits, P800, P1200, P2400 and
P4000. During the polishing, a drop of water was dispensed on the
sandpaper to smooth the polishing process.
2.5. Shrinking process
The suggested baking temperature varies from 110 ◦ C to 160 ◦ C.
Lower baking temperature will slow down the shrinking process,
and reduce the distortion. Literature reports that baking at 110 ◦ C
results in a long shrinking time up to 1 h [21,22]. High baking temperature will get the samples curled ﬁrstly and ﬂat consequently. In
this case, the polished samples were not sensitive to a quick shrinking process. Thus they were baked at 160 ◦ C in an oven for 5 min. A

Fig. 4. Micromachined posts with height of 250 mm on brass mold insert (a) and the shrunk polymer post with height over 1.0 mm (b).
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Fig. 5. United States penny and the shrunk polymer penny. United States penny of “Presidency in DC” and the shrunk polymer coin (a), SEM view of the shrunk polymer coin
with details (b). SEM view of Lincoln cent of “formative Years in Indiana” with details (c). SEM view of shrunk polymer Lincoln cent with details (d).

medium clipboard was used to minimize sticking of PS samples to
the oven.
3. Results and discussion
3.1. Results
Figs. 2–4 summarize the results of two-dimensional shrunk patterns from microneedles and posts with a vertical sidewall. The
shrunk height for micro around post and needle array increases by
6 times and reaches 300 m. This is consistent with the ratio for
blank shrinkable PS ﬁlm. Different from a homothetic shrinking of
samples by RIE [21,22], our shrunk structures are not in an exactly
homothetic shape of original hot embossed patterns. For example,
the cross sectional diameter of posts and needles varies with depth,
instead of a uniform diameter before the shrinking process. The root
part is thicker than the top, resulting in inclined sidewalls. The top
part is more uniform, compared to the root. This non-uniform transformation indicates some re-ﬂow of polymer in shrinking process.
One possible reason is that the polymer ﬂow during hot embossing still remembers its original shape. While in Zhao’s work, RIE
process directly removed materials in designed regions with no
polymer re-distribution, and enabled extremely uniform shrinking
process.
Geometric transformation of shrinking process is also affected
by the aspect ratio of pre-pattern. A low aspect ratio needs a
small deformation during hot embossing process. The molecular
chains are capable of keeping uniform, resulting in almost vertical sidewalls, as shown in Fig. 3(b). A high aspect ratio needs large
deformation of polymer in local regions, causing molecular chains
redistributed both in plane and at vertical direction. In this case,
the cross section tends to be more non-uniform, and the sidewall
becomes more inclined, as shown in Fig. 2(b). Thus a relative uniform posts can be obtained by reducing polished depth. In this case,

the root part will be embedded inside polymer materials, and only
the top part is disclosed.
The shrinking ability along vertical and lateral directions was
also tested. Although the inclined side limits the shrinking in vertical direction, the maximum shrunk height reaches 1.1 mm, as
shown in Fig. 4(b). This indicates that molecular chains can remember their original state even at large deformation along the vertical
direction. Horizontal shrinkage is very critical for dense microstructures. We found that both single structure and array can be
trimly shrunk, as shown in Figs. 2–4. The needles shrink well, and
the inner microchannel can be clearly seen, as shown in Fig. 3(b).
Shrinking of three-dimensional microstructures is different
from the two dimensional one. The polishing depth is ﬁxed to all
these imprinted regions, while the imprinted depth varies at different locations. Microstructures with a small imprinted depth may
be totally removed during the polishing process. Will these structures vanish after heat shrinking process? Fig. 5 summarizes the
results of shrunk US penny containing three-dimensional features.
We can see many detailed patterns at different layers. For example, wrinkles can be clearly seen on the bark of trunk located under
Lincoln’s legs. This can be explained that geometry feature of a
shallow structures can be transferred to deeper range in the vertical direction. This feature transfer effect enables the hot embossed
three-dimensional microstructures using a shrinking process with
surface polishing.
3.2. Discussion
3.2.1. Recovery ability of hot embossed microstructures
The recovery ability of embossed pre-pattern plays a key role
in shrinking process. As described in process sketch (Fig. 1), the
pressed materials are expected to be able to recover to its original
relative position. This process may fail due to improper molding
process. For example, high molding temperature tends to release
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Fig. 6. Polished depth dependent on grits for polishing time of 5 min.

