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ABSTRACT OF THE THESIS 

 

Piezoelectric actuator with embedded strain sensors for micro 

robotic applications 

by 

Shivam Chopra 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California San Diego, 2018 

Dr. Nicholas G. Gravish, Chair  

 

The fabrication of sensors for microrobots is still a challenge because of small 

scale, no availability of commercial options and the need of external electronic hardware. 

A solution is presented in this research where a PZT actuator is fabricated with two strain 

strips running sideways using laminate-based methods and cutting each layer using a 

high frequency UV laser also known as Smart Composite Microstructures (SCM). As the 
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strain strips are fabricated on the same PZT layer so there is minimal need of manual 

assembly. Also, these sensors don’t require any kind of signal conditioning so there is no 

need of external electronics. The sensors can work for a wide range of sizes of actuators 

and for both unimorphs and bimorphs. The sensor is tested under different voltages to 

the actuator ranging from 0-200V and frequencies upto 800 Hz. Multiple actuators are 

tested to verify if they behave the same under the same conditions and the results were 

very promising. The sensor is also tested to detect any collision when an artificial wing 

transmission setup (similar to RoboBee [26]) attached to it is perturbed and the results 

are verified by tracking the wing stroke angle using a high-speed camera. Another test 

was done by submerging a wing flapping at 100Hz in water and then taking the sensor 

measurements. It was verified that the sensor is able to detect any change in the 

environment or in the structure attached to it. This actuator with embedded sensors could 

serve a long way in different micro robotic applications. 
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Chapter 1 Introduction and Current state of art 

1.1 Introduction 

 

Robots designed at centimeter scale generally rely on prefabricated components 

like inexpensive motors, light/inertial sensors and micro controllers. But when we 

approach milli scale robotics, the components are not available off-the shelf thus there is 

a need to fabricate them. The current challenge with millirobots is to include all the 

sensors and achieve fast locomotion as seen in ants or other insects which include many 

sensors and still are able to run at speeds of 40 body lengths per sec. These robots can 

be useful in a number of applications like stealthy surveillance, disaster relief, scientific 

instrumentation, highly parallel manufacturing, and surgical needs. 

Insects and small-scale animals are a clear inspiration for milli-scale robots. 

Insects such as ants with locomotion at high speeds and ability to carry huge loads while 

working together, froghoppers with great jumping abilities with high accelerations, 

Drosophilia with incredible sensing and maneuverability in flight, copepods actively 

locomote underwater. There are a lot of fabrication challenges for integrating sensors at 

this small scale and developing high frequency locomotion in these robots. 

Piezoelectric actuators [1] have been a popular choice for driving milli scale robots 

in aerial [10][15][16], ambulatory[17-19], aquatic[20-21]and amphibious[22-24] 

environments because of their ability to produce very accurate, high bandwidth, high force 

motion due to high power density and intrinsic stiffness [8] and still be able to be scaled 
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down to any size. These actuators have been used in a lot of robots, some of them are 

shown in Figure 1. 

 

 

Figure 1: Different micro robots from Harvard: RoboBee, Centipede inspired robot, Cockroach inspired 
robot[5] 

There are still many challenges to achieve closed loop control in these robots as 

can be done easily in motors because of the challenge of fabricating sensors at such a 

small scale. The current methods for controlling actuators involve tuning the applied 

voltage in an open loop method or closing the loop via measurement from off board 

sensors like motion capture systems [26] or fiber optic motion sensors [27]. But for real 

world conditions where on board sensing is needed, there is still a need for accurately 

sensing the motion of the piezoelectric actuators driving the robots [4]. 

Nowadays the focus has been more on hybrid robust type of robots which are able 

to work in different environments, for example a recent work has shown successful 

transition from air to water and vice versa [23]. Sensing is an important aspect for micro 

robots for efficient feedback control and external sensing is not a viable option because 

of the change in dynamics on attaching it to a leg or wing of a robot. 

In this work, a method for sensing embedded in the piezoelectric actuator is 

discussed. We propose an on-board sensor which can detect the dynamics like the 
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wing/leg stroke, frequency, velocity, etc. This sensor can also be used to detect any kind 

of perturbation in the environment like an obstruction in flight or a dip in water as in [23]. 

Along with the bending strain this sensor has capabilities to detect torsional strain. An 

actuator is made with sensor elements on two sides which has been made using 

lamination methods and laser cutting. The good thing about this method is that it doesn’t 

need any external electrical components to filter the signal out from the sensor as the 

PZT has very high-power efficiency as it gives out a voltage of the order of few volts with 

just a displacement of a few microns. The actuator made has been made using the work 

already done [1] with additional steps for the sensor. Everything is cut on the same piece 

of PZT, so this method doesn’t need any manual assembly for placing the strain sensing.  

For each laminate we get 4 actuators with sensors and the strain sensor has the 

capabilities to detect any change in the actuator motion or in the assembly attached. The 

actuator was tested on different frequencies and different input voltages and the results 

were noted and verified with a displacement sensor. The actuator was also attached to a 

wing with a transmission and an obstruction in the flapping was detected with this 

actuator-sensor. A change of surroundings was also detected by dipping the wing while 

flapping at 100Hz in water and taking it out.  

Chapter 2 gives a brief summary of the basic concepts of piezoelectricity. It also 

summarizes some of the common piezoelectric materials available along with their crystal 

class. There is also some insight on the constitutive equations of piezoelectric materials. 

Discussions on how to drive piezoelectric actuators and common driving techniques are 

also mentioned. 
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Chapter 3 discusses about the actuator geometry and its fabrication. It also gives 

some insight on the equipment used. The whole fabrication is done using the laminate-

based methods and then releasing with a high frequency laser. Very detailed outlook on 

the lamination process is presented. 

Chapter 4 is testing the actuator with sensors. The actuator is run at different 

voltages and at different frequencies and the output of strain sensor is measured along 

with verification by the displacement sensor. A frequency sweep upto 650 Hz is also done 

to find the resonance frequency. Further two tests are conducted to know whether the 

sensor can detect any change when a wing is perturbed while flapping. The outputs match 

very well with the wing stroke angle detected by a high-speed camera. 

Chapter 5 summarizes the future work which needs to be done so as to refine this 

method and make it usable for micro robots. It also concludes this research project with 

objectives achieved and further goals. 

 

1.2 Current state of art 

There hasn’t been enough focus on the sensing for small scale robots. There has 

been some work done on self-sensing [28-31] of piezoelectric materials to overcome the 

issue of nonlinearity, hysteresis and creep. Research has been done on having the 

sensing and actuation on the same element [28] where an electrical bridge circuit is used 

to measure strain. The bridge circuit is capable of measuring either strain or time rate of 

strain in the actuator. The element here was verified by attaching it to a beam and actively 

suppressing the vibration.  
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In another paper [29], a new self-sensing control technique was proposed which 

requires neither an accurate inverse mapping nor a sophisticated charge controller. This 

technique is based on a position estimate that is obtained by fusion of a traditional charge-

based position measurement and a capacitance-based position measurement. On 

achieving a reliable position estimate, it was shown that a traditional PI control scheme is 

sufficient for tracking applications.  

