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Abstract 

 

Soft robotics provide great possibilities to break the gap between robots and 

humans. It is believed to work with humans or even in the human bodies thus the 

demand of portability, safety, and autonomy of soft actuators need to be fulfilled. Fluid 

elastomer actuators (FEAs), which are driven pneumatically or hydraulically, have 

demonstrated huge promise for these specific applications. However, the requirement 

of a miniature actuation system is still insufficient. The large and cumbersome power 

source trouble the development and the lack of a lightweight and high-output 

miniature pump has limited the usefulness of soft robotics driven by FEAs. Besides 

the actuation functions, the processing of micro FEAs is still in its infancy. With the 

limitation of technical resolutions, the size of the “micro” FEAs is still in the size of 

millimeters. This research focused on providing solutions to both the two problems to 

push this area forward. 

The first work in this dissertation is to provide a miniature untethered actuation 

solution for soft robotics. Based on the literature review, it still lacks a miniature pump 

with a large flow rate and pressure output although the size and the rigidity have been 

priorly focused on. So comparing the existed solutions, I designed and fabricated a 

miniature pump based on the piezoelectric effect to solve this problem. After that, the 

flow rate and pressure output were measured to optimize the design. The power output 

and the pumping behavior were then also analyzed to detailly describe the pump. And 

finally, I used the pump to drive a pneunet design FEA to prove the availability. In this 

study, I present a compact-size (2 cm3), lightweight (4.2 g), and high-output 

piezoelectric pump with Bluetooth connectivity. The pump can generate a maximum 

flow rate of 28.8 mL/min or maximum pressure of 100 kPa with a low power 

consumption of 63.5 mW. The design parameters are optimized to achieve the 

maximum flow rate and pressure outputs. The stability and repeatability of our pump 

enable open-loop control for the actuation of FEAs. A wireless gripper and an 

inchworm-like soft crawler are fabricated by integrating miniature pumps with 
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pneunet bending actuators. These applications demonstrate the versatility of the 

pumps in the untethered actuation of FEAs for autonomous soft robotics. 

Another work of this research provides a massive product fabrication process of 

the micro FEAs. Although the traditional molding and demolding technique shows 

great advantages to fabricate FEAs in the scale of centimeters. The resolution and 

bonding rupture make it challenging to fabricate micro FEAs with same technique. 

Also soft lithography and additive manufacturing process have performed as possible 

solutions, the dimension of the actuators is still normally on the scale of millimeters. 

So in this study, I used direct photolithography process to fabricate the FEAs with a 

critical dimension of tens of micrometers which is in the range of the smallest FEAs. 

This process based on a photolithographic sacrificial layer allows a micro FEA in a 

dimension of 150×150×2100 μm3 with a critical chamber width of 50 μm. The bending 

behavior is measured in response to the applied pressure. The actuators were also 

evaluated with different membrane thickness, materials, and chamber geometries to 

optimize the performance. And the potential applications are also demonstrated with 

some integrated grippers which were fabricated directly without any other bonding 

process. 
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Figure 3.32 A soft crawler demonstrates untethered actuation of pneunet 

actuators by the miniature wireless pump. The solenoid valve’s PCB controller 

and battery are located on the rear foot. The pump with controller board and a 

solenoid valve are placed at the center of the soft crawler. 
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Figure 4.2 (a) Fabrication process of FEAs on Si-wafer, (b) Overview of 
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Figure 4.4 (a) The scheme of the measurement system, (b) the 
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Figure 4.5 Modelling view of the bending micro FEA, (a) the integration 
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Figure 4.6 The experimental bending behavior (a) with different actuation 

pressure (scale bar: 200μm) and (b) the trace in the coordinate system. 

Figure 4.7 Result of theoretical, simulative and experiment measurement. 

Figure 4.8 Measured bending angle as a function of the pressure of 
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Figure 4.9 Engineering drawing of the microactuators’ structured layer 

and the photo of the samples: (a) three-finger microgripper, (b) eight-finger 

microgripper. 

Figure 4.10 Demonstration of (a) the 3-fingers soft microgripper, and (b) 
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Chapter 1 Introduction 

1.1 Introduction 

From the first time man taking his upright steps to the dramatic change in 

the newest information age, human history is always accompanied by 

technological development. In the recent century, robotics drives productivity 

forward as one of the most revolutionary techniques. These highly integrated 

machines have been widely used in automation to replace humans in many areas 

that change the world. With the development in the modern era, specific 

demands are proposed that robots are required to deal with delicate things. 

Furthermore, special soft robot systems working with humans or even in the 

human bodies are also in consideration. Thus, a portable, light, and miniaturized 

robotic system is demanded including both actuator and power source with also 

great autonomy and safety. This Ph.D. work quests for contribution to this field. 

Soft robotic, a newly developing type of robot family, is designed to 

perform these works.1 It is now taken noticeable attention to working as a 

gripper,2 artificial muscle,3 and detectors.4 The first recorded soft robotic 

prototype is invented by Baer in 1967.5 He designed a handling apparatus that 

was driven pneumatically. Soft robotics attained noticeable development since 

the early 1990s when Suzumori et al. prevented an agile soft hand that can turn 

screws.6 A micro hand that successfully lifted a fish egg is fabricated with 

PDMS by Konishi et al. in 2006.7 A milestone design which is reported by 

Whitesides et al. in 20118 achieved crawling motion with five individual 

controlled pneumatic actuators. Since then soft robotics are developed 

explosively.9 The former researches focused on the combination of soft 

actuators to achieve complex motions such as gripping,10, 11 crawling,12 and tail 

swinging.13 The quest for material variety,14 actuation functions,15 and 

applications16 are more attractive in the past years. The first total soft untethered 

“octobot”,17 plant root inspired growing robot,18 the first soft stretchable 
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pump,19 and a specialized soft jumper20 are proposed by worldwide researchers. 

And recently, the soft robot fish is proved to be able to work at Mariana Trench21 

where the external environment is extremely harsh. 

 

Figure 1.1 Develop milestones of soft robotics 

“Why are soft robotics and what is missing in rigid robotics?” The question 

is both proposed and answered by George M. Whitesides:22 The main thing is 

the “collaboration”. There is always a warning sign near the rigid guys to be 

careful with them. Definitely, rigid robots have taken a lot of works in the 

modern world. They are normally not able to do the job dealing with human 

bodies and other delicate things. The heavy body, the sharp edge, the large force, 

and many others are all dangerous to humans. Different from the rigid one, soft 

robotics have a great compliance whose Young’s modulus is close to or smaller 

than the tissues as shown in Figure 1.2.23 And the generated force is normally 

gentle. This makes it possible to work safely. Besides, the fabrication and 

control are also simpler. 

 

Figure 1.2 The approximate Young’s modulus of the engineering and biological material. The 
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soft robot composed materials are close to the soft tissues.23 

When taking into consideration the purpose to develop a robotic system 

which can work with human or even in humans,1 it’s clear that safety should be 

concerned with the top priority. Since multiple actuation methods of soft 

actuators have been reported. The first thing that needs to do in this research is 

to find the most suitable actuation functions for our requirement. 

 

1.2 Selection of Actuation Methods 

Types of actuation principles have been explored to generate demanded 

motion in the field of soft robotics. They are categorized according to the energy 

form. Although all of them shows convincing examples in this field, they are 

distinguished by the response speed, safety, biocompatibility, portability, and 

control convenience. Here the actuation functions are simply summarized and 

compared to find a suitable actuation method for the specific requirement. 

Details may be found in some other reviews.9, 24, 25 

Electrical driven actuators 

Some soft materials can convert electrical energy to mechanical energy 

which provides a geometry deformation as a response to the electric field. 

Electroactive polymers (EAPs), such as the dielectric elastomer,26, 27 

ferroelectric polymers,28 and electrical responsive liquid-crystal polymers,29 

can generate a large force rapidly and the components of them are normally 

biocompatible, i.e., PDMS, silicone, and polyurethane. They are able to 

generate and hold a large deformation under a DC electric field. However, the 

required electrical field is normally very high (> 10 V/μm)30 and close to the 

breakdown point. Ionic polymer-metal composites can be actuated with a lower 

driving voltage but the bending force is much lower. 
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Magnetic driven actuators 

By mixing magnetic materials with soft materials, the predesigned soft 

actuators are responded to the external magnetic field.31, 32 Since the direction 

and the magnitude of the magnetic field can vary, the DoF of the actuators is 

extended. Besides, the discrete magnetization makes it possible to develop a 

soft actuator with complex motions.33 The simple fabrication method allows a 

wide selection range of soft materials. And a large variety of magnetic materials 

in different scales are also available.34, 35 However, the external magnetic field 

is normally unwieldy which limits the development. Electromagnetic coils can 

be integrated into the actuator but a large driving power is normally required. 

Thermal driven actuators 

Thermal deformed soft materials provide a different actuation method. The 

most acceptable method based on thermal expansion is similar to the 

thermocouple.36 A volume change occurs with heat due to the coefficient of 

thermal expansion. Locally heat is available by irradiation with lasers.37 Other 

thermal responsive materials are also reported to fabricate soft actuators such 

as hygromorphic materials,38 shape memory polymers,39 and thermal 

responsive liquid-crystal polymers.40 However, a long absorption time of heat 

makes it less efficient to drive actuators. Higher power or smaller volume may 

be used to improve the performance. 

Chemical responded actuators 

The deformation of the actuators can also trigger by chemical liquid or 

vapors. Various mechanisms including reversible absorption and chemical 

reaction are reported to transform chemical energy into mechanical deformation. 

Hydrogels’ volume is sensitive to the humidity that the periodic hydration and 

dehydration can generate motions.41 Carboxyl and pyridine are used to fabricate 

pH-responsive actuators.42 Organic vapors such as ethanol and acetone43 can 

also make stimuli to soft actuators. However, the response speed of chemical 
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response actuators is often very low and they may not suitable for interaction 

with human bodies. 

Light-driven actuators 

Some light-driven actuators are categorized as photothermal actuators that 

the luminous energy is absorbed as heat. There are also some light-responsive 

polymers whose properties would reversibly change upon light irradiation. By 

introducing specific photosensitive functional groups such as azobenzenes, 

triphenylmethane leuco, or cinnamates into the polymer chains, the soft 

actuators are able to bend, wind, or contract with the irradiation of light.44 And 

the deformation can recover by removing the light.45 The response motion can 

be accurately controlled by changing the light intensity, wavelength, or 

irradiation time.46 It takes a noticeable time for the actuators to respond to the 

light stimuli. Thus a smaller size is preferred instead of the common size. 

Fluidic elastomer actuator 

Fluidic elastomer actuator (FEA), or elastic fluidic actuator, is the most 

common and mature soft actuator design.47, 48 They are composed of 

predesigned chambers and soft extensible bodies and driven pneumatically or 

hydraulically. With different asymmetric designs of the actuator, various 

motions can be achieved such as bending, twisting, contracting, and expanding. 

Compare with the other actuation functions, FEAs can provide a high force with 

a lightweight body. And the motion behavior can be controlled with the material 

elasticity, chamber design, or the applied pressure. FEA also shows great 

biocompatibility that it can be used as gloves, exoskeleton, and other 

rehabilitation equipment. Miniature FEAs also show potential in blood catheters 

and invasive surgeries. However, while FEAs are light, easy to control with 

compact size, they require a large and heavy power supply such as a pump, 

compressor, or reservoir. 
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Perspectives 

Table 1.1 provides a summary of the typical performance of the listed 

actuation functions. It’s hard to say which one is the best since all of them have 

specific applications and some of them are just basic. Here we just start from 

our demand to develop soft robotics to the area of interaction with human bodies. 

Electrical-driven soft actuators show great controllability and portability. 

Besides, since nowadays nearly all actuators are initially powered by electricity, 

it provides a convenience to combine with other functions such as sensing. 

However, the larger size the actuator has, the higher voltage is required. And 

the risk of leakage is not acceptable when attaching to human bodies. 

Magnetically driven soft robotics show good safety interact with human bodies 

which have a fast response speed in different sizes. And it can be well controlled 

in human bodies with external magnetic equipment refer to the medical NMR. 

It is believed to have a broad future in hospitals however less interested in this 

dissertation due to the bad portability that a huge accessory is required. The 

thermal-driven actuator provides an untethered solution via light radiation but 

the actuation speed is very slow. Chemical and light responded actuators are 

actually still in the laboratory due to the special environmental requirement. 

Pressure-driven based actuators show great safety compare with the others. It 

provides a fast response speed compare with the thermal, light, and chemical 

solutions and is able to speed up with a high-power fluid source. Actuators in 

different sizes have been reported which shows great scalability. However, they 

are normally linked with a large and heavy power source. It’s thus urgent to 

solve this problem before exploring the applications. 

 

1.3 Objectives and Contribution 

1.3.1 Objectives 

Since the FEAs are believed to be the most suitable actuation functions to 
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this research, the research papers clarified the bottleneck of them is that the 

large and cumbersome pressure sources compare with the actuators themselves. 

On the other hand, small-scaled functions are mostly insufficient from the 

working pressure or actuation speed. Thus, the first objective of this doctoral 

work is to develop a practicable miniature pressure system for the actuation of 

FEA-based soft robotics. Starting from the broad literature review of the state 

of the art, a universal actuation function is determined to be used in lateral work. 

Next, the designs should be measured and optimized before employed to drive 

FEAs. And in order to prove the suitability, the prototype actuators must be 

demonstrated for further applications. 

When looking into the actuators themselves, the state of the art proposes 

the demand of small-scale designs. Especially for the bio-applications, the 

critical dimension of the actuators is normally in sub-millimeter or even less. 

Although numerous researches were reported, few of them really touch the 

boundary of sub-millimeter. The other objective of this work is to develop a 

miniature FEA on the micrometer scale. Starting with a review of the reported 

micro FEAs fabrication methods and their critical dimension, a new production 

process is designed and optimized to overcome the shortcomings and surpass 

the minimum dimension. An analytical model describes the pressure-related 

deformation is established to guide further design and optimization of micro 

FEAs. Also, the applications of the prototype should be demonstrated. 

1.3.2 Contributions 

The main focus of this research is on FEA and its pressure supply function 

both in miniature scale compare with the existed designs, where the promising 

advantages has been reported a lot. In the field of the miniature pressure supply 

system, this work presents an untethered miniature pump system to drive the 

FEA-based soft robotics. This pump generates a surpassing flowrate and 

available pressure output with a compact size (<10 cm3) compare with the other 

solutions. The design is then validated using a FEA prototype and the derivative 
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applications including a soft gripper and a crawler after optimization process. A 

new analytical model is also presented that is able to describe the actuation 

process accurately.  

In the work related to miniature FEAs, a wafer-scale production process is 

presented. While the actuators reported in the literature are typically in the size 

of millimeters, this work provides the smallest FEA with a critical dimension of 

150 μm. The method overcomes the normal problems including misalignment, 

detachment or clog during bonding, and rupture in the existed miniature FEAs 

fabrication process. While most other bonding-free methods are limited with 

simple cavity geometry, this process is validated that is able to fabricate 

complicated patterns. Furthermore, the prototype soft microactuators presents 

the applications in gripping of tiny objects. 

1.4 Outline 

This dissertation consists of four chapters besides this introduction. The 

next chapter provides a literature survey including the available power source 

for FEAs and the state of the art of the miniature FEAs which further gives a 

frame of this research. It is noticed that since the commonly used pneumatic or 

hydraulic power supply systems are unwieldy and oversized, various pumps are 

designed to drive soft actuators with different actuation methods. Besides, some 

miniature pumps with applying potentials are also listed to provide a broad view 

of the actuation solutions. Although micro FEAs are attractive in medical 

applications such as catheters, invasive surgery, and microfluidics. However, 

the critical dimension of the reported micro FEAs is normally in millimeters. 

Very few of them touch the bound of sub-500 μm. So the other part of this 

chapter focused on the processing of micro FEAs in the size of millimeters or 

less. This literature research is done for the work in Chapter 4. 

Chapter 3 introduces a miniature untethered actuation system for the FEAs 

in the scale of centimeters. Based on the literature review in Chapter 2 that the 
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output performance is less considered during the miniaturization of power 

source, a piezoelectric pump with large flow output and loading pressure is 

designed and optimized to drive the actuators. The working mechanism, power 

consumption, and actuation behavior are discussed in this chapter. And the 

demonstrations of potential applications are provided. 

Chapter 4 focuses on scaling down the FEAs. The smallest FEA till now is 

fabricated in this chapter with photolithography technique and bonding-free 

process. The wafer-scale fabrication process allows mass production of micro 

FEAs. The bending performance of actuators with different parameters is 

discussed. After that, some integrated designs are fabricated as demonstrations. 

Finally, the last chapter provides a summary of this research and an outlook. 

1.5 Conclusion 

Instead of applying soft robotics in industrial gripping application, the 

attention should be focused on the applications that interact with human bodies 

due to the great compliance such as health-caring and internal imaging system. 

While electrical, magnetic, thermal, light, and chemical driven actuators have 

demonstrated their special values, FEAs performs as the most suitable for the 

requirement especially when looking into the current state. The good safety, 

high force, and portability potential make it promising to be used as a portable 

autonomous device. The focus of this research is therefore on the FEAs. The 

design, fabrication, optimization, and application of the power source system 

and the actuator itself are covered in the dissertation. 
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Figure 1.3 Examples of soft robotics with different actuation methods. (a)  electrical driven soft 

gripper lifting a cylindrical object;49 (b) actuator bent towards the external magnetic field;50 (c) 

a self-folded structure responds to the environmental temperature;51 (d) a reversible humidity 

responded flower;43 (e) a light-driven soft micro inchworm52 and (f) a fluidic driven tentacle 

gripper catching a jellyfish.53 
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Table 1.1 Comparison of different actuation functions 

Methods Response 

speed 

Power 

consumption 

Biocompatibility Scalability Controllability Portability 

External Internal Micro Marco 
 

Electrical49 Very Fast Low Bad Bad Good Bad Excellent Good 

Magnetically50 Very Fast High Good Good Good Good Excellent Bad 

Thermal51 Slow High Available Bad Good Good Good Good 

Chemical43 Slow / Bad Bad Good Bad Bad Bad 

Light52 Slow High Available Bad Good Bad Good Bad 

Pressure53 Fast Low Good Good Good Good Good Bad 
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Chapter 2 Review of literature on fluidic elastomer 

actuators power source and micro fluidic elastomer 

actuators 

2.1 Survey of fluid elastomer actuators power source 

With mentioned developments of FEAs in Chapter 1, it is noticed that 

although amounts of researches have been reported on design,54, 55 modeling,56 

fabrication,57 control,58 and applications,59, 60 few attentions are focused on the 

power source of FEAs and the demand of the power source is normally not 

clarified. The main reason is probably that most research is still in a prototype 

phase. The power supplies normally exceed the requirement of these tethered 

FEAs in the laboratory. Thus it is not prior at the beginning. However, the 

development tendency of soft robotics is miniaturization and autonomy 

nowadays. So a suitable power source becomes nonnegligible especially for 

untethered soft actuators: a misaligned maximum pressure is not able to drive 

the actuator, large flow rate leads to a difficult control and may burst the sample. 

Large actuator needs more fluid and energy to be driven while smaller actuators 

are dominated by a large or heavy power function.61 Commercial power 

functions (cylinders, compressors, and pumps) play an important role in this 

research for FEAs in the size of more than tens of centimeters. Besides 

commercial solutions, many researchers are trying to fabricate a designed fluid 

source for their own specific FEA soft robot. Despite the number of articles 

which report self-designed power source, there still lack comparison of the 

actuation methods and the parameters. Furthermore, it is difficult to design a 

fitted actuation type without the knowledge of different power sources. 

To address these issues, different existing driving methods and designs 

applied for FEAs are presented in this part to show the state of the art. To get a 

spread knowledge about this functional part, some actuation supplies which are 

responded to the stimuli of light, thermal, or magnetism are categorized into 
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FEAs if the deformation is induced by fluid. In other words, they are listed as a 

fluid power source if the input power is transferred into fluidic (pneumatic or 

hydraulic) power. And the parameters of the power source are compared and 

summarized to identify guidelines to further designs. 

 

2.1.1 Power system category 

The most acceptable method is to drive the fluid flow into the FEA from 

an external source (i.e., cylinder, tank, or ambient) during actuation and released 

the fluid to deflate the actuator. Thus according to thermodynamics, this kind of 

power supply system can be defined as an open system that there are fluid 

exchanges besides energy. This system is universal to any FEA designs in the 

working range. 

For some specific FEA designs (i.e. artificial muscles, suction cup)62, the 

power supply is packaged with the actuators. The whole system can be regarded 

as a closed system that there is no fluid exchange with external equipment. 

These power supply systems are defined as self-contained transducers. They are 

greatly suitable for cyclic motion with a simple structure and light weight. 

However, because the amount of substance of fluid in the closed FEA system is 

pre-defined, the motion is highly restricted due to the limited volume change. 

