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ABSTRACT 

Transfer printing refers to a set of techniques for deterministic assembly of functional 

micro/nano scale devices into two and three dimensional spatial arrangements. It provides a 

versatile route for realizing multifunctional heterogeneously integrated systems such as flexible 

electronics, biocompatible sensing and therapeutic devices, transparent and curved optoelectronic 

systems etc. Micro-transfer printing is an automated process that implements deterministic micro 

scale assembly using a molded viscoelastic stamp typically made out of PDMS. The process relies 

upon the control of adhesion and fracture at the interfaces between the stamp and the devices being 

assembled to pick up and release them. A widely exploited strategy to achieve variable adhesion 

from the stamp is to use the rate dependent effects of the viscoelastic stamp material. It is a very 

versatile process and has been used in the realization of many novel heterogeneously integrated 

systems. The process has been implemented industrially to assemble ultra-high concentration 

photovoltaic panels.  This body of work presents the development of new stamp technologies to 

address the challenges associated with increasing parallelism and shortcomings associated with 

fixed geometry stamps. Starting from the concept of an active composite material with distributed 

sensing, actuation and compliance tuning, new stamp architectures are developed. These novel 

stamps replace the compliance of a bulk PDMS stamp with active functional structures with 

tunable stiffness; without effecting the ability of the stamps to be used for transfer printing. The 

new stamp architecture enables active monitoring and control of the micro transfer printing 

process. Using instrumentation to sense deflections/forces at each post allows detection, 

measurement and compensation of misalignments between the stamp and donor/receiving 

substrates. Furthermore this information is used to detect pick up and printing errors at individual 
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posts, allowing for error handling to increase process robustness. Moreover the ability to 

selectively actuate allows to engage/disengage individual posts. This enables new transfer printing 

modes such as collect and place. Finally results of pilot experiments conducted to test the 

feasibility of using micro transfer printing in novel application areas are presented. 
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CHAPTER 1: INTRODUCTION 

Reliable manufacturability of complex heterogeneous microsystems is a big challenge. 

Though conventional surface micromachining has proven successful for simple and monolithic 

micro-devices, it is not sufficient to address the manufacturing of today's wide range of 

microsystem designs. To address these challenges micro-assembly has emerged as an alternative 

and enabling technology which can allow the building of complex systems by assembling simpler 

heterogeneous micro-parts [1].This chapter gives a brief literature review of the field of micro-

assembly, special focus is given to a subset of micro assembly; the micro transfer printing process. 

Micro-assembly systems can be broadly divided into two classes based on their principle of 

operation; 1) Serial assembly and 2) Parallel assembly [2].  

1.1 Serial micro-assembly 

Serial micro-assembly follows the traditional pick and place technique to assemble objects 

one part at a time. Typically each part to be assembled is sequentially picked up from a known 

location, manipulated and then placed into its final position. Serial micro assembly systems consist 

of three main elements; a part handling tool, a high precision positioning system and sensory 

feedback (vision feedback is used in most cases). The throughput of serial micro-assembly is 

determined by the number of micro manipulators used and the bandwidth of the individual tool 

and is generally smaller compared to its parallel counterpart. One advantage of serial micro-

assembly is the ability to orient parts in N degrees of freedom; allowing creation of more complex 

parts compared with parallel micro-assembly. 

Serial micro-assembly systems can be further sub divided into the following sub types: 
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1.1.1 Tele-operated or master-slave systems 

 This is the most basic micro-assembly system. It allows semi-automatic or manual 

control with or without haptic feedback, to perform micro-structure assembly. Commands from 

the operator are read and applied to the system. Platforms are composed of a macro-side; the master 

which interfaces with the operator, and a micro-side slave; which operates in the assembly 

environment [3]. The system architecture consists of an end effector such as a micro-gripper or a 

probe, motion stages and visual feedback system [4, 5]. 

1.1.2 Automated micro-assembly Systems 

In cases of high volume manufacture of micro products fully automatic assembly is often 

the preferred option. In order to achieve a certain level of automation in serial assembly, typically 

visual feedback is used to track the position of end effector relative to the parts. 

A vision based system to perform automated grasping of micro parts in two dimensions 

has been demonstrated by Len et al. [6, 7] . A three dimensional micro-assembly system using 

vision feedback with sub-micron accuracy has been demonstrated by Wang et al. [8]. The use of 

force feedback to perform micro-assembly has also been demonstrated by Thompson et al. and Lu 

et al. [9, 10]. A flexible micro-assembly system that combines vision and force feedback for 

assembly of MEMS sensors has been demonstrated by Xie et al. [11]. 

There is a large body of work available related to micro-assembly tasks using micro-

grasping techniques and strategies [12, 13, 14, 15, 16, 17]. 
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1.2 Parallel micro-assembly 

 As stated above, serial assembly allows for the creation of complex microstructures 

at the expense of throughput; using serial production. However some applications require high 

throughput rates where the individual objects have low complexity, and this is where parallel 

assembly with limited object manipulation ability can be used. Parallel micro-assembly can be 

broadly divided into the following two classes namely; deterministic and stochastic parallel 

assembly. 

1.2.1 Deterministic parallel micro-assembly 

 Deterministic parallel micro-assembly refers to the direct assembly of 

microstructures from a donor substrate to a target substrate. The positioning of the individual 

microstructures is determined by their layout on the donor substrate.  

A deterministic parallel micro-assembly process using sacrificial layer etching and flip chip 

bonding has been demonstrated by Singh et al. [18]. The transfer is achieved by cold welding 

electroplated indium solder bumps to electroplated copper pads. Harsh et al. [19] have also 

demonstrated the use of flip-chip bonding to assemble Silicon based RF MEMS. They use post 

assembly release of the structures, which avoids the use of tethers [18]  and thus results in better 

RF performance. 

Lin et al. [20] have demonstrated three-dimensional parallel micro-assembly of solder 

balls. The solder balls are first self-assembled into a ball trap using shape matching. After the balls 

are held in the traps, a PDMS film is brought into contact with the balls; attaching the balls onto 

the PDMS. A UV curable adhesive is them applied to the bottom of the balls; which are then 
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aligned and assembled onto the target substrate. After assembly the UV adhesive is cured securing 

the solder balls in place. The process is then repeated to get three dimensionally assembled layers 

of solder balls by successive assembly. 

Another three dimensionally assembled micro structure has been demonstrated by Chu et 

al. [21]. They have demonstrated the fabrication of micro coils using parallel micro-assembly. An 

array of micro-grippers- with the aid of vision based algorithm- is used to grasp and assemble 

micro coil windings into specially designed slots. The use of multiple grippers allows for the 

parallel assembly of multiple coils at the same time thus improving throughput. 

1.2.2 Stochastic parallel micro-assembly 

 Stochastic parallel micro-assembly also referred to as self-assembly - in the meso 

or macroscopic scales - uses different type of forces such as electrostatic, magnetic, surface 

tension; vibration etc. to agitate specially shaped parts into known locations [22].  Using magnetic 

fields, thin chips have been assembled onto a UV curable polymer to demonstrate semiconductor 

packaging using self-assembly [23, 24]. Self-assembly of multiple classes of materials (dielectrics, 

metals, semiconductors etc.) with varying length scales using DC electric fields has recently been 

demonstrated with high yields (97%) [25]. Microfabricated single crystal silicon devices have been 

assembled onto a flexible polymer substrate [26] and silicon micro-mirrors have been attached to 

prefabricated micro-actuators [27] with the help of capillary forces through fluidic based self-

assembly. In both cases specially shaped traps are used to first capture the devices being attached. 

Afterwards the system is heated to melt an adhesive material pre-patterned in the traps to bond the 

device to the final assembly location.   

4 

 



1.3 Micro transfer printing 

Transfer printing refers to a set of techniques for deterministic assembly of ‘inks’ - functional 

micro/nano scale devices from a diverse class of materials and having a wide range of geometries 

and configurations - into two and three dimensional spatial arrangements. It provides a versatile 

route for realizing multifunctional heterogeneously integrated systems such as flexible electronics, 

biocompatible sensing and therapeutic devices, transparent and curved optoelectronic systems etc. 

Transfer printing can be divided into three distinct categories [28]: 

• Additive Transfer: Utilizes stamps that have been ‘inked’ with the material of interest using 

various deposition techniques such as spin coating, vapor deposition etc. 

Figure 1: Schematic illustration of the three different types of transfer printing. Taken 
from [28] 
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• Subtractive Transfer: Selectively removes material using a patterned stamp through 

contact with a continuous film. 

• Deterministic Assembly: Uses a patterned stamp to retrieve prefabricated micro structures 

from donor substrates and deposit them onto receiving substrates. 

These three categories are shown schematically in figure 1. 

Micro-transfer printing is a standalone automated process that implements deterministic 

parallel assembly using a molded PDMS stamp. The stamp is patterned with posts which locally 

make contact with the functional microstructures on the donor and acceptor substrates. The use of 

PDMS as the stamp material and the molding process creates a very versatile and low cost process. 

Since PDMS is transparent to visible light, PDMS based stamps allow visual feedback, ease of 

Figure 2: Automated Transfer Printing Machine, 
showing the four motion axes and integrated optics. 
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alignment and process monitoring. The PDMS can be molded with multiple posts to permit parallel 

assembly of multiple microstructures. Figure 2 shows an automated micro-transfer printing 

machine developed at the University of Illinois [29]. The major components of the system include 

(a) a CNC XY-stage for positioning, (b) a Z-stage for mounting and moving the stamp up and 

down and controlling the separation speed and force, (c) an orientation/rotation stage that assists 

in obtaining parallel alignment between stamp and the donor and receiving substrates and (d) 

imaging system that is used for alignment and monitoring of the printing process. 

It is a very versatile process and has been used in the realization of many novel heterogeneously 

integrated systems [30, 31, 32, 33, 34, 35]. The process has been implemented industrially [32, 36] 

to assemble ultra-high concentration photovoltaic panels.  

1.3.1 Micro transfer printing mechanism 

Stamps used for ink manipulation in micro transfer printing are usually composed of a 

viscoelastic material. One salient feature of viscoelastic materials is that their interface adhesion 

strength depends upon the speed at which the interface broken. The transfer in micro transfer 

printing relies upon the control of adhesion and fracture at the interfaces between ink/donor, 

ink/stamp and ink/receiver. As the stamp makes contact with the Ink, two interfaces are formed; 

one between ink and the stamp and the other between the ink and the substrate, as depicted in 

figure 3. The ink retrieval and release process can be modeled as the initiation and propagation of 

Figure 3: Schematic depiction of the different interfaces formed during ink retrieval. The same scheme exists for ink 
release  
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interfacial cracks [37] based on a characteristic energy release rate G.  Transfer printing exploits 

the rate dependent effects of the viscoelastic stamp material; typically PDMS [28, 38]. Ink retrieval 

takes place when the adhesion energy at the ink/stamp interface Gstamp/ink becomes greater than the 

ink/substrate interface Gink/substrate at the delamination velocity; conversely ink release takes place 

when the adhesion between the ink/receiver interface Gink/substrate becomes greater than the 

ink/stamp interface Gstamp/ink at the delamination velocity. The process mechanics are shown 

schematically in figure 4.  

1.3.2 Recent developments in micro transfer printing 

Besides the kinetically-assisted [39] approach to transfer printing that relies on accurate control 

of separation velocity to controllably induce failure at the stamp/ink interface, Kim et al [40] use 

patterning and relieving of the stamp surface  to engineer collapse and recovery of relief features 

on the stamp. This changes the contact area of the stamp-ink interface; modulating the force 

required for its failure from high to low, to enable ink pick up and printing onto low adhesion 

surfaces and without the presence of any adhesive materials. Figure 5 shows a SEM image of a 

representative stamp. A theoretical model for these stamps has been developed by Wu et al. [41] 

Figure 4: Schematic representation of variation of adhesion energy of a transfer printing stamp 
as a function of delamination velocity. 

8 

 



In contrast to controlling the stamp area by molding the stamp surface, Carlson et al [42] have 

introduced the idea of using pneumatically actuated stamp to achieve both, preferential failure of 

the stamp-ink interface ( by introducing additional bending and shear when the stamp is 

pneumatically pressurized) and programmability to selectively print at different sites or posts on 

the stamp. Figure 6 shows the image of a single pneumatically actuated stamp taken from [42]. 

Figure 5: (A) SEM image of a representative transfer printing 
stamp with micro tips. (B) Stamp with an attached silicon platelet. 
Images take from [40]. 

Figure 6: SEM images of the pneumatically actuated stamp. (A) 
Image of the stamp without the top PDMS membrane showing the 
micro channel. (B) Optical image of the stamp without and (C) 
with a silicon plate on the inflated membrane. (D) Average 
deflection of the membrane. 
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Besides the use of PDMS as the stamp material, Eisenhaure et al. [43] have demonstrated the use 

of shape memory polymer as the stamp material for transfer printing.  

Along with the development of stamp technology, recent developments have also been made 

in the processing technique. Carlson et al [44] have developed the idea of introducing shear during 

the printing step to cause preferential failure of the stamp-ink interface during printing. This allows 

reducing the force required to break the stamp/ink interface. Figure 7 shows the effect of shear on 

the reduction in the pull-off force measured experimentally taken from [44].   

Another recent process development has been demonstrated by Saeidpourazar et al [45]. They 

have introduced a new release mechanism where laser heating is used to generate a thermal 

mismatch strain at the stamp-ink interface that leads to delamination and printing of the ink. The 

new process is named laser-micro transfer printing. The salient feature of this process is non-

contact device release. This allows for printing onto low adhesion surfaces. The process has been 

Figure 7: Experimentally measured pull-off force required to 
delaminate the stamp from a flat silicon substrate as a function 
of shear displacement taken from [44] 

10 

 



modeled by Rui et al. [46, 47]. The process has been extensively characterized using multiphysics 

modeling supported by experimental results and further developed by Alaa et al. [48, 49].   

1.4 Overview and organization of work 

This thesis describes a set of advanced stamp technologies based on a novel active 

composite material that enables the development of new transfer printing protocols and improve 

process robustness. The active composite affords the integration of distributed actuation, sensing 

and stiffness tuning; allowing the creation of stamps that can sense force, contact and actively 

modulate their geometry. We start by addressing the efficacy of using sensing and actuation within 

the transfer printing process. We address the simpler problem of adding sensing into the stamp 

first by conducting a pilot study to gauge the feasibility of such a system. After successfully 

demonstrating the feasibility of using sensing within transfer printing the thesis then addresses the 

creation of more precise stamps using micro fabrication. Next the use of sensing to perform transfer 

printing and detect process errors is demonstrated. After the integration of sensing into the stamp, 

actuation capabilities are integrated, a single architecture capable of providing multi actuation 

modes is presented. After design, fabrication and characterization of the stamps new modes of 

transfer printing are presented. We end by conducting pilot experiments to study the use of transfer 

printing in new application areas. 

Chapter 2 describes the opportunities that exist for micro transfer printing stamps with 

regards to detecting and measuring process errors and modulating stamp geometry. The general 

architecture of the active composite material is introduced that allows for the integration of 

distributed sensing and actuation into a single bulk material. Finally the active composite is 

specialized into a transfer printing stamp. 
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Chapter 3 presents the integration of sensing into the stamp. First the pilot study conducted 

to gauge the feasibility of integrating sensing into the micro transfer printing process is described 

and its results presented. After proving feasibility a more precise stamp architecture is presented 

and the fabrication process developed. After fabrication, stamp testing and characterization is 

described. Finally the stamp integration into the transfer printing process is presented along with 

demonstration of new printing modes based on event and contact detection, error detection using 

measurement of interaction forces is shown. 

Chapter 4 presents the extension of the functional integration by developing a micro 

transfer printing stamp based on the active composite material architecture that allows for the 

distributed integration of sensing, actuation and compliance tuning. FEA based design of the stamp 

is presented followed by the development of a facile fabrication process. Following fabrication 

and system integration, the newly developed stamps are characterized and calibration is performed. 

Using the added actuation functionality novel collect and place based transfer printing is 

demonstrated. Finally a dynamical model of the system is developed and using the model a closed 

loop control system in developed. The closed loop control is implemented and system performance 

is measured experimentally. 

Chapter 5 presents the results of a second mode that exists in the active composite stamps, 

namely thermo-mechanical actuation and piezoelectric sensing. FEA based simulation is used to 

calculate the actuation magnitude. System characterization based on PZT based sensing and 

thermo-mechanical actuation is performed. Using frequency domain system identification 

techniques a dynamical model of the system is developed. Closed loop position control is 
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implemented and system performance is experimentally measured. Using the integrated 

functionality collect and place printing including selective device retrieval is demonstrated.  

Chapter 6 presents results of pilot experiments conducted to assess the application of 

transfer printing in new application areas. Using laser based localized heating a process of three 

dimensional assembly of silicon on polymers is presented. Experiments are conducted to 

demonstrate the use of transfer printing to assemble thin silicon dies as a primer for three 

dimensional integrated circuit integration. 
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CHAPTER 2: ADVANCING STAMP TECHNOLOGY 

Micro transfer printing stamps are typically made from viscoelastic materials. One of the 

most commonly used material is poly(dimethylsiloxane) (PDMS). PDMS lends itself well for a 

stamp material because it is chemically and thermally stable, has good optical transparency (down 

to ~230 nm), is chemically inert, has low modulus (ranging from ~1 – 10 MPa) and low surface 

energy (21.6 x 10-3 Jm-2).   

A typical PDMS bulk stamp fabrication follows well established micro-molding and curing 

protocols. The fabrication process begins by creating a master mold with relief features using 

photolithography and surface micromachining. The mold goes through a surface treatment process 

by which a thin anti stiction coating such as a flouroalkyl trichlorosilane or polytetraflouroethylene 

(PTFE) is deposited. Liquid pre polymer is then poured onto the mold surface and allowed to cure. 

Figure 8: Schematic of a PDMS 
bulk stamp fabrication process 
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After being fully cured the PDMS is carefully demolded from the master mold. A simplified 

schematic of the process is shown figure 8. 

One of the most attractive features of this process is its simplicity. However, where the 

bulk stamps are easy and quick to manufacture, this is also an area where most of the opportunity 

lies. Being able to add novel functionality such a sensing and actuation into the stamp can create 

interesting routes to monitor and control the micro transfer printing process using the most critical 

part of the whole process; the stamp itself. 

