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อักษรเบรลลคือการแสดงผลทางการสัมผัสรูปแบบหนึ่งท่ีถูกพัฒนาข้ึนมาเพื่อใหการชวยเหลือ

ทางดานการอานและการเขียนกับผูพิการทางสายตา โดยมีการนําไปประยุกตใชกับทุกภาษาเพื่อการ
ส่ือสาร อักษรเบรลลถูกพัฒนาข้ึนมาจากการใชเคร่ืองมือเฉพาะทางท่ีเรียกวาเสลทและดินสอ มาสูการใช
เคร่ืองพิมพ จนกระท่ังเขาสูระบบแสดงผลอักษรเบรลลท่ีมีการเช่ือมตอกับระบบคอมพิวเตอร โดยใช
หลักการขับเราจุดแสดงผลใหทะลุผานข้ึนมาจากรูบนพื้นผิวท่ีราบเรียบเพื่อลดขอจํากัดการเขาถึงขอมูล 
ความโดดเดนนี้ สงผลใหความตองการของอุปกรณเพิ่มข้ึนอยางตอเนื่อง ขณะท่ีประสิทธิภาพในการใช
งานและตนทุนท่ีตํ่ากําลังเปนตัวผลักดันใหเกิดการพัฒนาเทคนิคตางๆในการนํามาใชงาน แตถึงกระนั้น
เคร่ืองแสดงผลอักษรเบรลลยังคงตองอาศัยเทคนิคและวิธีการผลิตท่ีซับซอน เปนผลตอเนื่องถึงตนทุนท่ี
ยังคงอยูในระดับท่ีผูพิการไมสามารถเขาถึงได ทามกลางการพัฒนาระบบแสดงผลอักษรเบรลลท่ี
หลากหลาย ระบบกลไฟฟาจุลภาคไดเขามาสรางการปฏิวัติการพัฒนาดวยเทคนิคการผลิตโครงสราง
จุลภาคท่ีสนับสนุนใหเขาถึงส่ิงท่ีตองการ แตขอจํากัดหลายอยางของวิธีการนี้ ทําใหงานวิจัยสวนใหญอยู
เพียงในหองปฏิบัติการ ซ่ึงในจุดนี้สงผลใหเทคโนโลยีโครงสรางจุลภาคสัดสวนสูงเขามามีบทบาทสําคัญ
ในการผลิตช้ินงาน ดวยความสามารถในการผลิตโครงสรางจุลภาคท่ีแมนยําและละเอียด รวมกับ
กระบวนการหลอแบบ ชุบโลหะดวยไฟฟาและการพิมพนูน ช้ินสวนจํานวนมากสามารถสรางข้ึนไดอยาง
รวดเร็ว สงผลใหตนทุนในการผลิตกลไกของระบบแสดงผลอักษรเบรลลมีแนวโนมลดลง งานวิจัยนี้
มุงเนนการพัฒนาระบบแสดงผลอักษรเบรลลแบบนิวแมติกโดยใชเทคโนโลยีโครงสรางจุลภาคสัดสวนสูง
ดวยรังสีเอ็กซจากเคร่ืองกําเนิดแสงซินโครตรอน การพัฒนาจะมุงเนนการศึกษาถึงโครงสรางระบบ
แสดงผลอักษรเบรลลพื้นฐานและความสามารถในการผลิตโครงสรางจุลภาคสัดสวนสูงของสารไวแสง 
SU-8 ท่ีมีความซับซอน เพื่อใหบรรลุผลดังกลาวเทคนิคการอาบรังสีเอ็กซบนสารไวแสงหนาผานหนากาก
ดูดซับรังสีท่ีโปรงแสงจึงถูกพัฒนาขึ้น โครงสราง 3 มิติท่ีมีความแมนยําสรางจากเทคนิคการหลอมรวมผง
สารไวแสง SU-8 และควบคุมความหนาของช้ันฟลมดวยสมการทางคณิตศาสตรถูกพัฒนาขึ้น โครงสราง
ไดผานการทดสอบมาเพ่ือเปนตนแบบสําหรับการทดสอบโครงสรางระบบแสดงผลอักษรเบรลลท่ี
ตองการ กลไกการแสดงผลแบบซํ้าเดิมของจุดสัมผัส ถูกพัฒนาข้ึนเปน 2 รูปแบบ รูปแบบแรกคือการ
แสดงผลดวยจุดนูนตัวของวัสดุพอลิเมอร PDMS ท่ีมีกลไกดึงตัวกลับจากคุณสมบัติความยืดหยุนของพอลิ
เมอร แตเนื่องจากวัสดุ PDMS เปนวัสดุท่ีมีความยืดหยุนสูง ทําใหการสัมผัสรูไมชัดเจน อีกท้ังเกิดความ
สกปรกไดงาย นอกจากนี้การนูนตัวของจุดสัมผัสภายใตแรงดันระดับตางๆ ไมมีกลไกจํากัดระยะนูนตัว 
สงผลใหวัสดุ PDMS เกิดความเสียหายเนื่องจากแรงดันท่ีมากเกินไปได รูปแบบท่ีสอง เปนการแสดงจุด
สัมผัสแบบแข็งดวยวัสดุสารไวแสง SU-8 ท่ีพัฒนาข้ึนมาจากโครงสรางช้ันสารไวแสงหนา 2 ช้ัน จุดสัมผัส
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จะวางกลไกเปนลูกสูบเคล่ือนท่ีข้ึน-ลงภายในหนาจอสัมผัสท่ีทําหนาท่ีเปนกระบอกสูบ แตอยางไรก็ตาม 
โครงสรางนี้ แมจะใหความรูสึกในการสัมผัสท่ีเดนชัดและทนทานตอการใชงาน แตกลไกการดึงตัวกลับ
ไมไดถูกสรางรวมข้ึนมาดวย เพื่อใหการขับเราจุดสัมผัสสามารถทํางานแบบซํ้าเดิมภายใตการขับเราแบบ
นิวแมติก จุดสัมผัสแบบแข็งท่ีสรางจากวัสดุ SU-8 ดวยกลไกลูกสูบ จึงถูกนําไปเพิ่มกลไกการดึงตัวกลับ 
มุงเนนท่ีระดับการแสดงผลดวยแรงกระทําอางอิงข้ันตํ่าท่ีระดับ 1.5 gf โดยแบงไดเปน 2 รูปแบบคือ แบบ
แรกคือจุดสัมผัสดวยการดึงตัวกลับของแผนพอลิเมอร ท่ีใชความยืดหยุนของ PDMS มาเปนโครงสราง
สปริง โดยวางจุดสัมผัสไวดานบนและครอบดวยหนาจอสัมผัส ภายหลังการขับเราดวยแรงดันแกส จะ
สามารถเคล่ือนท่ีข้ึนเพื่อแสดงผลดวยแรงกระทํา 76.71 gf ท่ีแรงดันขับเรา 16.87 kPa รูปแบบท่ีสองคือตัว
แสดงจุดสัมผัสดวยกลไกสปริงโลหะโคง ซ่ึงถูกติดต้ังกลไกการดึงตัวกลับท่ีดานลางของจุดสัมผัส โดย
สามารถรองรับน้ําหนักขนาด 10 g ดวยแรงดันขับเรา 109.48 kPa การควบคุมการข้ึน-ลงของจุดแสดงผล
ใชวาลวชนิดขดลวดแมเหล็กไฟฟาและปรับขนาดของแรงดนแกสดวยตัวคุมแรงดัน นอกจากนี้ การพัฒนา
ใหระบบแสดงผลอักษรเบรลลทํางานรวมกับตัวคุมแรงดันแกสดวยไมโครวาลวไดถูกทดสอบ ไมโคร
วาลวชนิดแผนคานโคงท่ีขับเราดวยไฟฟาสถิตยสามารถขับเราการเคล่ือนท่ีข้ึน-ลงของจุดสัมผัสเปนระยะ 
120 μm โดยมีการร่ัวไหลเกิดข้ึนระหวางการปดชองทางไหลของแกส สงผลใหจุดสัมผัสไมสามารถ
ทํางานไดอยางบูรณ อยางไรก็ตาม การพัฒนานี้ สงผลใหเกิดตนแบบของระบบแสดงจุดสัมผัส ท่ีสามารถ
นําไปประยุกตใชเปนเซลลอักษรเบรลลท่ีเช่ือมตอกับอุปกรณอิเล็กทรอนิกสท่ีสงผานขอมูลมาแสดงผลบน
หนาจอสัมผัสสําหรับผูพิการทางสายตาไดในอนาคต 
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BRAILLE DISPLAY/TACTILE DISPLAY/SYNCHROTRON/ MICROVALVE/X-RAY 

LITHOGRAPHY/MEMS/RBDS/HIGH-ASPECT-RATIO 

 

Braille characters have been devised to assist blind people in reading and writing. 

The system has been adopted in almost all languages. Conventional Braille characters have 

been recorded by hand using a slate and stylus, or by a Braille type writer. Moreover, 

Refreshable Braille Display System (RBDS) has also been recently developed. RBDS is a 

human-computer interface utilized to create refreshable raised dots in order to present 

information. Demand for this device has been dramatically increasing in consumer markets 

and other tangible applications, while the requirements in terms of reliabilities have been 

driving forces adapting its various mechanisms. However, commercial products are 

currently expensive due to their complex mechanisms and special fabrication techniques. 

Among numerous Braille displays, Micro-Electro-Mechanical Systems have been utilized 

to revolutionize these product categories. Nevertheless, its applications in tactile display 

have been limited due to several factors. Based on repeated fabrication by micro-molding of 

polymer and electroforming used in Lithographic Galvonoformung Abformung (LIGA) 

technologies, RBDS with lower cost and better performance can be achieved. This thesis 

concentrates on realization of tactile dots for RBDS utilizing X-ray LIGA process which is 

performed at the beamline BL-6 of the Synchrotron Light Research Institute (Public 

Organization), Ministry of Science and Technology, Thailand. Two specific tactile display 

mechanisms were formulated regarding the design of X-ray LIGA based on the pneumatic 
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RBDS. The first mechanism that the tactile display can actively raise the tangible dot up 

with a thin PDMS membrane has been evaluated through the strength of suspended PDMS 

membrane on the X-ray LIGA structure. The second mechanism that the single tactile dot 

can perform similar to the conventional tangible dot has been considered through a 

complicated X-ray LIGA structure. The tactile dot as a piston inside a cylinder has been 

successfully fabricated, resulting in the robust and obvious perception under the applied 

pressure. Consequently, the refreshable tactile displays improved from these mechanisms 

were realized by combining them together for the first X-ray LIGA tactile display. The 

tactile dot was placed on the suspended PDMS membrane to create the spring element. It 

can operate as the rigid tactile display with the maximum applied pressure of 16.87 kPa 

resulting in the actuated force of 76.71 gf. Furthermore, the second X-ray LIGA tactile 

display was improved by adding two curved segments of metal under the tactile dot. It is 

operated as the refreshable tactile display with the maximum load of 10 g required the 

applied pressure of 109.48 kPa. To increase the performance of the refreshable tactile 

display systems, the curled-up closure plate microvalve was combined instead of the 

conventional valve. The microvalve was positioned under the tactile display with PDMS 

spring element and controlled by high dc voltage. In the repeat operation as the RBDS, the 

tactile dot can be move upward and downward at the actuated voltage of 150 V with 

maximum distance of 120 µm and 42.98 kPa applied pressure. This innovation is 

demonstrated the possibility to bring out a new system that invents tactile display device as 

a new interface for visually impaired people. 
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Å = Angstrom (10-10)  

ρ = Radius of curvature of the closure plate 

ρ0 = Initial radius of curvature of closure plate 

0  = Residual stress 

σ1 = Residual stress of material one 

σ2 = Residual stress of material two 

α1  = Coefficient of thermal expansion of SU-8 photoresist (50 ppm/K) 

α2 = Coefficient of thermal expansion of nickel (13.3 ppm/K) 

T = Temperature 

ΔT  = Change in temperature 
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LIST OF SYMBOLS AND ABBREVIATIONS (Continued) 

 

δ = Deflection of the end of the beam or closure plate, displacement of the 

applied point of force in the direction of force 

ν1 = Poisson's ratio of material one 

ν2 = Poisson's ratio of material two 

γ = Ratio of specific heats of air (1.4) 

Ø = Span angle (radian) 
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CHAPTER I 

INTRODUCTION 

 

1.1  Problems and Rationale 

After globalization era, people can communicate with each other easily via their 

own personal computer. Not only ordinary people, but also people with disabilities have 

gained a lot of benefit from technological advancements. Many assistive technologies such 

as audiphone, handtalk glove, speaker, and haptic display have enhanced abilities of 

impaired people up to the same level of ordinary people. Particularly for visual impaired 

people, haptic interface technologies have been combined with computer applications to 

help them to perceive simple electronic information as a form of texts and images via sense 

of touch, e.g. palpation, which is called tactile display system. 

Braille characters which are text base information for the blinds have been 

developed in forms of electronic data that can be displayed on a tactile screen through 

computer programming. New real-time reading and writing model called Refreshable 

Braille Display System (RBDS) assists the blinds more conveniently to communicate with 

global network.  It becomes a necessary tool for visual impaired people who need to work 

and communicate with other via the internet. However, its fabrication with special 

techniques and complex structure, such as piezoelectric and electromagnetic solenoid, are 

limitations of RBDS system. The unit price should be decreased so that the RBDS can be 

more affordable. 

Among numerous Braille displays, Micro-Electro-Mechanical System (MEMS) 

have been revolutionized by micromachining techniques to support the realization of the 

complement system for development of smart products. As a batch fabrication, the 
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technique is similar to the integrated circuit process. MEMS can be used to make a large 

number of miniaturized devices at a time, reduce the weight of the display and lower the 

cost per actuator. Integration of actuators and electronic circuits on the same substrate are 

the way to increase the display resolution (Yobas et al., 2003). Nevertheless, MEMS 

applications for tactile display have encountered four main limitations. Firstly, 

microstructures may be damaged by mechanical load touch. Secondly, there is insufficient 

linear motion and force to stimulate touch sensation. Thirdly, the models must survive 

reliability testing before they can be launched to market. Finally, tactile devices must batch 

fabricated to lower the unit cost down to a reasonable market price. To overcome these 

limitations, Lithographic Galvonoformung Abformung (LIGA) technology was proposed to 

mass-produce microcomponents at a low-cost because of its special process including X-

ray lithography, electroforming, and plastic molding. 

This research concentrates on a tactile display for the refreshable Braille display 

systems utilizing X-ray LIGA process which was performed using the BL-6 beamline at the 

Synchrotron Light Research Institute (Public Organization), Ministry of Science and 

Technology, Thailand. The tactile display consists of a tactile dot and a tactile panel which 

were constructed by the complicated SU-8 microstructure by X-ray LIGA process. Tactile 

displays for RBDS that can be obviously sensed through a rigid tangible dot were designed 

and fabricated in two models. The first one was the tactile display with PDMS spring 

element which was generated from applying a different pressure inside the cavity across the 

tactile screen to deform the membrane by controlling of a solenoid valve. The second one 

was the tactile display with curved spring segments which was also controlled by a solenoid 

valve to drive the moving part of rigid element against the fingertip. All of them were based 

on X-ray LIGA technology to enable mass production and non-complicated processing to 

lower the cost of tactile display for visually impaired people. 
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1.2  Research Objectives 

The main objectives of this study are as below: 

- Design and implement a pneumatic Braille dot based on X-ray LIGA fabrication. 

- Develop a new method for X-ray mask fabrication and photoresist deposition for 

multilayer thick film construction. 

- Develop X-ray LIGA processes of complicated microstructures that is necessary 

for Braille display development. 

