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Abstract  

This paper presents a microfluidic pump operated by an asymmetrically deformed membrane, 

which was inspired by caterpillar locomotion. Almost all mechanical micropumps consist of two 

major components of fluid halting and fluid pushing parts, whereas the proposed caterpillar 

locomotion–inspired micropump has only a single, bilaterally symmetric membrane-like teardrop 

shape. A teardrop-shaped elastomeric membrane was asymmetrically deformed and then 

consecutively touched to the bottom of the chamber in response to pneumatic pressure, thus 

achieving fluid pushing. Consecutive touchdown motions of the teardrop-shaped membrane 

mimicked the propagation of a caterpillar’s hump during its locomotory gait. The initial 

touchdown motion of the teardrop-shaped membrane at the centroid worked as a valve that 

blocked the inlet channel, and then, consecutive touchdown motions pushed fluid in the chamber 

toward the tail of the chamber connected to the outlet channel. The propagation of touchdown 

motion of the teardrop-shaped membrane was investigated using computational analysis as well 

as experimental studies. This caterpillar locomotion–inspired micropump composed of only a 

single membrane can provide new opportunities for simple integration of microfluidic systems.   
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Introduction 

Microfluidics play a key role in medical, biological, and precise chemical applications
1
. 

Micropumps for precise liquid transportation
2-4

, microvalves for halting or controlling the flow 

of a fluid
5
, micromixers for uniform and fast mixing of two or more agents

6, 7
, and microheaters 

for localized temperature control
8, 9

 are essential components in microfluidic systems. Among 

these microfluidic components, the configuration of micropumps is more complex than that of 

other microfluidic components
2-8

. Multifunctional microfluidic systems such as the micro total 

analysis system (micro-TAS) require a micropump for the transportation of liquid samples at the 

right place and the right time
10

. Therefore, active micropumps are more appropriate than 

capillary-based, passive micropumps such as microchannel types
11-14

 and paper types
15-17

 for 

multifunctional microfluidic systems. However, precise micropumps are typically fabricated by 

silicon micromachining technologies
2-4

. After the polydimethylsiloxane (PDMS) casting process 

has been developed
18

, many microfluidic devices were made with PDMS because of easy 

fabrication, biocompatibility, and low cost
19

. Therefore, for full integration with micropumps and 

microfluidic components of microchannels and micromixers, PDMS micropumps are more 

suitable than silicon-based micropumps. 

Depending on pumping pressure generation methods, mechanical micropumps can be 

classified into three categories, including gas generation types (Fig.1A), electrokinetic flow types 

(Fig.1B), single membrane actuation with two valves types (Fig.1C), and peristaltic three 

membrane actuation types (Fig.1D), as shown in Fig.1. In the gas generation type, oxygen gas 

from hydrogen peroxide
20

 and electrolytic bubbles from water
21

 were used. Micropumps based 

on gas generation, however, require microheaters for the chemical reaction. Although 

electrokinetic, electroosmotic, pumping methods
22

 required no any other mechanical components 
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except microchannels, only electrolyte could be transported. In the case of single membrane 

actuation with two valves, downward actuation of a membrane pushes liquid in the chamber, and 

two valves determine the pumping direction. In these types, liquid would just oscillate, and not 

transport without valves. The membrane can be actuated using piezoelectric, pneumatic, thermo-

pneumatic, electrostatic, and electromagnetic methods. Valves can be generally classified into 

mechanical check valves such as flap
23

, membrane
24

, and ball structures
25

 and hydrodynamic 

valves
5
 such as nozzle/diffuser

26
, Tesla structure

27
, and asymmetric obstacle variations

28
. 

Hydrodynamic valves are sometimes referred to as “valveless”; however, nozzles/diffusers, 

Tesla structures, and asymmetric obstacles are obviously valves without moving parts from the 

viewpoint of structure. For a peristaltic micropump with three membranes, the center membrane 

pushes liquid, and the left and right membranes work as valves, as shown in Fig. 1D
29

. Because 

the configuration of the three membranes is similar, the fabrication process of peristaltic 

micropumps is simple compared to that of micropumps based on a single membrane with two 

valves
30, 31

. The three membranes in the peristaltic pump can also be actuated through 

piezoelectric
29

, electrostatic
30

, thermo-pneumatic
31

, pneumatic
32

, and electromagnetic
33

 methods. 