2.1 Addressing opportunities for adding functionality 

Looking at some of the typical sources of errors encountered during the micro transfer 

printing process such as during device retrieval, failure is caused by a device that has been 

completely released and thus is missing, or a device has not been properly released and thus cannot 

be picked up. Errors introduced by the setup process or by the stamp include angular misalignment 

Figure 9: Schematic of some typical sources of errors encountered during the 
micro transfer printing process 
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in which the stamp is not perfectly parallel to the substrate and thus all areas of the stamp will not 

make contact with the substrate uniformly. Another source of error is stamp collapse in which the 

whole stamp ends up touching the substrate, this causes erroneous pickup of devices when it occurs 

on the donor thus depleting the donor quickly, it is especially a cause for concern when large area 

printing is required using stamps with a large pitch between post [50, 51]. On the device release 

side of things errors in the substrate such as waviness or bowing and foreign debris such as dust 

can cause failure to release devices. The above mentioned typical sources of errors are shown 

schematically in figure 9. Being able to sense when some of these errors occur can be advantageous 

to improve overall robustness of the process. This leads to the idea of adding sensing functionality 

into the stamp at the scale of individual posts where stamp/substrate interactions can be measured 

and meaningful inferences can be drawn. 

Bulk stamps used for micro transfer printing have a fixed geometry of the posts, thus the 

pickup and printing geometry is dictated by the geometry of the stamp. This means that devices 

can be printed in only one pattern, whenever a new geometry is needed, a new stamp will need to 

be created to match the desired geometry. Also, since the stamp makes contact with the substrate 

uniformly, it limits the process to retrieve devices from a single substrate. The operation of a fixed 

geometry stamp is shown schematically in figure 10. 

Figure 10: Schematic representation of micro transfer printing using a fixed geometry bulk stamp. The printing pattern 
is dictated by the stamp geometry, pickup is limited to a single substrate. (left to right) Alignment with the donor 
wafer, contact with the devices, device retrieval, alignment and contact with acceptor substrate, release of devices 
onto acceptor substrate. 
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Having the ability to modulate the stamp geometry to control which post on the stamp 

makes contact with the substrate can eliminate the shortcomings of a fixed geometry stamp. The 

ability to modulate contact provides features such as device retrieval from multiple substrates by 

modulating contact. It allows printing independent of the geometry of the stamp. Another 

improvement is the use of a collect and place regime in which a large number of devices and be 

picked up in a single retrieval step and then printed, this eliminates the back and forth travel 

required using simple pick and place. These modes are shown schematically in figure 11. Thus the 

functionality of actuating the stamp at the scale of individual posts; allowing the stamp to modulate 

its geometry and control when a post makes contact with a substrate is a transformative 

imporvement. 

2.2 Active composite material based stamps 

To add the desired functionality into the micro transfer printing stamps we propose a 

general architecture of a multilayer active composite material. Each required function is assigned 

to a separate layer of the composite.  Figure 12 shows the general architecture of the active 

composite materical. It is composed of four basic layers, a functional layer, an actuation layer, a 

Figure 11: Schematic representation of micro transfer printing using a stamp that can modulate its geometry. Having 
the ability to control when posts make contact with a substrate can allow for device retrieval from multiple substrates. 
It also allows for printing devices in patterns that are independent of stamp geometry and also allows for printing in a 
collect and place regime rather than a pick and place regime.  
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stiffness tuning layer and a sensing layer. Each layer is patterned according to design requirements. 

Additional layers needed for operation can be added to the composite structure as and when 

needed. 

Using the active composite material, stamps with desired functionality are formed by 

replacing the compliance of the bulk stamp by a mechanical system that can emulate the behavior 

of a bulk stamp from a process stand pint. We propose an architecture whereby cantilever beams 

composed of the active composite are embedded into the stamp. The cantilever beams allow us to 

Figure 12: General architecture of the active composite material 

Figure 13:  Schematic representation of the design concept. The 
compliance of the bulk PDMS (Kbulk) is replaced by the compliance of 
the cantilever beam (Kc) made from the active composite material. 
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tune the compliance locally to match the compliance of a bulk stamp. The cantilevers being made 

up from the active composite matrial enables the local integration of the required functionality. 

The concept is shown schematically in figure 13. 
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CHAPTER 3: INSTRUMENTED COMPOSITE STAMPS 

During transfer printing, the extraction of the ink from the donor substrate or its embedding 

into the receiving substrate generates interaction forces that result in a proportional local elastic 

strain at and around each post. By embedding a suitable sensor in the vicinity of the post, this local 

strain can be transduced into an electrical signal that is proportional to the printing forces acting 

on the posts that can be used for process monitoring and control. This chapter addresses the 

development of the framework to add sensing into the stamps, their design, fabrication, 

experimental testing and final use in the micro transfer printing process. 

3.1 Instrumented composite stamp concept 

The instrumented composite stamps are based on the active composite material. Since only 

integration of sensing is required the actuation layer is not included in the system. 

To start developing the stamp, the first step was to select the material for the individual 

layers. Since the stamps are used for micro transfer printing, the functional material was selected 

to be a thin layer of PDMS; the same material as the bulk stamp. The PDMS will have posts 

patterned on it. The stiffness tuning layer was chosen to be made from a permanent photoresist; to 

enable fabrication using standard microfabrication techniques. SU-8 a negative tone permanent 

photoresist was chosen for its good mechanical and chemical properties. The sensing layer was 

selected to be composed of metal strain gages. The stamp is composed of cantilevers made from 

the composite material embedded into the stamp. A thick handle layer with windows patterned 

into it – to allow free deflection of the cantilever – is added to the stamp to provide mechanical 
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stability and allow for stamp attachment. Figure 14 shows a solid model of the instrumented stamp 

concept, showing how the individual layers are integrated to form the stamp. 

3.2 Assessing feasibility of instrumented composite stamps 

After the conceptual design of the instrumented composite stamp, we first conducted a set 

of experiments to test the feasibility of using such a system within micro transfer printing. The aim 

of the experiment was to test whether such a system could be used to perform transfer printing, 

will the signal resolution be sufficient to measure the miniscule forces encountered during the 

process and how will such stamps be integrated into the micro transfer printing process. This pilot 

study allowed us to test a simple system without investing the effort of developing and optimizing 

a previously untested fabrication process. 

We developed the test stamps using commercial off the shelf strain gages. The strain gages 

were bonded to a glass slide to form a cantilever beam, a small PDMS post was manually attached 

to the free end of the strain gage. Following the fabrication of the cantilevered stamp it was 

attached onto the transfer printer. This system qualitatively represents a single post of the 

Figure 14: Solid model of the instrumented composite stamp. (i) Exploded view of the individual layers. (a) 
PDMS web with posts. (b) SU-8 layer that forms the cantilevers. (c) Metal layer with the sensing strain 
gauge along with the compensation resistors and contact pads. (d) SU-8 handle layer with windows to allow 
free movement of the cantilever and optical feedback. (ii) Cut out of a stamp showing how the various layers 
are integrated into the final stack and what the cantilever looks like. 
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conceptual instrumented composite stamp and was used for testing the feasibility. Figure 15 shows 

the image of a single cantilever stamp used for the pilot experiments. Using these cantilevered 

stamps helped us in developing the testing and calibration protocols and develop system 

integration techniques. 

Figure 15:  Cantilevered stamps formed using commercial off the shelf 
strain gage. (a) Strain gage attached to a glass slide forming a 
cantilever. (b) Image of the cantilever stamp counted onto the transfer 
printer for experimental testing. 
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3.2.1 Custom calibration and testing setup 

To measure and test the cantilevered stamps a custom calibration and testing system was 

developed. The setup was designed to be easily integrated into the micro transfer printing tool. The 

system is shown in figure 16. It consists of a precision loadcell (GSO-10, Transducer Techniques) 

that attaches on top of a two axis goniometer stage (GNL-20, Thor Labs), mounted onto the X-Y 

stage of the transfer printing tool. A measuring post with a Silicon piece bonded to it is inserted 

into the loadcell. During testing the PDMS posts on the stamp make contact with this piece of 

Silicon. The stamps are mounted onto the Stamp holder mounted to the Z-stage of the transfer 

printing tool, which is used to move the stamp during testing. 

 

Figure 16: Image of the custom calibration and testing system integrated 
into the transfer printing tool. Work done in collaboration with John A. 
Rogers’ group. Taken from A. Carlson’s Ph.D. dissertation. 
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3.2.2 System integration scheme 

Using the pilot setup the system integration scheme along with the interface electronics 

were developed and tested. The cantilevered stamp is interfaced with the micro transfer printing 

tool by connecting its strain gage to a Wheatstone bridge. The output from the Wheatstone bridge 

is amplified using an instrumentation amplifier (AD622, Analog Devices). The amplified signal is 

then sent into a data acquisition system with an integrated analog-to-digital converter (USB-6009, 

14-bit ADC, National Instruments). The acquired signal is then fed into the transfer printing tool 

software. Figure 17 shows a schematic of the system connection diagram. 

3.2.3 Cantilevered stamp experimental testing 

To test the cantilevered stamp first the stiffness of the stamp is measured. The cantilever 

stamp has a 250 µm x 250 µm, 100 µm tall PDMS post attached to its free end. For comparison, 

the stiffness of a bulk PDMS stamp with the same sized post was also measured. To measure the 

stiffness; the post on the stamp is brought into contact with the silicon piece attached to the loadcell 

of the testing and calibration system of figure 16. After contact the Z-axis of the transfer printer is 

moved downwards by known distances. With the stamp being the only compliant part, any 

Figure 17: Schematic representation of the cantilevered stamp system 
integration setup. 
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movement of the Z-axis results in the deformation of the stamp and post, as the Z-axis is moved 

downward a reaction force is also registered using the loadcell. Using this method the force versus 

deflection relationship of both the bulk PDMS stamp and the cantilevered stamp were recorded. 

From these experiments the stiffness of the bulk PDMS stamp and the cantilevered stamp was 

measured to be 600 N/m and 70 N/m respectively. 

After measuring stiffness of the cantilevered stamp, the next step was to verify whether the 

rate dependent adhesion effect seen in the bulk PDMS is preserved (the behavior schematically 

shown in figure 4). To measure this, the stamp was brought into contact with the silicon piece 

attached to the loadcell. This time maintaining a constant preload the Silicon/PDMS interface 

created by the PDMS post making contact with the Silicon, was broken. The peak force at which 

the interface is broken as a function of stage velocity was recorded. The typical trace that is 

measured from the loadcell as the stamp is brought into contact and then delaminated from the 

silicon is showin in  figure 18 (a). Figure 18 (b) shows the rate dependent behavior measured for 

a bulk stamp and a cantilevered stamp. We observed a much smaller rate dependent adhesion 

response for the cantilevered stamp compared to the bulk stamp. The reduction in the delamination 

Figure 18: (a) A typical trace captured during the rate dependent adhesion measurement experiments. (b) Measured 
rate dependent adhesion effect for a bulk stamp and a cantilevered stamp. 
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force between the two systems can be explanied by the difference in stiffness of the two systems 

as explained in appendix A. The experiment successfully verified that the rate dependent adhesion 

effect is preserved by the cantilevered stamp. 

After measuring and verifying that the rate dependent adhesion effects – the essential 

component to enable transfer printing – are preserved by the cantilevered stamp the ability of the 

stamps to perform transfer printing and signals generated during the process were experimentally 

measured. 

Using 250 µm x 250 µm silicon chips fabricated following the process outlined in 

Appendix , micro transfer printing was performed using the cantilevered stamps. An array of 3x3 

silicon chips was deposited onto a glass substrate using the cantilevered stamp; the results of the 

experiment are shown in figure 19. This experiment verified that cantilevered stamp architecture 

can produce sufficient forces to pick up and print ink during micro transfer printing. 

Figure 19: (a) Image captured from the micro transfer printing tool camera of a single silicon chip picked up and 
attached to the PDMS post of a cantilevered stamp. The image is taken from the top, observing through the cantilever. 
(b) Image of a 3x3 array of silicon chips assembled onto a glass substrate using micro transfer printing with 
cantilevered stamps.  
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Finally the signal from the strain gage in the cantilevered stamp was captured. The signal 

trace showed sufficient signal to noise ration and force resolution to measure important process 

event and delamination/adhesion force. A typical signal trace is shown in figure 20. 

The experimental verification of requirements for performing micro transfer printing using 

the cantilevered stamps proved that a stamp based on the instrumented composite stamp 

architecture is a viable alternative to the bulk stamp. The next step was to develop a facile process 

for creating more precise arrays of stamps based on the original design concept.  

3.3 Instrumented composite stamp design 

Going back to the instrumented composite stamp concept shown in figure 14, the first layer 

is a thin PDMS web patterned with posts, similar to a bulk PDMS stamps but with a much smaller 

thickness. The second layer is made of SU-8 cantilevers connected to the rest of the substrate layer, 

to obtain localized and directional compliance behind the posts. These cantilevers replace the 

compliance of the bulk PDMS that backs the posts in a bulk stamp. Sensing the deflection of each 

cantilever is a metallic strain gauge. Each strain gauge is connected to a compensating strain gauge 

Figure 20: Image of a typical signal trace captured from the sensor of the cantilevered stamp. 
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that, in the composite stamp, is located in the rigid region away from the cantilevers. This is used 

for compensating thermal effects and common mode noise cancellation.  Finally, an additional 

handle layer is patterned with windows to permit the free deflection of the cantilevers and provide 

access to electrical contact pads of the strain gauges. The handle layer provides the stamp with 

rigidity for easy of handling and attachment. 

One important consideration in the design of the composite stamp is to make its behavior, 

at least from a process point of view, very similar to a conventional bulk PDMS transfer printing 

stamp. This is achieved to a large extent by maintaining the first layer of the composite stamp to 

be PDMS and patterning posts whose dimensions are the same as in conventional stamps.  Next 

the dimensions of the cantilevers in the second layer of the composite and the thicknesses of the 

PDMS web and the SU-8 cantilever layer must be designed so that the overall stamp stiffness is in 

the desired range (close to the stiffness of a bulk stamp). Previous measurements of the stiffness 

of a bulk PDMS stamp with a 250µm x 250µm, 100 microns tall post, have shown the stiffness to 

be around 600 N/m [29].  For the composite stamps, a target stiffness of 300 N/m is chosen.  A 

lower stiffness is chosen to produce a larger strain in the sensing cantilevers to make the stamp 

sensitive enough to detect events during the transfer printing process. The instrumented composite 

stamp is designed with a linear array of four posts with 250 µm x 250µm, heights of 100 microns, 

positioned at a pitch of 1 mm. It was experimentally determined that the smallest thickness for the 

PDMS membrane that could be fabricated with the available equipment was 20 µm. With this 

thickness of the PDMS web, the length and pitch of the cantilevers were fixed at 1mm, while width 

and thickness of the cantilevers were chosen to achieve the desired stamp stiffness.  To do so, a 3-

D finite element model of the composite stamp was developed. The model consists of a 20 µm 

layer of PDMS with the PDMS post attached to it. The PDMS membrane is bonded to an SU-8 
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cantilever whose dimensions are to be determined. The PDMS membrane was made larger than 

the SU-8 cantilever and the motion of its edges constrained (simulating its bonding to the rigid 

part of the stamp around the window in the backing layer). The SU-8 cantilever is free to move. A 

distributed load was applied at the PDMS post surface corresponding to applied force to the PDMS 

post and the corresponding deflection was calculated. The above identified dimensions were 

adjusted until the stiffness of the stamp became 300 N/m. From the analysis the required thickness 

and width of the SU-8 cantilever were calculated to be 40 µm and 650 µm respectively. Results 

Figure 21: (a) Plot of applied force and calculated deflection from the FEA studies. (b) Image of the model used 
for the FEA. (d - f) The four frames from the FEA study done to determine the required dimensions of the 
composite stamp to achieve the target stiffness. Frames show the deflection of a single stamp when a distributed 
force of magnitude 1 mN, 2 mN, 3 mN and 4 mN is applied to the post surface, respectively. 
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from the FEA model are shown in figure 21.  For a 1 mN force applied at the post the deflection 

of the stamp is calculated to be around 3 µm with forces starting with 1 mN and incrementing in 

steps of 1 mN up to 4 mN. 

3.4 Instrumented composite stamp fabrication 

The cantilever stamps primarily consists of 4 layers; a PDMS layer that forms a web that 

carries the posts, an SU-8 layer that forms the cantilevers that carry the strain gauges, a metallic 

sensing layer into which the strain gauges are patterned, and a thick SU-8 layer that forms the 

handle used to provide the stamp with rigidity for manipulation and mounting on the printing 

machines.  

 Figure 22 schematically shows the fabrication process for the four layers of the 

instrumented composite stamps. Fabrication begins with the manufacturing of an SU-8 master 

mold, used to mold the PDMS layer.  The mold also serves as the handle for all the processing 

steps in the manufacture of the composite stamp. A 100 micron film of SU-8 100 (from Microchem 

Corp.) is spun on to a polished silicon wafer and photo-lithographically patterned with square holes 

(for the posts on the PDMS layer). Before use, the SU-8 surface is treated with (Tridecafluoro-

Figure 22: Schematic representation of the instrumented composite stamp fabrication process 
showing the constituent layers 
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1,1,2,2-Tetrahydrooctyl)-1-Dimethylchlorosilane (from UCT Inc.), to prevent the PDMS from 

sticking to the mold and to facilitate eventual de-molding of the composite stamp after fabrication.  

PDMS (SLYGARD 184 SILICONE ELASTOMER from Dow Corning Corp.) is spun coated onto 

the mold to form a PDMS web that carries the posts. The PDMS is cured in a vacuum oven at 70 

oC for 24 hours.  

 The next step begins with preparing the PDMS surface for the SU-8 cantilever 

layer. Typically, SU-8 has poor adhesion with PDMS. As a result it is difficult to spin SU-8 on a 

PDMS surface. Bonding of PDMS and SU-8 has typically been achieved by creating an amino 

group on the PDMS surface using Oxygen and Nitrogen plasma [52]. For our fabrication process 

we functionalized the PDMS surface with a self-assembled monolayer (SAM) containing an amino 

group. First the PDMS surface was activated using Oxygen plasma at 100 watts for 1 minute. Then 

the activated PDMS was soaked into a 1% v/v solution of (3-Aminopropyl)triethoxysilane (from 

Sigma-Aldrich Corp) in methanol for 15 minutes, and then dipped in methanol for 2 minutes. This 

leaves behind a SAM on top of the PDMS which acts as an adhesion promoter for SU-8 and 

permanently bonds the PDMS and SU-8 together. After application of the SAM, SU-8 fabrication 

is carried out by spinning a 40 micron layer and photolithographically patterning the cantilevers 

above the regions of the PDMS web carrying the posts, forming the base layer.  

 A 50 nm layer of Gold is sputtered on to the SU-8 base layer, after sputtering a 10 

nm Cr adhesion layer. The strain gauges, contacts and interconnects are then patterned in this metal 

layer. Special care is taken to perform all the fabrication steps at a maximum temperature of 75oC 

to reduce bending of the cantilevers because of internal stresses in the SU-8.  Next, a 200 micron 

SU-8 layer is spun on and patterned to form the handle layer of the stamp, providing it with rigidity 
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for ease of handling and mounting. Figure 23 shows the image of an array of 9 instrumented 

composite stamps after completion of the fabrication process. 