 

1.3     Scope and Limitation of the Study 

The scope and limitation of this study are described as following: 

- The patterns of X-ray LIGA microstructures are designed by using an open-source 

layout drawing CAD tool (LayoutEditorTM), then transferred to X-ray mask using UV 

lithography, and electroplated silver is used as X-ray absorber material. 

- Three-dimensional X-ray lithography are performed by multi-alignment technique 

through transparent X-ray mask. 

- Thick photoresist films of complicated microstructures are deposited by reflow 

casting process using a mathematical model to control the final film thickness. 

- The preliminary models of pneumatic Braille dot stimulation are the polymer 

Braille dot and the piston Braille dot based on X-ray LIGA fabrications. 

 

1.4     Benefits of the Study 

The benefits of the study are presented as follows: 

- A new method for X-ray mask fabrication using silver absorber on transparent 

membrane has been achieved. 

- A new method to control thickness of photoresist film by using a minimum weight 

of SU-8 powder in reflow casting process has been obtained. 
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- Capability of 3D X-ray lithography for complicated microstructures has been 

developed. 

- Prototype models of Braille dot stimulation systems based on X-ray LIGA 

fabrication have been demonstrated. 

 

1.5  Thesis Organization 

This dissertation is organized as follows. In the next chapter, Chapter 2, the 

overview of tactile display modalities and applications are investigated. The state of the art 

of the tactile mechanisms are described with the principle of raising individual pin or dot in 

presenting of text and graphics. Moreover, the MEMS and LIGA technologies are proposed 

to deliver the performance of the repeated fabrication for RBDS implementation. 

Chapter 3 of this dissertation will discuss the development of basic micromachining 

processes which have been developed in order to realize the Braille dot model. Transparent 

X-ray mask was proved to create the complicated microstructures which were generated by 

using a SU-8 powder reflowed casting process. At the same time, two processes which are 

the fundamental technique for the tactile development are introduced. First, the tactile dot 

stimulation which is presented by using PDMS membrane can be achieved from the simply 

bonding. Second, the novel technique for releasing the piston is presented to delivers 

moving part of the dot display. Furthermore, the LIGA application for complicated gear 

structure is also introduced in capability of the repeated process. 

In chapter 4, electrostatic actuator for microvalve application is presented to 

perform as a shutter of the tactile controller. The actuator based on composite SU-8/metal 

closure plate is presented on the basis of UV lithography process. In addition, the 

simulation models of the microvalve behavior based on electrostatic-fluidic-mechanical 

domains are proposed to estimate the microvalve characteristics. The experimental results 

show possibility in realizing moving mechanism for microvalve application. 
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Chapter 5 introduces the pneumatic tactile display mechanism based on LIGA 

technology. Its advantages are brought to implement the tactile structure combined with the 

repeated mechanism. Suspended PDMS membrane combined with the complicated SU-8 

LIGA structure is first presented to utilize as a refreshable tactile display. Then, the SU-8 

tactile structure with curved spring segments is proposed the novel mechanism to repeat the 

tactile dot. The mathematical models are also demonstrated to estimate the deflection 

behavior under a pneumatic applied pressure. 

Chapter 6, the testing of the tactile display is proposed. The experimental setup is 

designed and employed in the tactile display characteristics. Load-pressure curve 

characteristics are experimented to estimate the tactile display force against a force pressure. 

Moreover, the curled-up closure plate microvalve is combined with the tactile display with 

PDMS spring element to play significant role in the refreshable Braille display system. 

The last chapter, chapter 7, provides conclusions of the research work and 

suggestion for future studies. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1  Introduction 

 In order to understand Refreshable Braille Display Systems (RBDS), basic 

information related to tactile display must be investigated. Overall knowledge for 

realization of Braille display is surveyed in this chapter. Section 2.2 describes properties of 

cutaneous mechanoreceptors in the fingertips. This basic understanding is required in 

design of tactile displays. Section 2.3 discusses applications of tactile display. This shows 

performance of tactile system that can be applied to human life in several ways. Section 2.4 

describes the modalities of Braille displays by explaining to the developments of tactile 

stimulator for Braille display from traditional to modern forms. Section 2.5 provides history 

and state of the art of RBDS. Various Braille dots actuation mechanisms from the past to 

present are given. Section 2.6 describes tactile displays utilizing MEMS technology which 

enables miniaturization of microstuctures, devices and systems through batch fabrications 

and demonstrates many advantages of integrated circuit (IC) fabrication technology. 

Section 2.7 describes motivations of using LIGA technique in fabrication of Braille display 

based on synchrotron radiation. This is significant in realization of tactile dot actuation for 

this research using micromachining processes. Finally, the chapter summary is presented. 

 

2.2  Properties of Cutaneous Mechanoreceptors in the Fingertips 

 Basic understanding of human glabrous skin is required for design of tactile 

displays. As shown in Figure 2.1, the sensing and encoding tactile information from outside 

sources are performed through the mechanoreceptors in skin tissue and sent to the brain by 
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natural impulses. There are four kinds of human glabrous skin (Johansson, 1978) including 

Meissner corpuscles (RAI), Merkel cells (SAI), Ruffini ending (SAII), and Pacinian 

corpuscles (RAII). They have specific responses to various stimuli that can be employed in 

tactile displays. 

 

 

 

 

 

 

  

 

 

Figure 2.1 Mechanoreceptors of the glabrous skin. 

 

 Skin sensitivity occurs at the fingertips by stimulations in each kind of 

mechanoreceptors. The key feature as shown in Figure 2.1 can be categorized into two 

characteristics. First is their adaptation rate to a stimulus (Rapidly Adapting [RA] vs. 

Slowly Adapting [SA]). Second is their placement beneath the surface of the skin (type I 

receptors are located near the surface of the skin between the epidermis and dermis on the 

papillary ridges while type II receptors are located deeper beneath the skin in the dermis). 

Moreover, it is possible to classify them by the most important stimulus which they 

respond. This is usually considered that: RAI units (Meissner corpuscle) sense most to 

vibration at low frequencies (5-50 Hz), RAII units (Pacinian corpuscle) respond most to 

mechanical vibrations at high frequencies (50-1000 Hz), SAI units (Merkel cell) respond 

most to perpendicular skin indentation, and SAII units (Ruffini ending) react most to lateral 

stretch. A summary of mechanoreceptor properties is shown in Table 2.1. 

RAI: Meissner corpuscle 
 
SAI: Merkel cell 
 
SAII: Ruffini ending 
 
RAII: Pacinian corpuscle 

RAI 
SAI 

SAII 

RAII 

Epidermis 

Dermis 

Subcutis 

Skin surface
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Table 2.1 Summary of mechanoreceptor properties (Pasquero, 2003). 

Mechanoreceptors Type 

Most 

important 

stimulus 

Type of 

response 
Principle functions 

Meissner corpuscle RAI 

Low frequency 

vibration        

(5-50 Hz) 

Transient 

Detect low frequency 

motion and discriminate 

spatial localization 

Pacinian corpuscle RAII 

High frequency 

vibration      

(50-1000 Hz) 

Transient 

Detect high frequency 

motion and detect 

traveling of mechanical 

vibrations  

Merkel cell SAI 

Perpendicular 

indentation    

(0-30 Hz) 

Sustained 

Distinguish pressure 

magnitude and rates of 

change in pressure 

Ruffini ending SAII 

Tangential 

displacement 

(0-15 Hz) 

Sustained 

Perceive skin stretch and 

discriminate spatial 

localization 

 

 

2.3  Tactile Display Applications 

 Over recent years, many applications are developed to support both blinds and 

ordinary people. Especially tactile display, they has played significant role on universal 

information communicated via human-computer interactions. Applications for tactile 

displays can be found in various forms including: 



 

9

 Text and Graphics: Text based information using refreshable Braille display that 

allows user to read through the screen display. By computer programming, matrix of Braille 

or graphic cells can be generated in specific formats to present information. 

 Medical applications: Tactile application with sensor array can be used to sense 

information from inside a patient’s body and transmitted to the surgeon’s fingertip during 

invasive procedures (Howe et al., 1999). 

 Entertainment and Education applications: It can be applied for simulate sensations 

to any action as a part of a 3D movie or gaming simulation such as electric shock or bullet 

impacts. Some application is designed for blinds and visually impaired children to play 

computer game through tactile boards with moving detectors as a part of game interface. 

The approach of tactile techniques can also be adapted to education software by providing a 

description of software in a specially generated tactile language on the devices.  

 Military application: Tactile displays are used to improve situation awareness on 

operation of high performance weapon platform, and increase human ability to work in 

critical situation.  

Engineering applications: Engineering has play important role in design of 

equipment for assisting visually impaired people, for instance the tactile can be 

implemented within the blind walking cane (ultracane) (http://www.qinetiq.com). 

Ultrasonic transducers in the cane will sense and feedback information surroundings the 

user to tactile display.  

 Virtual environment application: Tactile interface devices can be cooperated with 

haptic display that provides both tactile and force feedback display to the hand. By tele-

operation, tactile display will be operated as virtual environment in varieties situation by 

attached to each fingertip and the user’s palm to present pulses or sustained vibration 

(Virtual Technologies, Inc.). 
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 Electronics and wearable devices: Tactile display can also be embedded within 

consumer devices for communication with miniature handheld or wearable devices. The 

user will experience more effective, comfortable, and enjoyable interaction, for instance a 

tactile device is embedded within a PDA touch screen enhancing its basic GUI elements 

with tactile feedback.  

 

2.4  Braille Display Modalities 

Since Braille characters system have been devised for blind people in reading and 

writing in 1821 by Frenchman Louis Braille, the world-wide system used by visually 

impaired people are greatly adapted Braille to almost every known language. Braille 

character consists of 6-8 dot positions which formed in a rectangular shape containing two 

columns of three dots each, or 3 × 2 dots as shown in Figure 2.2. At any of the six positions, 

dots will be raised on the flat surface to excite the fingertip in order to interpreted and 

described in text form. Methods of transferring a desired pattern of Braille onto planar 

surface which have been further developed and utilized to impaired people will be 

described as follows. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Braille code. 
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Firstly, Braille dots have been produced by hand through a slate and stylus. Each 

dot is created by writing in mirror images from the back of a paper, just as Louis Braille 

did. This method is a beginning of the Braille display, and each Braille paper can be 

combined into a book. In addition, economical drawing papers are employed in Braille 

characters recording, and the writing is also improved on literacy skills and familiar with 

Braille for novice.  

Secondly, Braille dots have been produced by a Braille typewriter or Perkins 

Braillers which was first made in 1951 by David Abraham (http://www.perkins.org) who is 

a woodworking teacher at Perkins School for the Blind. This is a machine to speed up the 

writing process, and they are reliable, robust, and easier to use than the hand writing. 

Although new technology and special software are produced and made Braille printing very 

fast and comfortable with a Braille embosser connected to a computer, the old-fashioned 

mechanical Perkins Braille are still wanted by many people especially in classrooms all 

over the world where without electricity or computer. 

Finally, Braille dots are produced by mean of raising dots through holes in the flat 

surface by controlling of electro-mechanical device. This method is called Refreshable 

Braille Display System or Braille terminal which is revolutionary reading device for a 

Braille reader. It consists of the refreshable Braille display unit with housing and the 

personal computer as shown in Figure 2.3. Each Braille cell can be arranged in the display 

or a screen reader of one line or multi-line as monitors in a computer system. There are 

actuator mechanisms inside each Braille module to raise the dots by controlling via a 

computer system that converts text information in to Braille character and sends to the 

display. 
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Figure 2.3 Refreshable Braille display system. 

 

2.5  Refreshable Braille Display Systems 

As described in the previous section, RBDS is the tactile reading aid of the Braille 

character unit which has electro-mechanical to raise dots through the flat surface. For 

Braille writing, the electromechanical drivers are applied to drive the pins and held in 

position. An erasing mechanism is provided to certainly drive the pin downward. Generally, 

the system of refreshable Braille display must be interfaced to the personal computer to 

translate display information into command for the Braille display system via data cable as 

shown in Figure 2.3. Braille cells are organized in modules of multi rows and columns. For 

electricity actuation, the power cable provides electrical power to the Braille display which 

can be plugged into standard voltage or separate batteries. 

2.5.1  History of refreshable Braille display systems 

Conventional tactile displays have used various mechanisms to produce 

dots. At first, the tactile display with a softening display panel was the main purpose of the 

invention. The display results were presented in the form of visual image in a window 

based on the tactile system. The first mechanism for the Braille character cell was 

introduced in the 1966 using piezoelectric bimorph actuators which were mounted as 

cantilever to vibrate individual pins (Linvill et al., 1966; Linvill, 1969; Bliss et al., 1970). 

Each Braille dot was raised up by piezo-effect of some crystals which expand when a 

Braille dots

Braille display

Braille cell 

Module 

Data cablePower cable

Personal computer 
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voltage was applied to them as shown in Figure 2.4. However, there were many drawbacks 

of the unit’s ware that was very expensive to assemble. Moreover, the actuators required 

very large “volume overhead” to fit in Braille cell, and the footprint of cell was much larger 

than the display surface. This mechanism has been developed continuously to overcome 

their limitation until a company in Cambridge, Massachusetts was able to produce the 

display with two rows of Braille cell (Prince et al., 2004). It could be produced as a 

prototype of 4 lines by 40 columns. Nevertheless it was not commercially available due to 

the costs and difficulty of integrating large number of actuators in manufacturing. 

 

     

 

 

 

 

 

Figure 2.4 Piezoelectric bimorph reed mounted for use as a tactile simulator. 

 

In 1970s, an optical-to-tactile image converter which was produced by the 

Optcon became first commercially available from TeleSensory Corporation (Sunnyvale, 

CA) (Linvill et al., 1966; Linvill, 1969; Bliss et al., 1970). It enabled the blinds to read 

normal printed material via an integrated array of photocell while the user was reading 

continuously with a stationary finger on a tactile plate. The tactile screen consisted of plate 

with 144 pinholes through a 6 by 24 array of pins which can be made to vibrate against the 

fingertip of users. This device had many user friendly features integrated into its device 

such as the screen display and a cursor locator. The Optacon still supported to optimum the 

size and cost of the tactile display, but the cost was still higher than a personal computer 

(Yobas et al., 2003).  

Lead zirconate layers 
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Conducting surfaces 
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Meanwhile, the quest for other actuating mechanisms of the Braille pin had 

been created with the various techniques and materials. The dot actuators can be controlled 

by electromagnetic solenoid which latches the pin in an up or down position (Frisken-

Gibson et al., 1987), as well as shape memory alloy (SMA) wires (Taylor et al., 1988) 

which remember the alloy shape to drive the pin up. Alternative actuator types such as 

audio transducer (Kovach, 1985) and electrorheologic fluid (Taylor et al., 1998; Garner, 

1996) were introduced. The actuation of electric shock to the finger tip was also performed 

as the tactile display without mechanical actuator (Strong et al., 1970). However, most of 

them were not commercially produced. 

Nowadays, commercially available refreshable Braille displays do not differ 

significantly from what was described by Tretiakoff in 1977. The cantilever bimorph piezo-

actuators still play significant role in the mechanism to support vertical pin at their free end. 

Figure 2.5 (a) shows the mechanism inside a cell package which is assembled with six or 

eight dots in the rectangular array of 3 × 2 or 4 × 2. It is a common type of refreshable 

Braille cells and commercially available because it has relatively lightweight and small size 

(BrailleNote, http://www.humanware.com). In contrast, it is still limited primarily by cost 

which is often in a range of 10000-15000 USD for a conventional 80-characters refreshable 

linear Braille display. The annual maintenance cost can be around 500 USD (Roberts et al., 

2000). A new Braille display development with a rotating wheel concept has been proposed 

in 2000 by National Institute of Standard and Technology (NIST). The NIST Braille Reader 

puts the Braille text on a rotating wheel or disc which allows the user to read continuously 

with a stationary finger instead of moving fingers over the screen display as shown in 

Figure 2.5 (b). The Braille dots are latched by the electromagnetic force from permanent 

magnet ring inside the wheel. It allows an infinite text line with the wheel spins at a 

selected speed. However, it is still in the process of commercialization with the expectation 

to be much less expensive than traditional Braille display.  
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Figure 2.5 Commercially available refreshable Braille display (a) with cell piezoelectric 

actuation mechanism and (b) the NIST rotating-wheel Braille display. 