Another method which is the most common one is the use of electronic hardware. 

As in [30] capacitors in parallel or series with the PZT patch are used to increase control 

stability, which makes self-sensing actuation more commercially viable. The effects of an 

unbalanced bridge circuit were also evaluated in an attempt to quantify the variations in 

the PZT capacitance. The analytical and experimental results indicate that this method 

increases the stability of the system. However, the increase in stability comes at the cost 

of the increase in the power required for the control system. There is another method [31] 

which overcomes the impedance mismatch in the bridge method. This method uses the 

basic piezoelectric equation that the free charge on the wafer of piezoelectric ceramic 

actuator contains displacement information, so the authors designed a voltage driving 

circuit for the piezoelectric ceramic actuator and integrated circuit for gathering free 

charge. The actuator can sense its own displacement while under actuation. It is 

convenient to adjust the circuit and easily acquire sensitive signal by using this method. 

The experimental results show that piezoelectric self-sensing actuator can effectively 

measure its displacement signal under the conditions of different wave form of driving 

voltage and different driving voltage frequency. 
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Broadly speaking, the methods for self-sensing fall into the category of voltage or 

current feedback, charge compensation, permittivity measurement, empirical modeling or 

a combination [4]. Almost all of these techniques require additional hardware and have a 

limited bandwidth for frequency range.  

There are methods [32] by which the piezoelectric patch is attached to a specific 

area of a structure to sense the deformation but in most cases the process of fabricating 

actuators needs to be modified a lot which in turn affects the actual unimorph actuation. 

The first idea of extending the capabilities of a standard unimorph actuator with a lateral 

sensor came from [33] although nothing was said about the fabrication involved.  

A method similar to what we used here was brought up [34] where a sensing area 

and an actuation area coexist on the same piezoelectric layer. This method has another 

electrode in between the two areas which is connected to ground so as to shield the 

sensing from the high voltage input to the actuator. The best thing about his method is 

the fabrication in which the actuator is made by simply patterning the electrode instead of 

aligning and bonding two different piezoelectric layers next to one another. As the authors 

quote “A model was derived for the sensor which, together with the static model of the 

actuator, provided a simple means of estimating external force and displacement at the 

tip of the actuator itself. The calibration steps were outlined in order to practically use a 

fabricated device. A point wise mass was attached at the tip of the actuator and its weight 

was chosen in order to reproduce the operating conditions arising when a wing is driven, 

through a coupling mechanism, by the actuator. The force measured by the sensor 

matched the expected ones which were computed by perfectly knowing the nature of the 
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load, i.e. the point wise mass. The actuator/sensor device was then used to drive an MFI 

thorax and the sensor signal was processed to derive the mechanical power fed into the 

wing, an important information for wing flapping mechanisms. As future work, the 

actuator/sensor device will be used to induce the wing to track the desired kinematics.” 

[34]  

A recent research was done [4] where concurrent sensing on the actuator is 

studied without the use of any external sensing element where they proposed a solution 

based on the theory that that motion of the actuators causes varying strains on the surface 

on the piezoelectric material, which via the direct piezoelectric effect, results in a current 

proportional to the actuator velocity. An electrical model was developed to study the 

dielectric characteristics of the actuator where they approximated the actuator as a 

parallel combination of a frequency and voltage dependent resistor and capacitor, and a 

velocity proportional current source. They also developed an experimental procedure to 

find out these parameters and thus able to determine the actuator velocity within 10% 

accuracy over 25-200V and 1-2000Hz. Further they tested the actuator successfully to 

track the wing and limb motion in two of the microrobots made at Harvard. This paper [4] 

in particular had a very successful method of sensing and actuating on the same actuator.  
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Chapter 2 Piezoelectricity and piezoelectric actuators 

 

2.1 Why use piezoelectric materials? 

Small scale and high-power density actuators are required for small scale systems 

particularly bio – inspired milli scale robots. A lot of actuation methods have been studied 

for these applications including piezoelectric [7][11], electrostatic[12], dielectric[13]. All 

these actuation techniques have been shown to have high power density and still be at a 

small size [7]. Piezoelectric actuators have been in particular shown the best results for 

very accurate, high-force and high bandwidth motion [10]. Also because of their favorable 

scaling options, these are very suitable for micro-air vehicles, medical tools and optical 

assemblies [8]. A very prominent example is the flapping wing micro aerial vehicle 

developed at Harvard [10].  

 

There have been studies on whether motors can drive flapping robots at high 

frequencies [14] and whether piezoelectric actuators or motors are efficient to use in these 

applications [6]. They have found that the efficiency of the motors decreases significantly 

at smaller scales while the efficiency of piezos remain the same [6]. Also the energy 

losses in electronics and mechanisms are more as compared to motors but these remain 

the same across the span scales. This is mostly because the driving amplifiers for piezos 

and the mechanisms attached to them to amplify the movement also have their own 

efficiency which in turn affects the total efficiency. Further it is found in [6] that wings 

flapped by a piezo actuator result in longer hover time at the scale of a fruit fly and the 
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hover time for wings spun by a motor is greater at the scales of a hummingbird which 

seems plausible due to more damping at larger scales which counters the efficiency of 

piezos. There is no intrinsic friction between the components of a piezoelectric actuator 

like in a motor which would further increase the efficiency. 

There are mainly three key challenges for using piezoelectric materials in micro 

scale applications: the requirement of high voltage, the need to amplify the small 

displacements produced and manufacturing and assembling actuators on a small scale. 

For producing a mechanical force, these actuators need electric potential difference 

across their electrodes to generate a high electric field. The piezoelectric actuators used 

in recent micro robots require drive voltages in the order of 200-300V. There are two 

major challenges that have been faced in the design of power electronics capable of 

driving capacitive actuators: generating high voltages from low-voltage sources and 

recovering unused energy from the actuator. But there have been a lot of work done on 

the electronics for piezoelectric materials where researchers have claimed to successfully 

solve these challenges [7]. Interesting work has been done on transmissions in order to 

amplify the free displacement of the actuators which is of the order of hundreds of 

microns.  
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2.2 Introduction to Piezoelectricity 

The word piezoelectricity means electricity resulting from pressure and latent heat. 

It is derived from the Greek piezein, which means to squeeze or press, and ēlektron, 

which means amber, an ancient source of electric charge. The basic definition of 

piezoelectric materials is that the develop electric charge along the polarization direction 

whenever mechanical stress is applied on them which is called the direct piezoelectric 

effect, conversely these materials deform producing mechanical strain whenever placed 

in an electric field, called the inverse piezoelectric effect. 

In general, the piezoelectric effect occurs only in nonconductive materials. 

Piezoelectric materials can be divided into two main groups: crystals and ceramics. The 

best known piezoelectric material in the crystal group is quartz (SiO2), the trigonal 

crystallized silica which is known as one of the most common crystals on the earth’s 

surface. In the ceramics group, a typical piezoelectric material is barium titanate 

(BaTiO3), an oxide of barium and titanium. All piezoelectric materials exhibit anisotropy. 