After fabrication, the instrumented composite stamps are released from the mold by 

separating the PDMS from the mold at one corner with a sharp blade and gently peeling the stamp 

away from the mold. Anisotropic Conductive Film (ACF) is then bonded to the contact pads for 

connecting with the readout circuitry. The stamp is then bonded to a glass slide using either 

Norland Optical Adhesive NOA 73 (from Norland Products Inc.) or double sided Kapton tape. 

Figure 24 shows the stamp attached to the transfer printer.  

Figure 23: Image of an array of nine instrumented composite stamps prior to release from the 
SU-8 mold. 
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3.5 Instrumented composite stamp characterization 

The instrumented composite stamp was characterized to measure its stiffness and its force 

sensing capabilities. It is also tested to verify that the dependence of the adhesion of the stamp-ink 

interface on separation velocity is preserved. To begin, for each printing post or cantilever on the 

stamp (and the stamps are fabricated with a linear array of 4 posts), the measuring strain gage is 

connected to form a Wheatstone bridge with its compensating gauge and a pair of matched 

Figure 24: (a) Close up image of the composite stamp attached to the 
transfer printing. The image shows the ACF film used to connect contacts 
with the interface circuitry and the array of PDMS posts. (b) Image shows 
the composite stamp attached to the transfer printed and the test setup used 
for stamp characterization. 
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resistors, similar to the interface scheme presented earlier in figure 17. The Wheatstone bridge 

excitation voltage is 1.5 V and the output of the Wheatstone bridge is amplified 1000 times using 

an instrumentation amplifier. The amplified signal is then collected using the data acquisition 

system.  The interfaced stamp is mounted into the transfer printing machine.  The stamp is 

characterized using the custom calibration and testing setup that was presented earlier. The image 

of the stamp being tested using this setup is shown in figure 24(b). 

3.5.1 Stiffness measurement 

To measure the stiffness of the instrumented stamp, each post on the stamp was brought 

into contact with the silicon die attached to the load cell. The z-axis or vertical axis of the printer 

(to which the stamp is attached) is moved downwards through a known displacement (here 3 

microns). Because the post and the cantilever in the stamp are the only compliant elements in the 

Figure 25: Graph of measured forces as a function of deflection of the 
cantilevers in the instrumented composite stamp when each of the 4 posts is 
pressed against a substrate. The insert shows typical RMS error of the 
measurement. 
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set-up, the displacement of the z-axis is accommodated by stamp deflection. Thus, the 

programmed displacement represents the deflection of the stamp. The resulting force applied to 

the load cell is recorded to produce force versus displacement curve for the post or cantilever in 

contact with the silicon die. Figure 25 shows the force deflection curves for the four 

cantilevers/posts of a composite stamp.  Each measurement is repeated 5 times. It can be seen that 

the stiffness of the stamp at the posts was measured to be around 330 N/m, the design stiffness for 

each stamp post was 300 N/m. 

3.5.2 Sensitivity measurement 

During the stiffness testing where the stamp is deflected and forces measured, the voltage 

output from the bridge circuit of the strain gauges was also recorded. The cantilever senses the 

force applied to it as a change in resistance of its sensing strain gauge, which experiences a strain 

as the cantilever bends in response to the applied force. The change in resistance of the strain gauge 

is given by: 

∆𝑅𝑅𝑠𝑠 = 𝜀𝜀𝜀𝜀𝑅𝑅𝑠𝑠 (3.1) 

Here, ε is the induced strain; G is the gauge factor (typically ~2 for thin film metals) and 

Rs is nominal resistance of the sensing element under no strain. The strain gauge is connected with 

matching resistors to form a Wheatstone bridge whose output is connected to an instrumentation 

amplifier. This amplified voltage is read out as the signal coming from the instrumented stamp and 

is given by: 

𝑉𝑉𝑜𝑜 =  
𝐴𝐴 × 𝑅𝑅 × ∆𝑅𝑅𝑠𝑠 × 𝑉𝑉𝑒𝑒

(𝑅𝑅 + 𝑅𝑅𝑠𝑠)2  
(3.2) 
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Here A is the amplification factor of the instrumentation amplifier; R is the resistance of 

the Wheatstone bridge resistors; Ve is the excitation voltage applied to the Wheatstone bridge. 

Finally we define the sensitivity as: 

𝑆𝑆 =
𝑉𝑉𝑜𝑜
𝐹𝐹

=  �
𝐴𝐴 × 𝑅𝑅

(𝑅𝑅 + 𝑅𝑅𝑠𝑠)2��������
𝐶𝐶𝑜𝑜𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

× �
∆𝑅𝑅𝑠𝑠
𝐹𝐹
� × 𝑉𝑉𝑒𝑒 (3.3) 

Figure 26 shows the force-voltage relationship for the four cantilevers of the array. The 

average sensitivity was measured to be 45 mV/mN per volt of applied bridge excitation voltage. 

For the operation of the composite stamp we use an excitation voltage of 1.5V.  

Figure 26: The voltage output from the bridge circuit (for each of the cantilevers) 
plotted against the applied forces at each of the corresponding posts. The insert shows 
typical RMS error of the measurement. 
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3.5.3 Adhesion force measurements 

The dependence of adhesion forces between PDMS and silicon on delamination or 

separation velocity is central to the functioning of adhesive less transfer printing. Even though, 

this is a property of the interface and not the volume within the stamp, it is necessary to ensure that 

this dependence is preserved in the composite stamp. To check this dependence, a single post on 

the composite stamp is brought into contact with a silicon die, mounted on the load cell, by slowly 

moving the z-axis of the printer. The post is pressed into substrate until a contact force of 

approximately 40 mN is generated. The z-axis is then reversed and moved away from the silicon 

die at controlled velocity. The maximum force generated is recorded and the delamination or 

adhesion force is calculated. Figure 27 shows a typical signal generated during such an experiment 

Figure 27: (a) Graph of voltage signal generated during adhesion testing experiment. The graph shows the 
voltage trace for repeated adhesion force measurement experiments. (b) Close-up of a single contact and 
delamination event. 
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and schematically depicts how the adhesion/delamination force is calculated. This experiment is 

repeated five times for each velocity. Figure 28 shows a plot of the measured delamination force 

as a function of delamination velocity. For purposes of comparison, delamination forces for a bulk 

stamp, measured by the load cell, have also been plotted on the same graph. As is apparent, the 

strong dependence of this force on velocity of separation is preserved in the composite stamp. The 

measured rate dependent adhesion of the instrumented stamp also approaches the baseline value 

of the bulk stamp as the stiffness of the instrumented stamp is closer to the bulk PDMS as compared 

to the results measured for the cantilevered stamp, this result is also apparent from the treatment 

presented in appendix A. 

3.6 Transfer printing with instrumented composite stamps 

Automated transfer printing is conventionally performed by programming in positions. 

While lateral positioning is essential for proper overlay registration, vertical positioning is essential 

Figure 28: Graph of Adhesion force between PDMS and silicon and its dependence on 
delamination velocity for a bulk PDMS stamp and the composite stamp. The error bars 
represent the RMS error for the measured variable. 
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for successful pick up and printing.  Tilting or vertical positioning errors of a substrate with respect 

to the programming reference frame can lead to inadequate contact of the stamp with the ink during 

pick up or inadequate contact of the ink with the receiving substrate during printing, both resulting 

in a failed print cycle. The introduction of force sensing capabilities in the stamp, in many ways, 

simplifies setup procedures as the output of the sensor can be used to detect contact between the 

stamp and the substrate. Analysis of the positions at which these events occur provides input for 

in-program compensation of misalignments.  However, here we demonstrate how the force signals 

from the instrumented stamp are integrated into the printing cycle to make it more robust.  Figure 

29 shows a schematic trace of programmed motion during a conventional print cycle.  While much 

of the executed motion is rapid motion to bring the stamp in close proximity to (typically a 

millimeter above) the location of engagement with the substrates (‘Ready Point’, in figure 29), the 

engagement with the substrate and the withdrawal from it are velocity-controlled motions. Further, 

Figure 29: Schematic representations of a conventional transfer printing cycle (left) and one with an 
instrumented stamp (right). With an instrumented stamp, the stamp’s engagement with the donor and 
receiver substrate can be controlled by monitoring the output of the strain gauges at each post. 
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the total force with which the stamp is pressed against the substrate is determined by the ‘Pick-up’ 

or ‘Print’ points (P3 and Q3) which, without the resistance of the substrates, would locate the inks 

below the surface of the substrates. Incomplete engagements caused misalignments and substrate 

flatness errors can lead to failure to pick up or print. Similarly, too much engagement can lead to 

stamp collapse and the loss of both, the substrate and stamp. 

To develop a more robust print cycle, sensor information from each post is inserted into 

the cycle to define a sensor guarded move, where the forces at each post are continuously 

monitored as the stamp is brought into contact with the substrate. How this guarded motion is 

introduced in the print cycle is shown in figure 29. Points P3 and Q3 are located as deep in the 

substrates as is safe to do so.  In the guarded move, when the forces on all the posts have crossed 

a defined threshold, the machine stops and dwells before executing the next statement in the 

program, i.e., the withdrawal from the substrate.  For example, a statement like G_Move(P, V, 

[S1,….,Sn], T, Flag)  is programmed as a macro asking the machine to move towards point P at a 

velocity of V until the outputs of the sensors in the set [S1,….,Sn], exceed threshold T.  When the 

Figure 30: Voltage trace recorded for a post during engagement with the donor substrate in a printing cycle. 
The figure shows how the voltage output from the stamp changes with time during various events during 
engagement. Motion of the machine Z-stage stops once the output voltage reaches the threshold of 0.75V. 
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move is completed Flag indicates whether the move completed by the machine reaching point P 

or the sensors crossing threshold T.  Figure 30 shows the output from a sensor during the 

engagement/withdrawal with the donor substrate during printing. Here the guarded motion is 

programmed to stop once the strain gauge output reaches a threshold of 0.75V (approximately 

10mN force). During withdrawal, the pick-up force needed to cause failure of the anchor holding 

the ink on the donor substrate is also shown in the figure. 

Figure 31: Image of stamp and ink during automated transfer printing 
process. Only three of the four cantilevers are visible due to the 
limited field of view of the optics (a) Image of stamp above the donor 
substrate. (b) Silicon chips (ink) printed on the acceptor. (c) Finished 
2x2 array of ink for two of the four posts on the stamp. 
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To test this new force controlled transfer printing cycle, silicon chips (ink) with dimensions 

250 µm x 250 µm and a thickness of 3 µm were extracted from a silicon donor substrate and 

printed into a glass substrate. The chips are fabricated on an SOI wafer by conventional 

lithographic processes following the general process outlined in Appendix B. The buried oxide 

layer is undercut etched to release the ink from the handle substrate. The ink is kept in place on 

the substrate by breakable photoresist anchors Figure 31 shows a set of micrographs taken by the 

vision system on the printer through the stamp, showing the result of an automated printing session 

with the instrumented composite stamp, demonstrating the working of this mode of printing. 

Figure 32: Image of the test donor wafer. (a) Micrograph 
of training area of donor wafer showing individual ink 
used for training. (b) Micrograph of teat area of donor 
wafer showing engineered defect location used for 
testing error detection. 
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Different parts of the printing cycle, i.e., picking-up ink from the donor substrate and printing on 

the receiving substrate are shown in figure 31 (a) and (b). Figure 31 (c) shows the printing result, 

i.e., 2x2 arrays of silicon squares on glass.  Figure 32 shows a micrograph of the silicon ink used 

for transfer printing.  

The printing cycle is completely automated. Instead of programming position into the 

printing cycle, contact events are detected. Using contact detection different phases of the printing 

cycles are executed by the controller.  

3.7 Monitoring the micro transfer printing process 

During a printing cycle, the two most common failures encountered are the failure to pick-

up ink at the donor substrate and the failure to deposit the ink at the receiving substrate. Besides 

using the signals from the instrumented composite stamp to control the print cycle (as was 

discussed in the previous section), one also has an opportunity to use this information for deciding 

whether pick-up or printing at a particular post were successful during a print cycle. To do so, 

rudimentary Bayesian minimum-error classifiers are designed to discriminate between failures and 

successes during the pick-up and deposition phases of the print cycle.  To build a Bayesian 

classifier, one needs to (1) identify the signals and the signal features on the basis of which to 

classify events, in this case, success or failure events during pick-up and printing, (2) collect 

training data samples of signals of different events and construct signal feature vectors, (3) use the 

training data to construct the classifier (or the discriminant function for the classifier), (4) assess 

the performance of the classifier on the training samples. If it is inadequate for the application, 

then return to step (1) and identify additional signals or signal features and repeat the process until 

adequate classification performance is obtained. 
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 Separate classifiers for classifying events during pick-up and printing are 

developed. For signals, the delamination forces (see figure 27 (b), which defines it as the peak 

force or voltage signal that is produced when the stamp is withdrawn from the substrate) during 

pick-up or printing is used. The signal or feature vector is therefore a single value or a scalar. To 

start, this discussion focuses on classifying successful or failed pick-up events. Classification of 

successful and failed printing events is analogous, and will be briefly described at the end of this 

discussion. During normal operation, at pick-up, one of only two events occurs: i) if the anchors 

holding the ink to the donor substrate fail, then one has a successful pick-up. If the interface of the 

ink with the stamp fails, then one has a failure to-pick up. The classifier is designed to assign the 

pick-up event to one of these two classes. Other events like catastrophic failure of the stamp or the 

substrate can be detected by other means.  Therefore, with a two-class classification problem, let 

ω1 be the class representing pick-up events where the ink-substrate interface fails, i.e., successful 

pick-up events and  ω2 be the class that represents events where ink-stamp interface fails, i.e., 

unsuccessful pick-up events. Let X be the delamination force signal obtained during the pick-up 

event.  Then the classification problem is: given that signal X is observed during a pick-up event, 

assign the event to the class of successful pick-up events, ω1, or unsuccessful pick-up events, ω2.  

The Bayes decision rule for minimum error is [53]: 
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(3.4) 

The a posteriori probabilities, P(ωi /X),  of  the signal X implying that an event belonging 

to class ωi has occurred can be converted to expressions involving a priori probabilities, 

conditional density functions and mixture probability, P(ωi ),P(X/ ωi ) and P(X), using Bayes 

theorem. This produces: 
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When the conditional probabilities are Gaussian distributions, taking the natural logarithm 

of the ratio of conditional probabilities (called the likelihood ratio) produces a discriminant 

function given by: 
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 Where  N(M1 ,σ1) and N(M2 ,σ2) are the Gaussian distributions representing 

successful and failed pick up and P(ω1) and P(ω2) are the a priori probabilities of success and 

failure in pick up.  The training of the classifiers involves collecting data to estimate the parameters 

of the Gaussian distributions, Mi and σi, and the a priori probabilities, P(ωi).Further, these estimates 

can be periodically updated with information collected during normal operation of the composite 

stamp.  

 For training of the classifier, force or voltage signal values for successful and failed 

pick-ups need to be collected.  Noting that successful pick-up results when the anchor between the 

ink and donor wafer fails, the parameters of N(M1 ,σ1) can be obtained by collecting signals during 
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successful pick-up of inks from the donor substrate. By recording the failed pick-up events during 

the training exercise, the a priori probabilities P(ωi) of success and failure can also be estimated. 

Since the failure event during picking up occurs when the stamp-ink interface fails, the parameters 

for N(M2 ,σ2) can be accessed from data in the adhesion tests reported in a previous section.  

 For testing this approach to using the signals from the instrumented composite 

stamp for process monitoring, we use 250 µm x 250 µm x 3 µm silicon chips as the ink, the image 

of the donor is shown in figure 32. For training the classifier, each post on the composite stamp 

was used to pick up 20 chips from the donor wafer and the force signals are recorded. These signals 

are used to estimate M1 and σ 1, of the Gaussian distribution used to characterize ω1 for each post. 

For obtaining M2 and σ2, of the Gaussian distribution characterizing ω2, each post on the stamp is 

brought into contact with an unreleased chip and the stamp is withdrawn at a speed of 250 µm/sec. 

Figure 33: Plot of the two probability distributions of voltages 
representing peak delamination forces for successful and failed pick up 
of ink in a transfer printing. The distributions are calculated based on 
the mean and standard deviation calculated from the data captured on 
training samples. 
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Figure 33 shows the two distributions of signals from classes ω1 and ω2 for a typical post on the 

stamp, given by N(0.852, 0.027) and N(0.268, 0.137), respectively.  

In the short training experiments, no failures were encountered. Failure to pick-up are 

usually associated with ink fabrication and occur when the undercut etch process does not 

completely release the ink from the substrate or when a photoresist anchor is over-exposed and 

becomes larger than designed. Therefore, for the a priori probabilities, P(ωi), based on prior 

experience with the process, the threshold value (i.e., P(ω2)/ P(ω1)) was conservatively set to 0.02.  

The classifier for the post being used as an example therefore becomes from eq. (3.7): 

�
(𝑋𝑋 − 0.268)2

0.0375
−

(𝑋𝑋 − 0.852)2

0.0015
� + 1.62 ≥  −3.91 

      
��  Successful Pick-up 

else, Failed Pick-up 

(3.8) 

The decision rule, tested on subsequent print cycles is shown in figure 34. Again, during 

the test run, no misclassifications were encountered.  

 In a similar manner, a Bayesian classifier is constructed for the printing or 

deposition event of the print cycle. Here, successful printing, class ω1 corresponds to failure of the 

stamp-ink interface and failure to print, class ω2, corresponds failure of the interface between the 

ink and the receiving substrate. The reasons for failure are (1) contamination on the surface of the 

receiving substrate, (2) incomplete release of the ink from the donor substrate that leaves behind 

asperities on the bottom surface of the ink, (3) surface defects on the receiving substrate. All these 

conditions prevent the ink for making full contact with the receiving substrate, resulting in a weak 

interface that fails when the stamp is withdrawn. The delamination forces vary widely, depending 

on the nature and size of the defect/contamination. Further, this is a rare event and therefore 
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difficult to characterize. However, the one feature that characterizes this class (failure to print) is 

that the delamination forces generated when printing fails are lower than the delamination forces 

when printing is successful (i.e., the ink-stamp interface fails). As we have seen, in the discussion 

on the design of the classifier for the pick-up phase of the cycle, the delamination force for ink-

stamp delamination is easy to characterize. This, taken with the fact that delamination forces are 

always smaller when we have a failure to print and the difficulty in obtaining reliable distribution 

Figure 34: Plot of values calculated by the discriminant function based on 
the measured voltages during ink pickup. (a) Plot of calculated values for the 
entire data set. (b) Close up plot showing values of discriminant function for 
failure events in relation to the threshold. 
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parameters for the class of failure events leads us to develop a single-class classifier for this phase 

of the printing cycle. In the context of this work, this reduces to deciding outliers from the 

distribution that characterizes normal operation. We implement this as a one-sided hypothesis test, 

checking the Z-score of each observation of delamination force during printing with respect to the 

Gaussian distribution characterizing ω1, the class representing successful printing events. The 

threshold of the Z-score is set to maintain the probability of a type-1 error (a successful printing 

event being classified as unsuccessful) to 0.025. The distribution for delamination force during 

successful printing is obtained by conducting adhesion tests at the printing speed (here, 50 µm/sec), 

similar to that described in a previous section, with unreleased chips on a donor substrate. If this 

distribution is characterized by N(0.627, 0.003), then the classification test for successful/failed 

print is given by:  

𝑋𝑋 − 0.627
0.003

≤ −1.96 
 
⇒  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝐹𝐹𝑃𝑃𝑃𝑃 

𝐹𝐹lse, Successful Print 

(3.9) 

Figure 35: Plot of values calculated by the discriminant function during ink 
printing. The solid line represents the threshold value for discrimination. 
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Figure 35 shows a plot of values calculated by the discriminator based on the measured 

voltage for successful printing events. The classifier correctly classified all events. However, no 

failure events were encountered during the test. 