these stretched polymer molecular chains into randomly oriented
and tangled state, in result of losing recovery ability.
As for this concern, we examined the recovery ability of
embossed step that is dependent on molding temperature. The
height of the embossed step is 225 m, which can promise a ﬁnal
shrunk height of over 1.0 mm. The molding temperature varies
from 110 ◦ C to 140 ◦ C. The molding pressure and time are 10 MPa
and 120 s, respectively. The line width of embossed height reduces
from 1000 m to 400 m after shrinking process, and is consistent with that of blank PS ﬁlm. This indicates that these embossed
samples have a good shrinking ability along lateral direction. For
molding temperature from 110 ◦ C to 130 ◦ C, the top surface of
embossed step becomes almost equal with other un-pressed part.
The residual height is below 3 m. When molding temperature
increases to 140 ◦ C, the residual height quickly rises up to 5 m, and
the edge becomes sinking. One possible reason is that the molecular chains re-distribute and tends to stay there. The results suggest
that molding temperature below 140 ◦ C will promise good recovery
ability on embossed microstructures.
3.2.2. Removal of polymer surface layer by sandpaper polishing
In this work, the hot embossed pre-patterns were activated by
sandpaper polishing for heat shrinking process. Projected regions
on the surface layer are removed by a polishing process. The ﬁnal
shrunk height of microstructures was determined by the polished
depth. Thus a well-controlled polishing depth is desired. The typical
polished depth in our work varies from several microns to two hundred microns. To meet this demand, a combination of consecutive
grits sandpaper is employed to minimize the polishing time. Measured polishing depth by various grits is shown in Fig. 6. It rises
rapidly for grit from P4000 to grit P800, corresponding to abrading particle sizes. Grit P4000 can remove a thin polymer layer with
thickness of only 2 m. For a given polishing depth, larger grit sandpaper was ﬁrstly used to polish the majority depth, and then smaller
grit was used to polish the residual depth and precisely control the
ﬁnal polishing depth.
The roughness of polished area is also important for the shrinking process. It measured by proﬁlometer, and the results show
that it will be “shrunk” with microstructures, too. For example,
the roughness of polished surface by grit 2400 sandpaper increased
from 0.43 m to 2.49 m after shrinking process, as shown in Fig. 7.
While the roughness of polished surface by grit 1200 sandpaper
will increase from 2 m to 7.64 m. This means that very shallow shrunk microstructures may be submerged by the “shrunk”
roughness. The ﬁnal shrunk height is expected to be over the
shrunk roughness, otherwise the shrunk pattern submerged in

Fig. 7. Surface proﬁle of polished polymer with grit 2400 before (a) and after (b)
shrinking process.

the rough surface. Considering that the typical shrunk roughness
on polished surface by grit P2400 is below 2.5 m, thus most
shrunk microstructures still can be clearly observed. For shallower
shrunk microstructures, an extremely ﬁne polishing is needed. This
demand can be met by sandpaper polishing with abrading particles size down to 50 nm or chemical mechanical polishing (CMP)
apparatus [28].
Compared to other more established methods such as Zhao’s
[21,22] etching method, our shrunk microstructures have warped
walls due to the shape memory effect and polymer reﬂow. Thus
this shrinking method does not get an extremely uniformity. But it
promises several other advantages: (1) Due to the excellent replication abilities of hot embossing, this process can shrink most exiting
microstructures in a facile way, suitable for extremely high shrunk
microstructures; (2) The experiments results show this process has
a good three dimensional shrinking abilities, it is very useful for
some complex microstructures; (3) This process needs no mask
on polymers, it will simplify the fabrication process; (4) This process has less requirements on experimental setup, and more time
efﬁciency. Even complex microstructures may be shrunk by hand.