 

2.5.2  State-of-the-art Braille displays 

Various mechanisms to actuate the Braille dots and refresh the text were 

invented to find the new approach that would significantly lower cost and improve 

reliability. The tactile dots can be performed with the principles of actuation including 

raising individual pins, pressurized dome shape membrane, piezoelectric beam, 

piezoelectric polymer, microstep motor, Phase Change Materials, electrostatic actuators, 

electromagnetic solenoid, electrorheological fluid, shape memory alloy, lateral skin 

deformation, servo motor, bimetallic strip, electrocutaneous, and air jet tactile display. 

These tactile dot driving mechanisms and actuations are described in potential applications 

in following subsections. 

2.5.2.1 Piezoelectricity  

Piezoelectricity is the property of specific materials in which their 

shape can be changed under influence of electric field. Piezoelectric materials such as lead 

zirconate titanate (PZT) expand and contract when an electric field is applied as shown in 

Figure 2.6 (a). Two mechanisms based on these materials were proposed for the Braille dot 

actuation. The first is piezoelectric bimorph which consists of two active layers. It can be 

flexed under application of a voltage to change the shape of solid and produce a small 

Screen display 

(a) (b) 



 

16

displacement with high force ability under properly designed mechanism. This technique 

was the earlier actuation, and it has been still played important function in the mechanism 

to support vertical pin in the Braille display (Linvill et al., 1966; Bliss et al., 1970). The 

piezoelectric bimorph and the pin were combined in a cantilever manner as illustrated in 

Figure 2.6 (b). The upper and lower surfaces of the shim layer were coated with 

piezoelectric material. When the upper layer was connected to a driving voltage, it 

contracted longitudinally and the pin moved upward when the lower layer was driven by a 

voltage, the pin moved downward to ensure its normal position. 

 

 

 

 

 

 

 

 

    

 

 

 

 

Figure 2.6 Piezoelectric material application (a) exaggerated motion of piezoelectric 

material and (b) a cantilever piezoelectric bimorph for tactile display. 

 

Another mechanism was the piezoelectric linear motor which 

converted an electrical power to a deflection of material in motor mode (Cho et al., 2006). 

The piezoelectric linear motor was composed of piezoelectric material, elastic material, a 

shaft, and a pre-presser as shown in Figure 2.7. The elastic material was attached to the 
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lower surface of piezoelectric material, while the shaft was connected to the upper surface. 

The pre-presser which was contacted with the shaft applied pressure on the shaft and 

created a friction force between them. In the downward actuation as shown in Figure 2.7 (a), 

the deformation force, which was created between the shaft and pre-presser by small 

beading of the piezoelectric material in the first actuation but not generate any motion, was 

accumulated for the restoration force grater than the friction force. When the reverse 

polarity voltage was applied, the restoration force created a downward displacement 

combined with a reverse piezoelectric effect for the downward motion. The upward motion 

was attained by a similar way as shown in Figure 2.7 (b). 

 

 

 

 

 

 

 

 

 

Figure 2.7 Piezoelectric linear motor (a) downward actuation and (b) upward actuation. 

 

2.5.2.2  Piezoelectric polymer  

Piezoelectric polymer or electroactive polymer for Braille display 

was reported in Linvill (1986). The author utilized transduction behavior of polyvinylidene 

fluoride (PVDF) to make arrays of electrodes using a sheet of material. For application of 

PVDF in motor mode, the transducer drove a mechanical load by input from an electrical 

source, hence the upper and lower surface of the PVDF sheet have to be coated with 

conductive material. By mechanically fixed at the left end of the strip as shown in Figure 2.8 (a), 
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the mechanical part at the right end generated a Coulomb force (F) with a deflection (y) 

when the electric field was applied from the voltage (V) across upper and lower electrodes. 

The Braille dots were performed by folding of PVDF sheet as a cylindrical tube and placed 

in 2 × 3 configurations of Braille cell, and driven by a 250 Hz square wave of 800 V to 

vibrate surfaces against fingertips of the blind reader. However, preparations of the piezo-

sheets have to be done by hand cutting to isolate the electrical contacts for the applied 

voltage inside the folded sheet. Therefore, the cylindrical piezoelectric arrays using these 

methods are limited for large numbers construction. 

 

    

  

 

                                

                                                                     

           

 

 

 

Figure 2.8 Piezoelectric PVDF bending sheets (a) with top and bottom 

electrodes and (b) with planar comb electrodes. 

 

In addition, comb electrodes as shown in Figure 2.8 (b) were placed 

on one side of a piezoelectric polymer. Coulomb forces driven by applied electric field 

were generated resulting in bending of the polymer sheet. This mechanism was presented 

by Yang (2004) based on bending characteristic of piezoelectric polymers to provide 

hydraulic actuation for the tactile dots. The piezo-polymers with comb electrode were 

assembled to fluid-tight housing at top and bottom apertures for each window side which 

was connected together by support strips as shown in Figure 2.9 (a). The housing which 

contains appropriate fluid or gas to serve as the medium pressure was used to adapt 
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configuration when an electric voltage was applied. The bending of the piezo-polymer that 

displaces the fluid volume within the housing was sufficient to latch the Braille dot. In an 

actuation state as illustrated in Figure 2.9 (b), the actuator rod which was attached to the 

flexible diaphragm was raised up by a stabilizer block, while the supporting blocks were 

moved to support this stabilizer block at the center by pushing of rubber membranes. The 

height of the supporting blocks was sufficient to create a tactile dot. When the power to the 

bending elements is switched off, the four piezo-polymers will bend toward outside of the 

housing, and the negative pressure is generated inside the housing. The supporting blocks are 

moved away from the center and the actuator rod drops back to its rest position as shown in 

Figure 2.9 (c). The tactile dot is erased and the next cycle will be repeated when the voltage 

is applied again. 

 

 

 

 

 

 

 

                                

 

                         

 

 

 

 

 

Figure 2.9 A rectangular fluid-tight housing of piezoelectric bending element 

(a) structural view (b) ON state and (c) OFF state. 
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2.5.2.3 Microstep Motor  

Microstep Motor was a rotary type actuation device. The Braille dot 

was performed by converting rotation to linear movement via a lead-screw mechanism 

(Shinohara et al., 1998). The purpose of this system was to create three-dimensional high 

spatial resolution tactile graphic display in large screen format. Based on a principle of 

electromagnetic actuation, a bipolar structure was adopted to generate a rotation which was 

controlled by an electric current as shown in Figure 2.10 (a). The motor-shaft rotation was 

converted into vertical movement through the lead-screw mechanism in 0.1 mm step, and 

adjusted the tactile-pin tip above the display board up or down as shown in Figure 2.10 (b).  

 

 

       

 

 

 

 

 

 

Figure 2.10 A microstep motor Braille dot (a) structural view and (b) conversion of a 

rotation in to a linear movement through a lead-screw mechanism. 

 

2.5.2.4 Phase change materials (PCMs) 

Phase change materials are substances that can change their phase 

from solid to liquid or from liquid to gas by external conditions such as temperature or 

pressure (Lee and Lucyszyn, 2005). Their volume expands or shrinks when they are 

energized, and the hydraulic force during phase transformation can be employed to 

actualize microactuators. Generally, when the hydraulic force of PCMs based on the 

expanded volume due to the distance between its atoms is increased, appropriate PCMs in 
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an actuator should have a certain transformation point suitable for the application and can 

produce a very large hydraulic force under this expansion. For the Braille dot actuation, 

thermopneumatic and electrothermal actuation were proposed for actuating mechanism 

based on PCMs.  

The thermo-pneumatic actuation is a method to change the phase of 

a low boiling point liquid (for instance methyl chloride or acetone) to gas causing by the 

heating (Vidal Verdú et al., 2003). This was operated in a sealed metal cavity that has a 

flexible membrane attached on the upper cylindrical surface. A resistive heater was built 

inside. When the heater was energized to heat the liquid in the cavity, a gas volume 

resulting from the liquid-gas phase transition was generated. The flexible side of the cavity 

was displaced by the gas and the tactile dot was created as shown in Figure 2.11 (a). The 

electro-thermal actuation is a method to transfers electrical power to thermal actuation for 

PCMs materials. This requires the PCMs substances that change its phase from solid to 

liquid via external temperature. Parafinic hydrocabon or parafin wax was chosen with the 

properties of the volumetric expansion during melting to generate very large hydraulic 

pressure that can perform actuation for tactile dots (Lee and Lucyszyn, 2005). Figure 2.11 (b) 

shows a micromachined cell designed for this mechanism. Parafin wax was filled into bulk 

micromachined silicon containers with integrated microheaters on a bottom glass substrate, 

and elastomer diaphragms of silicone rubber were sealed on the top of the containers. After 

the tactile cells which consist of four layers were bonded together, a direct current (dc) 

actuation voltage was applied to the microheater. The parafin wax was heated continuously 

expand the cavity volume, resulting in large hydraulic forces inside the containers. The 

flexible diaphragm was displaced and the tactile dot was raised up for display. The tactile 

dot was erased when applied current was eliminated. 
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Figure 2.11  Braille dot actuations based on PCMs (a) with thermo-pneumatic 

actuation and (b) with electro-thermal actuation. 

 

2.5.2.5 Electrostatic actuator  

Electrostatic actuator for tactile display was based on an electrostatic 

attraction between the skin and the electrode (Beebe et al., 1995). The existence of the 

electrostatic force was generated when the voltage potential was applied across any two 

conductors that were separated by an insulator similar to capacitor. The conducting fluid in 

the fingertip acted as one plate of capacitor where an electric filed was created in the 

insulation layer coated on external electrodes which acted as the other plate as shown in 

Figure 2.12 (a). Only electrostatic force alone, however, did not give a sensation. For an 

obvious sensation, the fingertip must be sliding across the surface of the electrode to create 

a shear force that was perceived as texture at the interface. Three of 49-point arrays which 

are tactile displays had been fabricated on a 4-inch wafer as shown in Figure 2.12 (b). By 

using 200-600 V pulse excitation, the preliminary experiments gave sufficient perceptions. 
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Figure 2.12 Electrostatic display (a) cross-sectional view and  

(b) a group of three displays on a 4-inch wafer. 

 

Another electrostatic actuator with elastic dielectric was reported by 

Pelrine et al. (2000). It was elastic dielectric film which was sandwiched between compliant 

electrodes. Under electrostatic pressure between the electrodes, the dielectric could be 

contracted in thickness and expanded its area in direct result of the attracting charge on the 

electrodes. The mechanism of electrostatic Braille dot actuation with elastic dielectric is 

shown in Figure 2.13. 

 

 

 

 

 

 

 

Figure 2.13 Deformation of an elastic dielectric film under electric pressure. 

 

Since the linear motion of dielectric under electrostatic field was 

limited in the range of a few microns, it was necessary to stack many layers of dielectric 

film to increase actuation displacement. Compliant electrodes which could expand its area 
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due to the dielectric effect were inserted between each dielectric layer as shown in Figure 2.14, 

and the stimulator tip was attached on the upper surface. The actuator containers provided a 

gap around the actuator stack to ensure the area expansion. In normal mode, the actuator 

was always pressed against the fingertip. If the voltage was applied between neighboring 

electrode layer for text display, the dot was disappeared by shrinking of the dielectric stack. 

However, this actuator was limited from a very large number of the dielectric layer that 

requires more than 1000 layers with 10 µm thickness. 

 

 

 

 

 

 

 

Figure 2.14 Electrostatic tactile stimulator with elastic dielectric. 

 

2.5.2.6  Electromagnetic solenoid  

Electromagnetic solenoid was a transducer device which converts 

electrical energy into linear motion based on electromagnetic fields. It consisted of two 

interacting parts, an electromagnetically inductive coil wound around a movable steel or 

iron slug (termed the armature) as shown in Figure 2.15 (a). When current was applied to 

the coil, based on right hand rule as shown in Figure 2.15 (b), it generated a magnetic field 

and flux lines that formed close loops around the coil which induce a north pole on the flux 

emerging and terminating on a south pole.  
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Figure 2.15 Electromagnetic solenoid (a) cross-sectional schematic and (b) the field and 

flux lines form closed loops around the coil resulting in a different polarity. 

 

The armature like a short rod of iron which was placed at the center 

of the coil can be moved in and out by the electromagnetic force. This force occurred due to 

the coil magnetized the armature by created two separate magnets to the rod resulted in an 

attractive force to the different polarity and a repulsion force to the same polarity. The 

armature which was free from friction can be used to provide a mechanical force to some 

mechanism by controlling the current flowing through the coil. The Braille dot actuation 

based on this method provided a solenoid having a permanent magnetic rod to reduce the 

amount of current required to drive the dot upward, while the downward direction used a 

spring force or a heavy physical load. As shown in Figure 2.16 (a), the inductive coil 

winding of solenoid had permanently magnetized actuating rod in order to provide an 

opposite flux for tactile dot driving (Thompson, 1995). A flanged stop was located at the 

bottom end of the rod and passed through the hole of the tactile board. In this manner, when 

current was applied into the coil, the amount of electromagnetic force increased in the 

strength of the permanent magnetic rod. The dot pin in its lower position was raised up 

above the reading surface. By stopping the applied current, the pin dot dropped to the 

normal state with the total weight of the actuating rod. Another technique for Braille display 

was performed with the commercial miniature dc solenoids actuator as shown in Figure 2.16 
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(b) (Frisken-Gibson et al., 1987). The dot was driven up by dc current of 80, 100, or 120 

mA, and the downward force of a non-linear spring were provided for this system. 

 

 

 

 

 

 

 

 

 

Figure 2.16 The Braille dot using electromagnetic solenoid (a) cross-sectional view and 

(b) the commercial miniature dc solenoids actuator for Braille display. 

 

A flanged stop was located at the bottom end of the rod and passed 

through the hole of the tactile board. In this manner, when current was applied into the coil, 

the amount of electromagnetic force increased in the strength of the permanent magnetic 

rod. The dot pin in its lower position was raised up above the reading surface. By stopping 

the applied current, the pin dot dropped to the normal state with the total weight of the 

actuating rod. Another technique for Braille display was performed with the commercial 

miniature dc solenoids actuator as shown in Figure 2.16 (b) (Frisken-Gibson et al., 1987). 

The dot was driven up by dc current of 80, 100, or 120 mA, and the downward force of a 

non-linear spring were provided for this system. 

2.5.2.7 Electrorheological (ER) fluid  

Electrorheological fluid was suspension of solid particles of the 

order of 1-100 µm in an electrically insulating fluid such as silicone oil, mineral oil and 

kind of paraffin’s (Block and Kelly, 1988). The viscosity and yield stress which were 
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rheological properties of these fluids could be changed when imposed to external electric 

fields. Based on the phenomena of dielectric polarization mechanism, the dispersed 

particles were aligned in line in the direction of the electric field, thereby fluid flow 

between the two electrodes was restricted as shown in Figure 2.17. 

 

 

 

 

 

 

 

 

Figure 2.17 Forming of electrorheological fluid (a) without applied  

electrical field and (b) with applied electrical field. 

 

According to Fricke (1993) and Garner (1996), a tactile display 

which utilized ER fluid to activate the tactile dot had a structure as shown in Figure 2.18 (a). 