3.8 Conclusion 

A novel instrumented composite stamp design for micro transfer printing was presented. 

The composite stamp, comprised of four layers, embeds a strain gauge at each post on the stamp 

to provide the capability to observe the process at each printing site while, at the same time, 

emulating the mechanical behavior and interfaces of a bulk PDMS stamp. To realize this composite 

instrumented stamp, a new fabrication protocol that allows SU-8-based microfabrication on a 

PDMS substrate is developed. The protocol is designed to be a low-temperature process to limit 

the internal stresses produced in the SU-8 layers of the composite.  

The fabricated stamps were characterized and shown to preserve important features (e.g., 

stiffness, dependence of adhesion forces on separation velocity) of bulk PDMS stamps. Further, 

the embedded strain gauge is demonstrated to have sufficient resolution to measure delamination 

forces. The instrumented composite stamps are shown to be capable of printing and performing in 

a manner similar to a bulk PDMS stamp. Using the capabilities of these stamps, a new sensor input 

driven print cycle has been developed to increase the robustness of the process to set-up errors. A 

process monitoring scheme involving a basic statistical pattern classifier is developed to analyze 

the force signals generated by the instrumented stamps so as to detect unsuccessful pick-up and 

printing events during an automated print cycle.   
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CHAPTER 4: ACTIVE COMPOSITE STAMPS FOR LOCALIZED ACTUATION AND SENSING 

The driving motivation behind a stamp that preserves local process conditions for 

successful transfer printing, while providing the stamp with sensing and capability to adjust its 

geometry is to improve process robustness. Additionally, with local actuation capabilities, the 

stamp is able to provide process flexibility, permitting selective pick up or printing of 

microstructures in any pattern by appropriately actuating selected posts.  

The above requires the integration of many different functions into the stamp, namely, a 

functional material for microstructure pick-up and release during micro-transfer printing, actuators 

for producing force/motion at the posts and sensors for measuring the force or the deflection, 

interconnects for bringing in power and extracting signals and structures for tuning the compliance 

to localize and direct the deformations in the stamp.  The active composite architecture described 

earlier provides the foundation for integrating all these functionalities at the material scale with 

each function assigned to a constituent layer. 

Figure 36:  (Left) Exploded view of the solid model of the design showing the individual layers. (a) PDMS layer with 
posts, (b) PZT thin film placed for embedding actuation, (c) SU-8 structural layer providing selective compliance, (d) 
Metal interconnects, (e) SU-8 Encapsulation layer, (f) Metal strain gauge, compensation gauge and interconnects, (g) 
Handle layer. (Right) Close up view of a single post of active composite stamp showing the integration of the 
individual functional layers. 
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From a design methodology perspective, building upon the instrumented composite stamp 

architecture, the functional layer is composed of PDMS patterned with posts to replicate the 

geometry of a conventional micro-transfer printing stamp. The actuation layer is formed from a 

piezoelectric PZT layer that is first fabricated on a silicon growth substrate and then integrated into 

the polymer composite membrane using micro transfer printing. PZT was chosen based on its 

performance advantages and well as being a well characterized MEMS actuation material. A 

discussion on the various thin film materials for micro scale actuation is presented in appendix C. 

Stiffness tuning layer is constituted of cantilevers composed of SU-8; an epoxy based negative 

tone photoresist. The embedded sensor layer is a strain gauge integrated into the cantilever. A 

metallization layer for interconnects is below this layer. Finally, the stamp is completed with a 

thick handle layer made of SU-8 and patterned with windows to permit unrestricted deflection of 

the cantilevers and optical viewing from above the stamp (required for alignment and registration). 

Figure 36 shows a solid model of the active composite material based stamp exhibiting how the 

individual function layers are integrated into the stamp. 

4.1 Active composite stamp design 

 The above selection of materials is based on function, but also compatibility with the 

fabrication strategy that was developed for the instrumented composite stamp. With this selection 

of materials, the dimensions i.e. thickness of the layers and lateral dimensions of features such as 

the cantilevers and the PZT actuators, the location of the PZT actuator relative to the cantilever 

and the PDMS post can be arrived at by using finite element analysis (FEA). The dimensions of 

the PZT membrane and the dimensions of the cantilevers were calculated using the FEA. 

Fabrication constraints on the thickness and dimensions of the layers in the composite were also 
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considered to create a search space; from which appropriate dimensions to obtain a minimum 

stiffness and deflection of 150 N/m and 5 µm, respectively at the printing posts were arrived at. 

Based on fabrication constraints the thickness of the PDMS layer and the location of the PZT 

layers were constrained. The thickness of the PDMS layer was set at 20 µm which is the thinnest 

layer that can be reliably spun coated while having PDMS posts with dimensions of 250 µm x 250 

µm, 100 µm tall. The thickness of the sol-gel based PZT film was determined by the availability1 

of Silicon wafers with appropriate thin film layers (namely Platinum, PZT and Silicon Dioxide).  

A 0.5 µm thick PZT layer is embedded into the SU-8, at the SU-8/PDMS interface. The location 

of the PZT within the composite membrane was constrained by micro transfer printing 

requirements. The PZT actuator has bottom platinum and top gold layers, forming the two 

electrodes and need to be accessed for the purpose of supplying power. For a piezoelectric sheet, 

the poling direction (usually along the thickness) is designated as the 3-axis with axes 1 and 2 in 

the plane of the sheet. If the piezoelectric coefficients defining strain per unit electric field at 

constant stress are dij, then d31, d32 and d33 represent the normal strain induced in the 1, 2 and 3 

direction respectively, due to an electric field applied in the poling direction. Assuming transverse 

isotropy we have d32 = d31. PZT based actuation of a cantilever structure can be characterized into 

two categories, namely longitudinal or d33 and transverse or d31 type; depending upon the direction 

of applied field and resulting strain. In a d33 type cantilever, an in-plane electric field induces an 

in-plane strain, which contracts or expands the PZT material [54, 55].  In a d31 type cantilever, the 

applied electric field is normal to the cantilever and the in-plane expansion or contraction is used 

to generate deflection of the cantilever. The former (d33) requires the use of two metal interdigitated 

1MEMS Solution Inc., Republic of Korea.  
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electrodes (IDE) on top of the piezoelectric film [56], while the latter (d31) uses two sheet 

electrodes on the top and bottom of the piezoelectric film. Given the configuration of the PZT 

films, described above, our work uses the d31 actuation mode. 

 A three dimensional multiphysics based FEA model of a single cantilever was made to 

calculate the required dimensions of the various layers to meet design requirements. The FEA was 

done using the piezo solid application mode within the MEMS module of COMSOL Multiphysics® 

software (version 3.5a).  An image of the model geometry is shown in figure 37. The bottom most 

layer in the model is a 20 µm thick layer of PDMS with a 250 µm x 250µm, 100 µm tall post, 

forming the PDMS membrane, the edges of the membrane are constrained to be fixed. The 

dimensions of the membrane are to be determined. A 0.5 µm thick layer of PZT is bonded on top 

of the PDMS membrane. The lateral dimensions of this membrane are to be determined. The next 

layer of the model is an SU-8 layer, forming the cantilever.  The SU-8 cantilever is bonded to the 

PZT and PDMS. The base of the SU-8 cantilever is constrained. The final dimensions of the 

cantilever are to be determined using FEA. The elastic modulus of SU-8 used in the simulation 

Figure 37: Isometric view of a half section of the FEA model, showing the 
PDMS web and post, the SU-8 cantilever, location of the PZT membrane and 
the constrained edges of the PDMS web.  
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was 4.02 GPa [57], the elastic modulus for PDMS was 2.0 MPa, and the PZT material properties 

such as the compliance, piezoelectric coupling used in the simulation were that of PZT-8 [58]. 

In the search for appropriate dimensions, first a force was applied to the face of the PDMS 

post, with no voltage applied across the PZT (top and bottom surface of the PZT were given ground 

electrical boundary conditions). The deflection of the cantilever and post under applied load was 

calculated, the thickness of the SU-8 layer in the composite and the lateral dimension of the 

cantilever and PDMS web were varied to get the desired stiffness.  Next, voltage was applied to 

the PZT and deflection of the cantilever and post was calculated. The dimension of the PZT, SU-

8, and PDMS were again varied to achieve the desired deflection and the iterations were continued 

until both design criteria were met. Constraints such as limitation on dimensions originating from 

fabrication processes were considered throughout the design process.  

The dimensions of the PDMS web,  the PZT membrane, and the SU-8 cantilever were 

calculated to be a length of 1000 µm and a width of 900 µm,  a width of 600 µm  and a length of 

500 µm , and  a width of 650 µm , a length of 900 µm  respectively. The thickness of the SU-8 

cantilever was calculated to be 40 µm. Figure 38 (a) shows a typical profile of the stamp when 

actuated and figure 38 (b) shows the FEA computed stamp deflections (at the face of the post) as 

a function of applied actuation voltages. A maximum deflection of about 7.5 µm at the face of the 

PDMS post is predicted for an applied voltage of 18V with an actuation constant of 0.417µm/V.   

A typical deflection profile of the stamp when a force is applied at the post is shown in figure 38 

(c), while figure 38(d) shows the computed deflection at the post as a function of the applied force. 

The stiffness of the overall composite stack can be observed to be about 150 N/m for the designed 

dimensions. 
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4.2 Active composite stamp fabrication 

This section presents the details of the fabrication process used to create the PZT ink, and 

the active composite membrane stamp. All processes were done at a temperature of 75 oC to reduce 

thermally induced internal stresses [59]. 

4.2.1 PZT ink fabrication:  

The individual PZT elements, embedded into the composite membrane stamp, consists of 

a layer of PZT (500nm) sandwiched between a top (Au/Cr, 200nm/5nm) and a bottom (Pt/Ti, 

Figure 38: Results of FEA performed to calculate stamp deflection under actuation and applied 
forces. (a) Representative FEA computed deflection under actuation. (b) Graph of computed 
deflection at the post for various applied actuation voltages. The maximum deflection is 7.5 
µm. (c) Representative FEA computed deflection when a force is applied at the post. (d) 
Calculated deflection at the post for various applied forces. The calculated stiffness is 150 
N/m.  
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200nm/20nm) electrode. The dimensions of each PZT element are 600x 900 µm2, slightly longer 

than the value calculated from the FEA to allow for placement of contacts. These PZT elements, 

are fabricated from a multilayer stack of Pb(Zr52Ti48)O3/Pt/Ti/SiO2 (500nm/200nm/20nm/600nm) 

thin films on Si (100) wafer (MEMS Solution Inc.).  The top electrode is composed of 200 nm 

thick gold on top of 5 nm thick seed layer of chromium, deposited by Electron Beam Physical 

Vapor Deposition on the PZT surface. After deposition of gold top electrode, the PZT is poled at 

150 0C using a 100 kV/cm electric field, applied normal to the plane of the PZT for 1 hour. 

 After poling, the multilayer structure is patterned into arrays of individual units for use in 

micro transfer printing following the general process outlined in appendix B. First the top electrode 

is patterned using a photoresist (AZ4620) etch mask; patterned using photolithography. This is 

followed by etching of the gold layer by gold etchant (Transene Company Inc., TFA), and 

chromium layer by CR-7 chrome etchant (OM Group, USA), respectively. Similarly the PZT and 

Platinum are patterned by etching in a 4.5:4.5:91 v/v solution of HNO3 (Nitric Acid, 70%): 

Buffered Oxide Etch (BOE, 6:1): Deionized Water (H2O), and a 4:1 v/v solution of Hydrochloric 

acid (HCl, 37%): Nitric acid (HNO3, 70%) at 95 ºC, respectively [60].  

After the individual inks are fabricated, they are protected by photoresist (AZ4620) and 

undercut etched in 3:1 v/v solution of Deionized Water (H2O): Hydrofluoric acid (HF, 49%) for 

Figure 39: Fabrication of PZT ink for transfer printing. (a) Gold 
patterning after deposition. (b) PZT etching. (c) Pt etching.  
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twenty minutes to partially undercut the Silicon Dioxide layer underneath the Platinum. This helps 

to release the ink from the edges (100 µm on each side) and allows them to be easily detached 

from the silicon substrate and transferred during transfer printing. Images of the individual 

fabrication steps are shown in figure 39.  

4.2.2 Active composite stamp fabrication:  

The fabrication approach presented here builds upon on the design and fabrication of the 

instrumented composite stamps for micro transfer printing presented in chapter 3 [61]. The first 

layer is a functional layer made of PDMS spun coated onto a mold to form a PDMS (20 µm thick) 

web that carries the posts. The active composite material; consisting of PZT and spin cast SU-8 

(40 µm thick) is integrated on top of the PDMS followed by patterning the individual cantilevers 

and the die. Metal contacts (Ti/Cu, 10nm/500nm) and measurement and compensation metal strain 

gauges (Ti/Au, 10nm/50nm) are patterned on top of the SU-8. Finally a thick SU-8 (200 µm) layer 

is spun cast and patterned to form the handle layer of the stamp, providing rigidity for ease of 

handling and mounting.  

Fabrication begins with the manufacturing of a SU-8 master mold, used to mold the PDMS 

layer.  A 100 µm thick film of SU-8 50 (Microchem Corp.) is spun on to a polished silicon wafer 

and photolithographically patterned with square holes (for the printing posts on the PDMS layer). 

Before PDMS casting, the surface of the mold is coated with a thin layer of Polytetrafluoroethylene 

(PTFE), deposited using an Inductively Coupled Plasma Deep Reactive Ion Etching (ICP-DRIE) 

machine (PlasmaTherm, SLR 770) to prevent the PDMS from sticking to the mold and to facilitate 

eventual de-molding after fabrication is completed. A 20 µm thick PDMS (Dow Corning Corp., 
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Sylgard 184) layer is spun coated onto the mold.  The PDMS is semi cured in an oven at 70oC for 

30 minutes.  

 Metal-sandwiched PZT membrane ‘inks’ (whose fabrication was described earlier) are 

micro-transfer printed  into specific locations on the semi-cured PDMS membrane, still on its SU-

8 mold. Following the scheme depicted in figure 10, a PDMS stamp with patterned posts is used 

to make contact with the PZT ink, extract them from the donor silicon handle substrate, and place 

them at predetermined locations on the PDMS membrane. Figure 40 (a) shows a close up of a 

Figure 40: Fabrication of the active membrane composite stamp. (a) PZT 
actuator ink transfer printing. (b) SU-8 structural layer photolithography. (c) 
First metal interconnect layer formation and passivation. (d) Second metal 
layer fabrication forming the sensing and (e) compensation strain gauges and 
interconnects. (f) Image of a single wafer with nine individual stamps. 
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single PZT ink printed onto its target location. After transfer printing, the PDMS is fully cured at 

70 oC for 24 hours in an oven. After fully curing, the PDMS surface is functionalized with a self-

assembled monolayer (SAM) containing an amino group. To do this, the PDMS surface is first 

activated using an O2 plasma in a Reactive Ion Etching (RIE) machine (March, CS-1701). Then 

the activated PDMS is soaked into a 1% v/v solution of (3-Aminopropyl)triethoxysilane (Sigma-

Aldrich Corp., APTES) and methanol for 15 minutes, and then dipped in methanol for 2 minutes 

to desorb the excess APTES. This leaves behind a SAM on top of the PDMS which acts as an 

adhesion promoter for SU-8, facilitating SU-8 based micro fabrication on top of a PDMS substrate 

and permanently bonds the PDMS and SU-8 together, based on the reaction of the amino group of 

the SAM with the epoxy group of SU-8. 

A 40 µm thick layer of SU-8 50 is spun coated on top of the PDMS/PZT, embedding the 

PZT into the polymer. The SU-8 layer is patterned to form the cantilever structures, once again 

using photolithography. The overlay registration is such that the posts in the PDMS are located 

under the free ends of the cantilevers. Thus, this layer provides the composite with selective 

compliance for locally actuating the printing posts.  Via holes patterned in this layer allow for 

routing of electrical connections to the PZT actuator electrodes.  

After fabrication of this layer, a 10 nm layer of Titanium followed by a 500 nm layer of 

Copper is sputtered using a vacuum sputtering tool (AJA International Inc., ATC Series). After 

sputtering, the contacts are formed by spin coating and patterning a photoresist (AZ 5214E) etch 

masks and etching the copper using copper etchant (Transene Company Inc., CE-100) and 

Titanium using BOE (Buffered Oxide Etch 6:1); forming the first level interconnects. 

60 

 



After the first level interconnects are patterned, a passivation layer of 5 µm thick SU-8 5 

(Microchem Corp.) is spun coated and patterned. A layer of 10 nm thick Titanium followed by 50 

nm thick Gold is sputtered on top of this passivation layer. After sputtering, the strain gauges used 

for sensing along with a co-located compensation resistor and their contacts are patterned  by spin 

coating and patterning a photoresist (AZ 5214E) etch mask and etching the Gold and Titanium 

layers; forming the sensing layer in the composite, consisting of measuring strain gages, 

compensation gauge and interconnects.  

After the sensing layer is formed, a 200 µm thick layer of SU-8 100 (Microchem Corp.) is 

spin coated and patterned to form the handle layer of the stamp forming individual dies, providing 

it with rigidity for ease of handling and mounting. Figure 40 shows micrographs of a single post 

and cantilever of the active membrane composite stamp during various stages of fabrication.  

 After fabrication the PDMS layer around the stamp die is cut, the individual dies are then 

released from the mold by separating the PDMS from the mold at one corner with a sharp blade 

and gently peeling it away from the mold. Figure 41 (a) shows the image of a released die with an 

array of 4 actuated posts. After release from the fabrication substrate, Anisotropic Conductive Film 

(3M Corp., ACF) is bonded to the contacts and the membrane die is attached to a glass slide using 

Figure 41: (a) Image of a released stamp. (b) Image of a single stamp with array of four actuated posts 
attached to a glass slide with ACF connections. 
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double sided polyimide tape (Kapton tape), forming the final stamp. The image of a completed, 

interfaced stamp is shown in figure 41(b) 

4.3 Active composite stamp characterization 

The individual actuated printing posts are mechanically tested for their stiffness, actuation 

capabilities and sensitivity using the calibration and testing setup described in section 3.2.1 Custom 

calibration and testing setup. Figure 42 shows the schematic, along with an image of the 

experimental setup.  