4. Conclusions
A facile polymer fabrication approach by hot embossing and
shrinking is presented to reduce the feature size and dramatically
increase the aspect ratio of imprinted microstructures. The shrinking ability of hot embossed microstructures is reserved by molding
at low temperatures with less cycle time. Hot embossed pre-pattern
was activated for shrinking by removing projected structures. The
ﬁnal shape is deﬁned with the absence of removed materials before
shrinking. Both two- and three-dimensional hot embossed structures were successfully shrunk into smaller scale. Detailed features
at different layers exhibit clearly in three-dimensional shrunk
microstructures. This polymer-shrinking process brings a brand
new way to extend the fabrication capability of hot embossing
process

26

X. Zhu, T. Cui / Sensors and Actuators A 195 (2013) 21–26

Acknowledgement
This work was partially carried out at the Nanofabrication Center and Characterization Facility of the University of Minnesota.
References
[1] S.Y. Chou, P.R. Krauss, P.J. Renstrom, Imprint of sub-25 nm vias and trenches in
polymers, Applied Physics Letters 67 (1995) 3114–3116.
[2] M. Heckele, W. Bacher, K.D. Muller, Hot embossing – the molding technique for
plastic microstructures, Microsystem Technologies 4 (1998) 122–124.
[3] M. Heckele, W.K. Schomburg, Review on micro molding of thermoplastic polymers, Journal of Micromechanics and Microengineering 14 (2004)
R1–R14.
[4] L.J. Guo, Recent progress in nanoimprint technology and its applications, Journal of Physics D: Applied Physics 37 (2004) R123–R141.
[5] G. Kumar, H.X. Tang, J. Schroers, Nanomoulding with amorphous metals, Nature
457 (2009) 868–873.
[6] Y. Zhao, T. Cui, Fabrication of high-aspect-ratio polymer-based electrostatic
comb drives using the hot embossing technique, Journal of Micromechanics
and Microengineering 13 (2003) 430–435.
[7] X. Zhu, G. Liu, Y. Xiong, Y. Guo, Y. Tian, Fabrication of PMMA microchip of
capillary electrophoresis by optimized UV-LIGA process, Journal of Physics:
Conference Series 34 (2006) 875–879.
[8] H. Becker, W. Dietz, Microﬂuidic devices for -TAS applications fabricated by polymer hot embossing, Proceedings of SPIE 3515 (177) (1998),
http://dx.doi.org/10.1117/12.322081.
[9] G.B. Lee, S.H. Chen, W.C. Sung, Y.H. Lin, Microfabricated plastic chips by hot
embossing methods and their applications for DNA separation and detection,
Sensors and Actuators B 75 (2001) 142–148.
[10] P. Koltay, R. Steger, B. Bohl, R. Zengerle, The dispensing well plate: a novel
nanodispenser for the multiparallel delivery of liquids (DWP Part I), Sensors
and Actuators A 116 (2004) 483–491.
[11] C. Choi, Fabrication of optical waveguides in thermosetting polymers using
hot embossing, Journal of Micromechanics and Microengineering 14 (2004)
945–949.
[12] C.T. Pan, C.H. Su, Fabrication of gapless triangular micro-lens array, Sensors and
Actuators A 134 (2007) 631–640.
[13] C.J. Ting, M.C. Huang, H.Y. Tsai, C.P. Chou, C.C. Fu, Low cost fabrication of the
large-area anti-reﬂection ﬁlms from polymer by nanoimprint/hot-embossing
technology, Nanotechnology 19 (2008) 205301.
[14] X. Zhu, T. Cui, Fabrication of polymer via holes by a combination of hot
embossing and indentation processes, Journal of Micromechanics and Microengineering 21 (2011) 045032.
[15] H. Lorenz, M. Despont, N. Fahrni, J. Brugger, P. Vettiger, P. Renaud, High-aspectratio, ultrathick, negative-tone near-UV photoresist and its applications for
MEMS, Sensors and Actuators A 64 (1998) 33–39.
[16] P. Zhang, G. Liu, Y. Tian, X. Tian, The properties of demoulding of Ni and Ni-PTFE
moulding inserts, Sensors and Actuators A 118 (2005) 338–341.