Compared to other methods of power transduction, including electrostatic, 

electrostrictive, magnetostrictive, and electromagnetic means, piezoelectric transduction 

typically provides large forces at small strain rates (<1% strain typically) for actuation, and 

relatively large voltages and small currents for sensing. [35] 

The asymmetric arrangement of positive and negative ions causes permanent 

electric dipole behavior to crystals. For imparting the piezo properties to anisotropic 

ceramics, a poling treatment is required. In that treatment the piezo ceramic material is 
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first heated, and an intense electric field is applied to it in the poling direction, forcing the 

ions to realign along this polarization direction. When the heating is done, and the material 

cools the ions stay in the poling direction causing the material to be poled throughout. 

Subsequently, when a voltage is applied to the poled piezoelectric material, the ions in 

the unit cells are shifted and, additionally, the domains change their degree of alignment. 

The result is a corresponding change of the dimensions (expansion, contraction) of the 

piezoelectric material. In the poling treatment, the Curie temperature is the critical 

temperature at which the crystal structure changes from a nonsymmetrical (piezoelectric) 

to a symmetrical (non-piezoelectric) form. Particularly, when the temperature is above the 

Curie temperature, each crystal in the fired ceramic element exhibits a simple cubic 

symmetry with no dipole moment. At temperatures below the Curie point, each crystal 

has tetragonal or rhombohedral symmetry and a dipole moment.  

Of the 32 crystal classes, 21 are non-centrosymmetric (not having a centre of 

symmetry), and of these, 20 exhibit direct piezoelectricity (the 21st is the cubic class 432). 

Ten of these represent the polar crystal classes, which show a spontaneous polarization 

without mechanical stress. If the dipole moment can be reversed by applying an external 

electric field, the material is said to be ferroelectric. [36] 

• Polar crystal classes: 1, 2, m, mm2, 4, 4mm, 3, 3m, 6, 6mm. 

• Piezoelectric crystal classes: 1, 2, m, 222, mm2, 4, 4, 422, 4mm, 42m, 3, 32, 3m, 

6, 6, 622, 6mm, 62m, 23, 43m. 

Some common piezoelectric materials are:  
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• Lead zirconate titanate (PZT) 

Most common piezoelectric material because of its high piezoelectric coefficients, 

It is toxic as it contains a significant amount of lead. It is from the crystal class ∞mm which 

can be considered similar to 6mm. Many doping materials are added to change some 

properties. It has applications in ultrasonic transducers, sensors, AFM. 

• Barium Titanate 

A very popular and older material than PZT but with inferior piezoelectric 

characteristics than PZT. It has its uses in nonlinear optics, microphones and transducers. 

It is a 4mm crystal class material. 

• Lithium Niobate 

It is a very popular material for use in SAW (surface acoustic wave) and particularly 

very high frequency applications. It is a 3m crystal class material 

• Quartz  

Crystal class 32 material very often used because of very stable temperature 

responses in timing circuits 

• Zinc oxide 

Crystal class 6mm, very common material used in thin-film transducers. Finds 

good use because it can be sputter deposited easily. 
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• Many others including Cadmium sulphide, Gallium orthophosphate, Lanthanum 

gallium silicate [35] 

2.3 Piezo transducers 

Transducers convert one form of energy to another. Piezo actuators convert 

electrical energy to mechanical energy. Piezo sensors convert mechanical energy into 

electrical energy. The same element can perform both the tasks 

Single layer piezo sheets (unimorphs) can be electrically powered to produce 

motion in the thickness, length, and width directions. They may be stretched or 

compressed to generate electrical output. 

Thin 2-layer sheets (bimorphs) can be used like single sheets (made up of 2 

layers), they can be used to bend or they can be used to extend. "Benders" achieve large 

deflections relative to other piezo transducers. "Extenders", being much stiffer, produce 

smaller deflections but higher forces. 

Multilayered piezo stacks can deliver and support high force loads with minimal 

compliance, but they deliver small motions. [piezo systems, inc] 

 

2.4 Piezo Actuators 

2.4.1 Single layer Piezo actuators 

When an electric field having the orientation as the polarization of the material is 

placed across the thickness of a piezoceramic, the piece expands in the thickness or 

along the axis of polarization as shown in Figure 2. At the same time, the sheet contracts 
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in the perpendicular direction to the axis of polarization. The direction of motions is 

reversed if the fields are reversed. 

Now along the thickness of the material this motion is extremely small (order of ten 

nanometers) while the material has to remain of the same volume and the length and 

width of the material is much larger as compared to the thickness, which causes the 

motion along the length and width to be significantly larger (tens of microns). The 

transverse motion of a piezo sheet stuck to the surface of a structure can induce it to 

stretch or bend. 

 

Figure 2: Single layer piezoactuator with motion in different directions 

 

 

2.4.2 2-layer piezo actuators 

2-layer actuators can be made to elongate, bend, or twist depending on the 

polarization and wiring configuration of the layers. A central inactive layer laminated 

between the two piezo layers adds mechanical strength and stiffness but can reduce the 

motion. 
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A 2-layer element actually has nine layers, consisting of: four electrode layers, two 

piezoceramic layers, two adhesive layers, and a center shim. The two layers offer the 

opportunity to reduce drive voltage by half when configured for parallel operation. 

 

2.4.3 Extension Actuators: 

A 2 layer element behaves like a single layer when both layers expand (or contract) 

together. If an electric field is applied causing the material to reduce thickness, there is 

extension along the width and the length. Generally, only motion along one axis is utilized, 

as demonstrated in Figure 3. Extension actuators are generally used for high force 

(hundreds of N) and low displacement (tens of microns) requirements. 

 

Figure 3: Two-layer extension actuator 

2.4.4 Bending Actuators: 

A 2-layer element produces curvature when one layer expands while the other 

layer contracts. These transducers are often referred to as benders, bimorphs, or flexural 

elements. Bender motion on the order of hundreds to thousands of microns, and bender 

force from tens to hundreds of grams, is typical. Figure 4 shows several common bending 
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configurations. The variety of mounting and motion options make benders a popular 

choice of design engineers. 