 The stamp being tested is mounted in the stamp holder of the transfer printing tool. 

The mounted stamp is interfaced with signal conditioning and drive electronics. The strain gages 

on the stamp are connected to Wheatstone bridges, whose output is amplified by a factor of five 

hundred using an instrumentation amplifier. The amplified signal is then collected using a data 

acquisition system (National Instruments, USB-6009). The digital signal is then fed into the 

transfer printer’s interface software. The PZT actuators are connected to drive circuits that provide 

the high voltage for moving the individual posts.  

Figure 42: Schematic of the experimental setup used for characterization of the active membrane 
composite stamp. (b) Image of the experimental setup used for characterization of the active 
membrane stamp. 
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4.3.1 Stiffness measurement:   

To measure the stiffness of the stamp, the post on each of the cantilevers is brought into 

contact with the silicon attached to the load cell. The z-axis or vertical axis of the printer (to which 

the stamp is attached) is moved downwards through a known displacement (here 3 micrometers). 

Because the post and the cantilever in the stamp are the only compliant elements in the set-up, the 

displacement of the z-axis is accommodated by the local compliance of the stamp obtained as a 

Figure 43: Graph of measured forces as a function of deflection 
of (the cantilevers and posts in) the active membrane 
composite stamp when each of the 4 posts is pressed against 
the silicon substrate. (b) Graph of measured voltage output 
from the bridge circuit (for each of the cantilevers) plotted 
against the applied forces at each of the corresponding posts.    
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result of the deflection of the SU-8 cantilever behind the post. Thus, the programmed displacement 

represents the deflection of the cantilever. The resulting force applied to the load cell is recorded 

to produce force versus displacement curve for each of the posts of the active membrane composite 

stamp in contact with the silicon. Figure 43 (a) shows the force-deflection curves for the four posts.  

Each measurement is repeated 5 times. The average stiffness of the composite cantilever and post 

structures was measured to be 148.5 N/m with a standard deviation of 13.7 N/m.  The measured 

stiffness is very close to the value of 150 N/m, computed using FEA of the designed stamp. 

4.3.2 Sensitivity measurement:   

During the stiffness measurement, where the stamp is deflected and forces measured, the 

voltage output from the bridge circuit of the strain gages was also recorded. Using the applied 

force versus measured output voltage information, the sensitivity of the individual cantilever was 

calculated.  Figure 43 (b) shows the force-voltage relationship for the four cantilevers of the array. 

The average sensitivity was measured to be 42.6 mV/mN with a standard deviation of 0.03 

mV/mN.  

4.3.3 Actuation measurements:  

The actuation of the individual posts was also measured during characterization. Voltage 

is applied to each cantilever and the deflection produced at the PDMS post measured. To measure 

the deflection, the PDMS post is brought into contact with the Silicon piece attached to the load 

cell. The location of the z-axis at which contact is detected is recorded as the zero position Z0. The 

PDMS post is then moved away from the Silicon by moving the z-axis of the machine. Next a 

voltage, V, is applied to the piezoelectric actuator and the z-axis of the machine is moved towards 

the Silicon until contact is detected. This location of the z-axis is recorded as the deflected position 
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Zv corresponding to an actuation voltage V.  The difference Zv - Z0 gives the post’s deflection for 

the applied voltage V. Following this method the deflections for a series of applied voltages are 

measured. Six different voltages were applied with the magnitude of -2.5, 0.5, 3.5, 6.5, 9.5 and 

12.5 Volts. The total deflection measured for this range of inputs was 6 µm. Figure 44 shows 

graphs of deflection versus applied voltage data collected for the four posts. The measured 

actuation constant is about 0.4 µm/V, in good agreement with the 0.417µm/V computed from the 

FEA model of the stamp. The slight difference can be attributed to the actual material properties 

of the PZT being slightly different (smaller piezoelectric coefficients) from those used in the FEA.   

4.3.4 Actuation sensing  

The ability of the stamp to sense actuation was also measured as part of the characterization 

process. Using a function generator a 12.5 V peak-to-peak, 1 Hz sine wave signal was applied to 

Figure 44: Measured deflection versus applied voltage graphs for four posts of the active membrane 
composite stamp. The average measured actuation was 0.4 µm/V 
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the PZT, to actuate the post. The resulting change in resistance in the strain gauge; due to the strain 

caused by the actuation, was sensed as a voltage change using the Wheatstone bridge. Figure 45 

shows the plot of the waveforms for the collected signal and the applied voltage for a single post. 

The measured peak-to-peak voltage is 40 mV corresponding to approximately 5 µm deflection of 

the post.   

4.4 Transfer printing experiments 

To demonstrate a practical application of the active composite stamp, it was used to 

perform selective printing of silicon chips (‘ink’) in the automated transfer printing machine. To 

perform transfer printing, a single active membrane stamp with 4 posts was mounted onto the 

transfer printer (to the Z-axis or vertical axis), and two of the posts were interfaced with the drive 

circuitry. To demonstrate transfer printing we picked up and printed a 2x3 array of silicon squares 

Figure 45: Strain signal measured using the embedded strain gauge for an 
applied sine wave with peak-to-peak voltage of 12.5 V and frequency of 1 
Hz. 
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250 x 250 µm and 3 µm thick. The silicon squares have a center to center pitch of 300 µm on the 

donor wafer. They were picked up by two cantilevers with a pitch of 1500 µm. The silicon chips 

were selectively printed by actuating the two cantilevers individually and printed at a pitch of 350 

µm. 

Figure 46 shows a schematic representation of the individual process steps. The process 

steps are as follows. Step 1: Alignment of the PDMS posts on the cantilevers with the ink. Step 2: 

Both posts 1 and 2 are actuated before moving the z-axis down to make contact between the PDMS 

posts and ink. Here only posts 1&2 will make contact and be ‘inked’. Posts 3and 4 remain 

‘uninked’. Step 3: Retrieval of the ink by posts 1 and 2 when the z-axis is retracted. Step 4: 

Translation to the receiving substrate. Steps 5&6: Actuation of post 2 brings the first silicon chip 

Figure 46: Schematic representation of micro transfer printing using two posts from an array of four of the active 
membrane composite stamp. (Steps 1-3) alignment and retrieval of silicon chips from donor wafer. (Steps 4-9) 
Translation, alignment and selective printing of individual silicon chips; using actuation of individual posts. 

 
67 

 



in contact with the receiving substrate. Subsequent retraction of the z-axis results in printing of the 

first silicon chip. Step 7: Translation of the stamp. Step 8&9: Actuation of post 1 brings second 

silicon chip in contact with the receiving substrate. Subsequent retraction of the z-axis results in 

printing of the second silicon chip. After both the chips are printed, the cycle is then repeated 

starting from step 1. 

Figure 47: Image of the active composite cantilever array during transfer printing. (a) Both 
cantilevers are shown over the receiving substrate with ink attached to their respective 
PDMS posts. (b) Cantilever ‘1’ actuated and making contact with the substrate surface, (c) 
image showing the array translated after the silicon chip from cantilever ‘1’ was selectively 
printed (the PDMS post for cantilever ‘1’ does not have silicon chip attached to it) (d) image 
showing both cantilevers after successful printing of their respective silicon chips. Also the 
printed chips can be seen through the cantilevers. (e) Shows the final array with a pitch 
much smaller than the pitch of the individual cantilevers achieved through selective printing 
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 Figure 47 shows images captured during the course of the experiment. The frames show 

steps 4 to 9 as represented in figure 46. Figure 47 (a) shows two posts of the active membrane 

composite stamp with attached silicon chips over the receiving substrate ( figure 46, step 4). Figure 

47 (b) shows cantilever ‘1’ actuated and contacting the receiving substrate surface. Figure 47 (c) 

shows the two cantilevers after silicon chip from cantilever ‘1’ has been deposited and the array is 

translated to print with cantilever ‘2’ ( figure 46, step 7). Figure 47 (d) shows both cantilevers after 

their respective chips have been printed (Figure 46, step 9). Figure 47 (e) shows the image of the 

final printed array of silicon chips after the selective printing cycle has been executed 3 times.  

Notice that the pitch at which the devices were printed is much smaller than the pitch of the 

cantilevers; resulting in the ability to selectively print ink using the individually actuated 

cantilevers. 

4.5 Closed loop control setup and experimental results  

Piezoelectric materials typically suffer from creep and drift. To allow for reliable operation 

closed loop control is desirable. To achieve closed loop control, first the active composite stamps 

need to be calibrated. For this an improved characterization technique to allow for calibration of 

all four cantilevers within the same setup was developed.  The improved calibration process 

employs visual observation along with sensor readout. A two megapixel camera with a 24x 

objective is used to observe the stamp side-on. The camera is equipped with focus and zoom optics 

and translational stages for X, Y and Z motion.  Figure 48 shows the image of the optical 

calibration setup. 

For calibration first the camera is focused onto the post of one of the cantilevers on the 

stamp; which is to be calibrated. Actuation voltage is applied to the PZT, the deflection of the post 
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along with the readout from the strain gauge are recorded. The actuation voltage is varied to get 

the static actuation and sensing characteristics of the cantilever. Once the cantilever is calibrated, 

the camera is focused onto the next cantilever and the process is repeated. Using this method static 

calibrations on all four cantilevers were performed. The visual observation method allows us to 

measure 0.5 µm motion of the post. 

Figure 49 shows the two graphs obtained for a single cantilever during the calibration 

process. Figure 49 (a) shows the relationship between the measured sensor output voltage Vm 

versus mechanical deflection, d. Figure 49 (b) shows the  relationship between the mechanical 

deflection d and applied actuation voltage Vd.  

Approximating with an LTI-model the deflection d of the composite cantilever versus the 

applied voltage Vd can be characterized by a static gain K, such that, 

Figure 48: Image of the calibration 
setup showing the stamp and the 
camera used to observe the 
cantilever deflection. 
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𝐹𝐹 = 𝐾𝐾𝑉𝑉𝑑𝑑 + 𝑐𝑐1 (4.1) 

Similarly, the measured strain gauge output voltage versus mechanical deflection is given 

by, 

𝑉𝑉𝑚𝑚 = 𝐴𝐴𝐹𝐹 + 𝑐𝑐2 (4.2) 

Using a linear fit, the values of K, c1, A, c2 are found to be 0.4368, 0.3667, -22.4 and 0.1074 

respectively. 

Assuming that a single post on the active composite membrane stamp behaves as a 

unimorph cantilever, for a cantilever characterized by its length L, thickness t; a theoretically linear 

relationship between the displacement and applied voltage is obtained [62]: 

𝐹𝐹 = ∆
3𝐿𝐿2

2𝑃𝑃
𝐹𝐹31𝐸𝐸3 (4.3) 

Figure 49: Calibration curves captured for a single active composite cantilever. (a) Measured strain gauge voltage 
versus post deflection curve. (b) Measured post deflection versus applied actuation voltage. The red dashed line shows 
the linear fit used to obtain the model 
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Where, d31 is the piezoelectric coefficient, E3 is the applied electric field and Δ is a 

geometric constant given by, 

∆=
𝟐𝟐𝑨𝑨𝟐𝟐𝟏𝟏 + 𝟐𝟐𝟐𝟐

𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒 + 𝟐𝟐𝑨𝑨(𝟐𝟐𝟐𝟐 + 𝟑𝟑𝟐𝟐𝟐𝟐 + 𝟐𝟐𝟐𝟐𝟑𝟑) + 𝟏𝟏
 

(4.4) 

With, 

𝐴𝐴 =
𝑌𝑌𝑒𝑒
𝑌𝑌𝑝𝑝

 (4.5) 

𝐵𝐵 =
ℎ𝑒𝑒
ℎ𝑝𝑝

 (4.6) 

Here, Y is the elastic modulus and h is the layer thickness. The subscripts ‘p’ and ‘e’ denote 

the piezoelectric and elastic layers of the cantilever structure. 

From eq. 4.3 it is easy to note that the deflection of the post is linear with respect to the 

strain produced in the piezoelectric layer. However the strain itself within the PZT layer is highly 

nonlinear with respect to the applied voltage. Thus the deflection profile of the cantilevers 

themselves will behave nonlinearly. To test this we applied a 20 V peak-to-peak triangular 

waveform voltage to the PZT layer and recorded the deflection using the strain gauge, the 

deflection measured was plotted as a function of the applied voltage and is shown in figure 50. 

The measured deflection versus voltage relationship shows the typical strain versus electric field 

behavior of a ferroelectric material such as PZT, typically referred to as a butterfly loop.  
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The response of the cantilever to an oscillating input was also studied. A 12 V peak-to-

peak, 1 Hz Sine wave actuation signal was applied. Depending on the input voltage range two 

distinct effects were observed. Figure 51 shows the response obtained when the cantilever is 

subjected to a 1 Hz sine wave oscillating between -2 to 10 V. Figure 51 (a) shows the collected 

waveforms and figure 51 (b) shows the deflection versus applied voltage relationship. As can be 

seen, when the PZT layer is forward biased a nearly linear deflection – voltage relationship is 

achieved. 

Figure 50: Measured deflection versus applied voltage. (a) 
Applied voltage and measured deflection waveforms. (b) 
Deflection versus applied voltage relationship for a single active 
composite membrane cantilever. The deflection versus applied 
voltage relationship shows the same behavior as the strain versus 
applied electric field of a typical ferroelectric material such as 
PZT.  
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Next the input voltage range was changed to oscillate between -5 to 7 V.  In this case a 

highly nonlinear response was observed. Figure 52 (a) shows the collected waveforms for applied 

input and measured deflection. Figure 52 (b) shows the deflection versus applied voltage 

relationship. Thus when both forward and reverse bias voltages are applied to the PZT layer, the 

output deflection behavior is highly nonlinear. A frequency doubling effect is also observed with 

reduced deflections.  

Figure 51: Measured deflection versus applied voltage for a 1 Hz 
sine wave. (a) Applied voltage and measured deflection waveforms. 
(b) Deflection versus applied voltage relationship for a forward 
biased 1 Hz sine wave applied to the PZT actuator. The deflection 
is approximately linear with respect to the applied voltage. 
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For the composite membrane cantilever only the forward biased operation is used. The 

open loop response result for a single cantilever to a unit step input and is shown in Figure 53 (a). 

Although the deflection-voltage response is almost linear, there is a strong hysteresis that can be 

seen in figure 50 (b) and its effects are clearly illustrated in figure 53 (b) as the step heights are 

different for decreasing deflection versus increasing deflection. 

Figure 52: Measured deflection versus applied voltage for a 1 Hz 
sine wave. (a)  Applied voltage and measured deflection 
waveforms. (b) Deflection versus applied voltage relationship 
for a dual bias 1 Hz sine wave applied to the PZT actuator. The 
deflection is highly nonlinear compared to the forward biased 
case. 
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4.5.1 Position control 

To improve position regulation a closed loop control scheme has been implemented. Figure 

54 shows the feedback control diagram of the system. Here r is the reference input, Xm is the 

measured deflection, e is the error given by e=r-Xm, Vm is the strain gage output voltage, Vc is the 

controller output and Vd is the drive voltage applied to the PZT. 

To implement the control scheme we first identified the system transfer function. Using 

the open loop unit step response the system transfer function was identified using the system 

identification tool box in MATAB®. A second order linear model was fit to the open loop step 

response data. The obtained transfer function is: 

Figure 53: Open loop response of a single cantilever. (a) Response to a unit step input. (b) Open loop reference tracking 
performance. 

 

Figure 54: Closed loop system diagram for a single cantilever 
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𝜀𝜀(𝑠𝑠) =
3844

𝑠𝑠2 + 92.4𝑠𝑠 + 4733
 (4.7) 

 Once system identification was completed, the feedback control algorithm was 

implemented in LabVIEW running on an x86-based PC with Windows® operating system.   Here 

results are shown for a single cantilever. Once the feedback control design is completed it can be 

implemented on all four cantilevers in the array with minimal changes.  

A PI control law was used. The controller output Vc(t) is given by, 

𝑉𝑉𝑐𝑐(𝑃𝑃) = 𝐾𝐾𝑝𝑝𝐹𝐹(𝑃𝑃) +
𝐾𝐾𝑝𝑝
𝑇𝑇𝑖𝑖
� 𝐹𝐹(𝑃𝑃)
𝐶𝐶

𝑜𝑜
𝐹𝐹𝑑𝑑 (4.8) 

Or equivalently 

𝑉𝑉𝑐𝑐(𝑃𝑃) = 𝐾𝐾𝑝𝑝𝐹𝐹(𝑃𝑃) +  𝐾𝐾𝑖𝑖 � 𝐹𝐹(𝑃𝑃)
𝐶𝐶

𝑜𝑜
𝐹𝐹𝑑𝑑 (4.9) 

Here the proportional and integral gains are Kp and Ki respectively, e is the error given by 

e=r-Xm. The discrete time version of the control law that was practically implemented is given by, 

𝑢𝑢𝑘𝑘 = 𝑢𝑢𝑘𝑘−1 + 𝐾𝐾𝑝𝑝(𝐹𝐹𝑘𝑘 − 𝐹𝐹𝑘𝑘−1) + 𝐾𝐾𝑖𝑖𝑇𝑇𝑠𝑠𝐹𝐹𝑘𝑘 (4.10) 

Where u is the controller output, e is the error and Ts is the sampling time between two 

successive iterations. The subscripts k and k-1 demote the current and previous iteration 

respectively.  
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The proportional gain Kp and integral gain Ki were designed using the PID controller tuning 

tool available in MATLAB® (version 2014a) and were calculated to be 1 and 72 respectively. 

Figure 55 shows the step response and tracking performance of the system. Figure 56 shows the 

tracking performance of the system for 100 nm step inputs. 

Figure 55: Closed performance of a single active composite 
cantilever. (a) Response to an arbitrary step input. (b) 
Response to multiple step inputs showing good tracking over 
the entire actuation range. 
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4.5.2 Force control  

In addition to position control we also use the stamps for force control. The goal is to bring 

the post of the membrane into contact with a surface and control the pressure exerted by the post 

onto the surface using internal actuation.  

To achieve this we first perform static calibrate of the sensor. The calibration is performed 

using the custom calibration and testing setup that has been described earlier.  

A single post on the membrane is brought into contact with the load cell and the force 

registered by the load cell is recorded. Next, input voltage is applied to the PZT to bend the 

cantilever, this exerts a load onto the load cell and the bending of the cantilever produces a signal 

from the strain gauge. The actuation voltage is varied and the resulting strain gauge output and the 

force measured by the load cell are recorded. A triangular waveform input voltage was applied to 

the PZT. Figure 57 shows the graph of the input voltage waveform, force measured from the load 

cell and the output voltage of the strain gauge. Using the collected data the strain gage is calibrated.  