The ER fluid which was stored in a sink was transported by a low pressure pump into the 

supply manifold. In normal state, the ER fluid flowed continuously into the dot actuator 

chamber from the supply manifold through the flow restricting orifice, and downward to the 

passageway through the exhaust orifice. The area of the exhaust orifice which was formed 

by a common ground electrode and a conductive dot electrode was used to apply a voltage 

to restrict the ER fluid resulting in increasing of the pressure inside the dot actuation 

chamber. An elastic diaphragm which was attached to the upper surface of a nonconductive 

plate would be deflected used as a tactile dot. Another embodiment based on ER fluid was 

shown in Figure 2.18 (b). An uppermost plate which had a hole extending with a spring-

load pin inside was positioned above, and mounted on an elastic diaphragm. With actuation 
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as described above, the pin was extended above the upper surface of the uppermost plate to 

be sensed by the reader, and the spring provided a downward force to the pin to ensure that 

it returned to normal position. 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 2.18 A tactile display utilized ER fluid (a) cross-sectional view and 

(b) a spring-load pin inside the uppermost plate. 

 

2.5.2.8 Pneumatic Braille display 

Pneumatic Braille display was performed by external pressure to 

raise the tactile dot. The housing of the tactile dots provided actuator chamber to keep 

sufficiently large internal pressure which could develop pressure difference across the 

Braille screen. The pneumatic tactile dot concept depicted in Figure 2.19 could perform 

with the principle of raising individual pins or dome shapes out of the surface. Figure 2.19 (a) 

shows the tactile dot in the early principle with the raising individual pins (Sutherland, 1972). 

The pneumatic mechanism consisted of movable pins which were placed in cylindrical 

tubes and arranged in 2 × 3 array configuration of Braille cell. A plurality of pneumatic 

channels connected to the bores through a small passage at the central body part. 
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Each pin could be selectively raised to projecting positions by pneumatic signals. Each 

Braille cell could operate to lock the pins in their positions.  

 

 

   

 

 

 

 

 

 

 

 

Figure 2.19 Pneumatic Braille displays (a) using raising individual pins in the early 

principle and (b) using an array of actuators and an elastic membrane. 

 

Another mechanism for the pneumatic Braille display as shown in 

Figure 2.19 (b) showed the basic concept of raising dome shapes using a pneumatic actuator 

and an elastic membrane (Yobas et al., 2003). This method prevented the actuator that might 

be damaged from the mechanical load of the touch, and increased the stroke length and force 

of the actuated dot. In this work, sufficiently large pressure in the open state of the actuator 

could be developed across the screen and the membrane was elastically deformed out of the 

surface. To get back to a flat status of the Braille screen, the actuator was closed and the 

pressure trapped inside the actuator was vented out though the built-in vent. 

2.5.2.9 Shape memory alloy (SMA)  

Shape memory alloy was an alloy that remembers its shape in the 

original state after the metal was bent into a variety of new shapes. The two phases 

occurred in SMA which were Martensite and Austennite could be transformed through a 
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solid state phase change of a molecular rearrangement. The molecular in Martensite phase 

was twinned in its cold state, cubic structure as shown in Figure 2.20, which was the 

relatively soft and easily deformed phase of SMA. If SMA was deformed to any shape, the 

phase structure would be changed to the deformed martensite in which the structure was not 

cubic and hold that shape until it was heated above the transition temperature. At high 

temperature, the SMA was recovered to its original shape with the cubic structure like as 

the martensite phase, but it was stronger than the martensite phase. That was the astensite 

phase. This phase at high temperature occurred by electric current which directly flows in 

the SMA without any heater. When the SMA cooled down to normal temperature, it 

remained in the hot shape until deformed again. This property of SMA had been used to 

drive many movable mechanisms of actuator including the tactile dot actuation. If SMA 

straight wire was deformed as a micro-coil, it could be used as an actuator to keep the up or 

down state in linear motion by a control of applied current. 

 

 

 

 

 

 

 

 

 

Figure 2.20 Microscopic diagram of the shape memory effect. 

 

The Braille dot mechanisms with SMA are shown in Figure 2.21 (a) 

by Haga et al. (2004). SMA was deformed in micro-coil actuators that were fixed between 

two printed circuit boards. Each SMA coil was inserted with insulated metal pins and was 
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compressed from the length of the memorize shape, and the middle of SMA was grounded 

for current flow to the upper or lower half of the SMA coil. The upper section of pin 

provided a magnetic tube for holding position to the permanent magnet, which could be 

attracted and fixed the position with magnetic force greater than the SMA spring force in 

the normal state. In the normal state without dot display, the SMA coil stayed in the lower 

half of the SMA coil result in recovering to the memorized shape with the recovering force 

greater than the magnet force as shown in Figure 2.21 (a). The magnetic attraction 

happened to the magnetic tube in upper position of the pin although the driving current was 

already cut off. In a contrary manner, when the electrical current was applied in the upper 

half of the SMA coil, the pin was driven up by the recovering memorized of SMA, as 

shown in Figure 2.21 (b). The pin could be held in position even if the driving current was 

cut off. 

 

 

 

 

 

 

 

 

 

Figure 2.21 SMA based Braille display (a) structured view and 

(b) contraction energizing of the SMA coil. 
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2.5.2.10 Lateral skin deformation 

 Lateral skin deformation was realized exclusively as flexible 

elements in comb structure as shown in Figure 22 (a), which had teeth of flexible slabs 

arranged in line with narrow space. Some of the sensation could be generated by moving 

element of the teeth at mid length. By lateral running under the index finger, the resulting 

sensation could give the feeling to fingers that implied the Braille dot characteristic. This 

simple experimentation was a concept for tactile display device using distributed lateral 

skin stretch which had different mechanism from the conventional tactile display. The 

material which was used to create a deformable structure was based on the piezoelectric 

material with bimorph structure as shown in Figure 22 (b). It could achieve substantial 

displacement by mean of bending of cantilever under electrostatic filed. The resulting 

motion could be directly used to stretch the skin without requiring for extra motion 

amplification mechanism and operated over a large bandwidth to vibrate for the sensation 

(Pasquero and Hayward, 2003). 

 

 

 

 

 

 

 

 

Figure 2.22 Braille display based on lateral skin deformation (a) reading the dot by skin 

sensation and (b) a lateral displacement to the load of piezoelectric bimorph. 
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Thick piezoelectric bender plates were arranged in stack which 

their base were separated by insulated polymers (Levesque et al., 2005) and clamped 

between two rigid endplates as shown in Figure 2.23 (a). The actuators were driven 

separately by the voltage applied between electrodes to generate the vibro-tactile to the 

fingertip as shown in Figure 2.23 (b). Although the lateral skin deformation could create 

Braille dot sensation, only one line of actuated contactors could be used at a time. Levesque 

et al. (2007) extended this work to the display of complete 6 Braille dots using a general 

purpose 2-D tactile transducer called STReSS2 which had an array of 10-by-6 independent 

skin contactors to apply lateral skin deformation. 

 

 

 

 

 

 

 

 

Figure 2.23 Thick piezoelectric bender plates (a) assembly of the virtual  

Braille display and (b) strain applied during finger contact. 

 

2.5.2.11 Servo motor  

Servo motor was used to vertically actuate a 6  6 array of mechanical 

pins based on the Braille character (Wagner et al., 2003) as shown in Figure 2.24. The 

steel piano wires of one millimeter diameter were utilized to invent the mechanical 

pins. Each pin was connected at the end closest to the servo through a hole in the 

plastic arm that was configured in a Braille cell. The commercially available radio-
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controlled (RC) small servomotors were used to actuate an array of mechanical pins. Each 

servo motor was tightly packed and arranged in the servo block. The corresponding servo 

was controlled by the duty cycle of a PWM voltage signal which was generated by logic 

implemented on Xilinx programmable gate array. The height of each pin was set by the 

rotational motion of the servo which in turn translated into vertical motion. However, a 

drawback of this Braille display was the large number of servos result in a package that was 

too large for real applications. 

 

 

 

 

 

 

 

Figure 2.24 Driving mechanism of servo motor based Braille dots. 

 

2.5.2.12 Bimetallic strip  

Bimetallic strip was a cantilever of metal which consisted of two 

different sheets that had been bonded together. Difference between the coefficients of 

thermal expansion (CTE) of each sheet was a key factor causing one side of the strip to 

lengthen more than another when heat was applied (Cohen, 2003). A stress created on the 

strip bent the beam with the highest deformation at the center. This motion was utilized for 

a large displacement with linear motion by the changes in temperature. The tactile display 

mechanism was constructed in a simple block with a hole position for a plastic rod that is 

attached on top of a bimetallic strip as shown in Figure 2.25 (a).  
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Figure 2.25 A Braille dot based on a principle of bimetallic strip  

(a) unheated and (b) heated with raised rod. 

 

The bimetallic strip was fixed at bilateral ends, so that it could not 

move around. To obtain the changes in temperature on the strip, three heating wires with 

coated insulation were put together as a heating element. The maximum deformation of the 

bimetallic strip achieved as the strip was heated, so that the pin was raised over the screen 

display as shown in Figure 2.25 (b). The normal state could be attained when the power to 

the bending elements was switched off. However, this method did not provide enough 

mechanical loads for the touch sensation. The vibration with a very fast refresh rate was 

needed in order to ensure that the rod can make a sufficient sensation against the fingertip 

of the readers. 

2.5.2.13 Electrocutaneous 

Electrocutaneous was a method to provide a sensation of feeling by 

passing electric pulse through the skin (Ostrom et al., 1999; Kajimoto et al., 2001). By 

activating via array of electrode to the fingertip, a nerve axon that was connected to 

mechanoreceptors in the human skin generated an Activating Function (AF) which was 

related to nerve activity. When electrical current was applied from electrode to the skin 

surface with the three stimulation modes as shown in Figure 2.26, three types of 

mechanoreceptors were stimulated by different polarity of the electrodes in three modes 

including SAI, RAI and RAII modes, respectively. The SAI mode was depth-selective 
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stimulation by adding anodic current around a central cathodic current resulting in 

stimulation of the shallower region of the Merkel cell (SAI). If the cathodic current was 

added around the central cathodic current on the contrary, a deeper region of Pacinian 

corpuscle can be stimulated for RAII mode. The RAI mode was performed by adding 

anodic current around the central cathodic current to stimulate the Meissner corpuscle. 

 

 

 

 

 

 

 

Figure 2.26 A Braille dot based on electrocutaneous stimulation (a) anodic-current 

stimulation for SAI mode (b) cathodic-current stimulation for RAI mode  

and (c) deeper-region stimulation or RAII mode. 

 

The tactile display consisted of a 2D array of rod electrodes and 

each stimulation mode was defined as in Figure 2.27 which was controlled by the 

interference of the current between electrodes. 

 

 

 

 

 

 

Figure 2.27 Stimulation modes of an electrocutaneous Braille dot in a 2D case. 
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2.5.2.14 Air jet tactile display 

Air jet tactile display was a stimulator relied on air jets compress 

the skin locally without mechanical contact (Asamura et al., 1998). By controlling air 

pressure in the caves between the skin and stimulator with two kind of stimulation as shown 

in Figure 2.28 (a) and (b), the tissue of mechanoreceptors lie beneath the skin as shallow 

receptors and deep receptors could be stimulated. The air pressure only stimulated shallow 

receptors, while the vibration stimulated both shallow and deep receptors. Therefore, the 

vibrator was a method of selective stimulation. The device provided a rigid display surface 

and depression as shown in Figure 2.28 (c). The fingertip had a close contact on the display 

surface. Air pressure was passed through a small valve which was driven at low frequencies 

to generate the vibration stimulation. The resulting sensation felt on the skin similar to a 

creeping of a small bug. 

 

 

 

 

 

 

     

 

Figure 2.28 Air jet tactile display (a) the air pressure stimulation (b) the vibration 

stimulation and (c) schematic diagram of air jets stimulator. 

 

2.6  The Braille Display Utilizing MEMS Technology 

At the same time, many alternatives designed for multiline RBDS have been 

demonstrated in publications. All of them have shared the process of raising tactile dot with 

desired characteristics including with efficiency, low cost, light weight, low power and 
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integration capability. These kinds of systems would be almost impossible if MEMS 

technologies have not emerged. MEMS technologies revolutionize every product category 

with micromachining technique, supporting the realization of complement system-on-a-

chip with the development of smart products. As a batch fabrication process, the technique 

similar to be used for the integrated circuit, MEMS can be used to make a large number of 

miniaturized devices at a time. 

An example of MEMS technologies that have been commercially applied to Braille 

display is the refreshable Braille display with integrated microvalves at the iACTIV 

Corporation (http://www.iactivcorp.com). The refreshable Braille cell is assembled in the 

Braille module to show character on the screen. Figure 2.29 shows schematic example of a 

Braille cell of pneumatic actuation. The cell has three main parts including an elastomeric 

polymer, orifices, and micro-electro-mechanical actuators. The operation of this device 

based on the pneumatic Braille display has been discussed as described in Section 2.5.2.8. 

 

 

 

 

    

 

 

Figure 2.29 Schematic of the commercial refreshable Braille  

display of the iACTIV corporation. 

 

Nevertheless, some applications of MEMS to tactile display were encountered 

several limitations. First, microstructures in actuating mechanism may be damaged from 

mechanical load touch because MEMS actuators are miniaturized devices. Second, the linear 
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motion or stroke length and force of the actuation may not be large to stimulate touch 

sensation. Moreover, the total cost of tactile system is still high although it has been 

promising for tactile display system.  

 

2.7  Motivations for LIGA Braille Display 

As mentioned in Section 2.5 and 2.6, the fabrication process of the refreshable 

Braille display has been mainly based on IC technology. Many of them have been 

fabricated with special techniques such as piezoelectric and solenoid actuation, which 

require specific material resulting in high cost, high technology, and difficulty of 

maintenance. Therefore, the simpler technique of dot raising have to be invented in order to 

deliver low cost and valid performance of touch sensation. In this thesis, fabrication 

techniques based on synchrotron X-ray lithography have been developed to meet such 

requirement.  

LIGA (Lithographic Galvonoformung Abformung) process is the effective 

technology based on synchrotron radiation to fabricate thick and high-aspect-ratio 

microstructures. By exposing X-ray radiation through an X-ray mask onto a thick 

photoresist film, desired photoresist microstructures can be formed and used as 

electroplating mold to obtain corresponding complement any metallic version. Such 

photoresist and metallic microstructures can be replicated into a large amount by means of 

casting hot embossing or mold injection techniques using materials including plastic, 

ceramics or other materials. Figure 2.30 illustrates fabrication steps of the LIGA processes. 

This research concentrates on application of LIGA technique in realization of the 

refreshable tactile dot for Braille display which is done at the beamline BL-6 of the 

Synchrotron Light Research Institute (Public Organization), Ministry of Science and 

Technology, Thailand. The Braille mechanism is designed to fabricate for two types of 

Braille dot actuation. The first one is the polymer Braille dot which is generated by 
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applying a different pressure inside the cavity across the tactile screen to deform an elastic 

membrane. The second one is the piston Braille dot which carries out a moving part of rigid 

element against the fingertip. All of these are based on the X-ray lithography process to 

enable the repeated fabrication and non-complicated technique to bring out a new system 

that invents tactile display as a new interface for visually impaired people. 