 

 

 

 

Figure 4: Figures showing common bending configurations of a piezo bender 

 

2.5 Wiring of PZT actuators 

2.5.1 Series wiring: 

Series wiring is when the wiring is applied to the two ends of the piezoelectric stack 

at once. The potential difference between each layer is the total voltage divided by the 

total number of layers. It must be noted here that the upper and bottom layers are of 

polarized in the opposite direction so that they can move together as shown in Fig 5. 
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2.5.2 Parallel wiring: 

Parallel wiring is when the supply voltage is applied to each layer individually so 

that we can have access to each side of each layer. Noting that the polarity can be 

opposite as well as same for the layers, just keeping in mind that they have the same 

potential difference so that they bend together as shown in Fig 5 

 

Figure 5: Showing series and parallel wiring configurations for two-layer bending actuators 

 

Previously for driving piezoelectric actuators AC voltage source was used which 

causes it to expand and contract. As both positive and negative electric fields are applied 

(bipolar drive signal) depoling occurs very easily. However, we want the actuators to be 

driven as a field that would bring it close to fracture which is generally 4-6 times the 

depoling threshold [5]. To prevent this, we impart electric field so that it is always positive 

with respect to the poling direction (unipolar drive). Fig. 6 a) shows how to drive a 
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unimorph with a single drive signal 6 b) shows how an ‘alternating drive’ signal can be 

applied to a bimorph. Two signals at 180o out of phase are applied to two ends of the 

bimorph with a common ground electrode. Fig 6 c) shows a ‘simultaneous drive’ method 

which has a constant high voltage bias to one side of an actuator and a unipolar drive 

signal to the central electrode while the other end of actuator is at ground [5] 

 

Figure 6: Common driving methods: a) unipolar, b) alternating drive and c) simultaneous drive [5] 
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Chapter 3 Actuator and its fabrication 

3.1 Equipment used 

The major equipment used in the process of fabrication was:  

• Laser Machine 

• Hydraulic press 

 

3.1.1 Laser machine 

3.1.1.1 Laser Specifications  

The laser in this system is a pulsed-mode laser, which emits UV radiation at 

355nm. The beam is invisible. The laser is completely solid-state, which means that the 

gain medium is a crystal (not a liquid or gas) and the pump energy comes from a solid-

state diode laser. Solid state lasers are typically much more robust than other types of 

lasers and require little to no upkeep.  

The maximum average power of about 2W is achieved at a repetition rate of 

20kHz. This translates into a pulse energy of approximately 0.1mJ (100uJ). 

Approximately half of this power makes it to the workpiece. The reflective and 

transmissive optical elements in the beam path absorb some, and some is blocked by a 

variable aperture. The beam intensity profile is Gaussian-shaped in the x- and y-

directions. The aperture clips the low energy "tails" which are ineffective at ablating 

material.  
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The average power varies with repetition rate. The pulse duration, or "pulse width" 

increases with frequency as well. This leads to a drop in the instantaneous power level. 

At 20kHz, the instantaneous power level is approximately 6kW. Combined with a small 

spot size, the instantaneous power density or "fluence", is very large, which leads to 

efficient removal of material through a "cold" ablation process.  

 

Figure 7: Laser machine setup top view 

 

3.1.1.2 Beam Delivery Optics  

The beam exits the laser, is expanded by 15x, and then enters a galvanometer 

("galvo") beam-steering device. The galvo consists of two low-inertia mirrors on fast 

servos, which together deflect the beam After it is deflected by the mirrors, the beam 
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enters a so-called "f-theta" lens, which has three functions. First, it focuses the beam into 

a small spot, at a flat focal plane. Secondly, it makes the linear displacement of the beam 

proportional to the mirror angle instead of proportional to the tangent of the mirror angle, 

as would occur with a "simple" focusing lens. Third, it provides telecentric focusing, which 

means that (within a small tolerance) the beam hits the sample perpendicularly Obviously 

this will limit the field of view to the size of the final lens in the objective, but the upside is 

a more uniform spot size across the field, and the elimination of "angled cutting". Steering 

the beam with a galvo allows for very fast vector cutting speeds (up to 1m/s, but typically 

200mm/s).  

3.1.1.3 Spot Size and Depth of Focus  

The spot size of a Gaussian laser beam is proportional to the wavelength, focal 

length of the objective, and inversely proportional to the diameter of the beam as it enters 

the objective. This is why we expand the beam 15x--it leads to a much smaller spot. This 

may seem counter intuitive, but keep in mind that with "Gaussian beam optics" 

(http://en.wikipedia.org/wiki/Gaussian_beam), we are not projecting a demagnified 

image. For a Gaussian beam, there is no "image plane" to project. A more "satisfying" 

way to think of the situation is to note that the angle of convergence of the beam is 

proportional to the incoming beam diameter divided by the focal length, so given our spot 

size equation, we want to maximize the beam convergence to minimize the spot size. In 

geometric or "ray" optics, the spot size is predicted to be exactly zero, but in reality, for a 

Gaussian beam, the converging rays form a hyperbola, with the "spot" being the location 
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of minimum beam width. This is also called the beam "waist". The larger the convergence 

angle, the more the beam is "squeezed" into a small spot. 

One downside of having a smaller spot is that the "depth of focus" is smaller. The 

depth of focus is defined as the distance along the beam, around the waist, wherein the 

beam intensity is greater than 1/2 the energy density at the waist. Another way to put it is 

that 1/2 the depth of focus is the distance you travel away from the waist to reach a beam 

diameter of root two times the waist diameter. The depth of focus is related to the 

maximum thickness material that can be cut without refocusing, though the practical limit 

is usually quite a bit less. 

Measuring the exact spot size is difficult. Using a combination of theoretical 

calculations and by looking at marks made by the laser, we estimate our spot size is 

approximately 10 microns in diameter. Remember that the spot has a Gaussian intensity 

distribution, so this "spot size" is a characteristic dimension. The theoretical depth of focus 

is approximately 400 microns.  

3.1.1.4 What Can it Cut?  

At 355nm the photon energy is 3.49eV, which is larger than the bandgap of most 

semiconductors. Consequently, most semiconductors (Silicon, etc.) are easily cut with 

the laser. Further, all metals and many insulators (ceramics, plastics) absorb 355nm 

radiation very strongly. In fact, this laser will cut almost any material. Materials that are 

incompatible are 355nm transparent, such as diamond, quartz, glass, and some 

polymers. However, thin polymers that do not absorb 355nm well can still be cut via 
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thermal interaction. For example, polyester does not absorb 355nm well, but thin films of 

this material can easily be cut. Here is an incomplete list of materials we have cut with 

this laser:  

• PZT ceramics (cut or score) 

• Ferrite (up to 250um thick) 

• Stainless steel (up to 150um thick, 200um with special methods) brass 

• Copper 

• Nickel 

• Nitinol 

• Polyimide (excellent absorber at 355nm) 

• Thin polyester 

• Carbon fiber prepreg 

• Glass fiber prepreg  

• Kapton 

3.1.1.5 Sample Thicknesses  

How thick a sample can we cut? The thicknesses in the list above give some 

indication. For metals, thicknesses above 50 microns can benefit from "doubling" the lines 

with 5um spacing. We cut 6mil stainless shim using "tripled" lines with 5 microns spacing. 

Basically, laser machining is an aspect ratio limited process. For metals, we can cut, in a 

single pass, with about a 10:1 depth to width ratio. Any thicker than that, and the taper 

becomes severe enough to arrest removal of material. A hole can be "dug" only so deep. 
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If you want to cut ceramics thicker than 100um or metals thicker than 75um, you should 

get some detailed advice. This system is optimized and designed for thin materials, so 

we prefer it to be used for that purpose.  

3.1.1.6 Minimum Feature Size  

We are commonly asked what the smallest features we can make are. The beam 

size is approximately 10um, which sets a limit for holes and internal angle features. The 

beam pointing stability and galvo accuracy lead to a few microns of jitter in vector cutting. 