Figure 56: Tracking performance for 100 nm step inputs. 
The sensor noise limits the resolution. 
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After Calibration, a PI controller was implemented to regulate the force applied by the post 

onto the loadcell. Using the internal calibrated strain gage the applied force was estimated. The 

loadcell provided the external measurement of the actual force being exerted and was only used to 

gage performance. The reference tracking performance of the system is shown in figure 58. A 

reference signal of 250 µN force steps was applied. The system was able to track the reference 

Figure 57: Force sensor calibration waveforms. (a) Applied 
actuation voltage waveform. (b) Measured strain gauge output 
voltage waveform. (c) Waveform for the force applied by the 
post when subjected to the actuation voltage in (a). 
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very well. Figure 58 (a) shows the signal captured using the strain gauge. Figure 58 (b) shows the 

actual force being applied.  The result show good agreement between the reference and the applied 

force. 

The tracking performance of the system for 50 µN steps is shown in figure 59. These small 

steps are beyond the resolution limit of the loadcell used to verify the actual force being applied, 

however the general trend and maximum force applied is still visible in figure (b) and shows good 

agreement with the measurements in figure 59 (a). Here also the minimum resolution is determined 

by the signal noise in the sensor. 

Figure 58: Reference tracking performance of the closed loop system. (a) 
Signal collected from the strain gage. (b) Signal collected from the loadcell 
measuring the actual applied force. 
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4.6 Conclusion 

In this chapter we presented the development of micro transfer printing stamps with 

integrated sensing and actuation based on the active composite material, extending the 

instrumented composite stamp design. The active composite stamps design was presented along 

with the development of a facile fabrication process to manufacture the stamps. 

After fabrication the stamps were characterized and calibrated, comparisons were drawn 

with the design values. Following characterization and calibration the stamps were integrated into 

Figure 59: Minimum resolution steps tracking performance. (a) Signal captured 
from the strain gauge. (b) Measured force signal from the loadcell. 
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the micro transfer printing process and a new collect and place process mode – in which the ink is 

picked up in parallel and deposited selectively – was demonstrated. 

Finally a new actuation calibration system was described. Using the calibrated stamps a 

closed loop control scheme was developed. Closed loop position control was demonstrated with 

the ability to perform 100 nm steps. Using the stamps closed loop contact force control was also 

demonstrated with the ability to produce force as small as 50 µN. 
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CHAPTER 5: ACTIVE COMPOSITE STAMPS : THERMO-MECHANICAL ACTUATION 

During the design process of the active composite material based stamps, the existence of 

a potential second actuation mode based on the architecture of the stamps was identified. The 

integration of a ceramic layer into a composite structure created a bi-material cantilever. Exploiting 

the large CTE mismatch between the PZT and the SU-8 layers, it would be possible to thermally 

actuate the stamps. The integrated strain gauge in the cantilever would provide the means of 

heating the cantilever through joule heating. In addition to being a structure layer, the PZT would 

act as a sensor to sense contact and interaction forces by means of its piezoelectric properties. It 

would also be able to sense the deflection of the cantilever by the charge generated due to 

deflection and heating; through a combination of the piezoelectric and pyroelectric properties of 

the PZT. Thus from a functionality point of view the piezoelectric PZT layer now serves as a 

sensor and the integrated strain gauge serves as the actuator, deflecting the cantilever through the 

heat generated in it when a current is passed through it. This gives rise to a second actuation mode 

which we term as thermo-mechanical actuation. 

5.1 Actuation simulation 

To calculate the deflection of the active composite stamp under thermo-mechanical 

actuation we simulated a single cantilever of the active composite stamp. Using the same FEA 

model that was developed for the piezoelectric actuation mode described in chapter 4, the actuation 

of the posts as a function of the cantilever temperature was calculated. The same model was used 

since the stamp architecture in both the application modes is identical, only the function of the 

actuation layer and the sensing layers are interchanged in the two modes. 
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The glass transition temperature Tg of cross-linked SU-8 can vary between 150oC to 240oC 

based on the degree of crosslinking and post exposure bake temperature  [63]. To ensure safe 

operation of the device a maximum operating temperature of 90oC was chosen. The simulation 

assumed uniform heating of the entire cantilever. Using the above constraint and assumption the 

deflection of the post for different temperature was calculated. The FEA results predict a deflection 

of 20 µm for the maximum temperature of 90oC.  Figure 60 (a) shows the graph of the calculated 

deflection versus temperature from the FEA. A frame from one of the simulations showing the 

cantilever deflection is also shown in figure 60 (b). The calculated deflection is about three times 

Figure 60: Results from the finite element analysis. (a) Graph of 
deflection versus temperature. (b) Single frame of the representative 
deflection calculated from the FEA simulation.  
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larger than what is achieved from the piezoelectric actuation mode. The predicted deflection is 

sufficiently large to allow more robust operation of the stamp in applications requiring stamp 

geometry modulation. 

5.2 System characterization 

Using the improved optical calibration setup described above in section 4.5 the actuation 

behavior of the thermo-mechanically actuated active composite stamps was experimentally 

studied. The stamp under test is mounted onto the transfer printer as was done in previously 

described testing setups. Here the PZT sensing element is connected to a custom built charge 

amplifier; which converts the charge generated by the PZT sensor into a voltage, this voltage is 

then fed into the data acquisition device (National Instruments, USB-6009). The heating element 

is connected to a drive circuit that is controlled using the transfer printer software. 

5.2.1 Actuation measurements 

To measure the actuation behavior of the individual posts on the stamp, a voltage was 

applied to the heating element of the individual cantilevers in the stamp. The deflection of the post 

as a function of the input voltage was recorded. A voltage of 0V to 3V was applied with 0.5V 

steps, each experiment was repeated five times and the deflection was averaged. The results of the 

experiment was shown in figure 61. 

The results of figure 61 (a) show a nonlinear behavior that is in agreement with the i2R 

heating that is taking place in the individual heating elements. When the input power is considered 

instead of the voltage as the control variable, a linear relationship between the deflection and the 

input power is observed as can be seen in figure 61 (b). 
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Using the actuation data a mathematical model of the response of the individual cantilevers 

was developed.  

𝐹𝐹 = 𝐶𝐶1𝑃𝑃𝑖𝑖 + 𝐶𝐶2 (5.1) 

A first order polynomial as shown in eq. 5.1 was fit to the post deflection as a function of 

input power data of figure 61(b). The model is used later to calculate the deflection of the post 

during sensor calibration and dynamical modeling. Each post was calibrated individually 

5.2.2 PZT based sensing 

After measuring the actuation behavior of the stamp, the PZT based sensing was 

characterized. Using the custom measurement and calibration setup described earlier the PZT 

sensor was characterized. The voltage output from the PZT sensor was recorded. The PZT sensors 

had an average sensitivity of 246 mV/mN. Transfer printing was performed using the stamps. A 

typical voltage trace measured during transfer printing is shown in figure 62. The signal showed 

sufficient resolution to detect important process events.  

Figure 61: Graph of the actuation behavior of the posts of the active composite stamp under thermo-mechanical 
actuation. (a) Graph of deflection as a function of the applied voltage to the heating element of the individual 
cantilevers. (b) Graph of deflection of each cantilever as a function of the input power. 
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Once the external force sensing and event detection capabilities using the PZT sensor were 

experimentally verified, the sensor was characterized for measuring the deflection of the posts. 

PZT exhibits both piezoelectric and pyroelectric behavior hence the signal sensitivity is different 

Figure 62: Graph of a typical voltage trace generated by the PZT sensor during transfer 
printing. 

Figure 63: Typical graph of deflection of the post and the resulting sensor output voltage for a single post of the 
active composite stamp. The measured voltage versus deflection data is used to calibrate the sensor for sensing 
the deflection when the posts are actuated. 
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when sensing actuation because the sensor gets heated up along with the cantilever during the 

thermo-mechanical actuation.  

To characterize the deflection sensing, a triangular voltage waveform was applied to the 

heater of each cantilever. The output voltage from the PZT sensor was recorded along with the 

input voltage waveform. Using the actuator model and the input voltage; the deflection of the post 

was calculated. Figure 63 shows a graph of the post deflection and the resulting sensor output 

voltage. Using the collected data each sensor was calibrated. A first order polynomial model as in 

eq. 5.2 was fit to the calibration data for each sensor. This sensor calibration is later used for 

dynamic modeling and the final closed loop control. 

𝐹𝐹𝑚𝑚 = 𝐾𝐾1𝑉𝑉𝑚𝑚 + 𝐾𝐾2 (5.2) 

5.2.3 Modeling dynamic behavior 

Once the actuator and sensor calibration was completed the dynamic behavior of the stamp 

was modeled. Using frequency domain system identification techniques a transfer function for the 

behavior of the stamp posts was developed.  

First the response of the system to a variable frequency signal was recorded. Using a 

function generator, a 180 second linear chirp signal from 0.05 Hz to 5 Hz was generated. This 

signal was fed into the heater of each cantilever using the drive circuit. As the cantilever deflected 

in response to the input signal, an output signal corresponding to the produced deflection was 

generated from the PZT sensor. Both the input voltage signal and the sensor output signal were 

recorded simultaneously. After signal collection, using the actuator and sensor models the signals 
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were converted into the desired and measured deflection. Figure 64 shows the trace of desired 

deflection and the actual deflection of a single post collected during the experiment. Using this 

Figure 64: Graph of data collected for modeling the dynamic behavior of the posts. The trace shows the desired 
deflection u1 and measured deflection y1 of a single post as the input signal frequency is varied. 

Figure 65: Graph of the frequency response of the individual posts of the stamp (blue, solid lines) along with the 
average (red, dashed line) 
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method the frequency response of each post on the stamp was collected. 

After the frequency response data was collected it was converted from its original time 

domain form into the frequency domain to get the spectral data of figure 65. The solid lines in 

figure 65 correspond to the response for each individual post. The dashed line is the average of the 

four posts. To identify a single model depicting the nominal behavior of the posts we used the 

average of the spectral responses to identify the transfer function. 

A second order transfer function model was fit to the average frequency response. The 

frequency response of the identified model and the original data are shown in figure 66. A second 

order model was the simplest model that showed good agreement with the collected frequency 

response data. The identified nominal model is: 

𝜀𝜀(𝑠𝑠) =
1.043𝑠𝑠 + 0.125

0.171𝑠𝑠2 + 𝑠𝑠
 (5.3) 

Figure 66: Graph of the frequency reponse of the model along with the original data used to fit the model. 
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After identification of the nominal system transfer function the response of the model was 

simulated. The input signal used to test one of the posts was applied to the nominal model and its 

response was calculated. The simulated response was compared with the actual response of the 

post. The result showed good agreement between the model and the actual system. One of the 

simulation results is shown in figure 67. 

5.3 Closed loop control 

   To improve the accuracy of position regulation a closed loop control system was 

implemented to control the deflection of the individual posts. Using the nominal model for the 

system described earlier in section 5.2.3, a PI controller was designed using the PID tuning toolbox 

in MATLAB®. The implemented control architecture is shown in figure 68. 

A reference signal r; is the desired deflection of the post to be tracked by the control system, 

Xm is the measured deflection of the post as read from the sensor; calculated using eq. 5.2, e is the 

Figure 67: Linear simulation results of the nominal system model along with the actual system response 
for once of the posts of the active composite stamp. 
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error between the reference and the actual post deflection given by e=r-Xm, Vm is the voltage of 

the PZT sensor, Vc is the controller output and Vd is the drive voltage applied to the heater of the 

cantilever. 

The feedback control algorithm was implemented in LabVIEW running on an x86-based 

PC with Windows® operating system.   Here results are shown for a single cantilever. The same 

feedback control design is implemented on all four cantilevers in the array with minimal changes. 

A discrete time control law is used as shown below in eq. 5.4. 

𝑢𝑢𝑘𝑘 = 𝑢𝑢𝑘𝑘−1 + 𝐾𝐾𝑝𝑝(𝐹𝐹𝑘𝑘 − 𝐹𝐹𝑘𝑘−1) + 𝐾𝐾𝑖𝑖𝑇𝑇𝑠𝑠𝐹𝐹𝑘𝑘 (5.4) 

Figure 68: Closed loop system diagram for a single cantilever 

Figure 69: Closed loop system response to a unit step reference. 
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Where u is the controller output, e is the error and Ts is the sampling time between two 

successive iterations. The subscripts k and k-1 demote the current and previous iteration 

respectively.  

The proportional gain Kp and integral gain Ki were calculated to be 0.328 and 4.27 

respectively. The sampling time for the closed loop system was 25 msec. The closed loop control 

system was implemented and the closed loop performance of the system was experimentally 

determined. Figure 69 shows the unit step response the system. A rise time of 250 msec and a 

settling times of 500 msec is experimentally observed. 

In addition to measuring the step response, the performance of the system to track multiple 

step reference and minimum step resolution was also tested. Figure 70 shows the response of the 

control system to multiple step inputs. The experimental results show good tracking performance 

over the entire range. Figure 71 shows the system tracking performance to 100nm steps. Good 

tracking performance was observed over the entire operational range. 

Figure 70: Closed loop system response to multiple step inputs showing good tracking over the entire 
actuation range. 
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5.4 Transfer printing experiments 

The main motivation of creating stamps using the active composite material is to develop 

stamps that allow for new modes of transfer printing to be implement using their integrated 

functionality. This section presents the experimental results of implementing some of these novel 

transfer printing modes. 

First a set of sample inks was developed with two different types of ink to test selective 

transfer printing. Two different regions were created on the donor. Gold pads 50 µm x 50 µm were 

patterned on silicon chips. Two types of silicon chips were created, type 1 with four pads and type 

2 with two pads. Figure 72 shows the image of the ink sample with the two different type of silicon 

chips. The two different types of silicon chips depict two device types to be used for demonstrating 

selective ink retrieval. 

Figure 71: Tracking performance for 100 nm step inputs. Good tracking performance is 
observed in this case. 
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The first printing mode that was implemented using the thermo-mechanically actuated 

stamps was the collect and place printing mode. Type 1 silicon chips from the donor substrate are 

retrieved in parallel from the donor wafer using all the posts. After ink retrieval the stamp travels 

to the acceptor substrate. Here each individual post is actuated and brought into contact with the 

receiving substrate, a single post is used to print one silicon chip at a time. Figure 73 shows a 

collection of frames captured during the collect and place printing process. In figure 73 (a) the ink 

has been retrieved using all four posts on the stamp. Figure 73  (b) shows the ink released only 

from the first post, the rest of the posts have their ink still attached to the post. Figure 73 (b), (c) 

and (d) shows subsequent frames for printing done by actuating a releasing ink from post two, 

three and four respectively. 

Figure 74 shows the image of a sparse array printed using the collect and place printing 

mode. A total a 20 silicon chips were printed with 5 ink retrieval steps. The spacing between each 

device on the acceptor is larger than the width of the four posts on the stamp. 

Figure 72: Image of two different types of ink designed to experimentally test selective transfer printing 
based on thermally actuated active composite stamps. (a) Type 1 devices and (b) type 2 devices. 
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Figure 73: Frames captured during collect and place printing using the thermo-mechanicall 
actuated active composite stamp. (a) Image of the four posts with their retreived ink. (b) 
Image of post one after actuation and ink release. (b), (c) and (d) Images of post two three 
and four respectively after actuation and release of their ink. 
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 Since the posts are individually addressable printing can also be performed using a 

combination of posts. Figure 75 shows image of frames captured during collect and place printing 

with parallel printing. Here a pair of posts is used to print ink in parallel. For this mode, type 1 

Figure 74: Image of a sparse arrach of silicon chip printed onto an 
acceptor substrate using a collect and place printing more. 

Figure 75: Frames captured during collect and place printing with actuation. (a) 
Image of the four posts with their retreived ink. (b) Image of posts one and two 
after actuation and ink release. (b) Image of posts three and four after actuation 
and release of their ink. 
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silicon chips from the donor were used. Figure 75 (a) shows image of four type 1 silicon chips 

retrieved from the donor, figure 75 (b) shows image of devices printed using actuation and release, 

using post one and two while devices on post three and four are still attached to their posts,  figure 

75 (c) shows the posts with no silicon chips attached to them after actuation and release from posts 

three and four. 

In addition to collect and place, the ability to modulate stamp geometry also allows for 

selective retrieval of inks. To experimentally demonstrate this application mode a stamp was first 

aligned with type 1 silicon chip region of the donor. Using parallel actuation a pair of type 1 silicon 

chips were picked up shown in figure 76 (a), post three and four have no devices attached to them. 

Next the stamp was aligned with the second region with type 2 silicon chips and the type 2 silicon 

chips were picked up using parallel actuation of posts three and four shown in figure 76(b). 

Figure 76: Image of selective ink retreival. (a) Image of type 1 silicon chips picked up 
using posts 1 and 2 with no ink attached to post 3 and 4. (b) Image showing type 2 silicon 
chips picked up using posts 3 and 4 with type 1 chips attached to posts 1 and 2. 
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After ink retrieval they were printed onto the acceptor substrate using a combination of 

selective printing. Figure 77 shows an image of the two device types printed together onto the 

same substrate in an asymmetric pattern using a single stamp and setup. 

5.5 Conclusion 

In this chapter we presented the extension of the operation of the active composite material 

based micro transfer printing stamps by employing thermo-mechanical actuation and piezoelectric 

sensing. Finite element analysis was used to simulate the behavior of the stamp and the simulation 

results predicted that the thermo-mechanically actuated stamps can achieve three times larger 

deflection compared to the piezoelectric actuation mode. 

Using the calibration setups, experimental data for the actuation and sensing behavior for 

each post were collected; mathematical models for actuation and sensing were developed using 

the experimental data. Using frequency domain system identification techniques a nominal 

Figure 77: Image of an assymetrical pattern printer using selective ink 
retreival and printing. The pattern has six type 1 silicon chips and two type 
2 silicon chips printed at two different pitches. 
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dynamic model of the system was developed. The simulated output of the developed model was 

compared to the actual system and showed good agreement with the experimental measurements. 

Finally using the nominal system model a closed loop system was designed. Closed loop 

control was implemented on the individual posts using the designed gains. The response of the 

closed loop system to different references was experimentally measured. Good dynamic 

performance and reference tracking was achieved using the closed loop system. 
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CHAPTER 6: EXPLORING NEW APPLICATION AREAS FOR MICRO TRANSFER PRINTING 

This chapter presents the results of pilot experiments conducted to test the feasibility of 

using micro transfer printing in new application areas. 

6.1 Micro scale assembly with in-situ bonding 

The main motivation behind this experimental study is to assess the use of transfer printing 

to perform micro scale assembly, taking advantage of the inherent parallelism of transfer printing. 