 

2.8  Chapter Summary 

In this chapter, overview of the state-of-art in tactile display modalities and Braille 

display applications has been investigated. Basic knowledge of tactile perception of human 

with mechanoreceptors under cutaneous skin has been given in order to understand the 

relationship between human sensation and the tactile dot stimulation. The tactile 

mechanisms have been described with the principle of raising individual pins or dome 

shape in presenting for text and graphics applications. However, the majority of research 

and developments have experienced several restrictions which limit their possibility to 

become commercial products. Although MEMS technologies have been shown significant 

role with high efficiency integrated tactile display, some limitations still exist in some 

application areas. To breakthrough various problems with special techniques of fabrication, 

X-ray LIGA process has been proposed to deliver the performance of the repeated 

fabrication by micro-molding and electroforming technique. It is possible that batch 

fabrication and non-complicated aspects of X-ray LIGA lithography will bring out new 

system that invents tactile display as a new interface in every day life for the visually 

impaired. 
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Figure 2.30 LIGA fabrication sequences. 
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CHAPTER III 

DEVELOPMENT OF 3D X-RAY LIGA PROCESS 

 

3.1  Introduction 

In order to accomplish pneumatic tactile display by using X-ray lithography, 

specialized micromachining process must be developed. Four processes for the realization 

of 3D X-ray LIGA are discussed in this chapter. Transparent X-ray masks with silver 

absorber which is a key feature for transferring patterns into the thick film photoresist are 

described in the upcoming section. Section 3.3 describes a new construction concept of 3D 

complicated microstructures. A method to control final film thickness is introduced, and 

fabrication of 3D complicated test structures is demonstrated. Section 3.4 proposes a 

method to create the bonding between a PDMS and SU-8 which is becoming a useful tool 

for a pneumatic tactile display. Section 3.5 describes a fabrication process of micro-piston 

by etching of silver sacrificial material. This process is used to fabricate moving-part for a 

single tactile mechanism and control separation between piston and cylinder for single dot 

display. To realize the capability of the repeated process, the application of LIGA process 

for the multilayer gear is proposed in Section 3.6. This process helps to reduce the cost and 

case of fabrication by using the simple process of micro-machining. Finally, the summary 

of this chapter will be presented. 

 

3.2  X-ray Masks on a Transparent Substrate 

X-ray lithography is the first step of LIGA fabrication based on synchrotron 

radiation to applying for the three-dimensional photoresist structures. For mask fabrication, 

patterns have been designed and transferred by UV lithography onto the mask for imaging 
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of the absorber patterns. The X-ray lithography mask consists of two major parts, the 

absorber and the membrane as shown in Figure 3.1. The membrane must be transparent to 

X-ray, and it should have dimension stability and have mechanical strength for handling. 

Material with low atomic number and low densities such as silicon (Si), silicon nitride 

(SiN), silicon carbide (SiC), titanium (Ti), beryllium (Be), polyamine (PI), and graphite (C) 

are frequently used to make X-ray mask membrane. For X-ray absorption, the material 

must efficiently absorb X-ray to provide image contrast on the photoresist. Materials with 

high atomic number and high density such as gold (Au), silver (Ag), tantalum (Ta), 

tungsten (W), and lead (Pb) are employed in this role. 

 

 

 

 

 

 

 

 

Figure 3.1 Components of an X-ray mask. 

 

3.2.1  Power spectrum through various filters 

For those different material membranes, Ti and Si compound membranes 

are highly transparent to X-ray for a thickness of few microns. However, they are expensive 

and difficult to handle. Be is the most favorable material due to the same reasons, but 

toxicity and cost are limitations. Moreover, graphite sheet is opaque to visible light, and 

difficult to apply in fabrication of multilayer LIGA structures. In the same way of absorber 

material, gold has been used as standard absorber of X-ray mask but its electroplating bath 

 

Copper ring Pattern carrier Absorber pattern 
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solution is considered very expensive. However, Wanburee et al. (2007) have studied 

possibility of substituting gold absorber with silver whose electroplating bath solution costs 

about three-time lower. This technique is an alternative tool for development of a low-cost 

X-ray mask. 

In order to improve the performance of X-ray mask but still remain the 

pattern resolution, the process which uses a transparent sheet of polyester (PET or Mylar®) 

and polyimide (PI) as the membrane, and silver as the absorber material is developed. To 

prove the characteristic of these materials, X-ray Oriented Programs (XOP) for X-ray 

calculation is used to compare the power spectrum between traditional materials (Au, 

graphite) and proposed materials (PET, Ag) as shown in Figure 3.2. 

 

 

Figure 3.2 Power spectrum of lithography beamline BL-6 through various filters. 
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In X-ray lithography, synchrotron light has passed various filters before 

exposing on the photoresist. In place of gold absorber, comparable thickness of silver is 

used to selectively absorb the radiation for this research. PET sheet which is a common 

plastic material used in copier is used as a mask blank instead of graphite. From the 

simulation results, it could be observed that a 100 µm-thick PET filter has a power 

spectrum at the same level as graphite. This confirms that it can be used as a membrane 

material in place of graphite. 

The next consideration is on absorber materials between gold and silver. As 

shown in Figure 3.2, a 15 µm-thick gold absorber which can absorb X-ray irradiation for 

300 µm thick film photoresist is simulated to be the base curve. Silver absorber with a 

thickness of 15 µm is first simulated, but the result implies that its thickness has to be 

increased. By increasing the silver thickness to 27 µm, the spectrum curve of silver is 

decreased and arranged in line with gold curve.  This result provides good expectation of 

substituting gold absorber with silver.   Therefore, silver absorber and PET membrane show 

high potential to be used in X-ray lithography, especially for the multilayer X-ray LIGA 

fabrication. 

3.2.2  X-ray mask fabrication 

A scheme of the fabrication process is shown in Figure 3.3. The transparent 

films such as copier transparency and PI sheet is tightly attached to a copper frame which 

serves as a mechanical support as shown in Figure 3.3 (a). The seed layers of Ti/Ag are 

evaporated on the substrate, followed by deposition of AZ P4620 positive photoresist as 

shown in Figure 3.3 (b). The coating is then exposed to UV light to transfer 2D patterns 

onto the photoresist layer as shown in Figure 3.3 (c). After pattern development, silver 

material is electroplated with minimal thickness of 27 µm by using DC current as shown in 

Figure 3.3 (d). To keep the silver patterns from etchant solution, a 0.5 µm thick protective 

layer of nickel is electroplated on the top of silver patterns. The photoresist mold is 
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removed by acetone as shown in Figure 3.3 (e). The mask is released and rendered 

transparent by etching the seed layer of Ag and Ti in 3 : 1 NH4OH : H2O2 and 3%v HF 

solution as shown in Figure 3.3 (f), resulting in the transparent X-ray masks membrane as 

shown in Figure 3.4 (a) for PET sheet and PI sheet as shown in Figure 3.4 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Fabrication sequences of the transparent X-ray mask. 
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Figure 3.4 X-ray mask with silver absorber (a) on copier transparency and (b) on PI sheet. 

 

                       

 

           

 

 

 

 

 

              

Figure 3.5 Samples of X-ray microstructures (a) The SU-8 300 µm-thick photoresist  

and (b) nickel microstructures with thickness of 150 µm. 

 

3.2.3  X-ray lithography experiments 

The transparent membrane mask with a thin silver absorber is used to 

pattern the thick film photoreresist as LIGA microstructures which are prepared by using 
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SU-8 powder casting in the vacuum chamber that is discussed in Section 3.3. After X-ray 

exposure with suitable energy, the sample is post-exposure baked and developed to 

construct microstructures and it has been inspected using a scanning electron microscope as 

shown in Figure 3.5 (a). Furthermore, some photoresist molds have been filled with nickel 

material by electroplating, and SU-8 photoresist is removed by O2/CF4 plasma to obtain 

only metallic structures as shown in Figure 3.5 (b). 

Silver material has been tested successfully to be used as X-ray mask 

absorber material include the transparent membrane of copier transparency and PI sheet. 

Obviously, the membrane mask has been transparent to X-ray with high mechanical 

strength support to the absorber. These deliver a positive outcome in fabrication of LIGA 

microstructure. Fabrication of multilayer polymer micro-parts will be demonstrated in the 

next section. 

 

3.3  Three-Dimensional X-ray Lithography 

X-ray lithography is a method which has been adopted in fabrication of MEMS 

devices, mainly in the fields of microfluidics and LIGA application. A microstructure of 

vertical side walls with a height ranging up to several millimeters can be obtained. 

However, fabrications of complicated 3D microstructures in polymer MEMS devices are 

difficult to achieve in X-ray lithography. Because the spin-coating is a standard method for 

photoresist preparation, the specific high thickness controls for multilayer are difficult and 

suffers from a large amount of spilled-away photoresist waste and long soft baking. In 

addition, fabrication of multilayer 3D microstructure may require that each layer is 

fabricated onto non-planar surface where microstructures from previous layer already exist. 

To avoid problems in spin coating that may give undesired results, a casting method from 

SU-8 powder with solvent content of 7% has been proposed by Charles et al. (2003). 
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In order to reduce photoresist waste, Chathirat et al. (2007) have proposed the 

method to control final film thickness by using the least weight of SU-8 powder in reflow 

casting. The mass of photoresist is needed to give the SU-8 layer with thickness slightly 

over that of the target is calculated from SU-8 density and an experimental correction 

factor. Then, excessive reflow casted SU-8 is polished by a finest standard abrasive paper to 

obtain the target film thickness with a mirror like top surface. In this section, mathematical 

models for thickness control which are used to sequentially prepare by multi-step powder 

casting and X-ray lithography are proposed. Three-layer all-polymer 3D microstructure is 

demonstrated to validate the model as shown in Figure 3.6 which is defined on three 

thickness levels as 500 μm, 300 μm and 300 μm, respectively. 

 

  

 

Figure 3.6 A model of multilayer powder casting of SU-8 thick film. 

 

3.3.1  SU-8 powder preparation 

SU-8 powder is prepared from SU-8 2100 in liquid form (MicroChem Co., 

Newton, MA) with a solvent content of 25%. Liquid SU-8 is poured onto a polyimide sheet 

laminated on an aluminum disc with an area of 400 cm2. The photoresist is spread over the 

polyimide sheet by extra slow speed spinning to prevent SU-8 waste from spilling out. The 

weight of wet SU-8 (Winitial) is measured excluding that of polyimide sheet and aluminum 

disc. During soft-baking at 95°C, the weight of SU-8 (Wfinal) is monitored and the remaining 

solvent content inside the photoresist film is calculated from Winitial, Wfinal and solid content 
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of the photoresist at 75% (MicroChem Corp.). A formula for solvent content calculation is 

given by Equation (3.1) (Charles et al., 2005). Soft baking time for solvent evaporation 

based on the initial weight is illustrated in Figure 3.7. 

 

%10075.01 











finalW

initialW
contentSolvent  (3.1) 

 

The polyimide sheet is used to simplify peeling of dried SU-8 film off the 

aluminum disc. The peeling breaks dried SU-8 photoresist into small chips. In order to 

obtain more uniform photoresist layer, SU-8 chips are further broken into powder before 

reflow casting. All steps of SU-8 powder preparation are done in a clean room with yellow 

ambient light. The resulting powder is loaded into an opaque bottle and stored in a vacuum 

desiccator. Overall step of SU-8 powder preparation is shown in Figure 3.8.  

 

 

 

 

 

 

 

 

 

Figure 3.7 Duration time for soft bake of SU-8 powder preparation. 
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Figure 3.8 Sequence process for SU-8 powder preparation (a) SU-8 liquid content on PI 

tape laminated on aluminum disc (b) soft bake to reduce solvent content  

and (c) dried SU-8 photoresist into powders. 

 

3.3.2 Single-layer reflow casting 

Single layer of thick SU-8 photoresist is prepared by reflow casting in an 

area confined by a square polydimethyl-siloxane (PDMS) frame which is clamped on top of 

the substrate and pressed by aluminum clamp as shown in Figure 3.9 (a). Then, SU-8 

powder is loaded into PDMS frame as shown in Figure 3.9 (b). Based on SU-8 density d of 

1.2 g/cm3, PDMS frame area A of 4 cm2, correction factor cf , the weight of SU-8 powder 

nW (g) can be calculated to form a photoresist layer of the desired thickness tn (cm) by 

Equation (3.2). The correction factor fc accounts for error in density value of SU-8 powder 

and additional weight loss of SU-8 film during reflowed casting. 

 

)()( cmtAdfgW ncn   (3.2) 
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SU-8 liquid 
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SU-8 dried film 
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Then, the sample is placed on the heater located inside the vacuum chamber 

at a pressure of 30 mtorr to remove air bubbles that may be trapped in powder grains as 

shown in Figure 3.9 (c). The heater is turned on and the sample temperature is ramped to 

120°C. During temperature ramping, SU-8 powder is melted and reflowed to form a 

continuous photoresist film. The molten SU-8 is allowed to reflow at 120°C until the 

absence of apparent air bubbles. The sample is then removed from the vacuum chamber and 

naturally cooled down to room temperature as shown in Figure 3.9 (d). 

Resulting SU-8 film is allowed to further reflow by heating on hot plate at 

95°C in ambient air for 10 minutes, followed by natural cooling to room temperature as 

shown in Figure 3.9 (e). The PDMS frame is then peeled off from the substrate and the film 

thickness is measured. Excessive photoresist is mechanically polished down to the target 

thickness which is the best solution to reduce SU-8 waste while preserving film thickness 

accuracy as shown in Figure 3.9 (f). The reflow casted photoresist film is now ready for 

X-ray lithography to form single layer microstructures. 

 

 

  

(a)       (b) 

 

Figure 3.9 Fabrication sequences of single layer reflowed  

casting of SU-8 photoresist. 
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(c) (d) 

  

(e) (f) 

 

Figure 3.9 Fabrication sequences of single layer reflowed  

casting of SU-8 photoresist (Continued).  

 

3.3.3  X-ray lithography of single-layer reflow casted SU-8 film 

SU-8 microstructures are formed by exposing synchrotron X-ray onto the 

reflow casted photoresist film through the mask containing patterns of X-ray absorber. 

Figure 3.10 (a) shows the first X-ray masks containing 30 µm-thick Ag absorber on a 

100 µm-thick transparency support.  
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(a)  (b) 

 

Figure 3.10 X-ray lithography of single-layer reflow casted SU-8 film (a) transparent 

X-ray masks and (b) the first microstructure after development. 

 

After X-ray exposure, the sample is baked in an oven at 95°C and developed 

in SU-8 developer at room temperature, followed by a second wash with isopropyl alcohol 

(IPA) and dry with nitrogen gas. The first microstructure which is shown in Figure 3.10 (b) 

with thickness of 500 µm is hard baked or final cured in an oven at 95°C for 3 hours to 

ensure that SU-8 microstructures can sustain next reflow casting and X-ray lithography 

steps. The volume of existing SU-8 microstructures VPR1 is a multiplication of the first 

expose area A1 and thickness t1 as shown in Equation (3.3). 

 

111 tAVPR   (3.3) 

 

3.3.4  Multilayer reflow casting 

X-ray lithography sequences of the second layer reflowed casted SU-8 film 

are shown in Figure 3.11. To prepare next layer of SU-8 thick film, another PDMS frame of 

the same size is clamped on the sample and SU-8 powder of the appropriate weight is 

A1 = 0.445504283 cm2 
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loaded into the frame. Since some portions of the area has been occupied by existing 

microstructure as shown in Figure 3.11 (a), the new volume must include an empty volume 

of previous layer and a full volume of this layer.  

 

 

             

X-rays

 

(a)  (b) 

          

  

(c)  (d) 

 

Figure 3.11 X-ray lithography of the second layer reflowed casted SU-8 film (a) SU-8 

microstructures from previous layer enclosed by PDMS frame for next  

reflow casting (b) X-ray lithography steps for formation of  

multilayer complicated microstructures (c) the second  

X-ray mask and (d) the second microstructure. 
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To calculate this volume, an overall volume 
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mPRV of previous layer as illustrated in Equation (3.4) 

which is used to find the second volume in Equation (3.5). This also indicates that the 

appropriate weight of SU-8 powder can be achieved by Equation (3.6) which is in turn 

passed to Equation (3.7) for the second layer. Consequently, the SU-8 powder reflow 

casting will be reproduced again, followed by polishing of excessive photoresist to the 

desired thickness.  
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After reflow casting process (step 1) as shown in Figure 3.11 (b), the second 

X-ray mask as shown in Figure 3.11 (c) is placed on the sample by alignment through a 

transparent membrane (step 2) for X-ray exposure, followed by film development (step 3). 