Besides the four previously described pumping methods, special techniques such as bacteria 

motion
34

, acoustic actuation
35

, and hydrogel expansion
36

 were investigated for liquid pumping. 

Previously reported mechanical micropumps have several disadvantages regarding 

integration with microfluidic systems. Gas generation–type micropumps inevitably require an 

additional microheater for chemical reactions and need special strategies for on/off control of the 

microheater. For the micropump based on a single membrane with two valves, the fabrication 

process is complicated because of the configurations and materials of the membrane and valves. 

Although the fabrication process of a peristaltic micropump using three membranes is relatively 
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 4 

simpler than that of the other two types; three different but synchronized operating signals are 

required for the precise actuation of membranes.    

Since microfluidic platforms for biological, biomedical, chemical applications are generally 

made of PDMS, the integration of electrical components such as electrodes and piezoelectric 

discs cause the system complexity and expensive costs. Therefore, for full integration with 

micropumps and microfluidic components of microchannels and micromixers, micropumps 

made of a single material with fewer components are required. In this paper, a simple 

micropump operated using only a single membrane without additional valves and membranes is 

investigated. The operational principle of the suggested micropump was inspired by Pleurotya 

caterpillar locomotory gaits
37

 similar to the propagation of waves. As shown in Fig.2A, a gait 

step is determined by anchoring the end of a caterpillar’s body. A wave of contraction, followed 

by relaxation runs along the body from tail to head, producing the characteristic travelling hump 

along a caterpillar’s back
37

. If the touchdown motion of an elastomeric membrane is propagated 

from the inlet to the outlet channel, like the motion propagation of a caterpillar’s hump (Fig.2B), 

the fluid in the chamber can be transported from left (inlet) to right (outlet) without any 

additional components. In order to realize this Caterpillar Locomotion–inspired MicroPump 

(CLiMP), bilaterally symmetric membranes (teardrop shape) were considered, as seen in the 

image showing the top view of the membrane at the top left in Fig.3. 

  

Theoretical Model and Computational Estimation 

To design a simple teardrop-shaped membrane, two circles with radii of 2 mm and 0.5 mm, 

were connected by tangent lines. The two circles were spaced as much as 5 mm apart, from 

center to center. The shape of the chamber underneath the teardrop-shaped membrane was also 
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 5 

the same as that of the membrane. The thickness of the membrane and the height of the chamber 

were 20 µm and 200 µm, respectively. For the theoretical estimation of the teardrop-shaped 

membrane, the simplified model based on the consecutive circular membranes with different 

radius was suggested as shown in Fig.S1A. Typical analytic relationship between the static 

pressure and deflection for a circular membrane with the radius (r), thickness (t), elastic modulus 

(E), and Poisson’s ratio (ν) is given by 

 

� � ������ � 	
� �
�
��
� � � 
� ��
��

� ���    (1) 

 

where P is the applied pneumatic pressure and δmax is the maximum deflection of the 

membrane.
38

 For the membrane with a fixed edge, k1 = 5.33/(1-ν) and k2 = 2.6/(1-ν
2
).

38
 In the 

estimation of the membrane deflection, elastic modulus (E) and thickness of the membrane (t) 

was considered as 1.8 MPa
39

 and 20 µm, respectively. Figure S1B shows the membrane 

deflection, which was calculated using Eq.(1), of each circular shape at the center in response to 

the different applying pneumatic pressure. For the same pneumatic pressure, the center deflection 

of the circular membrane was decreased as the radius decreased. As a result, the touchdown 

motion of the consecutive circular membrane was propagated from the large circular membrane 

to the small circular membrane.  Through this simplified model based on the combination of the 

consecutive circular membranes, the sequent propagation of touchdown motion from the large 

circular membrane to the small one could be verified in the teardrop-shaped membrane.  