Compare with the open system, the closed system is more likely a customized 

power source for one specific FEA.  

Based on different actuation fluid, FEAs can also divide into pneumatic 

and hydraulic designs. Pneumatic actuation normally provides a fast response 

speed and light weight, but the energy efficiency is low because of the 

compressible property. Hydraulic actuation is able to generate a larger force but 

the response speed is lower than the pneumatic actuator. Meanwhile, a reservoir 

may be required. 
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Figure 2.1 (a) Classification of FEA power supply system and (b) the definition of the open 

and closed supply system. 

 

2.1.2 Actuation functions 

2.1.2.1 Cylinders and syringes 

Cylinders perform as one of the most classic gas supplies of soft robotics. 

Instead of a fluid generator, the cylinder performs as a pre-charged highly 

compressed gas storage for later use. Carbon dioxide (CO2) and compressed air 

are normally used.63 Combining with regulators and valves, cylinders can be 

applied as a pneumatic pressure source of soft actuators. (Figure2.2(a)) The gas 

flows into FEA due to pressure difference when valve 1 is opened. Valve 1 is 

then closed when the pressure reaches the demanded level. Valve 2 keeps 

closing while the inflation process and opens to release the gas from the 

chamber. Thus under control by the valve switching, complex motion of soft 

robotics can be achieved. (Figure2.2(b)) Cylinder is a convenient power system 

in the laboratory. However, the normal cylinders are huge and unwieldy which 

is far from the developed requirement. Smaller cylinders with more 

compressible gas can be used for the untethered soft robot. Marchese et al. 

drives a soft robotic fish with an 8 g CO2 cylinder.64 The tail swinging is caused 

by complementary inflation/deflation of two opposite FEAs. The output 
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pressure is set to 0.29 MPa (the pressure in the cylinder is 6.08 MPa) which is 

determined by the demanded flow rate (50 L/min). For their specific application, 

this cylinder is only able to work 18 s (30 tail beats of their fish) before running 

out of the gas. This representative example exposes the fatal weakness of using 

a cylinder as the power supply, the lifetime. Although a high pressure and large 

flow rate can be generated, the available volume of stored gas is limited. It is 

available to use a larger cylinder for more stored gas, the volume and weight of 

the system are also proportionally increase.  

Syringes is another widely used either hydraulic or pneumatic power 

supply in the laboratory.65 By pulling and pushing the pistons, fluid can flow 

bidirectionally through the FEA. Thus positive and negative pressure are both 

available with one syringe equipment. Compare to the cylinders, it is even more 

convenient with lower cost. And the injected fluid volume can be accurately 

controlled by a servo motor. However, the amount of the available fluid amount 

is limited. It’s even less interested in portable and miniature systems because of 

the volume. 

 
Figure 2.2 (a) Schematic of gas cylinder controlling system; (b) NASA’s rolling wheels 

controlled by a switch pad(bottom);66 (c1) the demonstration and (c2) the view of a closed 

differential pressure control system with 3 syringes.67  
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2.1.2.2 Phase transition 

Phase change materials such as paraffin (solid-liquid) have been published 

to be used in thermal-driven soft actuators.68 However, the solid to liquid 

volume change is not sufficient for FEAs. Liquid-gas phase transition is now a 

popular method to drive FEAs with large volume change. When the liquid is 

heated to the boiling point or higher, the evaporation would generate a great 

volume expansion. Thus by injecting liquid into the chamber, the actuator can 

be pressurized with the enclosed thermal evaporation. And the condensation 

leads to the deflation of the chamber when cooling down. In order to get a better 

motion performance, low boiling point liquid is pre-injected such as 

methanol(64.7 °C),69 ethanol(78 °C),70 or commercial liquid: Novec 

7000(37 °C).71 Various heating functions are available to drive the deformation. 

Steel wool is inserted into the chamber of a bending actuator (110×20×20 mm3) 

as a heating element which is proposed by Lubineau et al.72 It takes 23 s to reach 

the maximum pressure of 15 kPa by vaporizing ethanol with a heating power of 

45 W (resistance of 20 Ω). Mazzolai firstly proposed a plasmonic-driven phase 

transition method for FEAs.69 Au nanoparticles are mixed with methanol in the 

chamber. Thus with the external light irradiation, thermal energy is generated 

by the nanoparticles and transferred to vaporize the methanol. A 3 cm-long 

pneunet bending actuator can provide a bending angle of 15° with 8 minutes’ 

Table 2.1 Examples of cylinders and syringesa 

Type Max. p 

(MPa) 

Max. v 

(L/min) 

Size (cm3) Weight (g) 

8g CO2 cylinder 5.6 18 16.78 50 

0.2L Air cylinder 20 350 441 909 

Unloaded 50mL 

Syringe* 

/ / 116.1 33.4 

a Inspired by reference.63 
* The output depends on the driven force. 
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irradiation. The greatest advantage of this actuation method should be the 

potential of untethered control. Millimeter wave73 or magnetic fields are also 

able to drive the phase change without connection and onboard batteries. 

Wood’s group designs an LC circuit resonator to heat the liquid based on 

Faraday’s Law.74 With an external applied time-varying magnetic field, heat is 

produced through the resonator and drives the actuator untethered with a power 

of 500 mW. Modified heater element such as adding a PZT atomization device 

is also reported to speed up the phase change.70 

Another approach is active phase change materials. Miriyev et al. 

fabricated a phase transition composite by stirring ethanol into silicones before 

curing.75 Micro liquid bubbles embedded in the solid body can tremendously 

swell which further leads to an expansion (two times than the initial length 

estimated from the figure) of the body. The composite is defined as a 

thermopneumatic material with large strain. Then by using it as normal soft 

materials into different structures, the applications have been demonstrated such 

as gripper, crawling, and artificial muscle. 

There are a lot of potential liquids with a low boiling point in the range of 

30 – 90 °C, but many of them are toxic such as hexane at 69 °C, acetone at 

56.5 °C, and dichloromethane at 39.8 °C. So few low-toxic liquids are 

concerned to drive FEAs. Table 2.2 lists the collected phase change driven FEAs 

based on different heating functions. Although the reported pressure of these 

actuators is in a range of 2.6 – 91.1 kPa, this is actually not referable that the 

pressure can be controlled by changing the weight of loaded liquid in a close 

system.76 Besides, heating power different from the listed value may be possible 

to drive the actuators with different response times. It’s worth nothing that all 

the listed designs are close system. This is because that it’s hard to control the 

actuators with desired motion and the response speed is very low. Although it’s 

now very popular in this area, it’s far from a high output power source as for 

FEAs in the current view. 
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Figure 2.3 Overview of phase transition FEAs that (a) low-boiling point fluid in the chamber,76 

(b) low-boiling point fluid in elastic materials;75 (c) plasmonic induced phase transition69, and 

(d) vaporizes the liquid with heating elements.72 

 

 

 

Table 2.2 Closed power supply system for FEAs based on phase transition method 

Fluid Boling 

point 

(°C) 

Specific heat 

(kJ·kg-1·K-1) 

Actuation 

type 

Max.p 

(kPa) 

Volume 

(cm3) a 

Power (W) 

Novec 

7000 

34 1.3 Electric 

circuit71 

50 2 15 

   
Millimeter 

wave73 

91.1 31.67 3.5 

   
LC circuit, 

magnetic 

field74 

40 2.539 0.5 

   
Electric 

circuit76 

12 431.5 
 

Methanol 64.7 2.53 Au 

nanoparticles 

plasmonic69 

2.6 1.413 475mW/cm2 

laser 

Ethanol 78 2.46 Steel wool + 

circuit72 

15 157.73 45 

   
PZT 

atomization70 

1 31.25 17 

a The volume of the chambers 
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2.1.2.3 Chemical reaction 

Combustion of hydrocarbon fuels 

While the phase transition using physical changes to drive FEAs, there are 

also numbers of papers reported actuation method based on chemical 

reactions.77 Various reaction equations that can generate gas are used to drive 

FEAs. Compare with all the other methods, chemical reaction provides the 

fastest actuation speed employing the combustion method. The explosive 

combustion of hydrocarbon fuels can generate a tremendous volume expansion 

which is five times more than their initial volume in a few milliseconds. One of 

the most famous designs is a soft untethered jumper driven by the combustion 

of butane proposed by Whitesides et al.78 A maximum height of 0.76 m (6 body 

heights is recorded within a time of 0.35 s using 40 ml butane and 120 ml 

oxygen. An upgrade version is then designed which can jump to 7.5 body 

heights (0.6 m) with the spark ignition of 5 ml butane and 30 ml oxygen.79 While 

the generated pressure of the former one is missing, the theoretical maximum 

of the latter one is 4 MPa. Some other hydrocarbon fuels are also used to drive 

soft actuators including hydrogen (for pressure accumulating),80 methane, and 

propane.81 The explosive combustion method is also used to drive the heart 

beating like a pump. The animal heart beats with the chamber deformation 

caused by muscle contraction and relaxation. A pulsing blood flow is thus 

generated with the periodic instantaneous motion. Stark et al designs two 

bioinspired heart-like pumps driven by the combustion of air and methane.82 

The combustion and pump chamber are separated with an elastic diaphragm. 

The pump chamber is driven by the periodic deformation of combustion. Two 

check valves settled at the ports are employed to generate a directional flow. 

With 1 Hz ignition of methane-air mixture with a ratio of 1:10, a maximum 

output of 240 mL/min or 130 kPa is generated.  
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Decomposition of Hydrogen Peroxide 

Since combustion is a violent process with a lot of heat generated, the 

lifetime of the actuator is a key problem that needs to concern, i.e., Stark’s heart-

like pump can take 30000 combustion cycles before breaking down. A gentle 

method using the catalytic decomposition of H2O2 is available to drive soft 

actuators. The idea of using this reaction to drive actuators is also referred from 

the rigid piston designs. Whitesides’ group fabricated a totally soft untethered 

“octobot” with the embedded 3D printing method.17 H2O2 is injected into the 

fuel chambers with a syringe. The liquid is then pushed into the Pt-contained 

oscillator thus the tentacles are bent alternately due to the interacting system. 

The maximum pressure that occurs is 70 kPa. A self-regulated on-board design 

is later reported with the reaction of H2O2. A deflector is inserted in the reaction 

chamber that can seal off the decomposition reaction when the pressure reached 

the demanded value of 51.7 kPa.  

Since the reaction speed is much lower compare to combustion, H2O2 

decomposition is less interested to be used in the open system. No literature has 

been found that driving flows with this method. 

 

Other chemical actuation methods 

Besides the representative methods of combustion and H2O2 

decomposition, some other chemical reactions are also available to drive FEAs 

though they are still in prototype. CO2 gas can be generated by throwing 

NaHCO3 powders into citric acid solutions.83 Maximum pressure of 1 MPa is 

generated through the pneumatic power system designed by Nakamura et. al 

and the reaction rate can be controlled by adjusting the citric acid concentration.  

Electrolysis of water had been reported to drive a soft untethered 

manipulator with a maximum pressure of 25 kPa.84 Although it takes a long 

reaction time with large consuming energy, the generated gas (H2 and O2) can 



 

21 

reversely transform into H2O while the fuel of the other chemical methods is 

consumable.  

Another reversible reaction that has been used is the kinetic equilibrium of 

metal hydrides. Vanderhoff and Kim reported a metal hydride driven soft 

artificial muscle.85A reactor with a volume of 52.5×12.2×13.7 mm3 is filled with 

metal hydride alloy and then charge with H2 at RTP condition as the power 

source. The reactor is then sandwiched by a temperature control system and 

connected to an artificial muscle to evaluate the performance. Due to the 

equilibrium balance, the minimum pressure that occurs at room temperature is 

400 kPa. A circulation of heating and cooling leads to a pressure change from 

400 to 800 kPa. 

A very rare design is using sodium azide (NaN3), which is known for the 

application in airbags, as the gas source. Norton and Miner proposed a 

pneumatic piston microactuator which is driven by the decomposition of 

NaN3.
86 The explosive reaction drives the chamber to the maximum pressure of 

6.2 MPa in 2 ms. However, this method is less interested due to the hazard of 

high temperature and toxicity. 

 

Here the mentioned chemical actuation methods are listed in Table 2.3. 

The maximum reported pressure of each method is listed for comparison. 

However, the pressure listed is only used to describe the state of the art that the 

maximum pressure is theoretically dependent on the amount of reactant. Larger 

pressure may be generated if more reactant is added for one reaction. However, 

the chemical method is less recommended for further untethered soft robots 

even two of the most pioneering designs have been proposed from my personal 

point of view. One of the problems is that amount of ingredients is required 

besides the electrical energy. The stored oxygen in the reference79 is only able 

to supply 80 actuation times before running out. A larger reservoir is possible 

for a long work time but introduces extra weight and volume. Another limitation 
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is that most of the reaction speed is relatively slow. It takes 16 minutes for the 

pump to reach its maximum pressure in reference.84 In order to overcome this 

shortcoming, a smaller chamber FEA is preferred. Besides these noticeable 

problems, a lot of heat is generated during the reaction, the lifetime of the pump 

body should be concerned before broken down. 

2.1.2.4 Electromagnetic motor pumps 

Electromagnetic motor pump (or compressors for pneumatic function) 

performs as the most mature method which is commercially available. With the 

rotation of motors, diaphragm, gear,88 or peristaltic designs are all available to 

generate a large flow until the loaded pressure provides a large torque to stop 

the rotating. Table 2.4 lists some commercial products which have been used to 

drive FEAs and also some laboratory designs.  

Padovani and Barth89 replaced the motor with a large power brushless 

motor of 70 W, this hydraulic pump can generate a bidirectional flow rate of 

600 ml/min or a pressure larger than 350 kPa. However, the design is large 

(Φ50×180 mm3, estimated from figure excluding the power supply) and heavy 

(780 g) which is still inadequate to the requirement. A 3D printed gear pump90 

is fabricated by Rus et al. When the pump is worked with 5.24 W, it can provide 

Table 2.3 Chemical reactions used to drive FEAs 

Reaction Equation Materials Pressure Notes Ref 

CxHy+ O2→ CO2 + 

H2O 

Hydrocarbon, 

Air/ O2 

4 MPa A pump* with 240 

ml/min, 130 kPa, 320 

cm3 and 200 W87 

78, 

79, 81 

H2O2 → O2 + H2O H2O2, Catalyst 70 kPa 
 

17 

H2O → O2 + H2 H2O, 

electric energy 

25 kPa reversible 84 

NaN3 →Na + H2 NaN3 6.2 MPa 
 

86 

MHx + Q → M + H2 Metal hydride 800kPa 

(400 kPa 

initial) 

reversible 85 

C6H8O7 +  NaHCO3 

→ Na3C6H5O7 + CO2 

+ H2O 

C6H8O7, 

NaHCO3 

1.1 MPa 
 

83 

* The volume is estimated from the figure and the power is calculated with the 

Joule heat and the flow rate of the gas.  
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a flow rate of 25 ml/min or a pressure of 25 kPa. 

Honestly, there is very little room for improvement in the lab that the motor 

is the determinant part instead of the pump body. The purpose of these literature-

reported designs is to design a size- and weight-suited pump for their specific 

designs. 

 

2.1.2.5 Osmotic and electroosmotic effect  

Osmosis is the spontaneous movement of solvent which is widely existed 

in biological systems.91 When solutions with different concentrations are 

separated by a semipermeable membrane which only allows solvent molecules 

to transfer through it but blocks ions, the solvent flows through the membrane 

from the lower concentration side to the higher side due to the osmotic pressure 

Table 2.4 Electromagnetic motors applied for FEAs 

Name or 

Reference 

Fluid type Max.p 

(kPa) 

Max.v 

(ml/min) 

Volume 

(cm3) 

Power 

(W) 

Weight 

(g) 

MGD 

1000S 

Hydraulic 1000 630 58.56 30 142 

Flodos 

NF6 

Hydraulic 30 500 124.7 9 220 

89 Hydraulic ➢ 345 600 353.25* 70 780 

90 Hydraulic 25 118 25.92* 5.24 
 

DQB-

032A 

Pneumatic 73 1200 ~ 4 1 15 

HP-

48031 

Pneumatic 500 1450 46.2 36 140 

* Estimated from the figures 
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difference. The solvent exchange does not stop until the concentration of both 

sides of the membrane is balanced. When the water flows through the 

membrane into the other chamber from the low concentration side, a locally 

high ion concentration near the side of the membrane is formed. The ions then 

diffuse across the whole chamber due to the gradient. When an external electric 

field is applied to the sidewalls, the ions in the solution are attracted or repelled 

to the sidewall depends on the sign of the charge. Thus the diffusion in the 

chamber is disturbed by the electric field. The solvent exchange does not stop 

until the local concentration of both sides of the membrane is balanced. 

Furthermore, the osmotic balance is changed with the electric field which is 

called the electroosmosis effect. While natural osmosis is a passive process and 

unidirectional, the concentration gradient and flow direction are controllable for 

the electroosmotic effect. This phenomenon is now be used in drug delivery and 

microfluid system as a pump. For example, Guan’s group proposed an EO pump 

using fused silica capillary which can provide a maximum pressure of 10 MPa.92 

A solution of sodium dihydrogen phosphate buffer with a concentration of 2 

mmol/L and pH of 7.5 is used as the electrolyte solution. Numbers of capillaries 

are package in columns and the total size of the pump is 1000×Φ0.32 mm3. 

Electrodes are bonded on both ends of the capillary array. Thus the solvent is 

driven through the pump with applied 5 kV voltage. While the output pressure 

is greatly high, the flow rate is only 1.8 μL/min which is out of the range of the 

demand to drive FEA. Chen and Santiago bonded two pieces of glass substrates 

with wet-etched fluid channels together as an EO pump and used DI water as 

media.93 They achieved a maximum pressure of 33 kPa and a flow rate of 15 

μl/min at 1kV. Although numbers of EO pumps have been developed for high 

efficiency, low driving voltage, or accurate flow, the noted maximum flow rate 

is only 0.02 mL/min. The flow is far from enough to drive the normal-sized 

FEAs thus very few papers are reported using EO pumps to drive soft actuators. 

A 3D-printed osmotic soft actuator is designed for orthodontic application 

by Hsu et al.94 It is noticed although the output flow rate of 156 μL/h is still low, 
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it is still available for the specific application. A polyurethane film is used as 

the semipermeable film. PEG-400 with an osmosis pressure of 10 MPa which 

is the theoretical maximum pressure is pre-injected into the actuator that water 

flows through the film into the main actuator. The chamber pressure is slowly 

increased to 200 kPa in 90 min.  

Although osmotic pumps show convincing applications in microfluidic 

and it’s fascinating that only solvent is transferred instead of the solution. It’s 

now unsuitable for the FEAs due to the extremely tiny flow rate which leads to 

a long pumping time. However, the osmosis effect generates a noticeable large 

pressure output, it shows potentials to be used to drive FEAs on the scale of 

millimeters or less where the required flow is several microliters.91 

 

 
Figure 2.4 (a) An osmotic pump for soft actuator94 and (b) the mechanism of electroosmosis.93 

 

Table 2.5 Osmosis and Electroosmosis effect based pump 

Fabricated 

for FEAs 

(Y/N) 

Working 

mechanism 

Solute max.p 

(kPa) 

max. v 

(mL/min) 

Volume 

(cm3) 

Power 

(W) 

N Electroosm

osis92 

/ 10000 0.0017 0.008 a 0.88 

N Electroosm

osis93 

 
33 0.02 9 b 0.002 

Y Osmosis94 PEG-

400 

200 0.0026 0.1b / 

a the volume of the chamber only 
b estimated from figures 
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2.1.2.6 Electro active material driven pump 

The dielectric elastomer has shown a promising capability for electric-

driven soft actuators with low power consumption.95 As a flexible capacitor,  

structural strain is generated due to the electrostatic force when a high voltage 

is applied between the electrodes. It is also attractive to fabricate an FEA power 

Table 2.6 Pumps fabricated by electric active materials 

Materials Ref Specific 

design 

Max.p 

 (kPa) 

Max. v 

(mL/min) 

Volume 

(cm3) 

Power 

(W) 

Dielectric 

elastomers 

96 Pulling-back 

spring 

 

2.5 8.4 

 

 
27 Antagonistic 

film 

1.578 134.27 37.68 

 

 
97 Closed 

system 

1.36 

 

63.585 

 

 
98 Micropump 8.45 0.077 0.05a 0.00015 

 
99 Works in 

negative 

pressure 

environments 

0.64 2.652 949a 0.2 

 
100 Fluid 

electrode 

0.05 1.1 76.26 

 

 
101 VHB 5.985 560 147.7 > 0.25 

 
102 Peristaltic 4 2500 481.7 

 

Ferroelectric 

polymers 

103 

 

0.35 0.025 

  

IPMC 104 Peristaltic 0.00457 669pL/s 0.08 

 

 
105 Ion gel 

 

0.112 3.15 

 

 
106 

 

1.3 1.26 6.25 0.31 

a estimated from figure and reported parameters 
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source that performing as the deformable chambers. Ali and his group members 

designed a valveless DE micropump with 4.2 kV applied voltage.96 A spring 

device is used to pull the DE film back after removing the voltage. Thus the 

periodic deformation can generate a flow rate of 42 μL/s. A heart-like two-

chambers pump is composed of the antagonistic cone DE actuators.27 Two DE 

membranes are actuated in turns thus the other membrane is pulled back while 

the actuated membrane compressing its chamber. The sequentially pumping 

process of the pump is able to generate a flow rate of 134.27 kPa in total or 

pressure of 1.578 kPa. 