Also, since the spot intensity is Gaussian, getting sharp features at micron scales is 

difficult. Finally, there is some anisotropy in the laser-material interaction since the beam 

is linearly polarized. Practically, this means that while the intensity profile may be circular, 

the "hole" created may be slightly elliptical.  

When cutting thick materials or drilling deep holes, you can expect some amount 

of taper. Process optimization can limit this effect, but 5 degrees of taper is pretty typical. 

When cutting some polymers or composite materials, there may be more localized taper 

around the entrance area of the cut. For thicker metal samples, there is a chance of a 

small burr developing on the exit side. Again, process optimization can mitigate these 

effects somewhat.  

3.1.1.7 Cut Time  

It is obviously difficult to answer this in general. Typically, we cut at 20kHz and 

20cm/s galvo speed, which leads to pulses that are end-to-end (no pulse overlap, yet no 
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gap between them), assuming a 10um spot. A conservative estimate is 25 passes per 25 

microns (0.001") of material thickness. For thicker (>75um) materials, this linear estimate 

breaks down, and for thin materials (especially polymers) it could take only a few to a few 

10s of passes. If you operate at reduced power (to cut more gently for quality reasons), it 

will take longer. There is also "jump" time to move from one vector cut to another. Here 

is a concrete example. Say you want to cut out a square that is 1cm on a side, in 50um 

steel. Say 50 passes at 20cm/s. That means 5 passes per second, or 10 seconds to make 

the cut. If there are many short segments, the time goes up due to galvo acceleration and 

deceleration time, and increased jump overhead.  

Another way to estimate cut time is to look at "typical" sessions. Cutting out a large 

(3cmx4cm) detailed part out of 6mil stainless could take 20 minutes. Cutting out a thin 

polymer could take only seconds. 5cm2 of 100um thick carbon fiber parts for a robot might 

take 5 minutes. Scoring some PZT for bending actuators might take half a minute. Cut 

times are typically measured in minutes, not hours or seconds. 

3.1.1.8 Sample Preparation  

Samples are usually prepared on glass slides, and less frequently on arbitrary 

substrates or wafers. Typically, a tacky film is used to hold the thin sample (we use Gel-

Pak Gel-Film (http://www.gelpak.com/products/index.cfm?fuseaction=gel-film). This 

tacky film is important because it keeps the sample flat. Even small "wrinkles" in the 

material can bring portions of the material out of focus. For thicker materials, a more tacky 

gel (x8 strength) is recommended, since they can be more stubborn about laying flat. Thin 
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materials like metal shim 25 microns or thinner, or thin polymers, can be restrained by a 

less tacky substrate. For extremely fine materials or films, the x0 grade of Gel-Film is 

recommended to aid in releasing after cutting. Rigid, brittle materials, such as ceramics, 

do not need aid in laying flat, and x0 grade is sufficient to hold them.  

The workpiece mount has an available slide clip for 1"x3" and 2"x3" slides, and 

microscope stage clips for other substrates. In many cases, no restraint of the sample is 

needed. The travel of the z-stage is about 12mm, so the total substrate height must be 

less than that to allow the laser to be focused at the top surface of the sample.  

3.1.1.9 Part Post-Processing  

It is quite common to find a small region of recast material along the cut. This is 

also called "dross". You will notice it when cutting metals and ceramics. When cutting 

polyimide, there is usually no recast layer. If the material is a strong UV absorber, it is 

almost always the case that there is no damage around the cut, and after a quick wipe or 

ultrasonic cleaning, the part should look perfect.  

 

3.1.1.10 Vision System  

Next to the galvo is a high-powered zoom lens and camera setup. The sensor on 

the camera is 8.6mm wide by 6.9mm tall, with a resolution of 1280x1024. The zoom lens 

has a magnification range of 0.52x to 6.5x, which combined with a 2x objective, leads to 

a field of view range of 8.3mm wide (min magnification) to 660um wide (max 
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magnification). At maximum magnification, the optical resolution is approximately 1.6 

microns. Besides the workpiece backlight, the camera has a ring light and a coaxial light 

to effectively illuminate different substrates.  

3.1.1.11 X-Y-Z-Theta Stage  

The workpiece mount sits on a manual rotation stage. This in turn, sits on a manual 

z-stage of the "elevator" type, which sits on a high-speed motorized x-y stage. With the 

ability to adjust x, y, and theta, it is possible, using the camera, to align the cutting axes 

to registration marks or existing features on the substrate. For example, parts could have 

been cut, subjected to post-processing outside the laser, and then returned to be cut a 

second time. The workpiece stage has the necessary adjustments to reacquire the 

previous coordinate frame and cut new features in precise relation to the old ones. This 

capability is similar to that offered by a mask aligner used in lithography. This x-y-z stage 

has an accuracy of 200 nanometers and is connected to the system which measures the 

motion using the encoders. 

 

3.1.1.12 Vacuum Exhaust System  

The laser cutting process creates an abundance of fine particulate matter. The 

laser system has a high-grade ULPA filtered vacuum exhaust system to evacuate cutting 

debris. The intake nozzle is attached to a "loc-line"-type adjustable segmented hose, 

allowing for flexible positioning.  
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3.1.1.13 Enclosure  

The laser system is contained in a sealed and interlocked enclosure for Class 1 

operation. The windows are special laser safety windows that block 355nm. The laser 

also emits a small amount of 1064nm radiation, but the windows block this as well.  

 

Figure 8: Laser machine with enclosure 

3.1.2 Lamination Press 

The lamination press consists of a platen plate which has holes lined up so that 

the polygons formed by the holes have a surface area of the order 1 square inch. The 

platen plates are placed in a jig which has the heaters and the thermocouples. The plates 

get heated and transfer the heat to the laminate that has been placed in the platen plate 

using pins for aligning into the holes. 
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Figure 9: Lamination press  

The heaters and thermocouples are attached to a control system which has been 

assembled to control the temperature in the plates. In the lab there are two presses 

controlled by the same system. The system is capable of maintaining the temperature at 

which it is set. 
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Figure 10: Control for the lamination press 

3.2 The Actuator 

PZT actuators made for this project are unimorphs (one layer of PZT) and 

bimorphs (two layers of PZT). A unimorph as shown in Fig 11 has one layer of PZT on a 

Carbon fiber elastic layer with two sides of PZT bound by FR4 which serves as a rigid 

extension. A unimorph would have peak to peak oscillation only in one direction 

(oscillation about a bias voltage) and it has two electrical connections one for each side 

of the PZT while a bimorph shown in Fig 12 has full peak to peak oscillation and has three 

electrical connections: two for each side of the bimorph and one which connects to the 

carbon fiber for access to the other electrodes of the PZT layers. For connecting the 

carbon fiber, a hole is rastered through the whole laminate and epoxy is filled in it. 
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Figure 11: Unimorph Actuator 

 

Figure 12: Bimorph Actuator 

 