In order to verify the contact behavior between the PDMS membrane and the bottom of the 

chamber, the transient analysis was performed using the finite element analysis tool ANSYS. For 

the first computational work, an elastic model was considered because the maximum strain was 
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 6 

less than 8% along the edge of the teardrop-shaped membrane during the preliminary steady state 

simulation. For the better estimation, the viscoelastic approach such as the Mooney-Rivlin model, 

which is more appropriate when the PDMS membrane has relatively fast dynamic deformation, 

will need to be considered.
38

 Figure 3 shows the results of the computational analysis for the 

sequential contraction motion of the PDMS membrane at a pneumatic pressure of 5 kPa for 80 

ms. The geometric centroid of the teardrop-shaped membrane was first moved and then touched 

down to the bottom of the chamber within 3 ms. After the centroid of the membrane touched 

down, the contact between the membrane and the bottom moved toward the tail of the teardrop-

shaped chamber, similar to caterpillar locomotion. Transitional touchdown motions, contraction 

motions, of the PDMS membrane were completed within 80 ms. After 80 ms, the deformation of 

the membrane was not significantly changed. In other words, the membrane was quickly moved 

down during the initial 3 ms and then, the contact region was slowly propagated toward the tail 

of the teardrop-shaped chamber. During contraction motion of the PDMS membrane, the fluid in 

the chamber was pushed and transported from the inlet (head of the teardrop-shaped chamber) to 

the outlet (tail of the teardrop-shaped chamber). In addition, the hydraulic resistance in the 

chamber was also increased from the head to the tail of the teardrop-shaped chamber as shown in 

Fig.4. Figure 4 shows the ratio of the hydraulic resistance at six different positions in the 

teardrop-shaped chamber for each time step. Hydraulic resistances were normalized by that of 

each position #3, where the centroid of the teardrop-shaped chamber passes across. As the 

touchdown motion of the membrane propagates, the peak of hydraulic resistance in each time 

step also propagates from left (head) to right (tail). The overall hydraulic resistances were 

increased as the contraction motion progressed because of reduced cross sectional area for flow 

path as indicated in Fig.4. Therefore, the main transport mechanism of the CLiMP for pumping 
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 7 

is the propagation of the touchdown motion of the PDMS membrane over the teardrop-shaped 

chamber and corresponding propagation of the hydraulic resistance from the inlet toward the 

outlet.  

When pneumatic pressure was removed, the PDMS membrane was physically relaxed to the 

original shape before the contraction motion. In the relaxation process, fluid would refill the 

chamber through the inlet microchannel connected to the head of the teardrop-shaped chamber 

due to the different pressure loss between the inlet and outlet regions. In general, the irreversible 

pressure drop depends on the diffuser angle and the Reynolds number, Re
40

. The tendency of 

pressure losses with respect to the diffuser angle highly depends on Re because of non-negligible 

shear stresses
40

. At high Reynolds numbers (Re > 200), the pressure loss increases as the diffuser 

angle increases 
41

. On the other hand, at low Reynolds numbers (Re < 10), the pressure loss 

decreases significantly as the diffuser angle was increases
40

. In the teardrop-shaped chamber, the 

diffuser angle formed by the head connected to the inlet channel, θin, was larger than that formed 

by the tail connected to the outlet channel, θout, as shown in the inset of Fig.3. The diffuser angles 

of θin and θout at 0.1 mm apart from the inlet and outlet microchannels were 143.6° and 47.1°, 

respectively. Referring to Rosa and Pinho’s work
40

, the pressure loss at the outlet region (θout = 

47.1°) was approximately 2.14 times higher than one at the inlet region (θin = 143.6°) for the 

Reynolds number of 5. Therefore, a greater volume of inward flow into the chamber would be 

generated from the inlet channel, rather than from the outlet channel, during the relaxation 

process of the PDMS membrane. 
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Materials and Methods 

Fabrication 

The CLiMP consisted of three PDMS layers, including a teardrop-shaped chamber for fluid, 

a membrane for generating caterpillar-like motion, and an upper chamber for applying pneumatic 

pressure. Molds of the teardrop-shaped and upper chambers were made of SU-8 photoresist 

(MicroChem, Newton, MA), and the PDMS membrane was prepared using a spin coating 

process. Each layer of the CLiMP was fabricated using a PDMS (Sylgard 184, Dow Corning, 

NY) casting process, and then three layers were bonded together by an oxygen plasma treatment, 

as shown in Fig. S2. Figures S3A and S3B show SEM image of the cross section of the 

fabricated CLiMP and enlarged view of the PDMS membrane, respectively. The upper circular 

chamber for applying pneumatic pressure was not shown in Figs.S3A and S3B.  