While PDMS has a low dielectric constant, a commercial product, the 

VHB series provided by 3M. Inc is also used as the DE film. A closed system 

by connecting a bending actuator with a DE balloon performed as a hydraulic 

source is design and fabricated by Li et al.97 The pre-stretched DE membrane 

expands when applying a voltage. Then the water flows out from the FEA to 

balance the pressure change. And the bending angle recovers after remove the 

applied voltage. 

Besides the DE film, the other available materials including ferroelectric 

materials,103 IPMCs,104 and ion EAPs are also reported to perform as pumps. 

However, the listed designs are mostly far from the actuation requirement. 

There are no open system designs reported to drive FEAs. Although these 

materials provide a more flexible body with fewer rigid parts. The output is not 

comparable to the rigid pumps due to the lower energy density.  
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Figure 2.5 Some designs based on EAPs: (a) a DE driven valveless pump with a pulling-back 

spring,96 (b) a DE actuator used to drive FEA,97 (c) DE pump employing surrounding liquid as 

the electrode,100 and (d) an IPMC based peristaltic pump.104 

 

 

2.1.2.7 Magnetic driven pump 

Magnetic field is not only able to drive magnetic soft actuators, but also 

FEAs. By bonding a small permanent magnet on a flexible film, a magnetic-

driven diaphragm pump is fabricated.107 When applying alternating current (AC) 

to the coil, the diaphragm is periodically attracted or repelled by the coil and 

generates flows. Another permanent stuck on a rotary motor is also reported to 

drive the periodic motion of a ball-valve magnetic pump.108 Conn et.al. 

proposed a magnetic-driven pump design coupling with DE films.109 Two 

magnets that repulsed to each other are separately bonded to two parallel pre-

stretched DE films. The deformation of DE film drives the filling stage when 

applying an electric field to the film. The pneumatic chamber is then 

compressed due to the magnetic repel force when removing the applied voltage. 

This pneumatic pump is able to generate an airflow of 0.9 L/min or a maximum 
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pressure of 3.1 kPa.  

A magnetic driven cylindrical peristaltic pump was fabricated by Stark et  

al.110 Four magnetic tubes (Φ12×80 mm3) consist of carbonyl iron 

microparticles and silicone were connected in series and separately controlled 

by 4 solenoids. The soft tube would be compressed with the applied magnetic 

field induced by the electrical coil. By sequential contraction of the tube with a 

frequency of 3 Hz, a flow rate of 78.5 mL/min or 4.12 kPa pressure was 

supported by the pump with a power of 213 W.  

Although a number of magnetic-driven pumps are found during the 

literature research, very few of them have combined with FEAs. On the one 

hand, the output pressure is too low to drive FEAs, and on the other hand, the 

energy density of the pumps is lower than expected (low output but large 

volume), it’s now more attractive for micro-scale applications such as drug 

delivery.111 

Table 2.7 Magnetic driven pumps 

Fabricated 

for FEAs 

(Y/N) 

Fluid type Specific 

design 

Max.p 

(kPa) 

Max. v 

(mL/min) 

Volume 

(cm3) 

Power 

(W) 

N Hydraulic Magnetic 

film 

Peristaltic110 

4.1 78.5 36.17a 213 

N 
 

Magnetic 

film111 

 
6.52×10 -

6 
6.125b 0.00235 

  
Magnet coupled 

PDMS + rotary 

motor108 7.5 0.8 2.5 0.013 
  

Magnet coupled 

PDMS + micro 

coil108 3.6 1 0.6 0.5 

Y Pneumatic Magnet 

coupled DE 

diaphragm + 

coil 109  

3.05 900 12.56b 0.04 

a the volume of the chamber only 
b estimated from the figure and reported parameters 
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Figure 2.6 (a) a 4-parts magnetic driven peristaltic pump,110 (b) a magnet DE coupling pump 

design,109 and (c) the schematic of electromagnetic coil driven magnetic diaphragm pump.107 

 

2.1.2.8 Dielectric Fluid 

Electrohydrodynamic (EHD), describes the behavior of charges fluids, is 

now a hot topic in soft actuators.112 Different from the electroosmotic 

phenomenon, dielectric fluid is used instead of conductive solutions. The fluid 

flows forward or backward with the changing of the electric field direction. 

Applying a high electric field to the fluid with two electrodes, a powerful flow 

which is called electro conjugated fluid (ECF) is observed between the 

electrodes. A micro-hand with an inflatable chamber fulfilling with air was 

designed based on ECF method.113 A compact (0.066 cm3) ECF flow generator 

which consists of a needle-ring electrodes pair was able to generate a pressure 

of 33.1 kPa applying 6 kV voltage. A multi-DoF bending finger was also driven 

by an ECF flow generator consists of 3 separated electrode pairs.114 Six different 

working functions can be achieved by inflation different chambers. 

Besides ECF, the redistribution of dielectric fluid can be used to deform 
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the chamber directly. By applying 15 kV voltage on the opposite surface of the 

reservoir, the dielectric fluid is pushed to actuate a spiral proboscis actuator in 

2 s. The actuator then took 10s for coiling back after removing the electric 

field.115 An artificial muscle based on the same method was able to lift 20 g  

loads when actuate.116 And an electro-pneumatic pump is designed by Rossiter 

et.al which was able to generate a flow rate of 150 mL/min or a maximum 

pressure of 0.8 kPa.117  

 

By patterning interdigital electrodes on the PDMS layer, a stretchable 

pump with a sandwiched fluid channel is proposed by Shea et al.19 Several 

individual flow generators were connected in series and generated a net flow 

with 6 kV voltage and the flow direction can be reversed by changing the 

voltage polarity. This design can be greatly integrated with FEAs due to the thin, 

Table 2.8 The actuation solutions using dielectric fluids 

Fluid type 
System 

type 

Fabricated 

for FEAs 

(Y/N) 
Fluid 

Max. p 
 (kPa) 

Max. v 

(mL/min) 

Volume 

 (cm3) 

Power 

(W) 

Hydraulic Closed Y112 
Novec 

7000 
1.428  15.876  

 Open N118  11.6 56.4 1871 20 

 Open Y19 

Novec 

7100, 

Fluoriner

t FC-40 

14 6 1.17 0.17 

Pneumatic Closed Y113 Air 33.1 / 0.066  

 Closed Y114 Air 25.12 / 0.454a  

 Open Y116 

Veget

able 

oil 

1.43 1500 217  

 Open Y117 
Silico

ne oil 
2.34 161 35a 0.16 

 Open N119 
PMX-

200 
6 630 364.6a 0.0178 

a estimated from figure and reported parameters 
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light and compact structure. 

Compare with the other method (besides electrical motor) mentioned 

above, dielectric fluid actuation method shows a great capability for FEAs no 

matter packaging into the actuator as a close system or driving external fluid 

into the actuator. It provides a high pressure and noticeable flow rate. The 

problems need to concerns are the leakage of the dielectric fluids and the voltage 

which is potential hazard. 

 

 
Figure 2.7 (a) the schematic of ECF jet,114 (b) stretchable soft pump performs as the power 

supply of the bending actuator,19 and (c) a dielectric fluid driven artificial muscle.116 
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2.1.2.9 Mechanical driven pump 

A special kind of “pumps” uses external mechanical force to drive the 

deformable pump chambers like the washing bulb. Airs are driven into the 

connected actuator chamber due to the compression of the pump chamber and 

released reversely. Kim and Cha proposed a soft origami pump that is controlled 

by the tendon-driven method.120 The origami sidewall of the pump consists of 

a Kapton tape and PP film which is patterned by a laser cutter. The film is then 

rolled to the cylindrical structure (Φ36×40 mm3) and encapsulated with 3D 

printed lids linked with a motor by the tendon. Thus the pump chamber is 

compressed and released when the motor is rotated clockwise or 

counterclockwise. The maximum output pressure of 33.5 kPa is generated when 

the chamber is compressed to 61% of its initial height. The connected bending 

actuator is bent to 107° with the driven pressure. 

 

 
Figure 2.8 Some other actuation function designs: (a) a bending actuator driven by a tendon-

driven origami pump,120 (b) a thermalpneumatic bellow actuator heated by a copper coil based 

on the gas equation,121 (c) a pneumatic peristaltic driven pump,122 and (d) a snap-pump with a 

rotary motor.123 

 

Another design employs a twistable bladder as the pump chamber which 

is proposed by Xiong et al.124 A long-thin rubbery tube is used as the bladder 

that one end of the tube is bonded with a rotary motor and the other side is 
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connected to the actuator. The chamber is compressed during twisting that a 

pressure difference of 110 kPa is generated where the volume change is about 

29 mL. The volume of the pump is 59 cm3 excluding the driving motor. They 

further developed their design to a dual-mode actuation function including the 

displacement compression and twisting compression together. Water is injected 

into the tube to precharge the chamber. This design generated a pressure of 125 

kPa to drive their soft hand with a smaller volume of 50 cm3. 

Compare with the other pump designs, the output of this pump is highly 

dependent on the compression ratio and the fluidic type in the chamber. Larger 

deformation is preferred to generate a higher pressure thus the existed designs 

are modeled in tens of cubic centimeters. Till now no open system designs for 

FEAs have been searched out, they are still available to work as a pump if a 

check valve is introduced. Motor-driven motion provides the potentials to be a 

high flow rate with large pressure output refers to peristaltic pump although this 

method is still primitive. 

2.1.1.10 Thermal driven methods 

There are also a few FEAs driven by thermal methods. According to the 

ideal gas law, the closed actuators would inflate via heating to a higher 

temperature. A thermal pneumatic soft micro bellow actuator is demonstrated 

by Hwang et al.121 A pressure increase of 12.62 kPa in the bellow is measured 

when the chamber is heated to 325 °C. However, this low-efficient and high-

temperature design is greatly unsuitable for further applications. Some materials 

have a deformable response to heat. Super-coiled polymer,125 which is deformed 

and provides a great force when heated, is reported to drive a soft pump with a 

similar mechanism to mechanical-driven designs. The tendon is stretched and 

released to drive a deformation of a bellow chamber. The check valve allows 

generating a unidirectional airflow. The generated flow rate is 55 mL/min and 

the maximum pressure is 2.6 kPa with an actuation period of 10 s. 

The limitation of the thermal driven pump is identical to the actuators, the 
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low rate and high power consumption. Although some applications as an 

artificial heart based on shape memory polymer have been proposed,126 it’s less 

considered in this dissertation. Maybe some materials with higher thermal 

sensitivity can be used to improve the performance. 

 

There are also some other actuation methods which are less focused, such 

as using a pneumatic inflate chamber to compress the hydraulic chamber to 

generate a flow, using optical sensitive material to fabricate a light-driven 

peristaltic pump, or using a rotary motor to deform the pump chamber. Here 

they are not discussed in detail but listed in the table and figure.  

 

2.1.3 Conclusion 

During this doctoral thesis, the work focused on a miniature actuation 

system for soft robotics follows the enlightenment after the literature review. 

When looking into the current state after summarized different actuation 

method, the concept of soft pump is still confusing. On the one hand, the 

electrical power source, the control panels of the FEA actuation system are rigid 

excluding the soft pump body, it’s still far from a concept of “total soft”. On the 

other hand, the performance of the designs still has a big gap in between the soft 

pump and the rigid one. (Figure 2.9(b)) Most of the open designs is insufficient 

for universal FEAs (actuation pressure higher than 20 kPa) but their own-fitted 

FEA as shown in Figure 2.10. Besides, the rigidity may be neglected if the rigid 

system is packaged into a miniature size. So for the FEAs in being, a miniature 

system with high output may be prior instead of the softness. According to the 

reported research, the piezoelectric effect provides a large pressure output 

although the stroke volume is smaller compare to electromagnetic motor 

pumps.127 And it’s noticed that while the coils pack to drive the motors are 

normally highly packaged with great weight, piezoelectric bimorph may 

provide a better output performance when normalized into the same volume. 
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Figure 2.9 Normalized comparison of different actuation methods: (a) normalized by volume 

and (b) normalized by power consumption.  
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Table 2.9 The other actuation functions 

Actuation 

type 

Fluid type System type Fabricated for 

FEAs (Y/N) 

Max.p 

(kPa) 

Max. v 

(mL/min) 

Volume (cm3) Power (W) Specific notes 

Mechanical Pneumatic Closed Y 33.5 / 40.694a 
 

Tendon driven 

origami chamber120 
 

Both Closed Y 110 / 58.985a 
 

Chamber 

twisting124 
 

Pneumatic Closed Y 125 / 50.24a 
 

128 

Thermal Pneumatic Closed Y 12.62 / 0.0264 0.98 Thermalpneumatic121 
 

Pneumatic Open Y 2.63 54 80.4 19.25 Super coiled 

polymer125 
 

Hydraulic Open Y 
 

2 Human heart 2.64 SMA126 

Light Hydraulic Open Y 
 

12nL/s 6.7×10-4 0.16 Optical peristaltic 

pump 

Pneumatic Hydraulic Open N 20.7 2830 242 0.0178 129 
 

Hydraulic Open N 
 

800 187.5 
 

Peristaltic122 

Rotary motor Hydraulic Open N 1.5 565 405 0.81 123 

a volume excluding motor 



 

38 

 

Figure 2.10 The recorded generated pressure by different actuation methods. 

 

2.2 Survey of fabrication processing of micro fluidic 

elastomer actuator 

The quest for the miniaturization of FEAs is always linked to the 

development of manufacturing techniques. Since most actuators are fabricated 

with molding and demolding processes, the critical dimension is highly 

restricted to the resolution of the molds.130 The development of micromachining 

scales down the dimension of the actuators to less than 1mm.131 Further 

miniature actuators are fabricated by introducing micro- and nanofabrication 

technology into this field.132 Additive manufacturing (3D printing) provides a 

mold-free method to fabricate the actuator directly as a bottom-up technique.133 

In this part, the reported manufacturing techniques are divided into three main 

categories as discussed below. 
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2.2.1 3D molding 

The pioneered work using a micromachined mold to fabricate micro FEAs 

was reported by Suzumori et al.130 The scale of the actuators (3 mm long) has 

been minimized to a diameter of 400 μm from 2 mm. The bellow part and plate 

part are molded separately and then bonding via excimer light irradiation. 

However, it is noticed that the common bonding process may lead to weakening 

seams or chamber clogging during fabrication. The bonding-free method is 

proposed to solve the problem.134 The actuator is one-time formed without 

further boding by inserting an inner mold. This process allows an actuator cavity 

with large aspect ratio ups to 200:1.135 However, since the mold is easily broken 

and the actuator may be damaged during the demolding step, the complexity of 

the inner chamber is highly restricted. The simple geometry of the cavity 

determined by a long rod-like inner mold is more preferred for the molding and 

the asymmetry is caused by the eccentric location. By slowly lifting a horizontal 

mold from liquid PDMS with in situ heating, Paek et al achieves a thinnest 

bending actuator with 5-mm long, 185 μm outer diameter, and 107 μm inner 

diameter.136 The sidewall thickness is controlled by the lifting speed to form the 

eccentric structure. The mold is extracted to form the cavity and a sealing part 

is added at one end of the actuator. Vertically dip-coating is also reported to 

fabricate actuator with an aspect ratio of 200:1 and no extra sealing process is 

required. Raynerts’ group focused on the micro-milling process to fabricate the 

molds.137 A 0.5mm-thin aluminum rod with a length of 8 mm is used to fabricate 

bending actuators (Φ1×10 mm3). Modified version introduced 100 μm 

corrugated rod surface by wire electrical discharge grinding to increase the 

bending behavior sensitivity to the applied pressure. And the thinnest rod is 

reported to be 100 μm though it is brittle during demolding.138  

Lost wax casting, an ancient manufacturing technique, is now used as a 

bonding-free method. While harsh terms are required for the extraction of the 

inner mold, the in-situ demolding of the sacrificial part makes it possible to 

define a complex chamber without damage. Wax core is fabricated with 3D 
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printed mold and then packaged with the outer mold.82 Silicone sample is taken 

out and then immersed into hot water to melt the wax. The inflatable cavity is 

formed after the wax flowed out. For miniature fabrication, 3D printed mold is 

used as the sacrificial mold directly since the materials can be dissolved in 

organic solvents.139 A micro three-bellow extensible actuator is fabricated by 

dissolving the mold with acetone.140 The dimension of the actuator is Φ0.9 ×1.2 

mm3 with a sidewall thickness of 250 μm. Another micro FEA (5× 5×27.6 mm3) 

is fabricated with PDMS by Ali et al.141 This symmetric structured actuator is 

bidirectionally bent to ± 30° with 100 kPa applied pressure. A considerable 

problem of the sacrificial mold is the dissolving solution. Although the swelling 

process of silicone-based materials is reversible, the influence on the strength 

is still not clear. 

One of the smallest FEA (4×0.4×0.2 mm3) is fabricated with a technique 

called the “MeME-X process”.142 A 5 μm-thick poly-lactic acid film is coated 

on a bulky paraffin substrate. The process is similar to the nanoimprinting 

process. The mold pressurized the mold at a constant speed and a temperature 

of 55 °C. The membrane is deformed and compressed into the softened paraffin. 

After that, the patterned paraffin is bonded with another flat poly-lactic acid 

film via heat-sealing. 

 

2.2.2 2D molding 

Since the alignment of the molds faces great challenge during the 3D 

molding process, the 2D molding process which divided the actuators into 

several layers along the thickness direction provides a novel method to solve 

the problem. A bonding-free process that embeds a long wire in the middle layer 

is proposed by Ren et al.143 They divided their actuator (600 μm) into 4 layers 

which are sequentially fabricated. The first of PDMS (200 μm) were slowly 

spin-coated in order to get a large thickness. After curing, another very thin 

PDMS layer (20 μm) was coated with a fast spin speed. The curing time was 
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carefully noticed that a nitinol wire was placed on the top surface of the pre-

cured PDMS layer. So after the PDMS was totally cured, the wire was fixed at 

the position. The final step was to coat the last PDMS layer and extracted the 

wire after totally curing. 

 

Soft lithography 

FEAs and microfluidics show great similarities in principles, materials, 

and structures. Thus it’s referable that soft lithography is also greatly suitable 

for manufacturing micro FEAs.144 The channel is encapsulated by two PDMS 

layers that the structured layer fabricated by a replica of lithographic SU-8 

template is bonded to a flat PDMS layer with partially cured PDMS or plasma 

treatment. The difference is that the thickness of the structured layer for FEAs 

is determined while there is no requirement for common microfluidic devices. 

Structured PDMS fabricated by spin coating uncured PDMS on the mold to 

control the features is developed by Konishi et al.7 Several FEAs with different 

dimensions (7×0.8×0.6 mm3 and 3×3×0.1 mm3) are fabricated into grippers for 

lifting delicate objects. The bonding process is achieved by partially curing the 

flat PDMS layer. With an alignment system, multilayered actuators are 

fabricated for twisting motion. Gorissen et al. Two structured actuators with 

slanted balloon arrays are back-to-back bonded together.145 The actuator is able 

to bidirectionally twist with an angle of 70° when applying a pressure of 178 

kPa. The size of the actuator is 17×7×0.65 mm3. While the thickness error may 

occur between batches during spin coating, a more precise process using spacers 

and blockers is provided by Yokota et al. which reaches a dimension of 1.6× 

0.5×0.3 mm3 and the critical size of 58 μm.146 

Compare with the 3D molding process, although the fabrication efficiency 

is low, the 2D molding process is able to fabricate multi-layer complex actuators 

by introducing high accuracy alignment system.147 
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Direct photolithography 

Photolithography technology is believed to be suitable for further 

decreasing dimensions due to the high resolution. However, very few researches 

using photolithography to fabricate FEA directly are reported while 

photolithography shows a great capability of FEAs manufacturing as a key part 

of the soft lithography process. The first recorded FEA fabricated by 

photolithography is proposed by Lu et al.148 They introduced inflatable balloons 

as a half-rigid bendable micro finger. A flexible material parylene is isotopically 

deposited in an etched cave on the top side of the silicon substrate and forms a 

balloon. The substrate is then etched from the back side at the joint to get the 

overhanging beams. The final dimension of the balloon is 540×640 μm. An 

evaluated version 4-finger gripper is latterly fabricated with the same process 

which is able to fully catch a capacitor device at 240 kPa. Gorissen et al. 

fabricated a total soft inflatable actuator by patterning an etchable layer in 

between two PDMS layers.149 The etchable layer is then removed to form a 

cavity after curing the top PDMS layer. And the outer dimension is defined by 

an extra etching process. An actuator with a planar cavity dimension of 5.5×0.5 

mm2 is fabricated through this process which is much larger than the technique 

resolution. 

