
CASE STUDIES OF MULTIDISCIPLINARY 
SOLID MECHANICS IN ENGINEERING 

AND APPLIED SCIENCES 

The main goal of our multidisciplinary research 
in applied sciences is to open doors to 
exciting possibilities of discovering new 
biological and engineering phenomena and 
mechanisms that classical physics cannot 
touch by means of solid mechanics. Based on 
computational mechanics, experiments can be 
guided through understanding particular 
principles at various environmental conditions. 
Furthermore, computation works inevitably 
need to be validated by several experimental 
tests. Therefore, research activities in our 
multidisciplinary study consist of theoretical, 
experimental, and computational mechanics 
studies. Following just such a scenario, this talk 
will report our current four research themes 
including: “Application of solid mechanics in 

biosensing & bioimaging techniques,” 
“Nonlinear finite elements for continua,” 
“Uncertainty-based mechanical analysis & 
design,” and “Nano-mechanical investigation 
of engineering materials & live cells” and 
present several related case studies. Thus, in 
order to systematically interrogate the relevant 
integrative mathematical problems, we have 
d e v e l o p e d n o v e l t h e o r i e s o f 
“Biomicromechanics,” “Mechanics of fluid-
structure interaction,” and “Mechanics of 
engineering design” and applied advanced 
experimental techniques of “Microfluidics” and 
“Bio atomic force microscopy” with the 
benchmark studies of fundamental research in 
the fields of biology, physics, and engineering. 
Finally, in practical applications, we anticipate 
that the research achievements will fertilize us 
to understand more physiological states of 
b i o l o g i c a l s p e c i m e n s , m e c h a n i c a l 
characteristics of solid continua, and design 
strategies of stressed engineering systems 
u n d e r u n c e r t a i n l o a d s o f v a r i o u s 
environments. 
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thickness of approximate 180 µ m patterned by conventional photolithography. !e fabricated molds are then 
silanized by 1H,1H, 2H,2H-per"uorooctyl trichlorosilane (97%) (L16606, Alfa Aesar, Ward Hill, MA) in a desic-
cator for more than 30 minutes to prevent undesired bonding of PDMS to the mold. PDMS prepolymer (Sylgard 
184, Dow Corning, Midland, MI) with 1:10 (v/v) curing agent to base ratio is poured on the molds and cured 
at 60 °C for more than 4 hours. !e PDMS membrane, with a thickness of 80 µ m, is prepared by spinning the 
PDMS precursor onto a silanized silicon wafer. Medium inlet and outlet of the cell culture channel, signal input 
and output holes for electro"uidic circuits on the top cell culture layer are punched using a biopsy punch with a 
diameter of 2 mm. !en three layers are permanently bonded together using oxygen plasma surface treatment. 
!e entire assembled device is placed on top a hot plate with temperature of 120 °C overnight to promote the 
bonding between PDMS layers and cell compatibility. Finally, the bottom electro"uidic circuit layer is #lled with 
ionic liquid, 1-ethyl-3-methylimidazolium dicyanamide (H26901, Alfa Aesar).

Mechanical model and theoretical derivation. In order to estimate the in-plane elasticity of cell layers 
from the pressure sensor output voltage variation, a theoretical model based on solid mechanics and basic circuit 
theories are derived in this paper. !e electrical resistance of each resistor in the electro"uidic circuit layer can 
be written as:

ρ=R l
A (1)

where ρ is the resistivity, l is the length of the conducting channel, and A is the cross-sectional area of the elec-
tro"uidic channel. When the applied pressure deforms the membrane above the electro"uidic circuit layer, the 
cross-sectional area of conducting channel is reduced and the resistance of the resistor is changed. As a result, the 
change of the resistance, ∆R, can be derived as:
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Figure 1. (a) Operation principle of the micro"uidic device capable of measuring in-plane elasticity of 
cell layers. (b) Schematic and an equivalent electrical circuit of the micro"uidic device with an embedded 
electro"uidic pressure sensor, and a photo of the fabricated device #lled with colored food dyes.
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optimized performance. For example, micro!uidic channels 
with different heights have been developed to sort particles and 
cells using hydrophoresis [9, 10]. Also, micro!uidic devices 
have been designed with various cross-sectional geometries 
for blood plasma separation and white blood cell enrich-
ment [11, 12]. In order to fabricate channels with different 
geometries, several methods have been developed to fabricate 
the master molds with multiple heights and non-rectangular 
cross-sectional shapes, including multi-step photolithography, 
re!ow of photoresist, and grey scale lithography [13–16]. 
However, the existing methods require multiple-step pro-
cesses involving precise alignment or specially designed 
photomasks, which greatly increase the complexity of the fab-
rication. Although some studies have developed single step 
processes, the fabricated cross-sectional geometries are lim-
ited to speci"c shapes.