As illustrated in Figure 3.11 (d), some portions of the recent expose volume are placed on 

the previous layer and substrate with the thickness of 300 µm and 800 µm, respectively. 

A summation volume of SU-8 micro-structures after development of nth 

layer VPR(n) can be obtained by Equation (3.8) which is a summation of a cumulative 

volume of SU-8 micro-structures existing on the sample 
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projection volume of X-ray beam after development of nth layer 


n

m mt1
, and subtracted by a 

cumulative projection volume of SU-8 from multiple exposures 
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The current expose area An and overlapping X-ray projection areas Anm 

between layer nth and mth can be found by using layout drawing CAD with design area 

calculation tools such as the freeware LayoutEditorTM. Therefore, the summation volume of 

photoresist structures after development of the second layer is given by Equation (3.9). 

 

)()( 12121212 tAttAVV PRPR   (3.9) 

 

For the third layer which has the desired film thickness of 300 µm, 600 µm 

and 1000 µm on the second layer, the first layer, and the substrate, respectively, will be 

calculated the reflow volume V3 by Equation (3.10) which is derived from Equation (3.4). 

This volume conveys to the weight of SU-8 powder calculated by Equation (3.11) 
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After reflow casting and polishing process, the third X-ray mask as shown in 

Figure 3.12 (a) is aligned on the sample and exposed to X-ray radiation with an appropriate 

energy dose, followed by post-exposure baking and development. The exposed volume of 

the third layer is evaluated by Equation (3.12). Three experiments are carried out to define 

features with a total height of 1100 µm as shown in Figure 3.12 (b). 

 

             

  

(a)  (b) 

 

Figure 3.12 X-ray lithography of the third layer reflowed casted SU-8 film  

(a) the third X-ray mask and (b) SU-8 multi-layer. 

 

3.3.5  Experimental results 

Fabrication steps of multi-step powder casting for complicated microstructure 

with five main processes are shown in Figure 3.13. Firstly, after the substrate is already 

pretreated with a suitable method, the SU-8 powder volume that is needed to fill inside 

PDMS frame is calculated by Equation (3.2) and (3.3). Secondly, the SU-8 powder is 

loaded into the frame with an appropriate weight by using Equation (3.6), and the reflow 

A3 = 0.31 cm2 
 
A31 = 0.15647577718 cm2 
 
A32 = 0.115157050698 cm2 
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casting process is carried out to prepare thick layer of SU-8. Then, the polishing of 

excessive reflow casted SU-8 is performed to obtain the target film thickness. Next, X-ray 

exposure is used to define SU-8 microstructures by alignment through a transparent X-ray 

mask. The exposed volume after development of nth layer is added up to the total expose 

volume that can be found by Equation (3.8). Finally, if the next layer is required, the SU-8 

volume for the next layer will be calculated by Equation (3.10) to find a suitable weight of 

SU-8 powder for the next reflow casting, and the first step will be repeated until the multi-

step microstructures are completely fabricated.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 A flow chart for realization of multi-step microstructures 

by using SU-8 powder reflow casting technique. 

 

In a reflow casting process, the correction factor fc has been accounted for 

error in density value of SU-8 powder and additional weight loss of SU-8 film during 

reflow casting. The sample of 11 pieces have been sequentially tested to find a suitable fc 
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value that cause only positive error as shown in Figure 3.14 (a)-(c). From the results, it 

could be observed that the thicknesses are increased from the dash lines to solid lines when 

it is placed on the hotplate for the reflow. This helps lower the correction factor to a value 

than 1.0 for the first and the second layer, while the value for the third layer is about 1.0 for 

making the thickness higher than the target film thickness. The best solution for this 

experiment is illustrated in Table 3.1 which causes positive errors in a range of 50-100 µm. 
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Figure 3.14 Relationship between correction factor and film thickness (a) the first layer 

(b) the second layer and (c) the third layer.  
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(c) 

 

Figure 3.14 Relationship between correction factor and film thickness (a) the first layer 

(b) the second layer and (c) the third layer (Continued).  

 

Table 3.1 The suitable correction factor for reflow casting process. 

Layer Correction factor Thickness (µm) Target thickness (µm) Error (µm) 

1 0.8 550 500 +50 

2 0.85 860 800 +60 

3 1.0 1170 1100 +70 

 

Planarization techniques by using finest standard abrasive paper have been 

used to obtain the target film thickness with a mirror like top surface. For this purpose, the 

abrasive paper number 1200 is used to eliminate non-planar surface with water as a 

lubricant substance during polishing process. The sample is continuously measured by a 

micrometer to monitor the film thickness. However, the transparent surface of photoresist 
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layer is damaged by scratching from abrasive paper as shown in Figure 3.15 (a). This 

damage causes alignment difficulty in fabrication of multilayer microstructures. 

Fortunately, the SU-8 photoresist at this point can be farther reflowed to region surface 

transparency as shown in Figure 3.15 (b). The unclear surface with average roughness 

of 256 nm is reduced to 78 nm after reflow treatment at low temperature as shown in 

Figure 3.16 (a) and (b), respectively. This technique provides small change less than 1 µm 

in thickness and also offers a clear and smooth surface which is suitable for X-ray mask 

alignment. 

 

  

(a)  (b) 

 

Figure 3.15 Casted SU-8 thick film (a) after polishing surface and (b) after  

reflow at low temperature to regain film transparency. 

 

Three SU-8 thick layers are carried out to check thickness accuracy of the 

features. Scanning electron micrographs in Figure 3.17 confirm that the resulting 

complicated microstructures are almost the same as in the layout design. Combining both 

reflow casting thickness control with positive error and excessive photoresist polishing, the 

least amount of SU-8 is wasted. This method will greatly reduce manufacturing cost of X-ray 

lithography in case of thick polymeric microstructures. In addition, complicated 3D 

polymeric microstructures fabricated with this technique can generate wider range of 

applications especially in the field of precision micromold making. 
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(a) 

 

 (b) 

 

Figure 3.16 Average surface roughness of casted SU-8 thick film 

(a) before reflow treatment and (b) reflowed surface. 
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Figure 3.17 SEM images of a three-layer SU-8 mirostructure. 

 

3.4  Bonding of PDMS and SU-8 for Tactile Dot Stimulation 

Novel bonding techniques of PDMS membrane and SU-8 tactile dot structure are 

presented in this section. These techniques which include PDMS film thickness control 

have been promising to achieve precise, well-controlled, and low temperature bonding of 

tactile dot stimulation. A thin membrane (16-90 µm) of Poly-dimethylsiloxane (PDMS) is 

prepared by spin-coating on a film of AZ 1512 sacrificial photoresist. Then, SU-8 structure 

constructed by using X-ray lithography process is placed and pressed on a wet PDMS film 

by a mass of 1 kg. PDMS membrane is then totally cured at 90°C for 3 hours and bonding 

is effectively achieved at this relatively low temperature. AZ sacrificial photoresist is 

subsequently removed and the sample is released from the substrate. Tensile bonding test is 

performed by applying nitrogen gas pressure to activate a deflection of membrane higher 

than 480 µm standard height designated by National Library Service for the Blind and 

Physically Handicapped (NLS). The tactile dot with diameter of 1450 µm arranged into a 

9 × 9 array are successfully fabricated using this novel bonding method.  
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3.4.1  Thin PDMS films using sacrificial photoresist 

 PDMS prepolymer (SYLGARD 184 Silicone Elastomer Kit, Dow Corning) 

as shown in Figure 3.18 (a) is mixed with its curing agent with a volume ratio of 10 : 1. 

Then the mixed polymer is degassed in a vacuum chamber for 10 minutes to remove 

bubbles formed during mixing. Next, the mixed polymer is spin coated at different spinning 

speeds onto glass substrates with dimension of 1 inch × 1 inch as shown in Figure 3.18 (b). 

The spinning time is 5 seconds at 500 rpm and ramp to a desired rate for 30 seconds. 

 

  

(a)  (b) 

 

Figure 3.18 Preparation of thin PDMS films by spin coating (a) SYLGARD 184 Silicone 

Elastomer Kit and (b) PDMS film spin coated on a glass substrate. 

 

The spin coated PDMS layer is pre-cured at room temperature for 20 hours 

to increase its viscosity and to release air bubbles that may be trapped inside. The film in 

which the solvent has been evaporated is very viscous and sticky. Then, the samples are 

heated at 90°C for 3 hours. After cooling down to room temperature, the film thicknesses 

are measured by Veeco® Optical Profiler. Figure 3.19 shows relationship between the film 

thickness of PDMS and spinning rate. 
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Figure 3.19 Thickness of film spin coated at various spinning rate. 

 

After the PDMS film thicknesses have been observed, the thin film releasing 

technique have to be developed due to the high strength bonding of Si-O-Si between PDMS 

and glass, it is difficult to remove the cured PDMS film from the substrate. Therefore, 

sacrificial layer technique is used to make a small gap between them. Starting with spin-

coating of AZ 1512 at 3000 rpm for 30 seconds to cover the area of the substrate, the 

sample is then immediately soft baked at 90°C for 30 minutes in an oven. After naturally 

cooled down to room temperature outside the oven, the sample is spin coated with PDMS 

pre-polymer which have been prepared with the standard volume ratio at 6000 rpm for 30 

seconds. The PDMS film is pre-cured at room temperature for about 20 hours. A 16 µm 

thick layer of PDMS is then cured at 90°C for 3 hours. Finally, AZ photoresist sacrificial 

layer is removed in acetone to release PDMS film from the substrate as shown in Figure 3.20. 

The resulting PDMS thin membrane can be used in construction of the tactile dot in later 

processes without any problems. 

 

 

 



 

67

 

  

(a)  (b) 

 

Figure 3.20 Preparation of thin PDMS film (a) AZ 1512 photoresist for 

sacrificial layer and (b) release of PDMS film. 

 

3.4.2 PDMS – SU-8 bonding for construction of a tactile dot 

SU-8 tactile dot structure is created by using X-ray lithography process 

illustrated in Figure 3.21. This process starts with preparation of an X-ray mask and a SU-8 

thick film. The tactile dot pattern with diameter of 1450 µm is designed in a 9 × 9 array and 

transferred onto an X-ray mask. SU-8 powder are reflow casted into a thick film with a 

thickness of 1000 µm after polishing and reflow treatment as shown in Figure 3.21 (a). 

Then, the SU-8 thick film is patterned by X-ray exposure through the X-ray mask, post-

exposure baking, and development to obtain an SU-8 frame of the tactile dot array as shown 

in Figure 3.21. Lastly, the SU-8 frame is removed from the substrate and cleaned with 

oxygen plasma. This SU-8 frame is then bonded with the PDMS thin membrane of form 

tactile dot cells. 
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Figure 3.21 Preparation of an SU-8 frame of the tactile dot array (a) X-ray mask  

and SU-8 thick film for X-ray lithography (b) the sample  

development and (c) the tactile dot array.  

 

Two methods for SU-8 and PDMS bonding been studied. The First one is 

oxygen plasma bonding which is commonly used to bond PDMS to another surface, 

especially for PDMS and glass. The thin layer of PDMS, that has been spin coated on a 

glass substrate with AZ photoresist as a sacrificial layer, along with the SU-8 frame are 

treated in oxygen plasma with a power of 200 W for 3 minutes. They are then bonded 

immediately under a pressure of 1 kg with 3 hours baking at 90°C. After naturally cooled 

down to room temperature, the sample is examined. It could be observed that they did not 

adhere well after AZ photoresist sacrificial layer is removed as shown in Figure 3.22. This 

problem is caused by non-uniformity of the SU-8 surface resulting from polishing process 

that generates small gaps between them. Moreover, the chemical compositions of SU-8 do 

(a) 

(b) 

(c) 

X-ray mask 

Sample 

Product 

X-ray irradiation 
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not support to create O-Si-O bonds by using oxygen plasma treatment, except for van der 

Waals attraction to each other.  

 

 

 

Figure 3.22 Peeling of the PDMS membrane after release  

of AZ photoresist sacrificial layer. 

 

The second technique is SU-8/PDMS wet bonding which is performed while 

the PDMS film is still in a viscous state. After spin coating of PDMS layer, the SU-8 frame 

is immediately placed and pressed on the wet PDMS film by a mass of 1 kg weights as 

shown in Figure 3.23 (a). The sample is totally cured at 90°C for 3 hours and naturally 

cooled down to room temperature. Figure 3.23 (b) shows the bonded sample before 

release of the PDMS membrane. The resulting SU-8/PDMS tactile dot cells are shown in 

Figure 3.23 (c). With SU-8/PDMS wet bonding, the tactile dot cells are realized 

successfully at low temperature. Strong adhesion between SU-8 and PDMS is though to be 

due to mechanical locks generated when the viscous PDMS fills small gaps on SU-8 

surface.  
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     (a)                            (b)                                               (c) 

 

Figure 3.23 Bonding of SU-8 frame and PDMS thin membrane for tactile dot cells 

(a) compress with the pressure of mass 1 kg weights  

(b) SU-8/PDMS bonding before released from the 

substrate and (c) the result of interface bonding.  

 

The bonding strength is tested by applying nitrogen gas pressure to deflect 

the PDMS membrane. By adjusting the gas regulator, a level of pressure can be selected. At 

a certain level of gas pressure, the deflection of PDMS membrane as high as 370 µm can be 

observed as shown in Figure 3.24.  

 

  

(a)  (b) 

 

Figure 3.24 Testing of SU-8/PDMS dot cell by applying a gas pressure (a) non-deflected 

and (b) deflected of PDMS membrane under nitrogen gas pressure. 

~370 µm 
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3.5  Fabrication of Micro-Piston Based on Release Etching of a Conformal 

Sacrificial Layer 

A novel technique to release the moving part of a piston-like structure using a 

conformal sacrificial spacer is presented in this section. The nickel mold which has been 

fabricated by X-ray lithography and electroplating process as shown in Figure 3.25 is used 

as a master mold in PDMS casting. 

 

  

(a)  (b) 

 

Figure 3.25 Optical micrographs of a Ni master mold (a) top view and (b) bird's eye view. 

 

After molding and curing PDMS as shown in Figure 3.26 (a), the polymer template 

is peeled off and bonded on a conductive substrate by using a thin photoresist film as an 

adhesive layer as illustrated in Figure 3.26 (b). The photoresist adhesive film inside the 

mold is opened by oxygen plasma at 200 W as shown in Figure 3.26 (c) and nickel rods are 

electrodeposited inside the PDMS mold as demonstrated in Figure 3.26 (d). After the 

PDMS mold is removed, piston-like Ni rods are obtained as shown in Figure 3.26 (e). A 

layer of silver is then conformally grown along conductive surface of the substrate and 

metallic rods by electroplating as displayed in Figure 3.26 (f). This silver layer functions as 

a sacrificial spacer layer as well as a conductive plating base for conductive electroplating 

of the next Ni layer as illustrated in Figure 3.26 (g). Mechanical polishing is done to 

2 mm 2 mm
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planarize the top surface until silver rings enclosing the piston obviously appear as 

demonstrated in Figure 3.26 (h). The pistons are then separated from the enclosing 

cylinders by chemical wet etching of the silver sacrificial layer as shown in Figure 3.26 (i). 

Finally, the pistons are mechanically detached from the metal cylinders as shown in Figure 

3.26 (j).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 Fabrication processes of micro-pistons and complementary cylinders 

by using a conformal and conductive sacrificial spacer. 