 

Experimental Setup 

The experimental setup is shown in Fig.S3C. Figure S3E shows schematic view of the 

membrane deformation when the pneumatic pressure is applied. The pneumatic pressure 

supplied by the hydrogen gas tank was monitored using a pressure sensor and controlled by a 

small-sized solenoid valve. The on/off signal for the solenoid valve was controlled via the 

combination of a function generator and voltage amplifier. The motion of the teardrop-shaped, 

bilaterally symmetric PDMS membrane was captured using a high-speed camera, which sampled 

every 790 µs. The flow rate was determined by measuring the length of the traveled fluid through 

a 580 µm diameter tube in 5 min. The pneumatic pressure applied to the membrane, solenoid 

valve control signals, motion of the membrane, and flow through the tube were recorded 

simultaneously.  

Page 8 of 24Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



 9 

Results and Discussion 

High-Speed Motion Capture and Analysis  

For the experimental study, the teardrop-shaped chamber connected with inlet and outlet 

microchannels of 200 µm in width was fabricated. It was necessary to experimentally confirm 

the propagation of the membrane touchdown motion estimated through computational analysis, 

as shown in Figs.3 and 4. Thus, sequential motions of the membrane were captured using a high-

speed camera; these results were compared with computational simulation results. Figure 5 

shows the sequential images of the teardrop-shaped membrane operated at a duty cycle of 20% 

and a pneumatic pressure of 5 kPa at 2 Hz, as indicated in the graph at the bottom right in Fig. 5. 

Images were selected every 20 ms in the contraction process, and selected every 40 ms in the 

relaxation process of the membrane. The dark regions represent the fluid (1% methylene blue) 

filled in the teardrop-shaped chamber; the upper pneumatic chamber was invisible because the 

lens focused on the membrane.  

Using the images captured by a high-speed camera, experimental results were compared with 

simulation results in the aspect of the touchdown (contact) area between the PDMS membrane 

and the bottom of the teardrop-shaped chamber. Figure S4 presents the comparison of the 

contact area during the contraction period. The contact area was increased during the contraction 

period in both simulation and experimental results. However, the discrepancy between the 

estimated and experimental results was increased as the contract area was increased.  Again, this 

implies that the viscoelastic model could be better than the elastic model for the large and fast 

dynamic deformation. 

The 20 µm thick PDMS membrane had an initial deformation drawing down into the 

chamber caused by the surface tension of the fluid in the chamber. Thus, the centroid region of 
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 10

the teardrop-shaped chamber was slightly bright. After applying pneumatic pressure, the 

membrane quickly moved downward and entirely contacted with the bottom of the chamber at 

approximately 100 ms. This means that the pneumatic pressure must be applied for at least 100 

ms to complete the touchdown motion. If not (i.e. pressure was applied for less than 100 ms), the 

touchdown motion of the membrane stops in the middle of the propagation and restores to the 

initial state. It was found that the same situation occurred when the amplitude of pneumatic 

pressure was lower than 5 kPa. When pneumatic pressure was applied to the membrane, there 

was a rising time (i.e. time lag) of about 40 ms, as shown in Fig. 5. As a result, the membrane 

largely deformed after 40 ms. The total elapsed time for the contraction process through the 

experiments was 100 ms, which is similar to one estimated via computational analysis (80 ms). 

Then, the membrane was restored to its initial position about 200 ms after removing the 

pneumatic pressure. For the restoration of the membrane to initial position, twice the amount of 

time was needed than for contraction process. Based on the analysis of high-speed motion 

capture, the contraction period (CP) of 100 ms and relaxation period (RP) of 200 ms were 

required for the one cycle of the contraction and relaxation processes. (Movie S1). For the proper 

operation of the CLiMP, a parametric study to find an appropriate combination of the CP and RP 

was performed.  