PDMS wet and dry etching processes have been developed 
in previous studies, and have been exploited to fabricate various 
devices. For example, a pneumatic actuated micro!uidic cell 
culture device to reconstitute organ-level lung functions is con-
structed using multi-layer PDMS bonding with a PDMS wet 
etching process [17]. Also, 3D PDMS microneedle arrays are 
fabricated by casting PDMS on computer numerical control-
machined cylindrical microwells followed by wet etching 
[18]. PDMS dry etching is exploited to fabricate PDMS 
microstructures that can be integrated with silicon-based micro-
electromechanical system actuators [19, 20]. Furthermore, 
PDMS dry etching has been used to fabricate porous PDMS 
membranes with well-controlled pore geometries and dimen-
sions [21]. In addition, PDMS "lms can be patterned with 
well-controlled geometries using a combination of wet and 
dry etching [22]. However, PDMS etching processes have 
not yet been broadly applied due to their intrinsic fabrication 
limitations. In wet etching, the PDMS micro!uidic channel 
cross-sectional geometries cannot be well controlled and are 
usually limited to rectangular-like shapes due to the isotropic 
etching nature of the chemicals. Although, the fabrication of 
PDMS micro!uidic channels with different heights by wet 
etching with laminar !ows has been demonstrated, the fabri-
cated cross-sectional geometries of the channel are still limited 
[23]. As a result, PDMS structures with complex geometries 
cannot be achieved using the simple wet etching process. In 
contrast, the dry etching process provides great control of the 
fabricated geometries. However, the relatively slow etching rate 
(less than 1 µm min−1) and low etching selectivity between 
PDMS and the masking photoresist layer make it dif"cult to 
fabricate structures with relatively large depth differences. 
Moreover, whether using PDMS either wet, dry, or a combi-
nation, it is challenging to make micro!uidic channels with 
different cross-sectional geometries along the !ow direction.

In this paper, we develop a single step wet etching pro-
cess to fabricate PDMS micro!uidic devices with various 
cross-sectional geometries. The process starts from a PDMS 
micro!uidic device with single-layer channel patterns that 
can be easily fabricated by conventional soft lithography rep-
lica molding processes. By designing the channel pattern, 
channels with various cross-sectional geometries, including 
multiple heights and non-rectangular shapes, can be obtained 

after sequential etching. The etched cross-sectional geometries 
can be precisely estimated beforehand using numerical simu-
lation. The developed fabrication process provides an easy 
solution to incorporate micro!uidic channels with various cross- 
sectional geometries, even different ones along the !ow direc-
tion, within a single chip. The sequential etching requires only 
one additional process step compared to conventional soft 
lithography replica molding processes. The process does not 
involve sophisticated alignment and instrumentation, which 
greatly reduces the fabrication complexity. The developed 
fabrication process provides a simple and straightforward fab-
rication technique to make PDMS micro!uidic devices with 
desirable non-rectangular and different cross-sectional geom-
etries along the !ow direction for various applications.

2. Materials and methods

2.1. Wet etching of PDMS

In order to characterize the wet etching process of PDMS, 
a PDMS micro!uidic device with single-layer micro!uidic 

Figure 1. Micro!uidic devices with various cross-sectional 
geometries achieved by single step PDMS wet etching with 
different arrangements: (a) single channel, (b) multiple channels 
with different wet etchant inlet setups, and (c) sequential wet 
etching with a single etchant inlet.
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