 

2.2.3 Additive manufacturing 

Since the above-mentioned techniques are puzzled by the complex 

molding and demolding fabrication process, additive manufacturing provides a 

direct molding-free process to fabricate FEAs. In comparison to the 3D printed 

mold, flexible materials are directly used to fabricate the actuator bodies. Micro 

stereolithography (mSLA) is used to fabricate FEAs in millimeters. A two-tip 

microgripper fabricated by Cho et al. is able to catch a 90 μm bead with the 

printed half-bellow actuators.133 Digital light procession (DLP) provides an 

effective 3D printing method to fabricate pneumatic bending actuators with the 
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critical size of hundreds of micrometers.150 Multimaterial 3D printing makes it 

possible to fabricate actuators with high complexity. Although FDM processing 

is also available for FEA fabrication.57 It is not recommended for 

miniaturization because of the technical resolution limit. An embedded 3D 

printing technique forms the voids by injecting evaporable inks into the uncured 

silicone which provides a new manufacturing concept.17 

 

 

Figure 2.11 Examples of micro FEAs (a) micro tentacle fabricated by dip-coating method,136 

(b) microgripper with WEDG modified inner mold,131 (c) soft lithography fabricated bending 

actuator151 and (d) a 3D printed microgripper.150 



 

44 

 

Figure 2.12 Representative micro FEA designs: (a) rod-shaped eccentric bending actuator, (b) 

3 DoF bending actuator, (c) bellow-shaped elongating actuator, (d) planar eccentric bending 

actuator, and (e) 3D corrugated bending actuator. 

 

Table 2.10-1 Fabrication methods and the approached size* 

Category Technique Ref Motion Size(mm) Design 

3D molding Micro 

milling 

134 Bending Φ1(0.5inner

)×10 

Eccentric 

 
Dip-coating 136 Bending Φ0.185(0.1

1)×10 

Eccentric 

 
Micromachi

ning 

152 Bending 3×0.4×0.2 3D 

corrugated 
 

Micromachi

ning 

6 3DoF Bending Φ12×120 Eccentric 

 
MeME-X 142 Bending 4×0.4×0.2 3D 

corrugated 
 

Lost wax 140 Elongation Φ1.8×1.2 Bellow 
 

Lost wax 141 Bending 5×5×27.6 Bi-
direnctional  
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Table 2.10-2 Fabrication methods and the approached size* 

Category Technique Ref Motion Size(mm) Design 
 

WEDG 131 Bending Φ0.8×10 

Inner:Φ0.5/

0.4 

3D 

corrugated 

 
Molding 153 Bending 15×3.5×1 3D 

corrugated 
 

Molding 154 Bending Φ1.06(0.8)

×7.6 

3D 

corrugated 

2D molding Soft 

lithography 

132 Bending arrays 3×3×0.1 Eccentric 

 
Soft 

lithography 

151 Bending arrays 0.56×0.13×

0.9 

Eccentric 

 
Soft 

lithography 

155 Bending arrays 0.4×1.8×0.1 Eccentric 

 
Soft 

lithography 

156 Bending 14×3×0.5 Eccentric 

 
Soft 

lithography 

7 Bending 7×0.8×0.05 Eccentric 

 
Soft 

lithography 

157 Bending 0.56×0.9×0.

2 

Gripper 

 
Pre-cured 

silicone 

with fixed 

wire mold 

158 Bending 3×0.6 

(Φ0.3) ×25 

Eccentric 

 
Micro 

milling 

159 Bending 11×2×0.23 Eccentric 

 
Soft 

lithography 

145 Twisting 11×7×0.65 Two layers 

 
Full 

lithograph

y 

149 Bending 5.5×1×0.05 

(5.25×0.5×

0.01) 

 

 
Full 

lithograph

y 

This 

work 

Bending 2×0.15×0.1

5 

(1.9×0.05×

0.003) 

 

Additive 

manufacturi

ng 

Stereolithog

raphy 

133 Bending 
 

Half-bellow 

 
DLP 150 Bending 5.9×2×2 Pneunet 

*Actuators in similar size with same fabrication methods and authors are not recorded in this 

table 

The bold technique means available as a bonding-free technique 
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Chapter 3 Untethered Actuation of Soft Robotics with 

Miniature Piezoelectric Pump System 

3.1 Introduction 

Soft robotics are attractive in many applications including locomotion,160 

packaging,161 and health wearables.162 Although rigid robots play great roles in 

human life, their rigidity and low adaptability bring a challenge to interaction 

safety and compliance. This necessitates the development of soft robotics which 

are lightweight and flexible.163 Soft actuators, which are key components for 

soft robotics, are capable to achieve bending, extension, rotation, and other 

motions145, 164, 165 with elastic materials166, 167 and predesigned structures.168 

Actuation functions have also attracted noticeable research interests.61 Various 

actuation mechanisms, such as electromagnetism, light, thermal, and fluids, 

have been developed to drive the actuators.45, 169-172 In particular, fluid elastomer 

actuators (FEAs) are one of the most common and effective actuation 

techniques. 

FEAs are driven by the deformation of predesigned fluid chambers 

triggered by pneumatic or hydraulic actuators. With the asymmetric response of 

the embedded chamber during pressurization or evacuation, the demanded 

motions of the FEAs can be realized. Material and structural development has 

been explored extensively in the past decades.173 However, the actuation supply, 

which is also an important part of actuator function, is less studied. Gas cylinder 

with gauges is commonly used as a pneumatic supply.174 Syringe pump is 

another simple supply to drive the actuators.175 But these tethered and large 

supplies are incompatible with the need for light and untethered soft robotics. 

Hydraulic system emerges as a light and portable solution. Moreover, the 

incompressibility of liquid makes it more efficient compared with the 

pneumatic system. Several scale-fitted hydraulic pumps have been reported and 

listed in Chapter 2. A hydraulic impeller pump with a bidirectional flow is 

proposed by Rus group as the power supply of their soft fish.88 Barth and 
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Padovani fabricated a gear pump with large outputs in both flow rate and 

pressure and high bandwidth.89 However, there were few works taking the size 

and power consumption of the pumps into consideration. Shea et al. designed a 

stretchable soft pump with a smaller volume and lower power consumption 

(1.17 cm3 and 0.17 W, respectively) based on electrohydrodynamics. The flow 

rate and pressure output are normalized19 to 5.13 (ml·min-1)/cm3 and 12 kPa/cm3, 

respectively. A 3D printed osmotic pump was also reported that its pressure 

output can reach 200 kPa.94 However, osmotic pumps are normally applied in 

the situations where the flow rate is negligible. Various designs of small-scale 

hydraulic pumps have been proposed as mentioned above. But few of them 

balances the flow rate and pressure output, which are both of paramount 

importance for hydraulic power supplies of FEAs.  

In this chapter, we present a lightweight and high-output piezoelectric 

diaphragm hydraulic pump that can be used in both tethered and untethered 

FEAs. The pump has a flow rate of 28.8 mL/min and can generate a pressure of 

100 kPa with a 2 cm3 total volume, and consumes only 65 mW of power.19 The 

normalized output of this novel pump is 14.4 (ml·min-1)/cm3 and 50 kPa/cm3. 

The liquid flow is controlled by stroke numbers with a time step of 0.04 s. A 

bending actuator is driven by our pump and the performance is investigated 

with a combination of flow rate, volume, and pressure functions. The actuation 

shows good consistency, and the pump provides a possibility for accurately 

controlling FEA actuators even in the absence of a sensor feedback system. 

Finally, a gripper and an inchworm-like device are implemented with our 

compact pumps to demonstrate their convenience and versatility in actuating 

soft robotics. 

 

3.2 Working mechanism of piezoelectric diaphragm 
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pump 

3.2.1 Piezoelectricity 

Piezoelectricity, first demonstrated in 1880 by Pierre Curie and Jacques 

Curie, describes the transition between the mechanical and electrical energy 

which occurs in certain crystalline materials. Electric charge accumulates at the 

opposite edge of the material as a response to the mechanical stress. Reversely, 

applying an electric field along the polarization direction can generate a 

mechanical deformation.  It is now widely used as mechanic sensors, actuators, 

ultrasonic transducers, energy harvesters, etc. 

Piezoelectric materials exist a polarization direction as a vector field of the 

dipoles. (Figure 3.1 (b)) The tension or compression along the polarization 

direction may reconfigure the dipole-inducing surroundings and thus generate 

an electric field. Oppositely, the applied voltage can also redistribute the dipoles 

that generate deformation as the converse piezoelectric effect. Lead zirconate 

titanate (PZT), with the chemical formula of Pb[ZrxTi1-x]O3 (0≤x≤1) and 

tetragonal crystal structure, is here used as the selected material. The lattice of 

the polarized PZT is not a cubic but elongated in one direction.176 So that the 

positive charged Zr/Ti ion shifts from the center position and forms a dipole 

with the negative charged O ion. (Figure 3.1(b)) The external electric field 

drives the opposite motion of the ion pairs and changes the shape of the crystal 

lattice and thus the shape of the bulky materials. In this research, the converse 

effect is used to generate mechanical deformation.  

PZT materials can stack into different structures for multiple applications. 

Here in this research a circular plate bimorph is used (Fig 3.3(b)). The piezo 

material is packaged on a nickel plate which performs as both an electrode and 

the limitation layer. The other electrode is on the top surface of the PZT. The 

occurrence of the horizontal deformation of the PZT is caused by the vertical 

applied voltage. So that the piezoelectric coefficient d31, describing the relation 

between the directional deformation and voltage, is concerned that177: 
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∆𝑙

𝑙
= 𝑑31

𝑈

𝑡
(3.1) 

where Δl/l is the horizontal deformation, U is the vertically applied voltage 

and t is the thickness of the thickness of the PZT layer. The metal plate won’t 

deform with the PZT layer so that it results in a bending along the vertical axis. 

Thus the bimorph can be applied as the diaphragm membrane of the pumps. 

 

Figure 3.1 (a) The mechanism of piezoelectricity,178 (b) Crystal structure of PZT.176 

3.2.2 Piezoelectric diaphragm pump 

A typical diaphragm pump has one chamber and two check valves. The 
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volume (also internal pressure) of the chamber changes with the movement of 

the diaphragms that are actuated by external forces. The operation of a 

diaphragm pump is shown in Figure 3.2(a-b). When the diaphragms are actuated 

away from the chamber, the chamber volume increases, and the internal 

pressure decreases. The inlet valve (check valve 1) is open, and the outlet valve 

(check valve 2) is closed due to the pressure difference, and the fluid can enter 

the chamber from upstream (Figure 3.2(a)). When the diaphragms are actuated 

towards the chamber, the chamber volume decreases, and the internal pressure 

increases. The inlet valve is closed, and the outlet valve is open due to the 

pressure difference, and the fluid can leave the chamber to downstream (Figure 

3.2(b)). This completes one actuation cycle, and the fluid volume being pumped 

is the volume change of the chamber (ΔV). 

 

Figure 3.2 the schematics of the complete operation cycle of a bimorph piezoelectric diaphragm 

pump. The liquid enters the chamber from upstream (a) and the liquid exits the chamber into 

downstream (b). 
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The bimorph piezoelectric diaphragm pump drives a flow through the 

cyclic process 179 as shown in Figure 3.2(a-b). Since the piezoelectric bimorph 

provides a symmetric deformation when driven by a reverse voltage, the 

bidirectional motion of the diaphragm induces periodic volume change of the 

pump chamber when driven by an AC voltage. The chamber is inflated and 

deflated with fluid alternately and a periodic pulsing flow from upstream to 

downstream is generated by the pump. For a double-bimorph piezoelectric 

pump, the equivalent flow rate (ml/s) output is:180 

𝑣 = 4𝜂𝛥𝑉𝑓 (3.2) 

where f is the AC frequency, η is defined as the check efficiency of the 

pump, ΔV is the volume change induced by the diaphragm deformation.  

The piezoelectric bimorph is here employed to generate the diaphragm 

deformation. Here, a circular plate design is used to drive the pump. It is known 

that the volume change ΔV of the pump is an integration of the diaphragm 

displacement that: 

𝛥𝑉 = ∬𝑤(𝑥, 𝑦)𝑑𝑆
𝑆

=  ∫ 𝑤(𝑟)𝑟𝑑𝑟
2𝜋

0

 (3.3) 

Where w(x,y) is the bimorph displacement at the position (x,y) and 

describes as  w(r) in cylindrical coordinate, the origin of the coordinates settles 

at the center of the bimorph. When a voltage of U is applied on the piezoelectric 

bimorph with a radius of R, the displacement can be calculated with: 

𝑤(𝑟) = −
3𝑑31𝑈

𝑡2
𝑅2 (1 −

𝑟2

𝑅2
) = 𝑤0 (1 −

𝑟2

𝑅2
) (3.4) 

t is the thickness of the bimorph and d31 is the piezoelectric coefficient 

(radial strain with longitudinal applied electric field) and w0 is the center 

displacement of bimorph. The negative sign is due to the sign of d31. It is noticed 

that due to the complexity of the bimorph structure (two piezoelectric layers 

with a sandwiched metal plate), a simplified piezoelectric model is here used to 

describe the relation between U and w0. By substituting Eq (3.4) into Eq (3.3), 
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the volume change can be expressed as: 

𝛥𝑉 =
𝜋

2
𝑤0𝑅2 (3.5) 

 And the theoretical flow rate of a double-bimorph pump is: 

𝑣 = 2𝜋𝜂𝑤0𝑅2𝑓 (3.6) 

As mentioned in Eq (3.4), a higher voltage U is preferred to generate a 

higher w0 to maximize the flow rate of a piezoelectric pump. 

 

Figure 3.3 (a) Simplified geometry of piezoelectric morph. O is the circular center of the morph, 

R is the radius; (b) a photograph of the bimorph; (c) Deformation of PZT layers with applying 

voltage: With forward bias V+, the top layer expands and the bottom layer shrinkage; with 

reverse bias V-, the bottom layer expands. 

The check efficiency η (normally < 1) reflects the resistance in the pump 

under real conditions. Besides the flow resistance induced by the tube wall, the 

valve’s response behavior has a non-negligible influence on the flow rate output 

when the valve is opened by the overpressure of the pump chamber. Both the 

valve opening x (frequency depended) and the phase shift φ (the difference 

between the actuator and the valve) exert great influence to the driven harmonic 

oscillation of the valve. Here the phase shift is firstly discussed. 
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Figure 3.4 Unscaled valve behavior with different phase shift φ between the actuator and the 

check valves: (a) φ = 0, η = 1, pump flow reaches the maximum value, (b) φ = π/4, η < 1, reverse 

flow occurs, (c) φ = π/2, η = 0, there is no total flow through the pump, (d) φ = π3/4, η < 0, the 

water flows reversely, (e) φ = π, η = -1, the reverse flow reaches the maximum value. 

Suppose the valves work under a frequency much lower than their natural 

frequency that the valve opening x is regarded as a constant. The efficiency then 

mainly depends on the phase shift. The pump shows three possible working 

states with different relationships of the response displacement between the 

actuator and the valves. (Figure 3.4) If there is no phase shift (φ = 0) between 

these two oscillations, the simultaneous displacement generates a unidirectional 

flow that the water can only be suck into the pump via the inlet and push out 
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through the outlet, the check efficiency has a maximum value. (Figure 3.4(a)) 

When the phase shift increases in the range of 0 - π/2, the delay of the valve 

generates a reverse flow that the total flow volume began to decrease. (Figure 

3.4(b)) The reverse flow keeps increasing that the efficiency η decreases to 0 at 

φ = π/2, where the reverse flow is equal to the forward flow as shown in Figure 

3.4(c). If the phase shift keeps increasing then (> π/2), the total flow of the pump 

would flow reversely. (Figure 3.4(d)) And at the phase shift φ = π shown in 

Figure 3.4 (e), all water flows reversely from the outlet to the inlet. So there is 

a balance between the two parameters, η and f. The efficiency of the pump 

system is negatively related to the driving frequency.  

The opening state x is another key parameter that reflects the flow rate. 

Here the vibration behavior of the check valves can be regarded as a mass-

spring system. Thus the dynamic equation can be written as: 

𝑀�̈� + 𝐶�̇� + 𝑘𝑥 = 𝐹(𝜔𝑡) (3.7) 

The parameters M, x, C, k, and F represent the mass, displacement, 

damping constant, spring constant, and the square wave driving force generated 

by the piezoelectric actuator, respectively. Then the solution of the equation is: 

𝑥 = 𝑥0 ∙ 𝑔(𝜔𝑡 − 𝜑) (3.8) 

Where g(t) is the normal function of the square wave, x0 stands for the 

maximum displacement of the valves that: 

𝑥0 =
𝐹

𝑘

1

√[1 − (
𝜔
𝜔𝑛

)
2

]
2

+ [2𝜉 (
𝜔

𝜔𝑛
)]

2

(3.9)
 

Here ωn is the natural frequency of the valve and ξ is the damping factor 

of the system. So that when ω ≪ ωn, the opening state can be operated as a 

constant for a designed pump.  

In order to simplify the process, here suppose the on/off flow is averaged 

into a constant flow that the valve can be regarded as normally opened. (Figure 
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3.5(a)) The opening state xeff of this valve is related to the maximum value x0 

and reflects the amount of the flow. Then at a static balancing state, the 

displacement x representing the stroke flow can be expressed as:  

𝑘𝑥eff =
𝜋𝑑2(𝑝pump − 𝑝back)

4
  (3.10) 

where ppump is the overpressure induced by the pump deflation, pback is the 

pressure that applied backward, d is the tube diameter of the pump, and k is the 

equivalent spring constant determined by the valve. The pressure ppump is related 

to the compression ratio (ε=ΔV/V0) of the chamber.181 Thus, a higher 

compression ratio ε, larger tube diameter d, and smaller k can maximize the 

flow rate. In addition to flow rate, the pressure output is another important 

requirement for the pump when the pump is used to drive FEAs. A differential 

calculation of Eq (3.10) to pback shows the relation between the valve’s 

displacement and the backpressure: 

𝑑𝑥0

𝑑𝑝
= −

𝜋𝑑2

4 𝑘
 (3.11) 

The flow rate shows a linear relationship with the backpressure while 

𝑑𝑥/𝑑𝑝 is a constant. The compression ratio determines the flow rate when no 

backpressure is applied, and the slope of the v-p curve is not affected. A larger 

tube diameter (d) provides a larger flow rate at zero back pressure, but a faster 

decrease occurs because 𝑑𝑥/𝑑𝑝 is negatively correlated to d2. Since the volume 

change ΔV, the basal area of the chamber (S), and the spring constant k are fixed 

when the bimorphs and the valves are fixed, only the influences of the chamber 

height h = V0/S and the tube diameter d are discussed in this study.  

It is noticed that both η and f show a positive influence on the flow rate 

with a larger value. There is a maximum value of η·f which provides a 

maximum flow rate because of the decrease of η when f increases. So besides 

the design parameters, the driving frequency is also discussed in the result and 

discussion part. 
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Energy efficiency is a key parameter to describe the pump system. The 

process of the bimorph piezoelectric pump is described as transferring external 

electrical energy into fluidic flow energy. There is a lot of energy loss during 

the process which is caused by the flow resistance, vibration damping, self-

heating, and electromechanical transfer loss. Energy efficiency ηpump is used to 

describe the energy transferring ratio of output power (POut, Figure 3.5(d)) and 

input electric power (Ppump, Figure 3.5(d)) of the pump that: 

𝜂pump =
𝑃Out

𝑃pump
=

∫ 𝑝 𝑑𝑣

∫ 𝐼pump 𝑑𝑈pump

 (3.12) 

Electromechanical coupling factor indicates the effectiveness with which 

converts electrical energy into mechanical energy. For the circular bimorph used 

in this study, kp, which is the coupling factor for the electric field in the z-axis 

(parallel to the polarization direction) and planar vibrations perpendicular to the 

polarization, is used to describe the energy transferring efficiency of the 

bimorph. Then the efficiency of the pump can also be calculated by: 

𝜂pump =
1

2
𝑘p · 𝜂mech (3.13) 

Where ηmech addresses the energy loss that during transferring from the 

bimorph generated mechanical energy to the fluids. It includes the energy loss 

during the axial vibration of the bimorph itself and the loss because of the flow 

resistance. The parameter 1/2 is explained that the energy that drives water 

flows into the chamber does not make contributions to the output flow. 