 

Flow Rate Measurement 

To investigate the pumping capacity of the CLiMP, the amplitude, frequency, and duty cycle 

of the applied pneumatic pressure to the teardrop-shaped PDMS membrane were controlled as 3–

5 kPa with a 1 kPa step, 0.5–5 Hz with a 0.5 Hz step, and 20–80% with a 15% step, respectively. 

Movie S2A, S2B, and S2C presents the example of the flow rate generated by the CLiMP at 
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 11

different operational condition. Figures 6A, 6B, and 6C show the measured flow rates generated 

by the CLiMP with three different pneumatic pressures of 3, 4, and 5 kPa, respectively. For a 

pressure less than 2 kPa and greater than 6 kPa, the CLiMP generated no flow rate, because the 

propagation of the touchdown motions could not occur. At pneumatic pressures of 3–5 kPa, the 

overall flow rate increased as the pneumatic pressure increased. For low pneumatic pressures less 

than 5 kPa (i.e. Figs.6A and 6B), the propagation of the touchdown motion of the PDMS 

membrane was limited to the area near the centroid of the teardrop-shaped chamber resulting in 

decreased flow rate. When the CLiMP was operated at a 20% duty cycle, 1.5 Hz frequency 

(CP/RP = 133 ms/533 ms) and 5 kPa pneumatic pressure, the maximum flow rate (18.3 µL/min) 

was observed. For the flow rate at a pneumatic pressure of 5 kPa (Fig.6C), the combination of 

duty cycle and frequency was converted into the combination of the CP and RP, showing the 

flow rates with respect to the CP and RP as shown in a contour graph in Fig.6D. The maximum 

and minimum flow rates were observed at a different RP while the CP for both rates has a similar 

value of approximately 150 ms. This result indicates that the flow rate depended considerably on 

the RP rather than CP. For the fixed CP of 133 ms (along the y-axis in Fig.6D), the flow rate 

rapidly increased as the RP increased. On the other hand, for the fixed RP of 533 ms (along the 

x-axis in Fig.6D), the flow rate was gradually changed with a gentle slope as the CP increased. 

Moreover, there were certain conditions that resulted in no flow rate generation, as shown in 

Fig.6D. When the RP was less than 80 ms, no flow rate was generated (Region II in Fig.6D). On 

the other hand, the CLiMP was properly operated, even though the contraction period was only 

40 ms (Region I in Fig. 6D). Therefore, the RP at which fluid was refilled in the chamber is an 

important factor for the operation of the CLiMP.   
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Figure S5 shows the measured flow rate with the different duty cycles (20, 50 and 80%) for 

each different pneumatic pressure (3, 4 and 5 kPa) in response to the frequencies (1–5 Hz). The 

number of pushing membrane per second was determined by the frequency of the pneumatic 

pressure, and the both propagation time of touchdown motion (contraction period, CP) and liquid 

refilling time (relaxation period, RP) were determined by the duty cycle. For example, for the 

frequency and duty cycle of 2 Hz and 20%, the number of pushing process, CP, and RP were 

twice a second, 0.4 sec., and 1.6 sec, respectively. Regardless of duty cycles, the flow rate 

generated by the CLiMP was increased as pneumatic pressure increased. However, the peak of 

the measured flow rate was observed at a different frequency of the applied pneumatic pressure. 

At a duty cycle of 20 and 50%, the maximum flow rates were measured at 1.5 and 2.5 Hz, 

respectively. Through the experiments, it was found that the flow rate traded off the number of 

pushing process, the CP and RP. As a result, at 20% duty cycle (Fig.S5A), the CP was too short 

to propagate the touchdown motion at a frequency higher than 2 Hz, thus the maximum flow rate 

was measured at 1.5 Hz. On the other hand, at 50% duty cycle (Fig.S5B), the RP was relatively 

shorter than the CP to refill the liquid above 3 Hz, thus the maximum flow rate was generated at 

2.5 Hz. It was also found that at 50% duty cycle, the flow rate was linearly proportional to the 

frequency up to 2.5 Hz where the peak value occurs, resulting in easy control of the flow rate by 

the combination of the frequency and amplitude of pneumatic pressure. Finally, at 80% duty 

cycle (Fig.S5C), the pumping operation was significantly limited by the RP as no flow rate was 

generated at the frequency higher than 2.5 Hz due to insufficient liquid refilling.  