Different functions of each layer 

1. FR4 layer  

• FR4 is a glass-reinforced epoxy laminate material 



 
32 

• A rigid extension at the tip of the actuator which helps in amplifying the actuator 

deflection and helps in uniform stress distribution along the length of the actuator 

whenever an external load is applied at the tip[2] 

• As we are using same thickness of FR4 as the PZT, it helps in aligning of PZT 

during the lamination process 

2. PZT layer 

• Piezoelectric material which does the actuation and sensing  

3. CF layer 

• The CF layer has epoxy embedded in it which helps in adhering the PZT and the 

FR4 layer to the same plane when cured 

• PZT being very brittle needs some bending stiffness thus CF provides rigidity to 

the actuator  

• CF being highly conductive in the fiber direction connects to the bottom electrode 

of the PZT 

4. Copper layer 

• Helps in making connections to the PZT and the CF using conductive epoxy 

• Copper is easy to solder on and thus makes the wiring process easy instead of 

using conductive epoxy with the wires 

5. FR4 bridge layer  
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• It serves as a bridge for mechanical contact between the sensing and actuating 

PZT layer (attach picture) 

• It has holes for soldering wires to the copper connections which helps in better 

soldering and minimizing chance of shorting between the copper connections 

6. Pyralux adhesive 

• DUPONT PYRALUX® LF Sheet Adhesive is a thermal adhesive used to stick the 

Copper layer on the PZT and the FR4 layer 

3.3 Fabrication 

The fabrication method used here is the Pop- up MEMS approach also called 

Smart composite Microstructures(SCM) as shown in Fig 13. In this process, each layer is 

cut using a high frequency UV laser and all these layers are aligned together in a laminate 

press and stuck with each other using thermal adhesive layers. After that the layers are 

heated and pressed in the laminate press and the laminate is then again cut using the 

UV laser to get the final released part. 

 

 

 

 

 

Figure 13: SCM process 
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3.3.1 Cutting each layer 

• FR4 layer 

FR4 is cut as a square with four 1.6mm holes for pins. It has a slot in between for 

the PZT to sit in. The FR4 is stuck on x4 Gel-Film (a tacky film for temporary positioning; 

higher numbers correspond to greater adhesion, Supplier: Delphon, Hayward, California, 

United States) and cut at 10kHZ for 35 passes after adjusting z – focus with the camera. 

As this layer has the same thickness (5 mil/127 microns) as the PZT it makes easier to 

hold the PZT in place and distribute pressure evenly on the laminate. We would be having 

two layers like this for upper and lower side. 

 

Figure 14: FR4 layer 
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• CF layer 

The carbon fiber used here is uncured with a thickness of 50 microns. Firstly, the 

white backing is removed, and CF is pasted on x4 Gel-Film (CF facing up) making sure 

that the fibers are aligned in the length direction of actuators. The blue backing is not 

removed yet and after focusing CF is cut at 14kHZ for 50 passes. This layer has four 

holes at the corners also but there are strips of material that are removed so as to ensure 

that the strain sensing element is not electrically connected to the actuator. The material 

removed is taken out very gently using tweezers under the microscope so as to not distort 

the geometry. The cut layer is gently removed from the Gel-Pak and the blue backing is 

removed using tweezers. As sometimes the backing gets stuck on the CF, it is easier to 

remove it pasting the other side on Gel Pak x0 and removing under the microscope. 

 

                  Figure 15: Carbon fiber layer 
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• PZT layer 

PZT- 5H (PIEZO SYSTEMS, INC, 65 Tower Office Park, Woburn, MA) is used with 

a thickness of 5 mil/127 microns with metal coatings on top and bottom for electrodes. 

This material is widely chosen for making actuators due to a combination of high 

piezoelectric coefficients and modulus with a relatively high fracture strength [1]. This 

layer is a rectangular cut scaled to a factor of 0.99 to the rectangular cut of FR4 layer to 

fit in and account for expansion in the heat press. This layer is cut with slots for the release 

cut. The slots have two very important functions: First, we want the FR4 bridge layer to 

hold both the sensor and actuator in place while maintaining no electrical contact between 

them, so we cannot cut through these strips while releasing. It is better to cut these slots 

first and do release later on to extend the cut. Second, it is much easier to use one side 

of the slot as a reference for release after lamination so as to minimize offset between the 

release and the slot. 

 

            Figure 16: PZT layer 
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Cutting the PZT on the laser is different. As the higher laser power decreases 

dielectric strength, a method [1] proposed by researchers at Harvard Microrobotics Lab 

was implemented. This method consists of: first cutting through the PZT with low power 

to evade dielectric breakdown and then using the high power to melt the top edge of the 

cut surface as shown in Figure 17.  

[1]  

Figure 17: Showing how high-power laser treatment affects PZT (taken from [1]) 

This makes sure that laser is cutting only at the points where it’s helpful for the 

fracture strength and not cause dielectric shorting. As discussed in [1], even a change of 

0.05W would reduce the dielectric strength by about 0.5 μm−1. The maximum acceptable 

level for the low-power cut is 0.23 W and offsetting the high-power edge treatment cut by 

10 μm from the low-power through-cut was found to melt the PZT’s exposed edge about 

50% of the way down from the surface [1]. This cutting method was found suitable for our 

applications. 
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The PZT is placed on x0 Gel-Film because of its brittleness. After focusing with 

camera, the rectangles with the slots are cut at low power for 2500 passes and then high 

power for 30 passes. After cutting there would be some material left in between the slots 

which is manually cleaned using IPA and cleaning brush. 

• Copper layer 

Copper shim of 1 mil/25.4 microns thickness is used. It also has the four holes for 

alignment along with the thin strips for connections. First the copper shim is pressed in 

the hydraulic press so as to flatten it and then stuck on the Gel-Film x8. x8 is used 

because copper warps on cutting due to high heat conductivity while cutting. After 

focusing is done the copper layer is cut at 14kHz for 50 passes. Care is taken while 

removing the cut layer off the Gel-Film so as to not distort the thin copper connections. 

 

Figure 18: Copper layers: front and back 
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• FR4 bridge layer 

This layer is cut with four holes for alignment and holes for copper connections. 

This layer has a rectangular slot as well but smaller than the previous FR4 layer so as to 

cover some part of the PZT which would help in holding the sensor and the actuator 

mechanically. The layer is cut with the same settings as the previous FR4 layers. 

 

Figure 19: FR4 bridge layer 

 

• Pyralux adhesive 

Pyralux is a thermal adhesive that sticks the copper to the FR4 and PZT. Firstly, 

the cut material with the backing is pasted on a x0 Gel-Film with the backing side up then 

the backing is removed from the adhesive under the microscope, while making sure not 

to tear apart the thin adhesive underneath. This method of removing the adhesive is fast 
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and preferred because there is no handling of the adhesive after as its stuck to the Gel-

Film. Now the adhesive is cut at 6kHz for 20 passes. It’s better to keep the cut adhesive 

on Gel-Film till lamination starts so as to minimize handling. Four adhesives are cut for 

one laminate, two for the FR4 bridge layer to stick on copper and two for copper to stick 

on FR4 and PZT. 