Ag AZ Glass/Ti/Cu/Ti PDMS Ni 
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3.5.1 PDMS molding 

PDMS pre-polymer is mixed with its curing agent in a volume ratio of 10 : 1 

and degassed in a vacuum chamber to remove bubbles formed during mixing. The mixture 

is then carefully poured over a nickel master mold which is already placed in a PDMS 

square frame as shown in Figure 3.27 (a). To solidity the mixture, the sample is placed on a 

hotplate at 90°C for 5 minutes. After curing, the casted PDMS is cut around in a square 

pattern as shown in Figure 3.27 (b). The PDMS plate is then carefully peel from the mold 

by using a tweezer as shown in Figure 3.27 (c). 

 

       

 (a) (b) (c) 

 

Figure 3.27 PDMS molding (a) a nickel master mold placed inside a PDMS frame (b) cutting  

around the casted PDMS and (c) peeling off from the master. 

 

3.5.2 PDMS - conductive substrate bonding 

Since the PDMS mold will be removed after the nickel piston is 

electroformed, a suitable condition of this bonding has to be investigated. The first technique 

is the touch and paste bonding. The mold is temporarily in touch with the wet AZ P4620 

photoresist which has been spin-coated on a glass substrate at 1000 rpm for 10 seconds. 

Then, the mold is placed on the Ti layer as shown in Figure 3.28 (a) and stuck on the 

substrate by PI tape as shown in Figure 3.28 (b). Soft baking is performed to condense the 

film at 80°C for 8 hours on a hotplate and naturally cooled down to room temperature.  
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(a)  (b) 

 

Figure 3.28 (a) Touch and paste bonding and (b) sticking with PI tape. 

 

The experimental result show that the PDMS mold can be fixed to the 

substrate as illustrated in Figure 3.29 (a), but there are cumulative photoresist around the 

circumference of the base mold as shown in Figure 3.29 (b). This excessive photoresist 

causes the distortion on the piston configuration and difficult to remove from the substrate 

by using oxygen plasma. Therefore, another technique has to be invented to create the 

uniform photoresist surface after bonding. 

 

  

(a)  (b) 

 

Figure 3.29 (a) The bonding of the photoresist to the substrate and (b) cumulative 

photoresist around circumference of the base mold. 
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As mentioned, the uniform photoresist layer can be obtained by the spin-

coating before the PDMS mold is placed. Hence, the second technique is relied on the spin and 

paste bonding. The conductive substrate was coated with AZ 1512 at 800 rpm for 30 seconds. 

The PDMS mold is then immediately placed during the photoresist is staying in viscous 

state as shown in Figure 3.30 (a), and stuck on the substrate by PI tape to ensure that there 

do not have any small gap between them as shown in Figure 3.30 (b). The sample is soft 

baked on the hotplate at 90°C for 3 hours and naturally cooled down to room temperature. 

Figure 3.31 demonstrates the bonding result which could be observed that there are gas 

bubbles generated at the bottom of the mold. However, this can be eliminated by using 

oxygen plasma for exposing the seed conductive layer as illustrated in Figure 3.32. 

 

  

(a)  (b) 

 

Figure 3.30 (a) Bonding with AZ photoresist and (b) sticking on the substrate with PI tape. 

 

  

 

Figure 3.31 The result of PDMS-substrate bonding. 
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Figure 3.32 The seed layer exposed by oxygen plasma. 

 

3.5.3 Nickel electroplating 

The PDMS mold is filled with nickel material to form the piston structure. 

The low current density ramping is play significant role in this process since its products 

usually damage from the plurality of gas bubbles that are naturally generated during 

electroplating as shown in Figure 3.33. To avoid this problem, the current density is 

adjusted with a special low ramping as shown in Figure 3.34 (a). Although this technique 

has to be processed for a long time, it provides the satisfied result by without gas bubbles 

trapped inside the structure as illustrated in Figure 3.34 (b). 

 

 

 

Figure 3.33 Gas bubbles trapping inside the structure 

 

 

 



 

77

 

 

 

 

 

 

 

 

(a) 

 

(b) 

 

Figure 3.34 (a) Current ramping rate of nickel electroplating and 

(b) the piston without gas bubbles. 

 

Then, the temporary PDMS mold is removed and the square mold around 

the piston is constructed by SU-8 reflow casting and X-ray lithography process as shown in 

Figure 3.35 (a). Thin layer of silver sacrificial material is conformally grown over the 

conductive surface as shown in Figure 3.35 (b). The SU-8 mold is filled with nickel 

material as shown in Figure 3.35 (c), followed by the mechanical polishing to a desired 

thickness and the appearing of the silver ring around the piston as shown in Figure 3.35 (d). 
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(a) 

  

(b) 

  

(c)  (d) 

 

Figure 3.35 Fabrication sequences of piston (a) The SU-8 mold for the cylinder electroplating  

(b) growing of silver sacrificial layer (c) the cylinder electroplating  

and (d) the mechanical polishing to expose the silver ring.  

 

3.5.4 The piston releasing 

To separate the piston from the cylinder, the silver sacrificial is etched by 

chemical wet etching in a chemical mixture of a 3 : 1 NH4OH : H2O2. This step is performed 

for a long time because there are limited areas for the wet etchant solution that can be 
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inserted into the space from the top surface as illustrated in Figure 3.36 (a). After 48 hours 

or more, the piston can be moved out by the mechanical force as shown in Figure 3.36 (b). 

 

  

(a)  (b) 

 

Figure 3.36 Releasing of sacrificial layer (a) small hole around the piston between 

wet etching and (b) the piston releasing from the cylinder. 

 

The novel technique for creation of precise gap has been proposed. By using 

the temporary bond between the PDMS mold and the conductive surface, the metallic 

piston is simply fabricated and separated from the cylinder by the silver sacrificial layer. 

The current density with slow ramping rate in electroplating process has been delivered to a 

smooth plating structure and prevents the creating of gas bubbles.  This positive result is 

extended to be the important technique in fabrication of multi-step of the piston structure 

for the tactile dot stimulation. 

 

3.6  X-ray LIGA application 

The X-ray LIGA process which has been described for the repeated structures by 

using the X-ray molding will be introduced for the complicated microstructures in this 

section. Figure 3.37 (a) shows the model of a gear which consists of 3 layers of metal 

structure. The specification of each layer is illustrated in Figure 3.37 (b) and (c).  
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(a) 

 

 

 

 

 

  

 

 

 

Figure 3.37 Gear structure (a) 3D model (b) top view and (c) cross-section view. 

 

The fabrication process is divided into 3 sections consisting of master mold making, 

PDMS molding, and metal construction. For the first section, the X-ray mask is designed 

and fabricated by using UV lithography and silver electroplating process resulting in the 

negative silver patterns as shown in Figure 3.38. Three master molds of the gear are 

constructed with SU-8 photoresist with thickness of 800 µm by using X-ray lithography 

process as shown in Figure 3.39. 
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      Layer 1    Layer 2   Layer 3 

 

Figure 3.38 X-ray masks for the multi-layer gear. 

 

   

   Layer 1   Layer 2  Layer 3 

 

Figure 3.39 Three master molds of SU-8 photoresist. 

  

Second, the PDMS mold is copied the patterns from the master mold. PDMS pre-

polymer is mixed with a volume ratio of 10 : 1 and vacuumed to remove gas bubbles. The 

SU-8 master mold is coated with silicone lubricants to prevent the adhesion between the 

mold and PDMS. The sticky PDMS is loaded into the mold by a pin that is used to fill 

gradually until the PDMS level is rinsed-up to the top surface of the mold as shown in 

Figure 3.40 (a). To condense the polymer, the sample is heated up to 90°C for 10 minutes, 

followed by placing on a cold stainless plate. The condensed PDMS is suddenly contracted 

since the rapidly decreasing of temperature, and the silicone lubricant is sprayed on the 

sample to separate the PDMS from the SU-8 mold. To remove the PDMS plate, the pin is 
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inserted under the polymer and lifted slowly from the bottom until the polymer is totally 

taken away from the SU-8 mold as shown in Figure 3.40 (b). All of PDMS mold are copied and 

suddenly placed on the clean substrate to prevent the contamination on the PDMS surface.  

 

  

 

(a)  (b) 

 

Figure 3.40 Molding of PDMS (a) PDMS loaded into the SU-8 master mold 

and (b) the PDMS mold removed from the mold. 

 

Finally is the metal construction by using the electroplating inside the PDMS mold. 

The first gear pattern must be primary formed by placing the PDMS mold onto a 

conductive substrate which is a glass coated with Ti/Cu/Ti seed layer as shown in Figure 

3.41 (a). Nickel structures are formed inside the mold and remained alone on the substrate after 

removing of the PDMS mold as shown in Figure 3.41 (b). From the desired thickness of 341 

µm required by specification, the metal structure must be polished to decrease the thickness 

without any distortion on the structure. Un-exposure SU-8 photoresist is utilized to support 

the structure by using SU-8 powder reflow casting as shown in Figure 3.41 (c), following 

by mechanical polishing on the waterproof silicon carbide paper #1200 and DP Mol cloth 

as shown in Figure 3.41 (d). 

 

PDMS SU-8 

Substrate 



 

83

 

 

  

(a)  (b) 

  

(c)  (d) 

 

Figure 3.41 Fabrication sequences of the first gear structure. 

 

The second gear layer is formed on the first gear layer. PDMS mold of layer 2 is 

aligned and placed on the metal substrate as shown in Figure 3.42 (a). The bottom PDMS 

surface which was peeled away from the SU-8 mold is sticky patch helped to seal between 

their interfaces and prevented the inserting of electrolyte under the mold. Since the desired 

thickness of this layer is 25 µm, the nickel electroplating has to be always monitored to avoid 

the higher thickness as shown in Figure 3.42 (b). After forming of the metal structure, both of 

the PDMS mold and the unexposed SU-8 photoresist are removed, followed by oxygen 

plasma cleaning before casting with SU-8 photoresist again as shown in Figure 3.42 (c). At 

last, the thickness is decreased to 25 µm by mechanical polishing as shown in Figure 3.42 (d). 



 

84

 

  

 (a)  (b) 

  

(c)  (d) 

 

Figure 3.42 Fabrication sequences of the second gear structure. 

 

The third gear layer is finally formed by repeating the process similar to the 

previous layer. The PDMS mold of layer 3 is aligned and placed on the base as shown in 

Figure 3.43 (a). Nickel is then formed as shown in Figure 3.43 (b) and the PDMS mold is 

removed, followed by the SU-8 reflow casting. The metal thickness is reduced to 1227 µm 

by polishing process as shown in Figure 3.43 (c). Finally, un-exposure SU-8 photoresist is 

totally removed and the sample is cleaned by oxygen plasma as shown in Figure 3.43 (d).  
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(a)  (b) 

  

(c)  (d) 

 

Figure 3.43 Fabrication sequences of the third gear structure. 

 

Figure 3.44 (a) shows the SEM images of the finished structure which clearly 

demonstrated that the complicated structure can be performed by using LIGA process. 

Moreover, the connection area between the layers is also investigated as shown in Figure 3.44 (b) 

and (c). They have some nickel grain resulting from electroplating process. This is happened 

from damaged PDMS molds which can be observed on the remained PDMS at the base of 

the SU-8 master mold as shown in Figure 3.45 (a). Another problem is the effect of the 

stress of the PDMS mold between electroplating process as shown in Figure 3.45 (b). 

However, the overall process of LIGA fabrication has been already demonstrated to construct 

the complicated structure which can be improved for many applications in the further. 
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      (a) (c) 

 

Figure 3.44 SEM image of gear structure (a) finished structure (b) the connection 

area between layer 2 and 3 and (c) between layer 1 and 2. 

 

  

(a)  (b) 

 

Figure 3.45 Problems of PDMS molding (a) Remained PDMS on the SU-8 master mold 

and (b) the peeling partially of PDMS mold between electroplating. 

(b) 

Remained PDMS 

Peeling of PDMS mold 
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3.7 Chapter summary 

 The specialized micromachining processes have been developed in order to realize 

the tactile dot mechanism. Transparent X-ray mask is helps to create the complicated 

microstructures which are generated by using the SU-8 powder reflow casting process. At 

the same time of the tactile dot stimulation which has been presented to fabricate for 2 

techniques. First is PDMS membrane which the pneumatic tactile actuation can be achieved 

from the simply bonding. Second is the novel technique for releasing the piston delivers to 

the fabrication of moving part with small gap. This is assisted to decrease the gas leakage 

while the piston is pushed up to indicate the tactile dot. Furthermore, the LIGA application 

for complicated gear structure is also introduced in capability of the repeated process which 

helps to reduce the cost and easily to fabricate by using the simple process of micro-

machining. 
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CHAPTER IV 

ELECTROSTATIC ACTUATOR FOR  

MICROVALVE APPLICATION 

 

4.1  Introduction 

Microvalves have found ever increasing applications in microsystems including 

microfluidic chemical analyzers, biological microvolume processing chips, pneumatic 

microactuators, refreshable Braille display systems, and several other systems. Fluids used 

by microvalves are categorized into two groups, liquids and gases. Microvalves used for 

gases have been applied to drive liquid flows in microfluidic systems, control mass flow 

rate in mass-flow controllers, as well as programming of tactile dots in refreshable Braille 

display systems. Microvalves applied for gases utilize several mechanisms to control 

movement of an orifice closure plate that covers the valve outlet. These include 

electromagnetic (Meckes et al., 1997), pneumatic (Rich and Wise, 1999), thermopneumatic 

(Grosjean et al., 1999), piezoelectric (Shoji et al., 1991), bimetallic (Jerman, 1991), and 

electrostatic actuations (Haji-Babaer et al., 1997). 

Electrostatic actuator is a simple mechanism providing low-power consumption 

applied in portable devices. In order to switch gas flow through an electrostatic microvalve, 

the substrate and orifice-closure plate must be conductive and separated by an insulator. By 

applying sufficient voltage between the substrate and closure plate, the movable closure 

plate is pulled down to touch the insulator, seal the orifice and switch-off gas flow. To 

switch-on gas flow, the applied voltage is removed and the closure plate is pulled back to 

the original position resulting from spring mechanical. 
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Microvalves are always applied in many portable device because there provide the 

miniature dimension as well as small power consumptions.  Oh et al. (2005) were invented 

multichamber micro PCR chip (Polymerase Chain Reaction) which applied microvalves in 

dual functions of sample injection and sealing. In drug delivery applications, microvalves 

were included in micro-pump for prevent the flow back of the solutions (Teymoori and 

Sani, 2005). For tactile display systems, Yabas et al. (2003) has been presented the concept 

of microvalves applications in the dot rising mechanism as shown in Figure 4.1. The 

microvalve is assembled inside a dot chamber which has a flexible screen tactile cover the 

chamber.  The screen remains flat when the actuator is closed. To drive the dot up, the 

microvalve is applied voltage resulting in the increasing of differential pressure inside the 

chamber. The membrane is elastically deformed and users can sense the feeling of text display. 

 

 

 

 

 

 

 

Figure 4.1 Application of electrostatic microvalve in tactile display systems. 

 

By focusing on the applying in tactile display systems, a curled-up with 

polymeric/metal bimorph structure is introduced into the concept of electrostatic actuator 

for microvalve application in Section 4.2. The design and fabrication process is presented 

according to X-ray lithography for the substrate construction and UV lithography process 

for the closure plate fabrication in Section 4.3. Section 4.4 provides the testing setup and 
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Deformed membrane Flat membrane 
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Built-in 
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results of the microvalve in experimentation. Furthermore, simulation models of the 

microvalve behavior based on electrostatic-fluidic-mechanical domains are proposed in 

Section 4.5 to estimate the microvalve characteristics. The summary of this chapter can be 

found in Section 4.6. 

 

4.2  Curled-Up SU-8/Metal Closure Plate Actuator 

The actuation principle of curled-up plate for valve operation is illustrated in Figure 4.2. 