[17] Y. He, J.Z. Fu, Z.C. Chen, Research on optimization of the hot embossing process,
Journal of Micromechanics and Microengineering 17 (2007) 2420–2425.
[18] Y. Guo, G. Liu, X. Zhu, Y. Tian, Analysis of the demolding forces during hot
embossing, Microsystem Technologies 13 (2007) 411–415.
[19] A.J. de Vries, C. Bonnebat, J. Beautemps, Uni- and biaxial orientation of polymer ﬁlms and sheets, Journal of Polymer Science: Polymer Symposia 58 (2007)
109–156.
[20] C.S. Chen, D.N. Breslauer, J.I. Luna, A. Grimes, W.C. Chin, L.P. Lee, M. Khine,
Shrinky-Dink microﬂuidics: 3D polystyrene chips, Lab on a Chip 8 (2008)
622–624.
[21] X.M. Zhao, Y. Xia, J.A. Schueller, Q. Dong, G.M. Whitesides, Fabrication of microstructures using shrinkable polystyrene ﬁlms, Sensors and Actuators A 65
(1998) 209–217.
[22] X.M. Zhao, Y. Xia, D. Qin, G.M. Whitesides, Fabrication of polymeric microstructures with high aspect ratios using shrinkable polystyrene ﬁlms, Advanced
Materials 9 (1997) 251–254.
[23] K. Sollier, C.A. Mandon, K.A. Heyries, L.J. Blum, C.A. Marquette, “Print-n-Shrink”
technology for the rapid production of microﬂuidic chips and protein microarrays, Lab on a Chip 9 (2009) 3489–3494.
[24] A. Yokoo, K. Wada, L.C. Kimerling, Pattern size reduction of nanoprintfabricated structures on heat-shrinkable ﬁlm, Japanese Journal of Applied
Physics 46 (2007) 6395–6397.
[25] A.J. Lee, M.J. Withford, J.M. Dawes, Direct-write nanosecond laser microstructuring of heat shrinkable ﬁlms, Applied Physics A 80 (2005) 1447–1449.
[26] W. Qu, C. Wenzel, A. Jahn, D. Zeidler, UV-LIGA: a promising and low-cost variant
for microsystem technology, in: Proc. Conf. on Optoelectronic and Microelectronic Materials Devices, Perth, WA, 1998, pp. 380–383.
[27] J. Zhang, K.L. Tan, G.D. Hong, L.J. Yang, H.Q. Gong, Polymerization optimization
of SU-8 photoresist and its applications in microﬂuidic systems and MEMS,
Journal of Micromechanics and Microengineering 11 (2001) 20–26.
[28] C.L. Borst, D.G. Thakurta, W.N. Gill, R.J. Gutmann, Chemical mechanical polishing mechanisms of low dielectric constant polymers in copper slurries, Journal
of the Electrochemical Society 146 (1999) 4309–4315.

Biographies
Xuelin Zhu received a B.S. and Ph.D. degrees in mechanical engineering from University of Science and Technology of China (USTC) in 2001 and 2006, respectively. He
worked as postdoctoral researcher at USTC and University of Minnesota. He joined
USTC as a faculty member in 2011. His main research interests include microfabrication, polymer MEMS, and microﬂuidics.
Tianhong Cui is a professor of Mechanical Engineering at the University of Minnesota. From 1995 to 2003, he held research or faculty positions at Tsinghua
University, University of Minnesota, National Laboratory of Metrology in Japan,
and Louisiana Tech University, respectively. He received his B.S. from Nanjing University of Aeronautics and Astronautics in 1991, and his Ph.D. with honors from
Chinese Academy of Sciences in 1995. His research interests include MEMS/NEMS
and nanotechnology.