Since the pump is driven and controlled by an external PCB board which 

is powered by a battery, the total energy consumption also includes the 

connection module and power loss of the circuit. Thus for the whole miniature 

piezoelectric pump system, the total efficiency that finally transferred to the 

fluid is (Figure 3.5(b)): 

𝜂total = 𝜂board · 𝑘p · 𝜂mech =
𝑃Out

𝑃total
=

∫ 𝑝 𝑑𝑣

∫ 𝐼total 𝑑𝑈total

(3.14) 
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Figure 3.5 (a) A spring system model of the outlet check valve. Power consumption of the 

system (b) Total power of the actuation system supplied by battery; (c) Power consumed by the 

pump; (d) The final power transferred to the outflow. 

 

Figure 3.6 (a) an exploded view of the piezoelectric pump: a - inlet, b1 & b2 - check valves, c - 

body, d1 & d2 - piezoelectric bimorphs, and e - outlet; (b) a schematic of the check valve; (c) a 

photograph of a fabricated pump assembly; (d) the section scheme of the out port. 
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3.3 Design, Fabrication and Characterization. 

3.3.1 Piezoelectric pump 

3.3.1.1 Design of piezoelectric pump 

The piezoelectric diaphragm pump used in this work is designed to 

optimize its flow rate with a given chamber size. The fabricated pump consists 

of the following parts with an explosive view shown in Figure 3.6(a): two 

circular piezoelectric bimorphs (Pantpiezo Co. Ltd, China), a 3D printed 

chamber as the pump’s main body, two 3D printed fluid ports (inlet and outlet), 

and two rubbery passive check valves. Bimorph is fabricated by bonding two 

0.25 mm-thick PZT layers with a diameter of 17 mm on both sides of a 0.2 mm 

nickel plate whose diameter is 20mm. The outer side of the ceramic layers is 

connected together as one electrode and the nickel plate is the other plate. These 

two active layers have the same polarization direction thus they generate 

contrary deformation (elongation and shrinkage) under an AC electric field as 

shown in Figure 3.3(c). Compare with the unimorph with the same parameter 

but only one active layer, bimorph has two times larger displacement under 

same condition. 

The normal cantilever valves are usually fabricated with metals to allow a 

higher working frequency (because of the high natural frequency) to optimize 

the flowrate although a lower valve opening amplitude caused by the material. 

However, a high-power signal generator is demanded to generate a complete 

signal with both high voltage and frequency. While the signal generators are 

usually large and heavy, PCB allows a compact size but the output power is 

limited. In consideration of both the flowrate and the portability, rubber is here 

selected as the valve material to provide a large opening amplitude. However, 

the lower strength of rubber means a low natural frequency and slow pulling 

back response. In the pre-test, the addition of these two ties increases the 

stretching force compared to the traditional cantilever design without ties. In 

addition, the tilted valve also provides a fast pulling back speed, and thus allows 
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higher actuation frequency without stroke volume losing, compare with the 

valve perpendicular to the flow direction. 

 

 The main body part is composed of an annular chamber structure and two 

ports which are bonded to the inlet and outlet, respectively. The annular 

structure has matched inner and outer diameters with the bimorph thus the 

vibration can be regarded as clamped mode. The height of the chamber is further 

evaluated based on the output performance. The port parts have a tilt angle of 

30°. Complementary designs are used on either the main body part or the inlet 

and outlet parts to differentiate the upstream and downstream. A flat surface is 

employed to avoid reverse flow that the valve is well attached to block the port. 

A 1 mm-deep triangle prism hole structure left a space for the free vibration of 

check valves at downstream ports. The area of the hole is matched with the 

valve and four quadrate pins are designed for alignment. Push-in pins and 

Table 3.1 Piezoelectric pump parameters (unit: mm) 

Bimorph thickness (t) 0.7 (the piezo layer is 2×0.25, and the metal 

layer is 0.2.) 

Bimorph inner radius 8.5 

Bimorph outer radius 10 

Piezoelectric coefficient (d31) ≥ -420×1012 C/N 

Pump’s outer dimension (L×W×H) 40×24×4 

Tube diameters (d) 0.6, 0.8, 1.0 

Chamber heights (h) 1.4, 2.0, 3.6 

Valve’s inner border (L×W) 3.3×2.3 

Valve’s outer border (L×W) 5.3×4.8 

Valve parameter D1 0.9 

Valve parameter R1 0.9 
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sockets at the corners are used to align the inlet and outlet parts during 

packaging. A short cylindrical tube is reserved for further connecting with other 

devices. The shape of the check valve is a combination of a square (width D1) 

and a semicircle (radius R1), and the size of the check valve is larger than the 

cross-sectional area of the pump’s inlet/outlet ports as shown in Figure 3.6(b), 

four holes are used for alignment with the pins on the parts. Two zig-zag tie 

pieces (1.6 mm in length and 0.26 mm in width) are used as tethers to pull the 

valve back during the pumping process. Four alignment holes in the check valve 

are designed to match the pump’s main body for easy assembly. Figure 3.6(d) 

provides the 2D scheme view at the outport that explains how the check valve 

achieves in this design. More detailed parameters of the pump are shown in 

Table 3.1 and the engineering drawing is provided in the appendix. 

 

3.3.1.2 Fabrication process of the piezoelectric pump 

The fabrication process is described as follows: The first step is to design 

the 3D printed parts and check valves with CAD software (SolidWorks, 

Dassault Systèmes, USA). Three separated parts are printed individually 

including the main body, inlet and outlet fluid ports with SLA 3D printer 

(Forms2, Formlab, USA). The upstream port surface (flat surface) is treated 

with abrasive papers in the mesh of 400, 1000, 5000, 7000, and 10000 

sequentially since the 3D printing process leads to a rough surface that may 

cause leakage. The rubbery check valves are cut into designed size and shape 

from a sheet (0.1 mm thickness, Youngs’s modulus: 1.7 MPa) by laser cutting. 

They are then sonicated to remove the residual particles with alcohol before 

packaging. A 0.05 mm-thick PC film employed as the diaphragm is glued on 

the surface of bimorphs which further form the chamber as an electrical 

isolation to prevent direct contact of the bimorph with water and dried overnight. 

White silicone glue (704, Kafuter, China) is used as elastic glue to minimize the 

influence of bimorph vibration. The two rubbery check valves are packaged in 

between the inlet/outlet ports and the chamber by push-in pins and sockets. 
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Then the bimorphs and the 3D printed parts are bonded together with UV 

curable resist. The volume and the weight of the pump are 2 cm3 and 4.2 g, 

respectively. The assembled miniature pump is shown in Figure 3.6(c). 

 

Figure 3.7 Tethered control module via Arduino pad. 

 

3.3.1.3 Design of wireless control board 

A tethered mode of the piezoelectric pump is controlled by an Arduino 

control board. Due to the power limitation (40 mA) of the board, it’s not able to 

drive the pump directly. A power supply is then used to drive the pump and thus 

a solenoid is used to cut off the flow. Figure 3.7 shows the scheme of the circuit. 

Two working states are designed by controlling the actuation time or output 

flow monitored by a flowmeter (LS32-1500, Sensirion, Switzerland). A triode 

IRF540N is used to control the normal-open valve. A 10 kΩ resistance is used 

to protect the circuit. The Arduino code is shown in the appendix. 

For the untethered version, the PCB is custom ordered and fabricated by 

HealTell, China. (Figure 3.9(b)) The control board mainly consists of a 

Bluetooth antenna, a boost circuit, and an MCU. (Figure 3.8) Bluetooth 

connectivity allows the pump to be controlled over more than 10 meters with a 

mobile phone software. Boost circuit is able to generate a higher output voltage 

with a lower input voltage. Here the voltage is increased to 100 V from 3.7 V. 

The MCU is the “brain” of the control board which controls the parameters of 

the output square wave signal after receiving the commands from the software 

via Bluetooth. The LED and button are used to confirm the connection. This 
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control pad is able to generate a square wave (± 100 V) at a frequency range of 

0 - 50 Hz. The interval time and wavenumbers are adjustable on the mobile 

phone APP. (Figure 3.8(a)) The size of the control board is 40 mm by 30 mm 

and is powered by a 3.7 V lithium-ion pouch battery with a capacity of 280 mAh. 

The total weight of the pump plus the controller board is 10.2 g.  

 

 

Figure 3.8 Untethered control module via Bluetooth and Phone APP. 

 

Figure 3.9 (a) Control APP; (b) Control pad; provided by HealTell, China. 

 

3.3.1.4 Characterization of the piezoelectric pump 

a. bimorph displacement 

It is noticed that stroke volume ΔV is proportional to the displacement of 

bimorph. The center displacement is measured with a laser displacement sensor 

(LG-G30, Keyence, Japan). Bimorph vibrates freely on a 3D printed shelf with 
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a hole and locates perpendicularly to the laser beam. The displacement is driven 

by a square wave (50% duty cycle) with different frequencies f from 0-180 Hz 

and applying voltage U from 30 to 100 V. The position of the sensor and sample 

are located with screws on the optical table. (Figure 3.10) 

 

Figure 3.10 Schematic (a) and overview (b) of the bimorph displacement system. The pump is 

fixed on a hollow shelf that allows free vibration. A spacer is used to keep the laser beam 

vertically irradiated to the bimorph while the sensor is settled on the optical table through 

screws. 

 

Figure 3.11 The pump output performance measurement system. The outport of the pump and 

the water level in the tank are leveled to remove the pressure difference. The gauge is used to 

apply backpressure to the container. 
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b. performance of the piezoelectric pump 

In order to characterize the pumping performance of the piezoelectric 

pump. Water is pumped into a collection bottle from a reservoir bottle at 

different frequencies and weighed by a balance. The weights are then converted 

into liquid volumes to calculate the output flow rates of the pump at different 

driving frequencies. The height of the collection bottle and the reservoir bottle 

are carefully leveled to remove any initial hydrostatic pressure difference. Large 

bottles are used to minimize the hydrostatic pressure change due to the change 

in water level during the pumping process. 

The hydraulic pressure inside a FEA changes during operation. Thus, it is 

important to evaluate a pump’s performance under different backpressures. The 

output flow rates of a piezoelectric diaphragm pump are significantly affected 

by the backpressure. A gas cylinder is connected to the reservoir glass bottle to 

adjust the backpressure through a gauge (MFCS™-EZ, Fluigent, France) as 

shown in Figure 3.11. The pump’s output flow rates under various 

backpressures are measured when driven by a ±100 V square wave at a 

frequency of 25 Hz. 

 

Figure 3.12 The power consumption measurement system, switch a & b is separately cut off to 
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measure the total power and the pump consumed power, respectively. The voltage applied on 

the resists is measured. 

 

c. power consumption and output of the piezoelectric pump 

The power consumption of a pump is measured by monitoring the 

actuation current. A small resistance of 91.6 Ω is connected in series to the 

circuit and the voltage on the resistance is measured by an oscilloscope. The 

power consumption of the whole system is monitored by connecting a 

resistance of 1 Ω between the battery and the control board. These two signals 

are separately measured. The measurement setup is shown in Figure 3.12. 

The output pressure is measured by inserting a pressure sensor (MPS, 

Elveflow, France) following the outlet. Because of the thinner tube diameter 

across the sensor compare to the other parts, the flow rate is highly affected. 

Thus, the output pressure and the output flow rate are measured separately. The 

output pressure at different frequencies (0 - 50 Hz) and backpressure (0 - 80 

kPa) are measured when driven by a ± 100 V square wave. 

 

3.3.2 Pneunet Bending Actuators 

3.3.2.1 Design of pneunet bending actuators 

Pneunet bending actuator is a class of soft actuators and numerous 

functions can be achieved with different actuator designs. The design of the 

bending actuators in this work refers to the published design from Whitesides’ 

group in 2014 that can be actuated rapidly. Pnuenet, which is an abbreviation of 

pneumatic-networks, normally consists of an extensible top layer and a flexible 

inextensible layer (with large Young’s modulus). However, the simple pneunet 

design often needs large changes in volume and a lot of energy to achieve full 

bending motion. The lifespan of the pnuenet actuators is further shortened with 

the relaxation of the elastomer materials. A “fast” pneunet is then designed to 
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reduce the charging volume for actuation. Instead of the top surface, the inside 

walls are divided into two thin layers as deformable surfaces. When 

pressurizing the inner chambers, the sidewalls expand and push against their 

neighbors which further induces a large bending of the actuator.   

The pneunet actuator in this part is based on the structure of the “fast” 

pneunet. (Cross-section view in Figure 3.13(a)) Seven separated chambers are 

arranged in a row and connected with a fluidic channel. The chamber is 

designed into a trapezoid shape to ease the demolding process. The thickness of 

the chamber sidewalls is 2 mm and the distance between the two neighbor parts 

is 1.5 mm. The special structure of the leftmost and rightmost sidewalls is 

designed to avoid unnecessary deformation and falling in the locomotion 

demonstration part. Details are listed in Table 3.2. 

The bending motions are mostly induced by inflating the chamber of the 

actuator instead of deflation. Currently, pneunet bending actuators reported in 

the literature are driven by conventional pumps or pressure cylinders whose 

output pressure and flow rate are much larger than the minimum required. The 

influence of the inflation rate of the actuator chamber on the bending motion is 

difficult to characterize and often neglected. For a miniature piezoelectric 

diaphragm pump with limited pressure and flow rate outputs due to its compact 

size, it is important to study the bending motion in detail to optimize the actuator 

performance. 

The state of the chamber inside the actuator is described as a relation of 

the chamber pressure and volume which shows a nonlinear relation due to the 

material property. The inflation of the actuator chamber can be characterized by 

three interacted parameters: the inflation rate v(p), the volume of the fluid V(v, 

t), and the pressure p(V) inside the chamber of the bending actuator. For the 

extra-large pumping systems which are less influenced by the outlet pressure, 

the inflation rate is regarded as a constant. However, for the miniature pump, 

the output flow rate is sensitive to the inner pressure of the actuator. Herein, the 

inflation rate depends on the applied pressure, and the fluid volume inside the 
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chamber can be obtained by an integration of the inflation rate over time. The 

relationship between the internal pressure and the fluid volume in the actuator 

chamber depends on the structure and the material of a specific actuator. 

Therefore, the bending behavior of the pneunet actuator can be predetermined 

through these parameters. In other words, it is possible to accurately control the 

behavior of the bending actuator without sensor feedback. 

Table 3.2 Structural parameters of the pneunet actuator (unit: mm) 

Dimension (L×W×H) 70×20×22× 

Sidewall thickness 2 

l1 5 

d 1.5 

b 20 

s1 3 

s2 2.3 

× the width of the bottom part is 2 mm larger for easy bonding 

 

3.3.2.2 Fabrication of pneunet bending actuator 

The FEA fabrication process is shown in Figure 3.13 (b). The actuator 

consists of a top part and a bottom part, which are replicated from 3D printed 

molds, respectively. For the top deformable part, a two-component commercial 

silicone (Dragon Skin 10-Medium, Smooth-on Inc., USA) is 1:1 mixed and well 

stirred by hand for 2 min. The silicone is then degassed in a vacuum chamber 

for about 5min to remove bubbles. After degassing, the silicone is poured into 

the mold and put into the vacuum chamber for another degassing process. The 

mold is packaged from two separated parts and matched with the slots at the 

corner of the top part. A 1 mm-thick PC plate is then covered on the top side to 

control the top wall thickness and keep the consistency of different batches. The 

bottom part is a sandwich structure that a piece of air-laid paper is embedded in 

the middle of two silicone layers since it is flexible but inextensible. Silicone is 
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firstly poured in a groove and scraped uniformly, then the paper is carefully put 

on the surface and the third layer is then covered with the same method as the 

first layer. All samples are then cured in the oven at 55 °C for 40 min. After that,  

 

Figure 3.13 (a) A schematic of the cross-sectional view of the pneunet actuator. Round corners 

and tapered structures (s1 > s2) are used for easy demolding; (b) a schematic of the fabrication 

process for the pneunet actuator; (c) a photograph of a fabricated pneunet actuator.  

 

they are demolded carefully from the mold and the extra silicone caused by the 

gap is removed with a knife. The top and bottom parts are glued together with 
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Sil-Poxy (Smooth-on Inc., USA) and the surroundings are encapsulated with 

Ecoflex 00-30 (Dragon Skin 10-Medium, Smooth-on Inc., USA) which is 

another silicone with lower viscosity. Two steel tubes with 1.35 mm inner 

diameter and 1.65 mm outer diameter are inserted into the actuator to further 

connect to the other devices. 

 

3.3.2.3 FEM simulation of the actuation process 

Due to the nonlinearity, it’s difficult to theoretically analyze the behavior 

of FEAs. FEM provides an effective way to solve the handling of nonlinear 

puzzles in FEAs. Hyperelastic materials are described to be isotropic, 

incompressible, and ideally elastic (inelastic properties are neglected) in 

common analysis. Here a static FEM simulation of the actuator is done with 

Abaqus CAE package (Daussault Systèmes SE, USA). A 3-order Ogden model 

(μ1 = -1.8261 MPa, α1 = 1.6131; μ2 = -1.1202 MPa, α2 = 2.0184; and μ3 = 0.7951 

MPa, α3 = 0.9386) is used to define the mechanical properties of the silicone of 

Dragon Skin-10 Medium. The elastomer part is defined as a “solid” element 

and the paper layer is defined with a 0.1 mm-thick “shell” with Young’s 

modulus of 6.5 GPa and Poisson’s ratio of 0.2. The whole model is meshed by 

C3D10H elements. The actuator is settled along the gravitational direction and 

the applied pressure on the inner sidewalls is slowly increased to 30 kPa at 0.1 

kPa/step. The bending angle is defined as the crossing angle of the extension 

line of the constraint (Point A) and free edges (Point B). (Figure.3.14 (a)) Since 

the volume of the cavity is hard to read out in the Abaqus software, it was 

calculated by rebuilding the deformed structure into SolidWorks. Then at an 

arbitrary actuated state, the bending angle A, inner chamber pressure p, and the 

chamber volume V are correlated. 
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Figure 3.14 (a) Definition of the bending angle, point A and B settled as the constraint and free 

point, respectively; (b) Experimental setup to measure the actuation process: 1 - reservoir, 2 - 

piezoelectric pump, and 3 - pressure sensor, and (c) The schematic view of the measurement 

setup. 

 

3.3.2.4 Characterization of the bending behaviors of actuators 

The actuation behavior of the pneunet is evaluated with an experimental 

setup shown in Figure 3.14 (b)&(c). A reservoir tank is placed on a scale to 

monitor the amount of water flowing into the chamber (V). The piezoelectric 

diaphragm pump is clamped on the sidewall of the scale and driven by the 

printed circuit board (PCB) circuitry via Bluetooth connectivity. The pneunet 

bending actuator is fixated on a 3D printed rack. The pressure (P) inside the 

pneunet is measured with a pressure sensor (MPS, Elveflow, France) whose one 

side is connected to the outport of the actuator. The other port of the sensor is 
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connected to the tank and clamped during the measuring process. The clamp is 

released to drive the water flow back to the tank from the actuator between two 

measurements. All components are connected by silicone tubes with 1 mm inner 

diameter. The inlet of the pneunet bending actuator and the water level of the 

reservoir are leveled at the same height to balance the hydrostatic pressure. A 

white paper ruled with 1 cm2 squares is placed behind the rack for marking the 

displacement of the pneunet bending actuator. A camera is settled vertically in 

front of the system. 

 

3.4 Result and discussions 

3.4.1 Bimorph displacement 

To get a better understanding of the piezoelectric pump, it is important to 

measure the displacement of the piezoelectric bimorph. Also to get a suitable 

autonomous control design of the wireless control board, the driving 

requirement of bimorph should be discussed. As mentioned in the theoretical 

part, the displacement of bimorph w(x) is related to the applied voltage (Eq 3.4) 

Here the center displacement w0 versus different applied DC voltage is plotted 

in Figure 3.15 (a). Larger w0 is generated with higher applied voltage due to the 

deformation of piezoelectric ceramics. The displacement w0 is only 4.1 μm 

when 30 V voltage is applied. It is then linearly increased (R2
 = 0.99176) to 

approximately 20 μm when increasing the voltage to 100 V. So it is preferred to 

apply higher voltage on the bimorph. Here 100 V is selected due to the 

maximum loading of the bimorph. Another parameter of bimorph that 

determines the displacement is the driving frequency. With operation frequency 

well lower than the resonant frequency (commonly several kHz) of bimorph, w0 

can be considered as constant. However, in this experiment, it decreased rapidly 

when the frequency is larger than 60 Hz. (Figure 3.15(b)) This phenomenon is 

caused by the limited boosted circuit power (charging time is needed). Bimorph 

performs as a capacitance load device in the circuit. With driving frequency  
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Figure 3.15 Center displacement of the bimorph with (a) applying DC voltage from 30 V to 

100 V; (b) AC frequency from 1 Hz to 180 Hz with 50% duty cycle. 

increases, the hysteretic charging curve is not able to provide the demanded 

square wave. Thus w0 decreases rapidly due to the reduction of voltage as 

figured in Figure 3.15 (a). From another point of view, it takes a noticeable 
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response time for machinery deformation of bimorph. Figure 3.16 provides the 

bimorph position change during one actuation period at 1 Hz. It is shown that 

at low driving frequency, the position of the bimorph changes quickly as a 

response to voltage change. Less change of position is shown after the rising or 

falling edge. Both these two response processes take about 8 ms. So when the 

actuation time enough for the rising and falling edge (larger than 16 ms), the  

 

Figure 3.16 The position of the bimorph center under the actuation condition of 100 V and 1 

Hz in 1 period (50% duty cycle). The rising edge and falling edge are indicated. 