 

Figure 20: Adhesive layers for copper and FR4 bridge 

 

• Pacopad 

Pacopad is a crushable material (Pacothane Technologies, Wincester, MA) that is 

used to have uniform distribution of pressure on the laminate. As the level of the layers is 

not uniform and is in steps, this would distribute the pressure evenly. The Pacopad layers 

are cut as squares with four holes using 15kHz and 50 passes and raising up and doing 

50 passes again. 



 
41 

3.3.2 Lamination 

• The first step is inserting 1.5mm pins through the holes making a square in 

laminating jig making sure that they are touching the bottom of the holes. Pre-stack [1] 

process is used to make these actuators to have no need for manual assembly. 

• Now the Pacopad layer is put on inserting the pins in the holes and after this a thin 

layer of Teflon with holes manually done is put on top of it so as to minimize epoxy leakage 

and make the laminate easy to remove afterwards 

• After cleaning all the FR4 layers in the ultrasonic cleaner with IPA to promote 

adhesion, the Fr4 bridge layer is put next carefully considering which direction to put in, 

a small mark on all the layers as seen in the pictures helps 

• Pyralux adhesive (cut with the same template as the FR4 bridge) is carefully 

removed from the Gel-Film and carefully inserted into the jig using the pins. 

• Copper layer is now inserted in the jig carefully so that the thin connections don’t 

get damaged 

• After another layer of Pyralux for sticking the Copper on the FR4, the FR4 layer 

(with the rectangular slot) is added. This layer can be missed but for uniformity and lesser 

chance of shorting it is better to add this layer 

• The uncured Carbon Fiber layer with the fibers aligning in the length direction of 

actuators is put on next, as it is too thin and easy to get deformed particularly at the slots, 

so care must be taken so that the holes get into the pins without any stretching. For this 

first putting in the two diagonal holes and then putting in the other two holding the layer 

with tweezers was found to be the optimal solution. 
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• After putting on the next FR4 layer, PZT strip is cleaned with IPA to remove any 

debris and is placed manually in the slot of FR4 layer with polarity facing down. The 

alignment is done under the microscope such that one edge of the PZT just touches the 

slot in FR4 layer and also seeing that the PZT is straight with respect to the slot. As there 

is a little expansion in the laminate on heating, there should be a little gap in between the 

PZT and the slot which is why the PZT is cut at a 0.99 scale factor as mentioned earlier. 

• Adhesive for sticking copper is placed and after that copper layer is placed similar 

to the bottom side.  

• After another layer of adhesive and FR4 bridge layer, a thin layer of Teflon is added 

again  

• Pacopad layer is inserted and the jig is closed 

• The jig is carefully put into the press using the shafts and cured for 2 hours at 350F 

at 30psi. The weights are placed manually on the press with Manilla Folder layers to 

minimize transfer of heat to the weights. 

• The laminate is allowed to cool for further two hours and then taken out of the 

press  
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Figure 21:  Lamination process 
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Figure 21:  Lamination process (continued) 
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Figure 21:  Lamination process(continued) 

 

 

Figure 5: 

 

Figure 6: 
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Figure 23: Laminate front and back 

3.3.3 Release 

• Release is the most important step in cutting of actuators. The laminate is cleaned 

with IPA using brushes and the epoxy leaked through the ends is scrubbed off. 

• The laminate is aligned on the x4 Gel-Film so that its straight on the slide. This 

step is very important as just a little bit of angle can cause offset during the release. 

• The laminate is put under the laser camera and focused on the PZT. The origin is 

chosen at one of the ends of the cut so even if there is a little misalignment between the 

PZT and FR4, this would take care of it. 

Figure 22: Laminate placed in the laminating press  
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• The FR4 release extends to the FR4- PZT boundary and this could cause shorting 

of the PZT [1] if there is a very little misalignment in the ‘pre-stack’, this could cause 

shorting in the PZT. Therefore, the FR4 release is performed first so that there is 

opportunity to remove any damage that has been caused to PZT. Laser at high power 

14kHz and for 100 passes is used. The laminate is raised by half the thickness of the 

laminate using the stage and then cut for 200 passes for a cut through. 

• The next step is to cut PZT release at low power. This cut is the most important 

and the most defining step of the actuator. This cut is also used to remove any damage 

done during the FR4 release by extending it around the end of the FR4 cuts [1]. PZT 

release is done at low power 0.23W for 2500 passes after focusing is done on the PZT. 

As there is only one layer of PZT in these bimorphs so there is no need of flipping, this 

cut is done through the CF without raising the stage. 

 

Figure 24: Release cut file (AutoCAD) 
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Figure 25: Release being done on the laser machine 

• The next step is high power edge treatment [1] of PZT, which has an offset of 

10𝜇𝑚. This is done at high power and lesser speed than low power cut for 30 passes. 

• The actuators are separated carefully under the microscope and cleaned with IPA 

in the ultrasonic cleaner. This part is very important to clean the edges of the PZT which 

cause shorting and to remove the material in between the sensor and the actuator.  
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Figure 26: Actuators after release 

 

3.3.4 Wiring 

• After cleaning and making sure that there is no material in between the actuator 

and the sensor, the copper connections on the PZT and for wiring are scrubbed with a 

sharp knife to make sure that there is no epoxy or any debris on it. Also, the Copper has 

tendency to get oxidized on heating which causes soldering problems. Scrubbing it off 

removes all the oxidized material too. 

• Silver epoxy is mixed in a petri dish and applied to the ends of copper connections 

to make sure it connects to the PZT. This step needs to be done carefully to make sure 
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there is no epoxy connection in between the actuator and sensor. The application is done 

with a micro tip. 

 

Figure 27: Conductive epoxy applied to the actuators 

 

• For wiring – 43 gauge wire is used which is stripped for removing the insulation 

and then soldered onto the copper connections. After all the connections are done, the 

actuator is cleaned again in ultrasonic cleaner in IPA so as to remove any solder or copper 

debris which can cause shorting. 
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Figure 28: Actuators after wiring 
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Chapter 4 Testing 

4.1 Setup 

The setup for the following experiments has been shown in Figure 29. The actuator 

with embedded sensors is held with on an x-y-z stage from ThorLabs. Taking care that 

the wires from the actuator do not coincide, we strip just a little length so that there is no 

chance of shorting. After connecting one of the displacement sensor to one of the analog 

inputs, connecting the PZT connecting wire to the signal which has been made unipolar 

(with a bias equal to the amplitude) and the carbon fiber connecting wire to the ground, 

we turn the amplifier on. A Philtek optical probe which is a displacement sensor is placed 

very close to the actuator whose tip has been glued with a copper strip to increase 

reflectiveness.  