The idea is to perform micro scale assembly of silicon using transfer printing and in-situ bonding 

of silicon to polymer. The process works by bringing a piece of silicon in contact with a polymer, 

using localized heating at the silicon/polymer interface the polymer is heated above its glass 

transition temperature and then allowed to cool back down, bonding the silicon to the polymer. 

This process has the potential to allow micro scale assembly without the need for specialized 

interfaces for attachment such as clamps, specialized hinges, etc. The polymer chosen for testing 

this process is SU-8. SU-8 is a thermally and chemically stable epoxy based negative tone 

permanent photoresist. It can be easily spin coated with thickness varying from 10 µm up to 300 

µm. The glass transition temperature of cross-linked SU-8 varies between 150oC to 240oC. Owing 

to good thermal and chemical stability and compatibility with standard microfabrication 

techniques made SU-8 a good candidate for this experimental study. 

6.1.1 Achieving localized heating through laser irradiation 

The main idea of the process is to bond silicon to a polymer by heating the silicon/polymer 

interface. To locally heat only the silicon/polymer interface requires a highly confined heating 

source. One way to produce this highly localized heating is to use a laser source to heat the silicon. 
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Using a laser beam with the appropriate wavelength, focused energy can be transferred into the 

silicon through absorption causing it to heat up. By controlling the incident laser power the 

temperature of the silicon/polymer interface can be modulated. 

To achieve laser based localized heating, a custom transfer printing tool head is used that 

allows for the integration of a laser light source into the stamp holder. Figure 78 shows the 

schematic of the custom tool head. The main components of the system are a Camera with its 

illumination source used for alignment and optical feedback. A fiber optic cable with a 4mm 

collimator and focusing lens with a 51 mm focal distance bring in the laser radiation. A beam 

splitter is used to align the optical path of the laser with the camera. A notch filer is applied to filter 

out the laser wavelength to allow observation through the camera by limiting overexposure. The 

laser used in this setup is an 805nm 30W electronically pulsed diode laser. The laser is focused to 

a 600µm-700µm diameter spot at the PDMS post face. Figure 79 shows the image of the tool head 

with the camera and laser along with its optics interfaced onto it. The camera and the optics are 

mounted on an independent three axis motion stage, this allow for independent motion of the tool 

head relative to the stamp. This way the laser can be focused at any point on the stamp. 

Camera

Objective

Cube Beam 
splitter

Stamp

Post

Focusing Lens

Collimator

Optical Fiber

Receiving 
Substrate

Notch Filter

Figure 78: Schematic of the transfer printing stamp holder with 
integrated high power laser. 
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6.1.2 Simulating localized heating 

To bond effectively, the silicon area that needs to be bonded to the polymer needs to be 

heated to a sufficiently high temperature;  causing the polymer at the interface to heat up beyond 

its glass transition temperature and reflow, allowing the interface to bond. To assess the feasibility 

of this process a FEA based simulation of the temperature of silicon under laser based heating was 

done.  

Figure 79: Image of the transfer printer stamp holder with the 
laser interface and optics. 

Figure 80: A schematic representation of the FEA 
model used to calculate the effect of laser based 
localized heating on silicon piece attached to a PDMS 
t  
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The FEA model consists of a 250 µm wide silicon piece attached to PDMS on one side. 

The silicon is assumed to be in air for the purpose of the simulation. The laser is incident onto the 

silicon through the PDMS. To calculate the temperature of the silicon, an incident laser power of 

5W was chosen, the spot size diameter is assumed to be 600 µm. Assuming uniform flux, the 

incident laser power per unit area is 1.76E7 W/m2. For the purpose of simplifying the simulation 

the laser power is assumed to be absorbed at the surface of the silicon at the silicon/PDMS 

interface. Figure 80 shows a schematic of the model.  

Figure 81: FEA simulation results showing the temperature of the silicon attached to 
the PDMS stamp. (a) Temperature of a 3 µm thick silicon piece after being irradiated 
by the laser pulse for 3 msec.(b) Temperature of a 30 µm thick silicon piece after the 
same laser exposure.  
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Two different thicknesses of silicon were simulated, 3 µm and 30 µm. The reflectivity 

value for the PDMS/Silicon interface is takes to be 18%. The light absorption strongly depends on 

the thickness of the silicon, for the 3 µm silicon a 30% absorption rate is used, for the 30 µm silicon 

an absorption rate of 95% is used. Using the above values the amount of power per unit area 

absorbed by the 3 µm and 30 µm silicon is 4.33E6 w/m2 and 1.37E7 W/m2 respectively. The laser 

pulse is applied for a total time of 3 msec. The heat loss to the ambient air is taken to be 50 W/m2K. 

The results of the FEA simulation are shown in figure 81.  The FEA results suggest that 

under the chosen conditions the temperature rise in the silicon is sufficiently large to heat up the 

Silicon polymer interface beyond its glass transition temperature.  The FEA results predict a 

temperature rise up to 175 oC and 300 oC for the 3 µm and 30 µm thick silicon respectively. The 

FEA results show that the temperature achieved is large enough to heat the interface up to and 

beyond the glass transition temperature of the SU-8 polymer. Thus the process of melting the 

polymer locally at the silicon/polymer interface using laser irradiation is potentially viable.  

6.1.3 Experimental demonstration  

To test and demonstrate the process a set of experiments were conducted. Silicon beams 

were fabricated with thicknesses of 3 µm and 30 µm. Two types of beams are fabricated. The 

beams are 3 mm long. The silicon beams were fabricated using an SOI wafer. The image of one 

of the donor wafers with the beams is shown in figure 82. These beams are used to demonstrate 

the assembly and in-situ bonding process. 
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A target substrate consisting of an array of SU-8 columns was fabricated. The silicon beams 

would be picked up from their donor substrates and bonded to the SU-8 columns. The SU-8 

columns are fabricated on a silicon substrate using standard photolithography techniques. The SU-

8 pillars are 600 µm x 600 µm, 150 µm tall. Figure 83 shows the image of the SU-8 columns 

fabricated onto the silicon substrate 

Figure 82: Image showing the silicon beams fabricated to test the 
integrated assembly and bonding process. The different beam shapes 
have been fabricated. 

Figure 83: Image of an array of SU-8 columns fabricated onto a silicon 
wafer. The insert shows the top view of a single column captured using 
a microscope. 
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After fabrication, the donor substrate with the beams and the acceptor substrate with the 

columns were mounted onto the transfer printer. Using a PDMS stamp four beams were picked up 

from the donor. The beams were aligned to the columns and using short laser pulses the ends of 

the beam were heated to bond the silicon and the SU-8 together. The least incident laser energy 

required and pulse time required to bond the beams was experimentally determined. The incident 

laser energy was determined to be 1.23E7 W/m2 and the pulse time was 10 msec for 3 µm thick 

beams and 50 msec for the 30 µm thick beams. The increased pulse times can be attributed to 

greater heat loss in the actual system, thus requiring more energy to heat up the silicon/SU-8 

interface to reach the desired temperature.  Figure 84 (a) shows an image of four beams picked up 

Figure 84: Image of silicon beam manipulation and assembly. (a) Image of four beams picked up 
from a donor wafer attached to a PDMS stamp. (b) Image of the beams attached ontoSU-8 columns. 
(c) SEM image of a 3 µm thick, 3mm long suspended silicon beam assembled using the process. 
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and attached to a PDMS post. Figure 84 (b) shows an array of 30 µm thick beams assembled and 

bonded onto the SU-8 columns. Figure 84 (c) shows a scanning electron microscope image of a 3 

µm thick beam bonded onto SU-8 columns. The heating processes causes the Silicon/SU-8 

interface to heat up and reflow. To check this, a set of silicon beams were removed using 

mechanical force from their bonded columns. Using SEM imaging the shape of the SU-8 column 

was studied. The SEM analysis shows that the region of SU-8 in the immediate vicinity of the 

silicon/SU-8 interface goes through a reflow process when heated. Under the application of 

pressure and heating a slight mushrooming of the interface takes place as shown in the SEM images 

of figure 85. 

One application area where this process can be employed is the manufacturing of out of 

plane, three dimensional MEMS. Individual planar structures can be assembled to form three 

dimensional devices using micro transfer printing based assembly and in-situ bonding. To 

experimentally verify that the process can be implemented using such structures, a test donor and 

acceptor substrate were created. The acceptor substrate was patterned with features to represent a 

mockup of a planar MEMS device structure. 50 µm tall features emulating a planar MEMS 

Figure 85: SEM images of two SU-8 columns with their beams removed after the assembly and 
bonding process. The top of the columns show a slight mushrooming effect from SU-8 reflow caused 
by the application of pressure and heat. 
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actuator were etched onto a silicon acceptor substrate using DRIE. An array of 150 µm tall SU-8 

columns were patterned using photolithography on top of the structure. These columns would 

serve as locations where an end effector would be bonded later using the assembly and bonding 

process. The acceptor substrate with its patterned features and SU-8 bonding columns is shown in 

figure 86. 

Figure 87:  Image of the donor wafer with silicon structures 
fabricated to represent an end effector to be assembled onto a 
MEMS stage. 

Figure 86: Image of an acceptor substrate with features patterned onto in to represent a MEMS 
planar actuator structure. (a) Image of the acceptor substrate after formation of the structure after 
DRIE process. (b) Image of the acceptor substrate after patterning of the SU-8 columns to which 
an end effector would be bonded. 
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A donor wafer with 30 µm thick silicon structures was fabricated using DRIE on an SOI 

wafer. The silicon structures were representative of a simulated end effector that would be bonded 

onto the acceptor substrate prepared earlier. Figure 87 shows an image of the donor wafer prepared 

with an array of 9 structures representing an end effector to be assembled. 

Using the micro transfer printer the end effector structure was picked up from the donor 

substrate using a PDMS stamp. Figure 88 (a) shows the image of the simulated end effector 

attached onto the PDMS stamp. After retrieval of the end effector it was aligned to the SU-8 

columns on the acceptor substrate structure. Using laser pulses the end effector structure was 

bonded to each of the six SU-8 columns. The image of the completed structure is shown in Figure 

88 (b) and an SEM image of the same structure is shown in  figure 88 (c). The end effector structure 

can be clearly seen suspended and bonded to the SU-8 columns. 

These pilot experiments proved that micro transfer printing based assembly and in-situ 

bonding can be used effectively to create three dimensional silicon/polymer hybrid 

microstructures. Using test structures we experimentally determined that the process can 

successfully bond silicon and SU-8 structures. Millimeter scale suspended silicon structures were 

Figure 88: Image of a representative three dimensional out of place MEMS structure fabricated using planar units 
using the micro transfer printing based assembly and bonding process. (a) Image of the representative end effector 
structure attached to a PDMS stamp after retrieval from the donor substrate. (b) Image of the fully assembly structure 
with a fully suspended out of plane end effector. (c) SEM image of the representative MEMS structure. 
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fabricated using the process with different silicon thickness. Specially patterned acceptor and 

donor substrates were created to simulate MEMS structures. A representative silicon end effector 

was successfully assembled and bonded onto a mock MEMS planar stage structure. These 

experiments helped define the bonding process protocols that can be used as the starting point for 

more detailed studies in the future. 

6.1.4 Application of active composite stamps 

This pilot study was conducted using a bulk PDMS stamp, however the process mechanics 

do not prohibit the use of active composite stamps for the process. The active composite stamps 

are designed to have a clear optical path behind each post. Cross linked SU-8 does not show any 

significant absorption for light beyond a wavelength of 400 nm [64]. Thus the active composite 

material will not offer any significant absorption of the laser energy used to heat and bond the 

silicon/SU-8 interface and will not deteriorate the process. The active composite stamps offer a 

significant advantage over a bulk stamp in this application area. With the ability to sense contact 

the process can adjust for local variations in the acceptor substrate geometry. For the test structures 

used in this study, a 5% variation in the height of the SU-8 columns would result in a height 

difference of 7.5 µm. The ability to sense coupled with local actuation can allow for the 

compensation of such errors. Moreover with the ability to control contact force, uniform pressure 

can be applied to each SU-8 column thus ensuring that the bonding is uniform. 

6.2 Transfer printing of Silicon Fabric 

Development of flexible electronics is a promising new area that is likely to broaden the 

application of both digital and analog electronics. Conventional flexible and/or organic electronics 

are built using polymeric or plastic materials as the substrate [65]. These materials are unattractive 
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from a performance and functionality point of view with slow transport characteristics, low 

thermal budgets and limited lithographic resolution [66]. The performance problems associated 

with organic materials for flexible electronics can be remedied by using devices made from 

unconventional substrates such as silicon-on-insulator (SOI), silicon (111) and ultra-thin body 

SOI; however these substrates tend to be expensive. 

One method recently developed by Jhonathan et al [67] can be used to convert low cost 

conventional bulk silicon substrates into thin and flexible formats.  Their method provides a cost 

effective approach without sacrificing performance. The process begins by fabricating devices on 

top of a bulk silicon (100) wafer following standard very large scale integration (VLSI) processes. 

After active device fabrication an insulator layer is grown on the surface. Following insulator 

growth, using deep reactive ion etching (DRIE), holes are etched in the inactive regions of the 

surface going into the bulk silicon. The sidewall of the etched holes are passivated using an oxide. 

Finally using XeF2 the bulk silicon is isotropically etched creating voids within the bulk silicon. 

This etching processes detached the top surface of the silicon wafer from the bulk. This leaves a 

thin silicon film on the top with the active devices which can be removed later. A simplified 

schematic of the process is shown in figure 89. 

The advantage of the silicon fabric process is that it allows for the manufacturing of thin 

flexible silicon substrates using low cost bulk silicon (100) wafers offering all the performance 

advantages and is compatible with standard VLSI techniques.  
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6.2.1 Experimental results 

The goal of this pilot study is to utilize micro transfer printing for retrieval and assembly 

of silicon fabric with active devices onto nonnative substrates.  This work was done in 

collaboration with the Integrated Nanotechnology Laboratory at King Abdullah University of 

Science and Technology (KAUST), Saudi Arabia. The silicon fabric substrates with active devices 

were prepared at KAUST and brought to Ferreira Researcg Group at UIUC. The acceptor 

substrates along with the processing techniques to perform micro transfer printing were developed 

at UIUC. Two acceptor substrates were used for testing the assembly process, glass and polyimide. 

One of the most challenging aspect of this study was to achieve successful release of the silicon 

fabric after retrieval. Due to the highly structured nature of the bottom surface owing to the unique 

fabrication process, during release the total contact area between the bottom surface and the 

Figure 89: Schematic of silicon fabric fabrication process. (a) Formation of active devices and growth of dielectric 
layer. (b) Patterning and etching of holes in the inactive region going into the bulk silicon. (c) Passivation of the hold 
sidewalls. (d) Isotropic etching of the bulk silicon underneath the device layer using XeF2. (e) Release of the thin 
silicon fabric substrate from the bulk silicon wafer. 
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receiving substrate is very small. To cater for this, we developed a process that relies on a thin 

adhesive layer to promote the adhesion between the silicon fabric and the receiving substrate. Even 

with the use of adhesive we experimentally determined that the contact area between the stamp 

and silicon fabric should be no greater than 1% of the silicon fabric area for successful release. A 

thin layer of spin coated polyimide was used as the adhesive layer to promote the release of the 

silicon fabric and its eventual bonding to the acceptor substrate. 

For the first experiment a set of silicon fabric substrates with CMOS transistor arrays 

patterned onto them were retrieved from their native bulk silicon substrate and transferred onto a 

glass substrate.  The glass substrate is first coated with a thin layer of polyimide. The polyimide is 

Figure 90: Image of transfer printing of silicon fabric substrates. (a) Image of 
the donor substrate after remoal of two silicon fabric substrates. (b) Image of 
the silicon fabric substrates bonded onto a glass substrate following transfer 
printing. 
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spin coated onto the glass substrate at a speed of 5000 rpm for 60 sec. After spin coating the 

polyimide is soft baked at a temperature of 65oC for 5 minutes to remove the solvents while still 

retaining its adhesive properties.. After preparation of the acceptor substrate, the donor and 

acceptor substrates were mounted onto the transfer printer and the silicon fabric was transfer 

printed onto the glass acceptor substrate. After transfer printing the glass substrate is cured at a 

temperature of 130 oC for 30 minutes. The image of the donor and acceptor substrate after the 

transfer printing is shown in figure 90. Figure 90 (a) shows the image of the donor substrate after 

transfer printing of two of the silicon fabric regions.  Figure 90 (b) shows the image of silicon 

fabric with active transistors transferred and bonded onto a glass substrate. After the transfer 

printing the sample were sent back to KAUST for measurement and analysis. 

The second experiment was to demonstrate wafer level transfer of the silicon fabric onto a 

flexible substrate. The donor substrate consisted for a 4” wafer with a single silicon fabric substrate 

patterned on top of it. For the acceptor substrate a 100 µm thick polyimide film was first adhered 

onto a four inch wafer. After the polyimide film was attached to the wafer, a thin layer of polyimide 

was spun coated onto the polyimide film using the process described previously. To perform 

transfer printing first the donor substrate was mounted onto the machine tool and the silicon fabric 

was retrieved. The image of the silicon fabric wafer mounted onto the transfer printing tool is 

shown in  figure 91(a). Figure 91 (b) shows the image of the wafer scale silicon fabric retrieved 

from the donor wafer using a PDMS stamp. Afterwards the native bulk silicon substrate was 

replaced by the acceptor substrate and the silicon fabric was brought into contact and released onto 

the acceptor substrate. Figure 91 (c) shows the image of the wafer scale silicon fabric being 
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released onto the polyimide substrate. After transfer printing the polyimide adhesion layer was 

cured and the polyimide film along with the transferred silicon fabric was peeled off of the 

temporary mounting wafer.  The final polyimide layer with the silicon fabric is shown in  figure 

91 (d). 

These pilot experiments have proven that micro transfer printing is an efficient process to 

perform manipulation and assembly of silicon fabric substrates of various sizes onto a variety of 

substrates. Successful transfer of centimeter scale substrates to wafer scale substrates of silicon 

fabric was conducted using transfer printing. Two different acceptor substrates (glass and 

Figure 91: Images captured during transfer printing of wafer scale silicon fabric. (a) Image of the 
silicon fabric donor wafer mounted onto the transfer printing tool. (b) Image showing the wafer 
scale silicon fabric picked up using a PDMS substrate and the silicon bulk wafer. (c) Image of the 
acceptor substrate mounted onto the transfer printing tool and silicon fabric being printed onto it. 
(d) Image of the polyimide substrate with the wafer scale silicon fabric bonded onto it after removal 
of the polyimide substrate from the mounting wafer. 
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polyimide) were used and successful transfer printing based assembly of silicon fabric on both 

substrates was shown. The use of transfer printing for silicon fabric assembly and integration is a 

very promising area for realizing the potential of transfer printing in manipulating ultra-thin 

substrates to perform heterogeneous integration and can open many potential application areas 

utilizing silicon fabric based heterogeneously integrated systems. 