 

bimorph is fully deformed that the position keeps constant. Otherwise, the 

displacement decreases rapidly when the frequency is larger than 62.5 Hz 

(1000/16) that the rising and falling processes cannot be finished during 1 

period. And the balance position shifts from the initial position. Herein, the 

requirement of PCB is to generate a ± 100V square wave lower than 60 Hz. 

Another thing that, the experiment using square wave and sine wave signal 

drives same displacement of bimorph. In consideration of the PCB design, 

square wave is easier to be achieved. And it generates a sudden deformation 



 

74 

while sine wave is gentler with a lower deformation speed. Square wave is 

selected as the signal type. Meanwhile, the deflation and inflation of the pump 

shows same behavior but at different ports. The duty cycle must be 50%. 

 

3.4.2 Performance of the piezoelectric pump 

3.4.2.1 Flow rate output 

Piezoelectric diaphragm pumps of various sizes are fabricated, and their 

characterizations are summarized in Figure 3.17. The flow rates (v, solid line) 

and the stroke volume (vs, dotted line) of different pumps are measured. The 

stroke volume decreases when the chamber height is increased from 1.4 mm to 

3.6 mm, and the drop is more pronounced at frequencies higher than 25 Hz 

(Figure 3.17(a)). The motion of the check valve is not able to catch up with the 

electric signal when the driving frequency is higher than 20 Hz due to the slow 

response time of the check valve. A reverse flow is generated due to the normal 

open state of the valve. Therefore, the stroke volume decreases significantly 

with the increase of driving frequency. When the pump is driven at a frequency 

lower than 20 Hz, the stroke volume of the pumps with different chamber 

heights are nearly the same (0.02 mL), the difference is mostly due to the 

packaging error and dead volume. The overlapping at low frequencies can be 

understood as that all the pumps were powerful enough to fully pump the water 

and the working time was long enough for the valve to complete the open-close 

step. Thus ΔV instead of the frequency is the determinant parameter for stroke 

volume. Because of the constant stroke volume, the flow rate linearly increases 

when the driving frequency increases from 0 to 20 Hz. Since the motion of the 

valve is complete, η is only determined by flow resistance. When the driving 

frequency increases, η is also influenced by the valve’s response time and 

becomes smaller. In consequence, the flow rate peak occurs at a frequency 

around 25 - 33 Hz where η·f reaches the maximum value.  

When the valve’s displacement getting larger with the increase of d, the 
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flow resistance also decreases (Figure 3.17(c)). Thus, the pump with a bigger d 

can generate a larger stroke flow. Pump with 1 mm tube diameter provided the 

largest stroke volume as compared with the other two pumps (d = 0.6 and 0.8 

mm). The influence of frequency is the same as the chamber height’s pair. And 

the maximum flow rate occurs at 33 Hz where the pump with a 1 mm diameter 

has a 1.5 times larger flow rate (0.53 ml/s) than the 0.8 mm diameter pump (0.35 

ml/s). 

Unfortunately, the displacement of bimorph at high frequency is highly 

disturbed due to the insufficient voltage, the zero-flow point that φ = π/2 and η 

= 0 is hard to distinguish. The reverse flow is visible when the driving frequency 

is higher than 1700 Hz. 

 

3.4.2.2 Pressure output 

According to the flow rate peak, the driving frequency of 25 Hz is selected 

to evaluate the influence of backpressure. Figure 3.16 (b & d) shows the pumps’ 

flow rates under different backpressure loading. The flow rate decreases 

approximately linearly with the increase of backpressure. The data in Figure  

are then linearly fitted, and the slopes are noted in the legend. For pumps with 

different chamber heights (h=1.4 mm, 2.0 mm, 3.6 mm), the slopes are nearly 

the same (from -0.00451 to -0.00427 (mL·s-1)/kPa), which indicates that the 

chamber height has minimal impact on the drop rate of a pump’s flow rate with 

the increase of backpressure (Figure 3.17(b)). It can also be seen in Figure 

3.17(b) that the flow rate of the pump decreases when the chamber height of the 

pump increases under all backpressures, the pump with 1.4 mm chamber height 

sustains higher back pressure because of the largest flow rate at the initial state 

of 0 kPa. For the pump with 1.4 mm chamber height but different tube diameters, 

the maximum pressure output is estimated with the slope. It is shown that the 

pump with a tube diameter of 0.6 mm has the smallest flow rate (Figure 3.17(d)), 

but it has the slowest drop rate of the pump’s flow rate against the backpressure 
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(-0.00296 (mL·s-1)/kPa). The maximum pressure of it is thus calculated to be 

116 kPa which is 9 kPa larger than the pump with the 1 mm tube diameter (107 

kPa). 
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Figure 3.17 The flowrate outputs (solid line) and stroke volume (dotted line) of the pumps with 

different chamber heights and tube diameters as a function of the pulse frequencies of the 

driving voltages are shown in (a) and (b), respectively. The flowrate outputs of the pumps with 

different chamber heights and tube diameters as a function of back pressures are shown in (c) 

and (d), respectively. 

 

3.4.2.3 Extended pump design 

Based on the results, a pump with a smaller chamber height and larger tube 
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diameter is preferred to get a better output of both flow rate and pressure. An 

optimized pump version is latterly designed which is distinguished from the 

designs above. Due to the limitation of the 3D printer, the chamber height 

cannot further scale down that a minimum body thickness of 200 μm is required. 

The minimum chamber height is 1.4 mm since the tube diameter is 1 mm in the 

previous research. Here this problem is overcome by inserting a filler into the 

chamber. The flow is divided into two chambers in parallel after sucking into 

the pump. Although higher flow resistance due to the extra channels and corners 

is introduced into the design, the compression ratio is two times (0.3 mm height 

of each chamber) larger than the previous design. So the flow rate is greatly 

increased compared with the former design. A maximum flow rate of 0.772 

mL/s occurs at the driven frequency of 25 Hz. (Figure 3.18) 

The pump using larger bimorph is also demonstrated. Here a bimorph with 

a larger diameter of 30 mm is used in the pump. The circle structure in the main 

body part is also proportionally enlarged to match the bimorph while the other 

parts are not changed. The packaging process is the same as the small pump. 

Since the center displacement of the larger bimorph at 100 V is approximately 

55 μm and the basal volume (990 mm3) is nearly 4 times larger than the small 

pump (318 mm3), the compression ratio of the pump is 2 times larger than the 

smaller one. The flow rate of the larger pump is shown in Figure 3.19, at a very 

low driven frequency, the stroke volume is ~ 6 times larger than the smaller 

pump which the difference is the same as the volume change. The stroke volume 

drops observably when increasing the driving frequency. Bimorph with the 

same thickness but a larger diameter has a lower frequency and response speed. 

Besides, the capacitance device requires a longer charging time because of the 

larger diameter. As a result, the flow rate drops quickly when the frequency is 

higher than 10 Hz. It is noticed that the maximum flow rate of 0.41 mL/s is less 

than the small pump because of the frequency. And another parameter in 

consideration is the volume of the pump. The volume of the larger pump is ~ 4 

cm3 which means a two times higher flow rate is required to have the same 

normalized performance ((mL·s-1)/cm3) compare with the smaller one. So the 
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larger pump attains fewer interests for further development. 

 

Figure 3.18 (a) The flow rate outputs (solid line) and stroke volume (dotted line) of the pump 

with a chamber height of 0.3 mm (black line) and 1.4 mm (red line) a function of the pulse 

frequencies of the driving voltages. (b)  The flow rate of the pump as a function of loaded 

pressure. 
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Figure 3.19 (a) The flow rate and (b) stroke volume of the pump with different bimorph 

diameters. red line: 30 mm, black line: 17 mm (original version). 

 

3.4.3 Power and efficiency of the piezoelectric pump 

The power consumption is calculated as an integration of the actuation 
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current to actuation voltage in the system. (Figure 3.20) For the power 

consumption Ppump of the piezoelectric pump, the maximum value of the pulse 

voltage on the resistance (91.6 Ω) is measured to be less than 3 V. (Figure 

3.21(a)) Since the voltage is much smaller than the actuation voltage (100 V), 

the influence of the extra resistance on power consumption can be neglected. 

The current through the circuit is that I=U/R. Thus Ppump is calculated with the 

following equation:  

𝑃pump =
𝐸pulse

𝑡pulse
= 2𝑓 ∫ 𝑃pulse𝑑𝑡 = 2𝑓𝑈pump ∫ 𝐼pump𝑑𝑡 (3.15) 

Where f is the driving frequency, Epulse is the consumed energy during 1 

pulsing time, tpulse is the pulsing time (half of the period time), Upump is the 

actuation voltage, Ipump is the circuit current and the parameter is added because 

of an opposite applied voltage in the other half period. Since the driving 

function is set to be ± 100 V (25 Hz, 50% duty cycle), the power consumption 

of a pump is approximately 65 mW at a driving frequency of 25 Hz. Compared 

with other hydraulic pumps whose driving power is normally in the range of 

0.17 - 400 W,89 piezoelectric pumps have a much lower power consumption due 

to its nature of voltage actuation of piezoelectric membranes. The low power 

consumption is attractive, particularly for the untethered actuation of soft 

robotics with FEA actuators. 

The total input power through into the PCB is supplied with a 3.7 V Li-ion 

battery. A periodic DC circuit current is measured with a maximum value of 100 

mA at actuation state and 5 mA at standby state when only Bluetooth and LED 

are under working state. Thus, the total power consumption of the system is 

105.1 mW which is calculated with the same method. The battery of 280 mAh 

is able to support 160 min continuous working at 25 Hz. 

The output power of a pump is defined as the power delivered to the fluid. 

It can be calculated with the following equation 
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𝑃𝑜𝑢𝑡 = ∫ 𝑝𝑑𝑉 = ∫ 𝑝𝑑𝑡
𝑑𝑉

𝑑𝑡
≈ �̅� ∫ 𝑝𝑑𝑡 (3.16) 

Here an average value of flow rate is used to calculate the output power 

and the pressure is measured with the equipment in Figure 3.22. Backpressure 

is supplied and controlled by connecting the external bottle to a gauge. Although 

it causes an error (smaller) of power compare with the real state as a pulsing 

flow, it is limited by the measurement equipment response speed. The flow rate 

and power versus backpressure are shown in Figure 3.21(b). Since the flow rate 

linearly decreases with backpressure, the maximum Pout of 15.17 mW occurs at 

the backpressure of 50 kPa. The transient pressure during the pumping is shown 

in Figure 3.21(c) 

There is a lot of energy loss during the pumping process including the 

electric-mechanic transfer loss, energy overcoming flow resistance, and the 

suck-in process which is not considered as output. The efficiency of the pump 

is then calculated as: 

𝜂pump =
𝑃out

𝑃pump
= 23.3% (3.17) 

which occurs at the pumping process under 50 kPa backpressure. 

Bluetooth connection and the boosting circuit takes extra power consumption 

besides the power transferred to the pump, the efficiency through the board is  

𝜂board =
𝑃pump

𝑃total
=

63.5 𝑚𝑊

105.1 𝑚𝑊
= 62.56% (3.18) 

Since the energy transfer efficiency kp of the commercial bimorph is 0.75, 

the maximum efficiency applied to the flow at 50 kPa: 

𝜂mech =
2𝜂pump

𝑘p
= 62.1% (3.19) 

Thus the total efficiency of the system is calculated to be: 
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𝜂total = 𝜂board · 𝜂pump = 𝜂board ·
1

2
· 𝜂mech · 𝑘p =

𝑃out

𝑃total
= 14.95% (3.20) 

 

Figure 3.20 Power consumption and efficiency of the system: (a) the total power supplied by 

the Li-ion battery is 101.5 mW; (b) the efficiency of the control board is 62.56%, and the power 

transferred to the pump is 63.5 mW, (c) the energy transfer efficiency of the bimorph is 0.75 

and (d) the mechanism efficiency in between the bimorph deformation and generated flow is 

31.05% and the maximum final output power is 15.17 mW under 50 kPa backpressure. 

3.4.4 The valve behavior at 25 Hz  

The behavior of the pumping flow is also analyzed based on the 

observation and the pressure change at the outlet. Ideally, the outflow only 

occurs during the pumping out process and the inflow is only measured when 

the chamber is depressurized. However, due to the low critical opening pressure 

and high driving force of the bimorph, there is little flow generated at the 

opposite process. Because of the sampling rate limit of the flow sensor, the 

pressure after the outlet is measured to discuss the valve state at the outlet. A 

two-port pressure sensor is connected to the flow measuring system next to the 

pump to minimize the pressure change caused by the tube as shown in Figure 

3.22(a). The sign of the pressure sensor thus indicates the state at the outport. 

The positive sign means the pressure in the system is higher than the ambient. 

And the negative sign explains as a reverse flow or the valve moving towards 

the pump body.  
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Figure 3.21 (a) the current during the pumping process with 100 V applied voltage and 25 Hz 
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frequency (50% cycle duty) measured by inserting a resistance into the circuit, the sub-image 

shows the measured voltage on the resistance; (b) the output flow power under different 

pressure loading; (c) the pressure change at the out port under 50 kPa pressure. 

 

 

Figure 3.22 (a) Flow behavior measurement equipment setup, a two-port pressure sensor is 

connected in the system next to the pump outlet; (b) the balance state shifted from the normal 

position at high frequency.  

Figure 3.23(a) plots the pressure change of the pumping process with 

different frequencies of 2 and 10 Hz in 4 s. A high-pressure pulse of 35 kPa is 

generated by the powerful flow when the bimorphs deflate the chamber. A 

damping negative peak occurs due to the vibration of the valve. During the 

suck-in process, the large momentum of the inflow drives the water pushes open 

the outlet check valve after flows into the chamber. So a little water flow is 

leaked which provides a positive pressure of 10 kPa after a 0.01 s delay to flow 

through the chamber. The first peak of inflation is a little smaller than the latter 

peak, this is because the first deformation of bimorph is from 0 to w0 instead of 

the position of -w0. Less water is driven into the chamber with smaller 

displacement. And it is clear that for both the pumping processes at 2 Hz and 

10 Hz, the only difference between them is the interval time. Here an 

assumption that the total pressure wave is a superposition of the deflation signal 

and inflation signal at the outlet. Thus the inflation and deflation pulses are 

separated from the curve of 2 Hz as two separated peaks (Figure 3.23(b)) and 

then added together with different driven frequencies as shown in Figure 3.23 

(c). Figure 3.23 (d), and (e) show the good match of the calculated curve and 
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experimental curve at 12.5 Hz and 16.7 Hz. It is noticed that these two peaks 

begin to be overlapped at the frequency of 16.7 Hz. However, in Figure 3.23 (f) 

the calculation result of the peak at 25 Hz is not matched with the experimental 

data that the negative area is missing. This is because the balance position of 

the check valve is changed at a high frequency. (Figure 3.22 (b)) A larger 

negative pressure is generated due to the reverse flow and valve vibration. In 

order to analyze the pumping flow at 25 Hz including the negative region 

(Figure 3.24 (b)), pressure curves of different actuation times here are measured. 

(Figure 3.24 c-e and Table 3.3) The inflation and deflation pulse at 25 Hz are 

calculated by subtracting the 250ms deflation or inflation pulse (extracted from 

curve 4) from curve 2 and curve 3, respectively. Then the supposition of the 

curve is calculated and then compared with curve 1 (experimental pumping 

flow at 25 Hz). The good matching of these two curves proves that the signal is 

an overlapped curve of two periodic pulsing flows generated by the deflation 

(larger one) and inflation (smaller one). An equation is used to describe the 

relation: 

𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑑𝑒𝑓𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑝𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 (3.21) 

𝑝𝑑𝑒𝑓𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐺1 ∙ 𝑞1(𝜔(𝑡 − 𝑡0)), 𝑞1(𝑡) ≠ 0 𝑤ℎ𝑒𝑛 𝑛𝑇 < 𝑡 − 𝑡0 < 𝑛𝑇 + 𝑇1 (3.22) 

𝑝𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐺2 ∙ 𝑞2(𝜔(𝑡 − 𝑡0)),

𝑞2(𝑡) ≠ 0 𝑤ℎ𝑒𝑛 𝑛𝑇 < 𝑡 − 𝑡0 − 0.01 < 𝑛𝑇 + 𝑇2 (3.23)
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Figure 3.23 (a) the pressure pulse at the outport of the flows with different actuation frequencies. 

The deflation and inflation of the pump chamber induced flow peak is noted with arrows; (b) 

The deflation and inflation pulses are extracted separately from 2 Hz data for further analysis; 

(c) Using the pulse wave to calculate the pressure behavior at 12.5 Hz, the deflation (blue dotted 

line) and inflation (red dashed line) pulse is transferred into a periodic wave and then added 

together (black solid line); a comparison between the calculated curve and measured curve at 

(d) 12.5 Hz, (e) 16.7 Hz, the wave began to be overlapped and (f) 25 Hz, the measured negative 

pressure area is missing in the calculated 25 Hz pressure wave.  
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Figure 3.24 The outport pressure signal at 25 Hz. (a) The pressure pulse excluding negative 

pressure, (b) including negative pressure, (c) the pulse of a wave with 20 ms deflation time and 

250 ms inflation time, (d) the pulse of a wave with 250 ms deflation time and 20 ms inflation 

time, (e) the pulse of a wave with 250 ms deflation time (red pulse) and 250 ms inflation time 

(blue pulse), (f) the comparison between the measured and calculated curve. 
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Where p represents the flow rate across the outlet, G is the maximum 

pressure he actuation period, q1, q2 are the pulse function of deflation and 

inflation as the followed description, respectively. T1 and T2 are the pulsing time 

and t0 is the response delay between the actuator and the valve. It takes a little 

more time to flow through the pump chamber so that the flow generated by the 

inflation process shows another delay of 10 ms.  

The working state at the outlet of this piezoelectric pump is concluded as 

a two-punching step: The deflation process drives a stronger punching that 

generates a larger flow. The inflation of the chamber drives the water flow into 

the pump with large momentum. Although the check valve at the outlet blocks 

the reverse flow during inflation, it was pushed open by the injected flow. An 

outflow is thus flowed out. At low frequency, these two flows are separated 

pumped out. When the driving frequency getting higher, they are coupled 

together into one pulse peak and a constant flow. 

The flow across the inlet shows symmetry to the flow behavior at the outlet. 

Figure 3.25(a) provides the pressure change at the inlet when working under 2 

Hz, the negative pressure means the water flows into the chamber. A small 

negative peak occurs during the deflation process. Due to the powerful 

punching of the deflation, the volume of water that pumps out from the chamber 

Table 3.3 Actuation curves with different IT and DT time. 

Curve Inflation time (IT) Deflation time (DT) 

1 20 ms 20 ms 

2 250 ms 20 ms 

3 20 ms 250 ms 

4 250 ms 250 ms 

20ms DT pulse = Curve 2 – 250ms IT; 

20 IT pulse = Curve 3 – 250ms DT 
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exceeds the volume change of the bimorph. So a certain amount of water flows 

into the chamber through the inlet to make up the volume loss.  

The related parameters are normalized (The maximum absolute value is 

normalized to 1) for a description of the actuation process as shown in Figure 

3.25(b). The shifted balanced position of the outport pressure is at around 0.385 

caused by the delay. And the phase shift φ is thus calculated to be: 

𝜑 = 𝜋 ∗
𝑑𝑒𝑙𝑎𝑦𝑒𝑑 𝑡𝑖𝑚𝑒

ℎ𝑎𝑙𝑓 𝑝𝑒𝑟𝑖𝑜𝑑
=

𝜋

20
(3.24) 

 

Figure 3.25 (a) the pressure change near the inlet at the frequency of 2 Hz, (b) Normalized 

parameters during the pump actuation process at 25 Hz including applied voltage (blue dotted 

line), current (green dotted line), displacement of bimorph (black line) and the pressure change 

at the outport (red line). 
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3.4.5 Driving pneunet actuators with piezoelectric pumps 

Since the pump output performance is disturbed by the manual install error 

between batches and the dead volume change after a time interval, the output 

behavior of the selected pump (d =1 mm, h = 1.4 mm, f = 25 Hz) is measured 

just before packaging into the measurement system. The flow rate v(p) 

generated by our pump has a linear relation (R2 = 0.99797) to the backpressure 

as obtained from the characterization of the pump in Figure 3.26: 

𝑣(𝑝) = −0.00417𝑝 + 0.4801 (3.25) 

The cavity volume is obtained by integrating the flow rate over time: 

𝑉(𝑣, 𝑡) = ∫ 𝑣𝑑𝑡 = ∑ ∆𝑡𝑣s

𝑛

1

= ∑ 0.04𝑣s, ∆𝑡 =
1

𝑓
 ;

𝑛

1

(3.26) 

where n is the number of actuation strokes, vs is the average flow rate in 

one stroke, Δt is the stroke duration, which is 0.04 sec for 25 Hz actuation 

frequency. 