The hydraulic head was measured during the operation at 20% duty cycle, 1 Hz frequency 

and 5 kPa pneumatic pressure. Figures 7A and 7B show the sequential images of the hydraulic 

head and the estimations of the hydraulic head with respect to operation time based on the height 
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 13

difference between vertical inlet and outlet tube (see Movie S3). The hydraulic head generated 

by the CLiMP was linearly increased up to 350 Pa and then saturated at 373 ± 19 Pa, indicating 

that the pumping pressure of the CLiMP was approximately 370 Pa. In general, microfluidic 

pumps with check valves provided a higher hydraulic head than valveless-type micropumps
2
. 

The low pumping pressure of the CLiMP results from the relatively low operating pneumatic 

pressure of 5 kPa and the inert fluids in the dead volume between the vertical wall of the 

teardrop-shaped chamber and the membrane during the contraction period. Therefore, if the 

CLiMP is operated at a high pneumatic pressure by reducing the size of the teardrop-shaped 

chamber, the pumping pressure is expected to increase as well as reduced relaxation period due 

to the increased membrane stiffness. The teardrop-shaped chamber with a rounded wall 

providing tight sealing during the touchdown motion of the asymmetric membrane is also 

expected to have a higher pumping pressure than one having a vertical wall.  

 

Conclusion 

This paper reports on the valveless microfluidic pump inspired by caterpillar locomotion. 

The proposed CLiMP consists of a single asymmetric membrane without any additional 

components. Using the bilaterally symmetric teardrop-shaped membrane and chamber, the 

consecutive propagation of the touchdown motion was realized and verified by both 

computational and experimental results. The fabricated CLiMP requires a relaxation period at 

least twice longer than the contraction period since the flow rate strongly depends on the 

relaxation period, rather than the contraction period. The maximum flow rate (18.3 µL/min) was 

achieved by the combination of a contraction period of 133 ms and a relaxation period of 533 
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ms. The CLiMP will provide new opportunities for the integration of micropumps to the various 

microfluidic applications due to its simplicity.  
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Figure Legends 

 

Fig. 1  Configuration comparison of various micropumps, depending on pumping pressure 

generation methods: (A) Gas generation, (B) Electrokinetic or electroosmotic pumping, 

(C) Single membrane actuation with two valves, (D) Peristaltic three membrane 

actuation. 

Fig. 2  Comparison of caterpillar locomotion and mimetic micropump: (A) Main locomotory 

gaits in Pleurotya caterpillar, (B) Membrane motions of caterpillar locomotion-inspired 

micropump. 

Fig. 3  Computational analysis showing transient response of a bilateral symmetric teardrop-

shaped membrane motion: touchdown motion propagated from left to right, similar to 

caterpillar locomotion. 

Fig. 4  Transitional change in hydraulic resistance in teardrop-shaped chamber, based on 

computational analysis with each time step. The hydraulic resistance also consecutively 

increased from left to right during the propagation of touchdown motion.  

Fig. 5  Sequential images of asymmetric PDMS membrane motion captured by a high-speed 

camera at a 20% duty cycle, 2 Hz frequency and 5 kPa pneumatic pressure: contraction 

process was completed within 100 ms while 200 ms was required for the relaxation 

process. Scale bar indicates 1 mm. 

Fig. 6  Measured flow rate with respect to the duty cycle and frequency under different 

amplitude of applied pneumatic pressure: (A) Pneumatic pressure of 3 kPa, (B) 4 kPa, (C) 

5 kPa, (D) 2D contour graph with contraction and relaxation periods at 5 kPa.  

Fig. 7  Hydraulic head generated by the caterpillar locomotion–inspired micropump at a 20% 

duty cycle, 1 Hz frequency and 5 kPa pneumatic pressure: (A) Sequential images of the 

pumping fluid every 10 s, (B) Calculated hydraulic head based on the height difference 

between inlet and outlet tube.  
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