 

Figure 29: Experimental setup 
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For calibrating the displacement sensor, the amplifier is turned on and the actuator 

is brought close to the sensor probe and the output from the sensor is noted on the 

computer Labview program. As we go closest to the displacement sensor there is a point 

where the amplitude out from the sensor is lowest (keeping in mind not to touch the sensor 

and the sensor is perpendicular to the tip of the actuator). This amplitude should be less 

than 0.25V according to the data sheet of the sensor. Now the actuator is moved apart 

from the sensor slowly using the micrometer stage. There is a point where the amplitude 

out of the sensor is maximum. According to the data sheet the sensor is calibrated to take 

measurements when the max amplitude out is 5V so we manually calibrate at the 

maximum output point using the screw provided so that the maximum is at 5V. After this 

is done, the actuator is moved back (on the farther side) so that it has enough room to 

oscillate. The sensor sensitivity coefficient is noted and multiplied with the output voltage 

to obtain displacement in microns. 

 

Figure 30: Calibration being done 
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4.2 Output tests for different frequencies 

The voltage out from the strain sensor is noted with the same sample rate as the 

voltage out from the displacement sensor (Philtec). The figures 31 and 32 show the strain 

sensor output and Philtec output when the actuator is driven at 150 V sine wave (unipolar 

0 – 150 V) at 50Hz and 200Hz 

 

Figure 31: Outputs of strain and displacement sensors at 150V 50Hz sine wave input 

 



 
56 

 

 

 

Figure 32: Outputs of strain and displacement sensors at 150V 200Hz sine wave input 

 

As seen in the figures above the displacement sensor readings match very well 

with the strain sensor readings with a phase difference of 180o. This confirms that the 

strain sensor at the actuator is measuring the strain at the same time when the actuator 

gets deformed. 
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Figure 33: Outputs of strain and displacement sensors at 100Hz with different amplitudes sine wave input 

 

Now the actuator is run at 100Hz sine wave with different amplitudes and results 

of both the sensors are plotted as seen in the Fig 33. Here we note that as the input 

amplitude increases, the amplitude of the both the sensors increase and the increase is 

more in one direction (goes up more) because the bias is also increasing which is tilting 

the actuator more towards one side. 

 

4.3 Frequency sweep 

The next test is to run the actuator at 150V with ramping up frequency up to 650Hz. 

The amplitude keeps on rising very slowly till each reaches resonance and we see a peak 
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at 660Hz. Both the sensors match pretty well in the results. As the driving frequency of 

the micro robots generally is between 50-200Hz which is much below resonance thus is 

there is very little chance of actuator breaking down at the operating frequencies. 

 

Figure 34: Frequency sweep 
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Figure 35: V vs D for frequency sweep 

 

4.4 V vs displacement characteristics 

Figure 36 shows the displacement vs voltage characteristics of different actuators. 

Actuators 1 and 2 are from the same batch while actuator 3 and 4 are from different 

batches. All the actuators are driven at 100 Hz sine wave for ramping up amplitude from 

0 to 250V peak to peak in unipolar mode. As seen in the figure only actuator 3 seems to 

have a noticeable error otherwise all the other actuators have approximately the same 
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slope. Also as our driving region is in between 100-200V, the actuators in between 100-

120 microns in the graph are approximately behaving the same. 

 

Figure 36: V vs Disp graph of actuator using different actuators 

 

4.5 Experiments to detect a perturbation 

4.5.1 An obstruction to the flapping wing 

The setup consists of the actuator mounted on a one degree of freedom 

transmission which converts the translation motion of the actuator to the rotatory motion. 

A hinge is connected to the transmission which in turn connects to a wing which has also 
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been fabricated in the lab using Mylar and Carbon Fiber. A probe is attached to the x-y-z 

stage and acts as an obstruction when brought near to the wing. The wing angle is 

recorded taking images from the high-speed camera. 

The actuator is run at 150V, 50Hz sine wave and the observations are taken from 

both the high-speed camera and the strain sensor. As seen in the fig there is a decrease 

in the ptp amplitude when the wing stroke angle decreases (obstruction happens).  

 

 

Figure 37: Outputs of strain and displacement sensors on perturbing the flapping wing 
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4.5.2 Dipping in water 

The actuator in this test is attached to a transmission and wing and then powered 

at 100Hz 150V sine wave and then placed in a box where about two thirds of the wing is 

dipped in water and the water is taken out using a pump. The readings in and out of the 

water are noted and plotted. The high-speed images before dipping, in water and out of 

water are taken and tracked for wing stroke angle. The wing stroke angle changes from 

63.079 degrees in air to 6.0412 degrees in water and then back to 23.016 degrees after 

coming out as shown in Fig 38. 

 

Figure 38: Strain sensor output on dipping in water 
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Figure 39: Before dipping (extreme points) 

 

 

Figure 40: In water (extreme points) 

 

 

Figure 41: After water dip (extreme points) 

 



 
64 

It was noticed that the decrease in amplitude after dipping might be because of the 

water sticking on the wing making it heavy or due to high frequency flapping in water the 

transmission might have lost some efficiency. 
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Chapter 5 Conclusion and Future work 

5.1 Conclusion 

The actuator with embedded sensors is fabricated with the least need of manual 

assembly. All the steps are done using the SCM method to ensure high accuracy and 

remove manual error. The two strain strips can measure bending strain as well as 

torsional strain. For bending strain only one strain sensor strip can be used and for 

torsional strain both strips can be used with differential amplifier. The resonance 

frequency of the actuator is 660Hz which is much higher than the operating frequency of 

micro robots (50-200Hz) so the actuator is safe from cracking. As the sensors are also 

made from PZT, they are very sensitive so there is no need any kind of electronic 

components like amplifiers to amplify the signal or filter the signal using circuits. As seen 

in the frequency sweep, the actuator works with a high band of frequencies. The limitation 

can be at lower frequencies (<10Hz) where there is charge leakage in the PZT element 

so there won’t be an accurate strain sensing at these speeds as shown in the frequency 

sweep diagram. The actuator with sensors has been shown to detect any perturbation 

under operation. Collision test showed very promising results as the wing stroke 

amplitude decreased at the same time when the collision occurred and simultaneously 

we got a dip in the strain sensor measurements. In the other test where a flapping wing 

at 100Hz is dipped in water, there was a noticeable change in the strain sensor 

measurements inside and outside water. Thus, we have successfully demonstrated an 

on-board sensor capable of detecting the displacement as well as any perturbation under 
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operation. This sensor can also be used for torsional strain testing where the two strain 

strips can be used and calibrated to detect the torsion. 

5.2 Future Scope 

This actuator with sensors would find applications in robust kind of micro robots 

which can work in different surroundings, for example air to water or water to air transition, 

where we require efficient feedback control along with the knowledge of the surroundings. 

Further it can be used to track the position of the wing or the leg of a robot as shown in 

the displacement testing. There is another application whereby the actuator with sensor 

can behave like a self-excited indirect muscle in insects also known as feedback-based 

control. If the output of the strain sensor is amplified and sent as input to the actuator as 

shown in f and the actuator is given an impulse. As the strain now would change which 

would cause a change in the input voltage, the actuator starts to oscillate enabling closed 

feedback loop control. Another application of these actuators can be in haptic feedback 

in micro tweezers used in surgeries or micro manipulators used in micro fabrication. 

 

Figure 42: Feedback closed loop control 
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