 

Figure 3.26 Measured flowrate outputs of the piezoelectric pump at different back pressures. 
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The chamber pressure is fitted from the simulated pressure-volume curve 

using a 3-order polynomial function with a high coefficient of determination 

(R2 = 0.99917) for a fluid volume in the range of 0 – 9 mL: 

𝑝(𝑉) = −0.013691𝑉3 + 0.012469𝑉2 + 3.777689𝑉 − 0.357498 (3.27) 

The simulated and measured chamber pressure vs. fluid volume (p - V) 

relations of the actuators are shown in Figure 3.27(a). With the actuation starting 

from n = 1, the chamber pressure and the fluid volume can be calculated at any 

time of t = 0.04 n. The measured curve for an actuation time of 25 s (from n = 

1 to n = 625) is calculated from Eqns. 3.26 and 3.27. The slight deviation of the 

experimental p - V curve from the simulation result is mainly caused by the 

deformation of the silicone tubes connecting the bending actuator to the 

piezoelectric pump and the pressure sensors. The deformation of the tube results 

in an extra volume to be pressurized in addition to the bending actuator and the 

tubes. 

3.4.5.1 Bending behavior of the actuator 

The bending angle of the pneunet actuator as a function of the chamber 

pressure is experimentally obtained and compared with the prediction from the  

FEM simulation. The bending angle vs. chamber pressure curve matches well 

with the simulation result. The nonlinearity is caused by both the hyperelastic 

properties of the actuator material (silicone) and the fact that the flow rate 

decreases with the increasing pressure loading.  

To evaluate the dynamic response of the pneunet actuator driven by our 

compact pump, the pressure inside the actuator chamber with time is plotted in 

Figure 3.27(c). The actuator is driven with different actuation strokes (n = 125, 

250, 375, 500, 625 in Fig 3.27 (c)), which corresponds to a total actuation time 

of 5, 10, 15, 20, and 25 seconds, respectively, to test the repeatability of the 

pump’s pressure output (blue points). The chamber pressure is completely 

released before another actuation cycle. The well-matched data points in Figure 

3.27(c) show a good consistency of the pumping performance. Thus, it is 
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possible to directly control the chamber pressure by the actuation time. This 

feature eliminates the need for sensor feedback and can greatly simplify the 

controlling of the pneunet bending actuator in practical applications. Finally, 

the bending angles of the pneunet actuator vs actuation times from both 

experiment and simulation results are shown in Figure 3.27(d). The smaller 

bending angle in experimental results may be due to the non-negligible gravity 

force that pulls down the curved part of the bending actuator in our experimental 

setup (Figure 3.28). Bending angles as large as 170o can be achieved in 25 

seconds. In practical applications, the dynamic response can be further 

increased using a smaller pneunet actuator or a pump with a larger flow rate and 

pressure outputs. 

 

Figure 3.27 (a) The relation between the chamber pressure and the fluid volume in the pneunet 

actuator; (b) the bending angles of the actuator tip at different chamber pressures; (c) the 

chamber pressure at different actuation times; (d) the bending angles of the actuator tip at 

different actuation times. 
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Figure 3.28 The simulations (a) and the experimental characterizations (b) of the bending 

behavior of the pneunet actuator at different actuation times. 

 

3.4.5.2 Energy analysis 

In order to analyze the kinetic energy change and prove the universality of 

our pump designs, the p-V curve of the actuators fabricated by Whitesides’ 

group is extracted and processed for comparison. The volume corresponded 

energy (∫ 𝑝 · 𝑑𝑉) and elastance (𝑑𝑝/𝑑𝑉) are also evaluated in Figure 3.29. The 

elastance describes the difficulty to inflate the actuator which is calculated by 

the differential of pressure to volume. A failing part of the curve at initial 

volume is explained that the actuator is straightened when a tiny amount of 

water is injected. 

The curve is then increased when the chamber is continuously inflated by 

water. The pressure applied to the chamber wall drives the deformation. The 

curve is then slowly dropped off to a constant after reaching a peak. This 

phenomenon accords to the nonlinearly stress-strain curve of hyperelastic 

material. Thus the slope of the p - V curve slows down. The energy consumes 

to inflate the actuator is calculated with the integration of pressure to the 

corresponding volume.  
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Figure 3.29 Three different pneunet actuators (a1 is our own design,(a2) and (a3) are from 182) 

and their (b) pressure to volume curve, (c) energy to volume curve, and (d) elastance curve. 

A nonlinear curve shows that the Energy - V curve increases faster when 

more volume is pumped into the chamber. Then a 3-order polynomial fitting 

method is used to fit the literature p - V curve and the data is processed as our 

design. Both of their designs take about 15 s to be fully actuated since different 

volume is required although the Elastosil fabricated actuator required higher 

pressure. The dynamic power during the process is shown in Figure 3.30.  All 

of the three curves reach a nearly constant value at the later pumping time. 

However, the lower two curves are because of the nearly constant chamber 

pressure, the upper one is a coincidence that our pump shows a similar power 

at the pressure range of 40 - 60 kPa. The volume and energy change during the 

inflation of the actuators are also provided. (Figure 3.30 (b-c)) 
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Figure 3.30 The time-related (a) pressure, (b) volume, (c) energy, and (d) power curve of the 

three actuators. 

 

3.5 Untethered Soft Robotic Actuation Based on 

Wireless Miniature Pumps  

3.5.1 A wireless soft gripper driven by the piezoelectric 

pump system 

Compact piezoelectric pump systems with wireless connectivity are 

particularly attractive for soft robotics because they are energy-efficient, 

lightweight, and easy-to-use. To demonstrate the pump’s capability in 

untethered actuation, we implement a wireless soft gripper by integrating three 

pumps and three pneunet bending actuators, as shown in Figure 3.31. The three-

fingered soft gripper consists of three actuators separated with an angle of 120°. 

Each pneunet bending actuator is connected to a piezoelectric pump and 
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controlled by a PCB. A solenoid valve controlled by another wireless PCB is 

used to release the water in the actuator chamber back to the reservoir bottle to 

restore the bending actuator into its original (unpressurized) state. All parts 

shown in Figure 3.31(a) are packaged into a 3D printed box (Figure 3.31(b1)), 

including two PCBs, three pumps, three bending actuators, two pouch batteries, 

and one reservoir bottle. The gripper can successfully lift and transfer a 285 g 

apple (Figure 3.31(b). The pumps begin to actuate the pneunet benders when 

the gripper touches the apple (Figure 3.31(b2)), and the apple is transported to 

its destination by the soft gripper (Figure 3.31(b3)). Actuation is stopped and the 

valve is opened to release the gripper when the transfer is completed (Figure 

3.31(b4)).  

 

Figure 3.31 A wireless soft gripper simultaneously actuated by three piezoelectric pumps. (a) 

Parts inside the gripper control box (from left to right): two lithium-ion pouch batteries, one 

solenoid valve (top) and one pump (bottom) control board, three pumps, three solenoid valves, 

and a bottle as the reservoir. (b) Demonstration of grabbing and transporting an apple from right 

to left using the wireless soft gripper. 
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3.5.2 A two-section inchworm-like crawling soft robot 

 

Figure 3.32 A soft crawler demonstrates untethered actuation of pneunet actuators by the 

miniature wireless pump. The solenoid valve’s PCB controller and battery are located on the 

rear foot. The pump with controller board and a solenoid valve are placed at the center of the 

soft crawler. 

The piezoelectric pump system and the pneunet bending actuators can also 

be used to construct a prototype of a wirelessly controlled crawling soft robot 

due to their light weight and small size (Figure 3.32). A pre-pressurized pneunet 

bending actuator is used as the rear actuator of a two-section inchworm-like soft 

robot. The pump and its control circuitry for the front bending actuator are 

packaged in the middle section of the soft crawler. An electromagnetic valve is 

employed to control the flow of water back to the rear actuator and it is settled 

at the middle of the soft crawler. The control board and battery for the valve are 
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placed at the rear end of the soft crawler to balance the weight distribution. 

Three isotropic friction pads, located in the front, middle and rear sections of 

the soft crawler, are used as feet to generate directional locomotion. The motion 

is achieved with the cyclic actuation process as following: (1) Water is pumped 

into the front actuator from the rear actuator, and the pressure in the rear actuator 

is released. The front actuator curves up and the rear actuator extends flat, so 

the middle foot moves forward while the front and rear feet anchor on the floor; 

(0-12 s and 40-52 s in Figure 3.32) (2) Water flows back to the rear actuator 

through the electromagnetic valve due to the pressure difference when the valve 

is opened, and the actuators restore to their initial states. (Right after the figure 

of 12 s and 52 s, and the final state is same as the 0 s and 40 s state) Both front 

and rear feet are pushed forward while the middle foot anchors on the floor. It 

takes about 12 s for one crawling cycle and the moving speed is ~ 2.3 cm/min 

for the prototype. Although the crawling speed is relatively slow, faster 

movement is possible through optimizations such as reducing the size of the 

bending actuators and using a larger pump body.  

 

3.6 Conclusion 

Since the application of the soft robotics provide the requirement of 

portability, autonomy and safety, the FEAs lack of a practicable pressure supply 

system that the existed solutions are either too large compare to the actuators 

with enough power, or insufficient to speedy generate enough pressure although 

the volume is minimized. In this chapter a lightweight (4.2 g), compact (2 cm3), 

and low consumed power (63.5 mW) pump is design and fabricated to make 

FEAs’ application achievable. The piezoelectric pump allows an accurate and 

stable flow rate of 48 ml/min and an output pressure of 100 kPa, which is 

enough to drive most of the FEA-based soft robotics in literature. By monitoring 

and analyzing the transient flowrate and pressure, a universal actuation model 

is set up to describe the actuation process which would be extend to the other 
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miniature designs. Furthermore, the piezoelectric pump systems can integrate 

with the soft pneunet actuators, thus numerous self-propelled devices such as 

wireless soft grippers, soft artificial fingers, and exoskeletons can be realized 

for applications that demand compact sizes and autonomous operations. 

 

Chapter 4 Development of micro fluidic elastomer 

actuators 

4.1 Introduction 

Soft robotics has got greatly developed in the past decades.183 In 

comparison to rigid robots that are normally cumbersome with high stiffness, 

soft robots provide better adaptability and interaction safety.22 They are capable 

of dealing with delicate objects without damage and thus promising in 

collection,53 health care,184 and sensing48 especially on the scale of centimeters. 

Likewise, specific comparable applications on the scale of millimeters or 

smaller are also available. The excellent compliance of the minimized soft robot 

extends its application into human bodies such as minimally invasive surgery,4 

catheters,185 and endoscope.186 Therefore, minimized soft robotics bring out 

fascinating attractions in this area. 

Soft robotics are normally assembled from several functional soft actuators 

which are made from hyperelastic materials. These actuators allow the great 

compliancy of soft robot. With designed structures, soft actuators can achieve 

different motion such as bending, twisting, expanding, or contracting due to the 

deformation of actuators in response to various external stimuli. Multiple 

stimuli types are investigated including electric, magnetic, thermal, chemicals, 

etc.187 Especially, fluid elastomer actuator (FEA) which is driven by pressure, 

is still one of the most prominent soft actuator types for its lightweight, large 

generated force.188 Besides, it shows great biological safety because of the 

absence of large EM fields or high temperature which is potentially a hazard to 
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human bodies. Although FEA shows promising suitability interacting with 

human bodies, the mostly reported designs are in the scale of centimeters which 

are not matched with the miniature applications. It is urgent to design and 

fabricate FEAs with compact size to fulfill the demand of soft micro robotics. 

FEAs consist of deformable elastic components and a sealed chamber. 

With pressure change of the chamber, expected motion is generated with the 

deformation of the structured component. Numerous manufacturing processes 

have been proposed to approach smaller sizes. The pioneering work using a 

micromachined mold to fabricate micro FEAs is reported by Suzumori et.al and 

the critical diameter of the actuator is 400 μm.189 However, high mold resolution 

and accurate alignment make it challenging when further scaling down. The 

process of soft lithography and plasma bonding inspired by microfluidics also 

achieves micrometers resolution.190 But ruptures may occur along the bonding 

seams under high driven pressure.134  Using glues or precured silicone bonding 

overcomes the rupture failure but it may clog the channel on the scale of 

millimeters or smaller.191 Thus bonding-free method becomes a promising 

solution to miniature the FEAs. An alternative way using ground inner mold to 

form the eccentric cavity by one-time molding with a critical dimension of 500 

μm.131 But the mold is highly restricted to a simple rod-like geometry by the 

demolding step. Additive manufacturing provide another bonding-free method 

to fabricate the actuator body directly instead of molding. For example, a 

miniature pneumatic actuator, in the oversize of 2 – 15 mm and feature size of 

300 μm, is fabricated by Ge group with DLP printing.150 However, few 

examples have been reported due to the limit of fabrication resolution and 

material elasticity.192 Other available bonding-free methods such as lost wax 

casting141 and micro embossing142 are also used to miniature the size, but the 

critical size is still limited.  

Reynaerts’ group fabricated a bending actuator through a novel bonding-

free process that employs photolithography technique.149 A thin mold layer 

sandwiched between two spin-coated PDMS layer allows a shrinking height as 
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the inner mold. The mold was finally dissolved with organic solvents to form 

the cavity. However, the planar dimension of their soft actuator (5.25*0.5 mm2) 

is still too large. And extra assembling is demanded to fabricate complex soft 

robotics for further application since the simple actuator geometry. Moreover, 

compared to the other widely used silicone, PDMS is now less attractive for its 

limited elasticity.56 In order to expand the technical practicability and further 

scale down the actuator’s dimension, we demonstrated micro-scale FEAs with 

common used silicone through a massive productive bonding-free process. The 

photolithography technology scales the critical dimension of the actuators down 

to tens of micrometers. And the fast localized dissolving of the patterned molds 

instead of extracting allows the process for complex geometries besides single 

rod shape. A compact bending FEA with a chamber width of 50 μm and a total 

width of 150 μm is fabricated. This design reaches one of the smallest FEAs.188 

A theoretical model based on Euler-Bernoulli theory is established to analyze 

the influence to the bending motion by changing chamber width or layer 

materials. Then two soft grippers are demonstrated in one-step fabrication 

without actuators assembling process. Totally, our fabrication process provides 

the bending FEAs with a scale of micrometers and also complex structures. The 

demonstrated application provides a broad future as a large-scale integrated 

micro soft robot. 

4.2 Design, Fabrication and Characterization of micro 

FEAs 

4.2.1 Design of micro FEAS 

Since bending actuators achieves crawling, grasping and other bionic 

motions by integrating multiple actuators into robotics, the miniature of them 

promotes the development of soft robotics. In this work, the design of the 

bending actuator is based on a pillar-shaped body with a long thin rectangular 

rode cavity (Figure 4.1(a)). The actuator is connected to the pressure source 

through a steel tube. The enlarged port part is designed to ease the connection 
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and encapsulation. The geometry (L*W) of the cavity is 2000 *50 μm2 while the 

parameters of the actuator are 2100 μm and 150 μm, respectively. (Figure 4.1(b)) 

The actuator consists of three layers (membrane layer, cavity layer, and beam 

layer from bottom side in Figure 4.1(c)) with different thickness which are 

defined by the spin-coating rate during the fabrication process. The eccentricity 

allows the actuator bending to the thicker side as a response to the pressurization. 

Figure 4.1(d) provides a comparison view between the actuator and a LEGO 

Minifigure for an intuitional impression of the dimension. 

 

Figure 4.1 Views of the micro bending FEA that (a) the manufacturing scheme of the 

actuator; (b) top view, W, d, and L are the actuator width, chamber width, and actuator length, 

respectively; (c) sectional view (framed area) and (d) the actuator held by a LEGO 

Minifigure. 

4.2.2 Fabrication of micro FEAs 

Since the geometry of the FEA is the replica of the defined mold. The 

fabrication of micro FEAs is challenged by the technical resolution and mold 

alignment process. Photolithography provides great capability solving this 

problem that the patterns is aligned with microscope system and the resolution 

can reach sub-micrometers. Herein, we fabricate the micro FEAs based on the 

photolithographic fabricated mold in between two deformable silicone layers. 
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The silicone and photoresist are spin-coated on the substrate layer by layer and 

the thickness is controlled by changing the spin rate. The thinner silicone layer 

performs as the membrane layer and meanwhile the thicker one defined as the 

beam layer. The thinner layer is prior to be deformed when inflated, thus the 

actuator can bend towards to the beam side due to the thickness asymmetry. The 

photoresist layer is dissolved to form a rectangular chamber at the end of the 

process after peeling off and packaging. The detailed fabrication process is 

shown as follows (Figure 4.2 (a)): 

The first step is to coat an anti-stiction layer on the substrate. Since the 

substrate and the silicone are all Si-based materials, they are easily bonded 

together in the curing process and hard to peel off. Two methods in the literature 

are reported to solve this problem: the first idea is to coat a metal layer on the 

Si substrate which has a lower affinity with PDMS, the other one is to fabricate 

a hydrophobic silane layer with a self-assembled monolayer method. Here the 

second way is selected in this work. The substrates are silane-treated in a 

vacuum box. 2 μl FDTS is carefully dropped on the glass slide which is located 

at the bottom of the box. The substrates are stabilized surround the glass slide 

with the top side towards the center. Then the box is degassed and heated with 

a hot plate at 120 °C for 20 min. After the hydrophobic treatment, the silicone 

material Dragon Skin 10 medium which is prepared in the same way as Chapter 

3 was spin-coated on the substrate at 3000 rpm. The wafer was then cured at 

55 °C for 5 min to form the first layer with a thickness of 56 μm.  
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Figure 4.2 (a) Fabrication process of FEAs on Si-wafer, (b) Overview of the wafer before cut 

off. 

Then the photoresist layer is spin-coated on the silicone layer and then 

patterned with photolithography. The original version of the inflatable chamber 

is designed to have a height in tens of micrometers which is close to the width. 

However, because of the bad adhesion of silicone and high thermal deformation, 

the coating process of thick resist is challenging compare with the process on 

PDMS and Si substrate. Shrinkages and detachment from the substrate (Figure 

4.3) puzzled the process after a number of attempts. Then thinner resist with a 

thickness of several micrometers is selected for further experiment. Before spin-
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coating of resist, the substrate is firstly treated with oxygen plasma (90 s, 25 W, 

120 sccm) to get better adhesion with the resist. A positive photoresist RZJ-304 

50 (Ruihong, China) is spin-coated at 2000 rpm. In order to reduce cracks and 

shrinkage, the baking process after the spin coating is changed from the standard 

menu (100 °C for 90 s). The samples are baked at 90 °C for 30 min and then 

slowly decrease to room temperature with a rate of 1 °C/min. Extended time is 

demanded to vaporize the solvent in the resist. After that, an exposure step with 

an energy density of 40 mJ/cm2 is applied by the mask aligner. (Karl-Suss MA6, 

Suss MicroTec, Germany) Soft contact mode is preferred to protect the resist 

layer since the silicone is extremely soft. The post-baking process is subtracted 

to avoid extra cracks. Another layer of silicone is then spin-coated at 1500 rpm 

with a thickness of 95 μm as the top layer. This process allows a massive 

production as Figure 4.2(b) shows that hundreds of actuators are fabricated one 

time. 

 

Figure 4.3 Defects of the sacrificial layer during processing: (a) Shrinkages of SU-8 2075 

during baking; (b) Detachment of AZ 4562 after exposure; (c) Cracks of RZJ 304 after baking; 
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and (d) twisted structures after developing due to detachment. 

 

Thus the actuators would bend towards the top layer due to the thickness 

difference. After the top layer was cured, the actuators were isolated along the 

outer border with a laser cutting (HDZ-UVC3030, Hanslaser, China) and then 

peeled off from the substrate. Since crosslinking between resin and silicone may 

occur during the curing of the top silicone layer, the resist layer is can easily 

divide from the bottom silicone layer and stick to the top layer. A steel tube with 

0.5 mm outer diameter was inserted into the port and then encapsulated with 

UV curable resist and connected to the externals through a silicone tube. Then 

developer RZX-3038 is injected into the actuator using a syringe. Because of 

the long natural exposure time after fabricating the second layer in the yellow-

light room, the sacrificial layer is easily dissolved in a few seconds. 