6.2.2 Application of active composite stamps 

This pilot study used a bulk PDMS stamp to perform transfer printing however the process 

is easily transferrable to the active composite stamp since it emulates a bulk stamp very closely. 

The requirement of controlling the area of contact between the stamp and the silicon fabric is more 

favorable toward the uses of the active composite stamps. Being able to selectively engage 

individual posts to the silicon fabric during retrieval allows to control the contact area between the 

stamp and the silicon fabric. This has the potential to allow the use of a single active composite 

stamp for a large variety of silicon fabric sizes. 
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CHAPTER 7: CONCLUSION 

This thesis presented the advancement of the micro transfer printing process through the 

integration of novel functionality into the micro transfer printing stamp. First by analyzing the 

operation of the stamp within the process, areas of opportunities were identified that can enhance 

the performance of the process. Functional requirements for the stamp were determined to meet 

some of the opportunities identified for advancing the micro transfer printing process. These 

included the integration of sensing to detect important process events and methods to perform in-

situ process monitoring and the need for modulating stamp geometry. Modulation of the stamp 

geometry was identified as the mechanism to aid in selective device retrieval and release as well 

as transition from a pick and place process to a collect and place process. 

 Starting with the concept of a novel active composite material composed of multiple 

functional layers a stamp architecture was developed. The active composite material allowed the 

integration and distribution of functions such as sensing, actuation and compliance tuning. The 

active composite materials provides a facile means of adding distributed sensing, actuation and 

compliance tuning to a material using standard microfabrication techniques. This versatile material 

can find many potential application in areas such a tactile sensors, micro fluidics, micro scale 

probing, etc. To demonstrate a device composed of the active composite material a generic stamp 

architecture was introduced. The local compliance tuning replaced the compliance of the PDMS 

in a bulk stamp. This resulted in a system that from a process point of view is very similar to a 

bulk PDMS stamp but contains additional functionality supported by the active composite 

material.  
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After a general architecture of the active composite stamps was developed, finite element 

analysis based design of the stamps was presented. Following the design process a facile and 

scalable fabrication process employing traditional microfabrication in conjunction with micro 

transfer printing was developed to manufacture the newly designed stamps. Following 

manufacturing the stamps were integrated into the micro transfer printing process using custom 

instrumentation and software. The integrated stamps were characterized and their performance 

was compared to design goals, good agreement was observed between the design and the actual 

stamp performance. 

Using the sensing functionality the ability of the stamps to successfully detect important 

process events was demonstrated. Using event detection the process was reprogrammed in which 

instead of using stage position, event detection was used to control the process. Successful transfer 

printing operation was shown using the event driven process. Finally a demonstration of in-situ 

process monitoring was made. Using the sensory feedback the force measured during the retrieval 

and release of individual inks was measured. The measured force was then used to detect success 

and failure of ink retrieval and release using a statistical discriminant function. A classification 

rate of greater than 99% was experimentally observed for successful ink retrieval and release. 

After demonstrating the advantage of sensory feedback from the stamp, process 

enhancements from stamp geometry modulation through the added actuation functionality were 

experimentally exhibited. The active composite material based stamps had two actuation modes. 

The first actuation mode was based on piezoelectric actuation where the integrated piezoelectric 

layer provided the actuation force. This mode allowed for a 6 µm deflection of the stamp post. 

Using stamp geometry manipulation selective transfer printing was demonstrated. Finally closed 
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loop control of position and contact force for the individual stamp posts was shown. Good tracking 

performance was observed in both position and contact force. The stamps were shown to achieve 

a position resolution of 100 nm and a contact force resolution of 50µN. 

After demonstrating the first piezoelectric actuation mode the second actuation of the 

active composite stamp was experimentally tested. The second actuation mode of the active 

composite stamp is termed as thermo-mechanical actuation. In this actuation mode the integrated 

strain gage acts as a resistive heater and the SU-8/PZT bi-material polymer/ceramic composite 

provides the actuation. This actuation mode was experimentally shown to provide up to 18 µm of 

motion of the stamp post. System identification experiments was performed to determine a model 

for the system. Following system identification a closed loop control system was designed. Closed 

loop control was implemented to control the motion of the stamp posts. Good tracking performance 

was experimentally observed. After closed loop control, new transfer printing modes such as 

collect and place, and selective printing were successfully implemented. 

Finally a set of pilot experiments were done to explore new application areas for the micro 

transfer printing process. The first area that was explored was to use micro transfer printing to 

perform three dimensional out of plane MEMS assembly. The concept behind the process was to 

use localized heating to bond silicon and polymer structural elements together. The local heating 

was to be provided by localized absorption of laser light by silicon. For this purpose a specially 

designed transfer printing tool head was used. The tool head integrated a laser, fiber optic cable, 

optics for visual feedback and three axis stage. Using this method test structures composed of 

silicon beams of different thicknesses were bonded onto SU-8 columns. Finally to demonstrate 

three dimensional MEMS assembly a mockup of a MEMS translation stage was fabricated onto a 
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silicon wafer. An array of SU-8 structural columns were fabricated on the simulated MEMS 

structure. Finally a mock end effector, fabricated on an SOI wafer, was assembled and bonded 

onto the simulated MEMS stage to demonstrate the assembly process. The second set of 

exploratory studies were done to assess the feasibility of using micro transfer printing for 

heterogeneous integration using silicon fabrics. This work was done in collaboration with the 

Integrated Nanotechnology Laboratory at King Abdullah University of Science and Technology 

(KAUST), Saudi Arabia. The silicon fabric donor substrates were prepared at KAUST and 

transported to UIUC. The process to using transfer printing for integrating the silicon fabric onto 

nonnative substrates was developed at UIUC. Using transfer printing die scale and wafer scale 

silicon fabric substrates were successfully transfer printed onto glass and polymer substrates. 

The functionality introduced in this work and the new modes of transfer printing shown as 

a result of the functional integration can help make micro transfer printing a very robust and 

flexible process. Further development with regards to improving error detection capabilities and 

making large area active composite stamps can make micro transfer printing really potent. 

Moreover the generic architecture of the active composite material along with the scalable 

manufacturing processes presented can allow the creation of many novel heterogeneously 

integration microelectromechanical system with usage in fields well beyond micro transfer 

printing. 
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APPENDIX A: DYNAMIC OF THE CANTILEVERED STAMP 

Consider the cantilevered stamp architecture shown in Figure A.1. Let X1 define the 

position of the base of the cantilever which is connected rigidly to the stamp holder on the transfer 

printer. Let X2 define the position of the post on the stamp. Let Kc and m represent the stiffness 

and the mass of the cantilever. 

 

The equation of motion of this system is given by, 

𝒎𝒎𝒙𝒙�̈�𝟐 = 𝒌𝒌(𝒙𝒙𝟏𝟏 − 𝒙𝒙𝟐𝟐) (A1.1) 

Solving through eq. A1.1 we arrive at the post displacement as a function of the stage 

displacement, 

𝒎𝒎𝒙𝒙�̈�𝟐 + 𝒌𝒌𝒙𝒙𝟐𝟐 = 𝒌𝒌𝒙𝒙𝟏𝟏 (A1.2) 

𝒎𝒎𝒔𝒔𝟐𝟐𝑿𝑿𝟐𝟐 + 𝒌𝒌𝑿𝑿𝟐𝟐 = 𝒌𝒌𝑿𝑿𝟏𝟏 (A1.3) 

𝑿𝑿𝟐𝟐 =
𝒌𝒌

𝒎𝒎𝒔𝒔𝟐𝟐 + 𝒌𝒌
𝑿𝑿𝟏𝟏 

(A1.4) 

Figure A.1: Schematic illustration of 
the cantilevered stamp. 
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𝑿𝑿𝟐𝟐 =
𝒌𝒌/𝒎𝒎

𝒔𝒔𝟐𝟐 + 𝒌𝒌/𝒎𝒎
𝑿𝑿𝟏𝟏 

(A1.5) 

Defining a dummy variable 

𝝉𝝉 = �𝒌𝒌/𝒎𝒎 (A1.6) 

We get 

𝑿𝑿𝟐𝟐 =
𝝉𝝉𝟐𝟐

𝒔𝒔𝟐𝟐 + 𝝉𝝉𝟐𝟐
𝑿𝑿𝟏𝟏 

(A1.7) 

 

Taking the inverse Laplace transform for eq. A1.7 we get 

 

Taking the derivative we arrive as the velocity of the post as a function of the stage velocity 

 

𝒙𝒙�̇�𝟐 = 𝝉𝝉𝟐𝟐 𝒄𝒄𝒐𝒐𝒔𝒔(𝝉𝝉𝝉𝝉) �̇�𝒙𝟏𝟏 (A1.9) 

 

Or, 

𝒙𝒙�̇�𝟐 =
𝒌𝒌
𝒎𝒎
𝒄𝒄𝒐𝒐𝒔𝒔(�

𝒌𝒌
𝒎𝒎
𝝉𝝉) �̇�𝒙𝟏𝟏 

(A1.10) 

 

As can be seen from eq. A.1.10, the delamination velocity at the stamp post has a strong 

dependence on the stiffness of the stamp. Since during experimentation we have no direct way of 

measuring the true delamination velocity, the rate dependent adhesion is measured as a function 

of the stage velocity, i.e. the velocity of the Z-stage of the transfer printer. 

𝒙𝒙𝟐𝟐 = 𝝉𝝉 𝐬𝐬𝐬𝐬𝐬𝐬(𝝉𝝉𝝉𝝉)𝒙𝒙𝟏𝟏 (A1.8) 
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From eq. A1.10, if the stamp stiffness decreases the delamination velocity decreases, which 

in turn effects the adhesion of the PDMS stamp. This explains the reduction of force seen in the 

rate dependent adhesion effect measurements. 
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APPENDIX B: TRANSFER PRINTING INK FABRICATION PROCESS 

This section presents the basic ink fabrication process used to create ink for micro transfer 

printing. The typical donor wafer used for making inks for micro transfer printing consists of three 

layers, namely, a device layer, a sacrificial layer to release devices and a handle layer, the substrate 

is shown schematically in Figure B.1  

The typical fabrication process starts by patterning the device layer to form the active 

devices. The device layer can be composed of a single bulk material or multiple active layers. First 

using photolithography a photoresist is patterned in the desired device patter as shown in figure 

B.2. 

 

 

 

 

 

Figure B.1: Schematic representation of a typical donor wafer used for fabricating ink for micro transfer 
printing. 
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After performing the photolithography to define the device pattern, the device layer is 

etched using the appropriate etching process to form the ink and the photoresist is stripped away, 

shown in figure B.3.  

Figure B.3: Etching of the device layer to define the ink structure. 

Figure B.2: Defining photoresist pattern on top of the device layer 

Figure B.4: Fully undercut devices lightly tethered to the donor wafer. 
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After defining the ink, the sacrificial layer is undercut etched using an appropriate etching 

process to release the devices as shown in figure B.4. The aim of the process is to release the 

devices while keeping them lightly tethered to the donor wafer to preserve the alignment. Many 

different schemes exist for anchoring the devices, addressing them is beyond the scope of this 

work.  
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APPENDIX C: MATERIAL FOR MICRO-SCALE ACTUATION 

Magnetostrictive materials 

Magnetostriction is the effect of change in shape of a material when it is subjected to an 

external magnetic field. The change in shape is caused by rotation and re-orientation of small 

magnetic domains [1].  Examples of magnetostrictive thin film based micro-actuators include 

film/substrate bilayer bender actuators most often in cantilever beam arrangements [2]. Common 

magnetostrictive materials include Ni, amorphous rare earth (Fe,Co) and alloys of iron/gallium 

generally referred to as Galfenol. State of the art magnetostrictive actuators are often composed of 

a single rod of an active material surrounded by conductive coils to provide the magnetic field for 

actuation and are typically centimeter scale. [3] These materials can be easily machined through 

conventional techniques at the large scale, however their reliable manufacturing at the micro scale 

is still less developed. Methods for forming thin layers of these materials include DC sputtering 

and electrochemical disposition [2, 4, 5]. Magnetostrictive materials offer larger energy density 

compared to ferroelectric materials and ability for remote actuation.  

Magnetostrictive materials also can also be used as sensors by using inverse 

magnetostriction for mechanical as well as magnetic sensing. However the inverse 

magnetostrictive effect is combined with other effects such as magnetoresistance, 

magnetoimpedance, etc. Thus their use for sensing requires the consideration of many related 

secondary effects [2]. 

One of the most important considerations for active composite material based stamps is 

selective actuation. The embedded actuators need to be individually addressable for the full 

potential of the architecture to be realized. To do this with a magnetostrictive material requires the 
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need for creating highly localized magnetic fields at the scale of an individual actuator. This would 

entail the creation of coils surrounding the actuators, coupled with unfavorable scaling of magnetic 

fields at the micro scale. These complexities make the use of a magnetostrictive material as the 

actuation layer in the active composite stamp difficult. However in application where individually 

addressable actuation is not a requirement magnetostrictive actuation can be employed. 

Shape memory materials 

Shape memory materials (SMM) are materials capable of changing their shape upon the 

application of external stimuli like magnetic field, light, heat, etc. They can be divided into two 

main groups, namely: metallic shape memory alloys (SMA) and shape memory polymers (SMP). 

SMA operation is described by a transformation between two different phases (crystal 

structures) martensite and austenite phase, based on a change of temperature. Below an established 

temperature Mf (martensite finished temperature) the SMA is ductile and soft can san be formed 

into an arbitrary shape easily capable of handling strains greater than 5% [6]. When the SMA in 

the martensite phase is headed beyond a temperature Ag (austenite start temperature) it begins to 

transform to the austenite phase, which is finished at a temperature Af (austenite finish 

temperature). During the transformation the SMA material becomes hard and returns to the pre-

deformed shape. Two of the most commonly used SMA materials for micro scale application are 

thin films of Ni-Ti and copper alloys. Ni-Ti alloys are attractive for micro scale applications due 

to their interesting characteristics such as having one of the highest work density at 10 Jcm-3 [7]. 

Physical vapor deposition via sputtering remains the prime manufacturing process for Ni-Ti thin 

films. One important challenge for their fabrication remains their sensitivity to the composition. 

For Ni rich Ni-Ti composites, a shift in composition by 1% from the nominal has been shown to 
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change the transition temperature by 150oC [8].  To fix the pre deformed or “parent shape” the 

alloy needs to be held into position and heated to about 500oC. The operational frequency for SMA 

is low due to their high heat capacity and density, thus limiting the heat transfer to and from the 

material. Rapid heating using large amounts of heat to increase heating rate [9] is possible but 

without proper monitoring and control this may damage the material. The performance of SMAs 

is highly dependent upon the surrounding temperature and heat conditions, strain levels in the 

material along with prior training, cycling and strain history [10].   

The second important group of SMM are shape memory polymers (SMP). As in the case 

of SMA, SMP also exhibit a change in shape under external stimuli which includes thermal [11], 

magnetic [12], light [13], etc. Due to their relatively easier manufacturing, lower cost and better 

strain rates SMP are claimed to be superior to SMA [14]. However despite their advantages, SMA 

are still preferred over SMP in areas that need fast response and high actuation force [6]. 

Electro-active polymers 

Electro active polymers (EAP) are a novel class of materials typically divided into to 

subclasses: electronic EAP and ionic EAP. Ionic EAP include polymer gels, ionic polymer-metal 

composites, conjugated polymers and carbon nanotubes [15]. A fundamental requirement of Ionic 

EAPs is an ionic source typically in the form of an electrolyte solution. Due to this requirement 

the discussion on EAPs is limited to electronics EAPs. 

Electronic EAP comprise of piezoelectric polymers, electrostrictive polymers, dielectric 

elastomers, liquid crystal elastomers and carbon nanotube aerogels [15]. These materials respond 

to an applied electric field. Piezoelectric polymers; typically poly(vinylidene fluoride-

trifluoroethylene) (PVDF) based electronic EAPs can produce strain up to 5% and have energy 
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density greater than the best piezoelectric ceramic [16]. They also exhibit piezoelectric behavior 

when poled and have the potential for use as transduces. In dielectric elastomers a soft polymer 

dielectric layers between two electrodes is used. Application of voltage across the electrodes 

squeezes or expands the dielectric film. Typical dielectric materials used include commercially 

available silicone rubber (PDMS) and acrylic elastomers [17]. Dielectric elastomer based EAPs 

typically require compliant electrodes to accommodate for the large strains typically ~100% [18]. 

Electronic EAPs based on liquid crystal elastomers consist of liquid crystal groups attached to each 

other through a polymer network. The material changes shape by exploiting the reorientation of 

the liquid crystals in an electric field [19]. The final class of electronic EAPs are CNT aerogels 

that consist of highly ordered forests of CNT. EAP based actuation represent a promising field of 

scientific study, although several materials and their properties have  recognized for years, limited 

application have been found. Moreover reliable manufacturing of EAP based actuators and devices 

at the microscale and thin film fabrication processes are not well established. 

Piezoelectric ceramics 

Piezoelectric ceramics such as lead zironate titanate (PZT) are of considerable importance 

in the field of MEMS as sensors and actuators because of their superior piezoelectric, pyroelectric 

and dielectric properties [20]. Thin films of PZT can be fabricated from a variety of stable 

microfabrication processes including spin coating of sol-gel, physical vapor deposition techniques 

[21, 22], chemical methods such as MOCVD [23], etc. These process have been studies 

extensively and are well understood. In addition PZT based ceramics are available commercialy 

in a variety of formats from PZT substrates of different shapes and sizes to thin film PZT deposited 

onto wafers. A variety of diverse applications of PZT thin film transduction exist including 
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ultrasonic transducers, ultrasonic motors, micropumps, cantilever actuators and uncooled thermal 

imagers [24, 25, 26, 27, 28]. PZT ceramics offer a lot of advantages for MEMS applications 

including high efficiency, high energy density, large force, fast response, as well as high 

sensitivity, low power requirements for sensing applications. They are actuated by using electric 

fields which makes scaling them easy without the need to special electrode materials. 

Some of the disadvantage of PZT ceramics include the strong dependence of their 

properties on the composition, relatively small strains, high processing temperatures for 

manufacturing & poling, and polling loss over time (ageing). To address these disadvantages 

considerable progress has been made. Large deflections can be achieved from PZT actuation by 

employing amplification mechanisms [29]. The polling loss over time can be accommodated by 

poling the PZT thin film in-situ [30]. The high fabrication and poling temperature constraint for 

fabrication onto polymeric substrates can be addressed by fabricating the PZT onto a suitable 

substrate and then its final assembly onto the polymer later. These solution couples with the 

advantages of PZT thin films and the breadth of research available for their integration and 

application into microscale systems makes PZT an excellent candidate material for the active 

composite material. 
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