In order to minimize the influence of gravity, the bending of the actuator 

should constraint in horizontal plane. The motion need to be captured from top 

side. (Figure 4.4(a)) An experimental setup for evaluating the bending behavior 

while pressurization of the actuators is shown in Figure 4.4(b). A CCD camera 

is fixed by a 3D printed shelf to capture the motion of the actuators from the top 

view. Actuators are located by a horizontal beam with a groove which is shown 

in the zoomed-in image. So the bending occurs at the horizontal plane by 

carefully rotating the steel tube. A gas cylinder with a gauge (MFCS™-EZ, 

Fluigent, France) is connected to the actuator as a pressure supply. The glass 

bottle is employed to transform the tube diameter.  
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Figure 4.4 (a) The scheme of the measurement system, (b) the experimental setup and (c) the 

zoomed-in view to point out the actuator. 

4.2.3 Modelling of bending micro FEA 

The bending behavior of our actuator is caused by the eccentric inflation 

void. In this work, an analytical model is developed to get a better understanding 

of the bending behavior of the micro FEA when inflated. The bending angle θ 

(Figure 4.5) of the actuator is then described according to Euler-Bernoulli 
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theory that193: 

𝜃 = ∫
1

𝑅
𝑑𝑙 == ∫

𝑀

𝐸𝐼
𝑑𝑙

𝐿

0

(4.1) 

where R is the bending radius, L is the total length of the FEA, M is the 

bending moment applied on the actuator, EI (D) is the flexural rigidity while E 

is the Young’s modulus of the material and I is the moment of inertia. The 

gravity g is neglected. 

Since the area of the air channel is far smaller than the area of the whole 

FEA as shown in Figure 4.1(c), the actuator is modelled as a pure beam (𝐼 =

𝑏ℎ3

12
 )that the influence of the cavity to the geometry is neglected. And the 

materials of the actuator are regarded as an incompressible material with 

constant modulus (E).  

 

Figure 4.5 Modelling view of the bending micro FEA, (a) the integration area along the length 

of the actuator, (b) the bending moment components on the actuator, and (c) the definition of 

the bending angle θ. 
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The bending moment M of the micro actuator can be calculated based on 

the cross-sectional deformation134 that it can divide into two parts: the moment 

M1 loaded on the original area when the chamber is pressurized and M2 

describes the moment that caused by the inflated area. Suppose only the 

membrane layer is inflated with loading pressure, the total moment can be 

calculated by: 

𝑀1 = 𝑊1 ⋅ ℎcavity ⋅ 𝑝 ⋅ 𝑒1 (4.2) 

𝑀2 = 𝑆 ⋅ 𝑝 ⋅ 𝑒2 (4.3) 

𝑀 = 𝑀1 + 𝑀2 (4.4) 

where the chamber cavity is defined with a width of W1 and height of hcavity, 

p is the loaded pressure, e1 is the distance between the channel center and neutral 

axis; S is the inflated area due to the membrane deformation and e2 is the 

moment arm of the area away from the neutral axis to the half height of inflated 

area which is supposed to be the force center.  

It is noticed that M1 related parameters are only determined by the 

geometry and material of the actuator, while the parameters of M2 are changed 

with different pressure loading. Here suppose the air channel only has one 

deformable surface which is the membrane layer, thus the cross section of the 

inflated membrane part can be analyzed as a clamped beam whose length is d 

and height of hm. The deflection of the beam at position x (0<x<d) can be written 

as  

𝑤(𝑥) = −
𝑞𝑥

24𝐸𝐼
(𝑑3 − 2𝑑𝑥2 + 𝑥3) (4.5) 

where q is the linear loading of the simplified beam. So the inflated area is 

calculated to be: 

𝑆 = ∫ 𝑤(𝑥)𝑑𝑥
𝑑

0

=
73𝑝𝑑5

20𝐸ℎ3
(4.6) 

for the actuators whose membrane and beam layer are fabricated with same 
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materials, the eccentricity  𝑒2 =
𝑎+ℎ

2
 and: 

𝑎 = 𝑤𝑚𝑎𝑥 = 𝑤 (
𝑑

2
) =

5𝑝𝑑4

384𝐸ℎ3
(4.7) 

For the actuators consists of different materials, EI also consists of two part 

that: 

𝐷 = 𝐸𝑚𝐼𝑚 + 𝐸𝑏𝐼𝑏 (4.8) 

and the neutral plane is changed from the middle height of the actuator 

towards: 

ℎ̅ =
𝑆𝑚ℎ𝑚

̅̅ ̅̅ + 𝑆𝑏ℎ𝑏
̅̅ ̅ 𝐸𝑏

𝐸𝑚

𝑆𝑚 + 𝑆𝑏
𝐸𝑏

𝐸𝑚

(4.9) 

where Sm and Sb are the cross-section area of the membrane and beam, 

respectively. ℎ𝑚
̅̅ ̅̅  defined as the distance between the membrane center and the 

bottom surface, so does ℎ𝑏
̅̅ ̅ . Thus ℎ̅  defines the neutral axis from the bottom 

surface. 

4.3 Results and Discussions 

With the process mentioned above, the actuator with a critical dimension 

of 2100*150*155 μm3 (inner cavity of 2000*50*3.5 μm3) was fabricated. The 

bending motion of the actuator versus the applied pressure was measured with 

under different pressure loading. The static position was captured with a camera 

and traced into coordinate axis for analyzation with ImageJ software. As the 

pressure was increased from 100 to 170 kPa with a step of 10 kPa, the 

movement of the actuator showed an accelerated increasing tendency. The 

acceleration is compliance to both the nonlinear moment-pressure relation as 

the theoretical part shows and the stress-strain relation of the hyperelastic 

material56. Besides the bending motion, an axial elongation was also noticed 

with the increasing of pressure. The actuator clearly exhibited the elongation at 

the pressure of 170 kPa (orange line in Figure.4.6(b)). The straight distance 
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between the start- and end-point is larger than the initial length (2.1mm) of the 

actuator. This is caused by the global deformation of the actuator when inflated. 

Relatively small deformation also occurs on the beam layer in the meantime 

that membrane layer was highly deformed to bend the actuator. The common 

deformation of these two layers elongated the actuator.  

The theoretical equations explains that the bending angle of the actuator 

is highly affected by its chamber width (d) and the material of the membrane. 

Combining Eq.4.1, 4.3, 4.6, and 4.7, the bending angle is high-order related to 

the chamber width. A softer material provides a smaller effective modulus E of 

the membrane layer, meanwhile the neutral plane ℎ̅ of the actuator would shift 

towards the surface of the beam layer from the central plane which results in a 

larger value of both e1 and e2. Thus replacing the membrane layer with a softer 

material leads to a larger bending angle. In order to prove the assumption, the 

bending behavior of different actuators are measured and compared with the 

theoretical curve.  In order to prove the assumption, the bending behavior of 

different actuators are measuredand compared with the theoretical curve. The 

geometries of the actuators are shown in Figure 4.7. The bending angle of the 

actuator shows less sensitivity to the applying pressure at relatively low 

pressure, and then increase rapidly with an increasing acceleration. The actuator 

with a softer membrane (Ecoflex 00-50) layer is easier to bent that it reaches 

100° at the pressure of 100 kPa when the initial actuator shows an 

inconspicuous bending. It was broken down at 110 kPa because of the low 

stiffness. Although a larger width of the actuator makes a larger actuating 

pressure to reach the same bending angle as previously reported158, it shows less 

influence compare to increasing the chamber width. Thus a lower pressure is 

demanded to drive the actuator with both doubled actuator and chamber width 

(red line in Figure 4.7) compare with the initial one.  Generally, the experiment 

result was well fitted to the description of the theory that the bending behavior 

of the actuator shows a similar tendency with increasing pressure. 

Discrepancies between experiment and theory are also noticed. The main reason 
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of the mismatch is the global deformation is neglected in the theoretical 

analyzation. The unavoidable deforming of the beam layer results in an 

elongation and a larger bending radius compare to the theoretical value. Besides, 

the hyperelastic materials are idealized with a linear stress-strain relation, so 

that the theoretical curves run faster than the experiments.173 Meanwhile, 

introducing a corrugated structure also provides a lower actuation pressure 

compare with the normal rod-like design. (Figure 4.8) The specific parameters 

of these actuators are listed in Table 4.1. 

 

Figure 4.6 The experimental bending behavior (a) with different actuation pressure (scale bar: 

200μm) and (b) the trace in the coordinate system. 
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Figure 4.7 Result of theoretical, simulative and experiment measurement. 

 

Numerous soft robotics are fabricated by integrating multiple individual 

soft actuators together to achieve complex functions. With the dimension of the 

actuators keeps scaling down, the excessive assembling has limited their 

application. Our fabrication process is also able to generate complex structures 

besides the compact size and massive production. Two soft microgrippers 

(Figure 4.9) were fabricated to evaluate the availability for assembling-free soft 

robotics that the detail parameters are listed in Table 4.2. The first design 

provides a common three-finger structured microgripper for grasping objects. 

Three actuators with the dimension of 3 mm* 300 μm (2.9 mm* 100 μm of 

inner cavity) were circular settled with an angle of 120° and supplied by a single 

input. (Figure 4.9(a)) In order to minimize the influence of adhesion, a red bean 

with smooth surface is selected as the gripped object. The process of lifting was 

shown in Figure 4.10(a). The actuators were bent downwards with 

pressurization of inner cavities when the gripper touched the bean (Fig.8(a2)). 

The compliancy of the soft gripper allowed it contact well to the bean shape. 

The bean was successfully lifted from the plate with the gripper and then 
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dropped when releasing the loading pressure (Figure.4.10 (a3,a4)). This gripper 

is well suited for the scenes of capturing or transferring tiny objects such as 

minimally invasive surgery, cellular aggregates capturing. Particularly, it’s still 

possible to scale the gripper down since a larger sample is here used to fit the 

object. 

 

Figure 4.8 Measured bending angle as a function of the pressure of different micro FEA designs. 

A novel gripper with inter-digital structure consists of 8 micro FEAs were 

designed for grasping tubular objects. (Figure 4.9(b)). With the former 

mentioned that the actuator with smaller chamber width is harder to actuate. 

The cavity in the trunk was modified into two separated thin channels with a 

width of 40 μm while the fingers’ channel was 100 μm. Thus the trunk keeps 

straight during inflation while the fingers were bent to catch objects. This 

gripper supplied two different grasping mode with tubes in different diameter. 

(Figure 4.10(b)) For the tube with radius larger than the bending radius of the 

branch actuators, it was hugged by the actuators. And the actuators interlocked 

each other under pressurization when the gripper was used for the tube with 

small diameter. This design is greatly suited for catching the tubular sample 
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such as nerves. 

 

 

Figure 4.9 Engineering drawing of the microactuators’ structured layer and the photo of the 

samples: (a) three-finger microgripper, (b) eight-finger microgripper. 

 

Table 4.1 Parameters of micro bending FEAs 

(unit: μm, the normal material is DK-10) 

Name Inner 

width 

Outer 

Width 

Top layer Bottom layer 

50 μm normal 50 150 95 85 

50 μm thinner 50 150 95 56 

100 μm 100 300 95 70 

50 μm softer 50 150 95 56 

(Ecoflex 00-50) 

Corrugated 100/300 500 95 70 
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Table 4.2 Parameters of soft microgrippers 

Parameters Length (mm) 

L1 3 

L2 1.65 

d 0.1 

W1 0.3 

W2 3.85 

d2 0.13 

t 0.04 

4.4 Conclusion 

This work presents FEAs in micrometer dimension with intricated 

structures which are applied for soft microrobotics. By employing 

photolithography technology, micro-scaled sacrificial mold is patterned in 

between the deformable layers. Therefore, this process prevents ruptures as a 

bonding-free process and massively manufactures micro FEAs. The proposed 

bending micro FEA allows a large aspect ratio dimension of 2100 μm * 150 μm 

* 150 μm and a very thin channel of 50 μm width. The actuator exhibited a 

bending motion of 100° with a loading pressure of 170kPa. Furthermore, two 

soft microgrippers are designed for round and tubular objects, respectively. 

They demonstrate the approachability of the soft robotics in micro scale for 

gripping applications in the same scale. Since the micro FEAs exhibits 

promising potentials to be used in many situations, this work provides a solution 

to minimize FEAs into micrometer and ease the packaging process. 
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Figure 4.10 Demonstration of (a) the 3-fingers soft microgripper, and (b) the 

branched tube gripper grasping tubes in different diameter. 

 

Chapter 5 General conclusions 

5.1 Conclusions 

While soft robotics have taken an important part in agricultural and food 

industries as commercial products, soft robotics is also fascinating in healthcare 

and medicine, that they are capable interacting with human beings. Particularly, 

FEAs show the promising ability with large generating force, and the excellent 

safety features. However, there are two barriers in between the application and 



 

119 

the prototype. On the one hand, the heavy and cumbersome pressure supplies 

make soft robotics inconvenient to be applied. On the other hand, the dimension 

of the “miniature” soft robotics on the scale of millimeters or sub-millimeters 

doesn’t match the requirement of the developing applications such as catheters 

and minimally surgery. The focus of this research is on solutions of the 

technological need for miniature designs, of both the pressure supply and the 

actuators. And they are transferable to the other kinds of FEAs besides the 

particular designs in this research. 

The pressure supplies of soft robotics often generates excess power with 

oversized weight and volume (several times larger than actuators themselves). 

Where in literature miniature designs are usually focusing on a compact size (< 

5 cm3) but insufficient pressure (>20 kPa), this research proposes to use a 

piezoelectric hydraulic pump with compact size (2 cm3) and sufficient output 

(100 kPa, 28.8 mL/min) to untethered drive FEAs. By using an iteration model 

of related parameters (v, t, ΔV, and p), the analytical actuation process shows a 

good correspondence to the prototypes. The model can also readily transfer to 

the other FEA designs where the actuation process is under concerned. It can be 

used in optimization of actuators’ structure or the selection of a suited pressure 

supply system. The pump system is also used for the common applications in 

literature which shows the utilization possibilities. 

FEAs show less interests in literature compare with the actuators driven by 

other actuation methods due to the complex manufacturing process on the scale 

of sub-millimeter or less. Existed common fabrication methods prevent micro 

FEAs from smaller dimension and complex structures. By solving the problem 

of patterning photoresists on stretchable substrates, a sacrificial layer is 

patterned in between two silicone layers to define the cavity. And the outline is 

defined with laser cutter.  This research fabricates a micro FEA with the smallest 

dimension (2100 μm * 150 μm * 150 μm). The actuator sustains a pressure of 

170 kPa and bends to 100° as response. Then with the guidance of the analytical 

model, the bending deformation of the actuators is modified by changing the 
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parameters. This research also shows the approachability to fabricate complex 

designs with three demonstrations. Although only the bending actuators are 

fabricated, the methodology can extend to other FEAs for further application. 

5.2 Outlooks 

Future work is suggested here based on the progress of the dissertation and 

the experiments: 

a. The literature review of actuation functions in Chapter 2 describes the 

state of the art of actuation methods researchers published. However, 

there is a missing part to evaluate the requirements of FEAs. Besides, the 

micropumps which haven’t been combined with FEAs are almost not 

summarized. With further miniaturization of FEAs, it is interesting to 

evaluate the possibility of introducing micropumps into this area. 

b. There are still some ideas to further optimize the pump design. For 

example, the design of the valve may be optimized in the future. The 

volume of the pump may be further miniaturized for the FEAs do not 

require high pressure and flow volume. And it is noticed that a pressure 

higher than 100 kPa, the maximum pressure output of our pump in hand, 

is required to drive our micro FEA. A special design using a piezoelectric 

stack instead of bimorph is in the plan as a low-flow large-pressure 

version. Besides, since the solenoid valve that controls the inverse flow 

has a large weight, positive valves are under consideration for a 

bidirectional pump. 

c. The micro FEAs with complex structures have been fabricated through 

the photolithography process and the promising size of the actuator 

should be less than 100 μm. It is interesting to find some realistic 

applications, i.e. catheters or cell grippers. 
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Appendix 

 

Figure. S1 Engineering view of the body part 
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Figure. S2 Engineering view of the inlet and outlet. 
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Figure. S3 Engineering view of the check valve. 
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Appendix 4 Arduino control program 

 

void setup() { 

  int ret; 

  static unsigned int sensor_resolution = MIN_BIT_RESOLUTION; 

  uint16_t adv_user_reg_original; 

  uint16_t adv_user_reg_new; 

  pinMode(valvePin, OUTPUT); 

  Serial.begin(9600); // initialize serial communication 

  Wire.begin();       // join i2c bus (address optional for master) 

 

  do { 

    Wire.beginTransmission(ADDRESS); 

    Wire.write(0xFE); 

    ret = Wire.endTransmission(); 

    if (ret != 0) { 

      Serial.println("Error while sending soft reset command, retrying..."); 

      delay(20);  

    } 

      resolution_mask = 0xF1FF | ((sensor_resolution - 9) << 9); 

  // Change mode to read adv. user register 

  Wire.beginTransmission(ADDRESS); 

  Wire.write(0xE5); 

  ret = Wire.endTransmission(); 

  if (ret != 0) { 

    Serial.println("Error during write register read mode"); 

  } else { 

    // Read the content of the adv user register 

    Wire.requestFrom(ADDRESS, 2); 

    if (Wire.available() < 2) { 

      Serial.println("Error during read register settings"); 

    } else { 

      adv_user_reg_original  = Wire.read() << 8; 

      adv_user_reg_original |= Wire.read(); 

      adv_user_reg_new = (adv_user_reg_original | 0x0E00) & resolution_mask; 

 

      if (VERBOSE_OUTPUT) { 
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        // Display register values and settings 

        Serial.println(); 

        Serial.println("----------------"); 

        Serial.print("New resolution setting:       "); 

        Serial.println(sensor_resolution); 

        Serial.print("Resolution bit setting (BIN): "); 

        Serial.println(sensor_resolution - 9, BIN); 

        Serial.print("Resolution mask:     "); 

        Serial.println(resolution_mask, BIN); 

        Serial.print("Adv. user reg read:   "); 

        Serial.println(adv_user_reg_original, BIN); 

        Serial.print("Adv. user reg write:  "); 

        Serial.println(adv_user_reg_new, BIN); 

        Serial.println("----------------"); 

      } 

 

      // Apply resolution changes: 

      // Change mode to write to adv. user register 

      Wire.beginTransmission(ADDRESS); 

      Wire.write(0xE4);                           // Send command 

      Wire.write((byte)(adv_user_reg_new >> 8));      // Send MSB 

      Wire.write((byte)(adv_user_reg_new & 0xFF));    // Send LSB 

      ret = Wire.endTransmission(); 

      if (ret != 0) { 

        Serial.println("Error during write register settings"); 

      } 

    } 

  }} while (ret != 0); 

 

  delay(50); // wait long enough for chip reset to complete 

} 

void loop() { 

  int ret; 

  uint16_t raw_sensor_value; 

  double total = 0.0000; 

  unsigned long start_time; 

  unsigned long stop_time; 

  unsigned long time2; 
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  double sensor_reading; 

  double sen2; 

    Wire.beginTransmission(ADDRESS); 

    Wire.write(0xF1); 

    ret = Wire.endTransmission(); 

     Wire.requestFrom(ADDRESS, 2); // reading 2 bytes ignores the CRC byte 

 

          raw_sensor_value  = Wire.read() << 8; // read the MSB from the sensor 

          raw_sensor_value |= Wire.read();      // read the LSB from the sensor 

         sensor_reading = ((int16_t) raw_sensor_value) / ((double) scale_factor); 

 Serial.print("Sensor reading(ml): "); 

  if(sensor_reading >= 0.09){ 

                stop_time= micros();   

    while(total<=6){ 

    start_time= stop_time;       

    Wire.requestFrom(ADDRESS, 2); // reading 2 bytes ignores the CRC byte 

    raw_sensor_value  = Wire.read() << 8; // read the MSB from the sensor 

    raw_sensor_value |= Wire.read();      // read the LSB from the sensor       

    sensor_reading = ((int16_t) raw_sensor_value) / (double)500; 

    sen2 = sensor_reading; 

    Serial.print(sensor_reading,5); 

  Serial.print(" ml/min"); 

 //Serial.print(" Total volume is "); 

   Serial.println(total,5); 

// Serial.println(" ml  "); 

          stop_time= micros();             

      total = (sen2×(stop_time - start_time)/60000000) + total;   

       // total = (sensor_reading/1500) + total;   

Serial.print(stop_time - start_time); 

    } 

    digitalWrite(valvePin, HIGH); 

    Serial.println(" "); 

    Serial.print("Final flow is "); 

    Serial.print(total); 

    Serial.println(" ml"); 

  while(1);} 

  } 
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Figure. S4 the control circuit of the Arduino control. The left side is 

connected to the power supply. A 10 kΩ resistance is connected to protect the 

triode. 
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