The closure plate is fabricated on top of an orifice which is a gap path way in upward direction. 

Because the residual stress has been generated from different coefficients of thermal 

expansion during fabrication, the closure plate is curled away from the substrate as shown 

in Figure 4.3 (a). As voltage is applied between the ground substrate and the electrode on 

the curled-up plate, electrostatic force is generated between them to flat the closure plate 

onto the substrate, resulting in closing position as shown in Figure 4.3 (b). Pattanakul et al. 

(2006) have been proposed the use of SU-8 photoresist material instead of the conventional 

material such as SiO2 (Haji-Babaer et al., 1997) and polyimide (Lee, 1996). The new material 

allows low-temperature and much more simple processes, which help to reduce the cost of 

microvalves. 

 

 

 

 

 

 

 

 

Figure 4.2 Structure of curled-up closure plate for electrostatic microvalves. 
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(a) (b) 

 

Figure 4.3 Schematic of operation principle of SU-8/metal electrostatic microvalve 

(a) open configuration and (b) closed by applying voltage. 

 

4.3 Design and Fabrication Processes  

The characteristics of the curled-up closure plate microvalve are illustrated in Table 

4.1 and Figure 4.4. The SU-8 photoresist is coated with thickness of 2.3 µm (tSU-8) onto a 

0.2 µm-thick sacrificial layer. After the SU-8 closure plate is created as a rectangular plate 

with size of 940 µm-lengths (LSU-8) and 620 µm-widths (wSU-8), the metal electrode with 

thickness of 0.224 µm (tmetal) is then formed onto the SU-8 pattern with length and width of 

840 µm (Lmetal) and 520 µm (wmetsl), respectively. Finally, the bimorph closure plate is 

released from the substrate by removal of the sacrificial layer. The compressive-stressed 

SU-8 film expands while the tensile stressed metal film shrinks. The closure plate is 

therefore curled away from the substrate. 

 

Table 4.1 Design and constant values of the curled-up closure plate microvalve. 

Characteristics 

LSU-8 

(µm) 

wSU-8 

(µm) 

tSU-8 

(µm) 

CTESU-8 

(ppm/K)

Lmetal 

(µm) 

wmetal 

(µm) 

tmetal 

(µm) 

CTEmetal 

(ppm/K)

tg 

(µm) 

Values 940 620 2.3 ~50 840 520 0.224 ~13.3 0.2 

 

 

 

+ 
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+ 
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(a) 

 

 

 

 

(b) 

 

Figure 4.4 Characteristics of microvalve (a) cross-section view and (b) schematic layout. 

 

Microvalve fabrication is planned to fabricate for two sections. The first section is 

the inlet orifice on the conductive substrate as shown in Figure 4.5. A print circuit board 

(PCB) with 25 µm-thick copper which is used for the microvalve holder is drilled a hold at 

the center with a diameter of 2.5 millimeter as shown in Figure 4.5 (a). The work piece is 

sealed on the top surface by PI tape and filled with PDMS pre-polymer on the back side. To 

condense the polymer, the sample is cured for 30 minutes at 90°C on a hot plate. After 

cooling down, the PI tape is peeled off from the sample, resulting in planar surface as 

shown in Figure 4.5 (b). The top surface is coated with Ti/Cu/Ti by evaporation to utilize as 

seed layers. Then, a 300 µm-thick film SU-8 photoresist with size of 70 µm × 70 µm is 

constructed by using X-ray lithography at the center of the PDMS area as shown in Figure 4.5 

(c). The nickel substrate is formed by electroplating and polishing surface as shown in Figure 

4.5 (d). The remained SU-8 photoresist inside the orifice is eliminated by O2/CF4 plasma 

until the light can be passed through the orifice as shown in Figure 4.5 (e). At last of this 
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process, the orifice is planarized by using sacrificial material such as AZ P4620 positive 

photoresist or un-crosslinked SU-8 negative photoresist. The back side is filled with 

photoresist and vacuumed through the orifice by a vacuum pump. After soft baking at 90°C 

for 8 hours, the nickel surface is polished on a polishing cloth to remove all of photoresist 

placing around the orifice as shown in Figure 4.5 (f). 

 

  

 

 

(a)  (b) 

  

 

 

(c)  (d) 

 

Figure 4.5 Fabrication sequences of the nickel substrate with an inlet orifice. 
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(e)  (f) 

 

 

Figure 4.5 Fabrication sequences of the nickel substrate with an inlet orifice (Continued). 

 

The second section is the curled-up closure plate of microvalve which is used to as a 

shutter for the applied pressure. The nickel substrate with the planarized orifice is deposited 

with a 0.2 µm-thick Al thin film by using evaporation. UV lithography processes are then 

used to create a rectangular pattern of Al as shown in Figure 4.6 (a). This Al rectangle 

serves as a sacrificial support for the closure plate. A layer of SU-8 2002 negative photoresist 

is spin-coated and patterned as the rectangular area in which one end is anchored on the glass 

substrate whilst another lies on top of the sacrificial Al layer as shown in Figure 4.6 (b). 

Metal films of 300 Å Ti / 500 Å Cu are evaporator-deposited and patterned as an upper 

electrode above the SU-8 layer to form an SU-8/metal bimorph structure. To protect Cu 

layer from oxidation, AZ 1512 is spin-coated and patterned on the copper as shown in 

Figure 4.6 (c). Nickel is grown on the copper layer as shown in Figure 4.6 (d), followed by 

AZ photoresist removal. Other thin films are also etched by wet solution to open the Al 

sacrificial layer as shown in Figure 4.6 (e). Finally, the bimorph closure plate is released 

from the substrate by removal of the sacrificial Al support in wet etchant. Upon release of the 

Nickel substrate 

Photoresist 

Light 

PCB Cu Ti/Cu/Ti Ni Sacrificial PI 
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composite closure plate, the compressive-stressed SU-8 film expands and the tensile stressed 

Ti/Cu metal film shrinks. The closure plate is therefore curled away from the substrate as 

shown in Figure 4.6 (f) and compared to an ant as shown in Figure 4.7. 

 

  

 

 

(a)  (b) 

  

 

 

(c)  (d) 

 

Figure 4.6 Fabrication process of the curled-up closure plate of microvalve. 
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(e)  (f) 

 

 

 

Figure 4.6 Fabrication process of the curled-up closure plate of microvalve (Continued). 

   

 

 

Figure 4.7 The finished curled-up closure plate microvalve compared to ant.  

 

4.4  Experimental Setup and Results 

The closure plate is made of 2.3 µm SU-8 layer with 0.224 µm adhesive layer of Ni 

by neglecting the thickness of Ti/Cu composite layer. A distance from substrate to free end 

of closure plate is measured by Veeco® interferometric surface profiler NT1100 which give 

PCB Cu Ti/Cu/Ti Ni

AZ photoresist Al SU-8 Ti/Cu
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the deflection of 138 µm from the substrate and 3.2 mm of radius curvature as shown in 

Figure 4.8. Assuming the beam is flat before deposited metal layer, the residual stress in the 

metal film can be calculated using Stoney equation which achieves a stress value of 1.773 MPa. 

The mathematic model of the bimorph structure which is estimated the beam characteristics 

will be described in Section 4.5. Applying a positive voltage to the composite metal layer 

on the closure plate and a ground to the nickel substrate, a voltage of 115 V is needed to 

pull down the closure plate in absence of gas flow through the orifice as shown in Figure 4.9. 

 

 

 

Figure 4.8 Bird's eye view optical micrographs of the curled-up closure plate microvalve. 

 

 

  

 

Figure 4.9 Experimental testing of the curled-up plate of microvalve. 
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After testing in normal state, microvalve is contained in an acrylic package which is 

fixed with two pneumatic tubes on each side as shown in Figure 4.10 (a). Two PDMS 

square frames are used to seal the gas leakage of the applied pressure on both side of the 

microvalve and tightly compressed by four screws as shown in Figure 4.10 (b). The top and 

bottom electrodes of microvalve are connected with copper wires and linked to the external 

for applying high DC voltage. The gas pressure is applied at the bottom through the inlet 

orifice of microvalve operated as the normally open valve. 

 

         

   (a)  (b) 

 

Figure 4.10 Setup of microvalve (a) inside the acrylic package and (b) cross-section. 

 

After the microvalve was contained in the package, the volume flow rate 

experimentation is set up as shown in Figure 4.11 (a). The applied gas pressure is 

monitored at input port by using a pressure gauge and the volume flow rate is measured at 

output port by connecting the mass flow controller series to the microvalve. The high 

voltage DC generator, ranging from 0 V to 1 kV, is connected between the electrodes of 

microvalve to actuate the closing state. As shown in Figure 4.11 (b), the pressure sensor, 

MPX5700 series piezoresistive transducer, is connected to input port and displayed the 

results on the pressure gauge. The mass flow controller, Fofloc 8300, which is connected in 
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series to the microvalve is measured in unit of sccm or ml/min. Figure 4.12 illustrates the 

microvalve operation consisting of 3 states. No applied pressure is the first state as shown in 

Figure 4.12 (a). Then, the nitrogen gas is applied by feeding nitrogen gas pressure through the 

inlet hole, resulting in a small deflection of the closure plate as shown in Figure 4.12 (b). At 

last, the actuated voltage is applied to the microvalve and pulls the closure plate collapse to 

the substrate as shown in Figure 4.12 (c). 

 

 

 

 

 

 

 

(a) 

 

(b) 

 

Figure 4.11 Experimental setup for the microvlave. 
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(a) 

 

(b) 

 

(c) 

 

Figure 4.12 Experimental testing the microvalve (a) no voltage potential 

(b) applied gas pressure and (c) applied closing voltage. 



 

101

The volume flow rate as a function of the applied voltage is shown in Figure 4.13. 

The initial rate is set up for 5 values and the actuated voltage is increased until the volume 

flow rate is reduced to a constant value. At these points, the behaviors of closure-plate are 

pull-in state to close the orifice, but there are not absolutely closed and percent of leakages 

are also illustrated in the figure. 
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Figure 4.13 Volume flow rate as a function of the applied voltage. 

 

The valve characteristics are investigated as demonstrated in Figure 4.14. The 

volume flow rates vary according to the differential pressure inside the pressure chamber as 

shown in Figure 4.14 (a). The increased volume flow rates require higher closing voltage 

since the pneumatic force is raised the closure plate higher as shown in Figure 4.14 (b). 

Furthermore, the volume leak rates when the valve is closed are also investigated as shown 

in Figure 4.14 (c).  
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Figure 4.14 The characteristics of curled-up electrostatic microvalve. 
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The leakages of microvalve are resulted from the roughness of the nickel substrate 

cause by the polishing process as shown in Figure 4.15 (a). Although the nickel surface 

when scanning through the microscope does not appear the obvious abrasion, it can be 

clearly seen in the bird eye view as shown in Figure 4.15 (b). This make the closure plate of 

microvalve can not be closed perfectly.  

 

  

(a)  (b) 

 

Figure 4.15 (a) Top view of the polished nickel substrate and (b) bird eye view. 

 

Moreover, the irregular residual stress between the bi-material structure, SU-8 and 

metal upper electrode, induce the distorted curve on the closure plate as shown in Figure 4.16. 

However, this problem can be solved by improving of the polishing technique. The polishing 

machine with the cloth abrasive can be used to clear these roughnesses. In addition, spin-

coating of thin polymer film on the substrate before the closure plate is fabricated will be 

helped to reduce the plurality of gaps under the substrate. 
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Figure 4.16 The distorted curve on the closure plate of microvalve.  

 

4.5  Mathematical Models 

4.5.1 Mathematic models of the curled-up closure plate 

Figure 4.17 shows schematically the composite plate which is composed of 

two materials with different residual stresses, σ1 and σ2, as well as different Young's 

modulus, E1 and E2. The two materials also have difference thickness, t1 and t2 and likewise 

the width, w1 and w2. This device has the mechanical behaviour similar to the bimetallic 

strip used in thermostats (Timoshenko, 1925). With difference residual stress and thermal 

expansion inside each layer, the composite beam is bent up. Assuming the axial forces, P1 

and P2, act at the center of their cross section, a force and moment will be balanced at the 

interface between two materials as shown in Equation (4.1) and (4.2). 
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Figure 4.17 Dimensions of the curled-up closure plate. 

 

where M1=E1I1/ρ and M2=E2I2/ρ are moment of SU-8 and metal beam, respectively, ρ is a 

radius of curvature of the closure plate. The moments of inertia of top and bottom material 

are given by I1=w1t1
3/12 and I2=w2t2

3/12, respectively. The strain is developed from 4 

components: residual stress, axial force, the force due to curvature, and thermal expansion 

(Edmonds et al., 2004) which leads to Equation (4.3). 
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where, α1 and α2 are the coefficient of thermal expansion (CTE) of material of two layer, 

and ΔT is the change in temperature.  

 

Axial force, P, from Equation (4.2) is substituted into Equation (4.3). And for 

the initial radius of curvature of ρ0, the change in radius of curvature is given by Equation (4.4). 
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Assuming that the SU-8 closure plate is planar at room temperature, the 

curvature radius due to residual stress in metal film is ρ = L2/2δ, and the residual stress can be 

calculated using the Stoney formula is given in Equation (4.5) (Stoney, 1909). The initial 

deflection of the closure plate along the length, z(x), is given by Equation (4.6) (Musolt and Khol, 

2003). 

 















 11

)1(6 012

2
22

1 tv

tE
 (4.5) 

 











0

2 11

2
)(


x

xz  (4.6) 

 

where L, t are length and thickness of beam, δ and ν2   are deflection of the end of the beam 

and Poisson's ratio of SU-8, respectively. 

 

For activation microvalve, applying a voltage between the substrate and the 

closure plate provides electrostatic force that pulls the movable plate down. For simulation of 

deflection behaviour of closure plate under this condition, electro-mechanical model with a 

first-order fringing-field correction is included in electrostatic to simulate with Equation (4.7) 

(Osterberg, 1995). Because of SU-8 photoresist is dielectric layer and main structure of the 

closure plate, the model included the dielectric term (t2, ε2) in this calculation for optimal 

solution. The factor in parentheses on the right of equation is the fringing-field correction.  
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where (ẼI)eqv=Ẽ1I1+Ẽ2I2 ,is an equivalent beam strength which is used (Hopcroft, 2002). 

For diaphragms (w ≥ 5t), the effective modulus Ẽ1 and Ẽ2 are E1/(1-υ1
2) and E2/(1-υ2

2), 
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respectively. And g = g0+z, is the height of beam from substrate as a function of distance, 

x, along the length of the beam from the fixed end, x = 0. Permittivity of SU-8 and applied 

voltage are ε2 and V, respectively. 

 

For gas flowed through the orifice is assumed to be compressible based on 

theory of ideal gases in nozzle as shown in Figure 4.18 (a) and (b). Yobas (2003) has been 

presented the couple fluidic-mechanical model which the mass flow rate through the 

microvalve (m), the orifice (mo) and the gap (mgap) must be identical with Equation (4.8). 

 

gapmmm  0  (4.8) 

 

 

 

 

 

 

(a)  (b) 

 

Figure 4.18 Structure parameter in a nozzle of microvalve. 

 

The model covers the full range of flow conditions. Meanwhile, 

pressure ratio of outlet pressure pe and inlet pressure ps greater than critical value 

(pe/ps) > (2/(γ+1))γ/(γ-1), the mass flow rate, m0, through the square orifice can be 

approximated with subsonic flow by Equation (4.9). 
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where Ci is discharge coefficient, Aeff is the effective valve area approximated by 

max2 hrA eeff  , ps and pe are absolute supply pressure of the microvalve and absolute 

pressure under the gap entrance, respectively. γ is ratio of specific heats of air (1.4)  , R is 

universal gas constant/molecular weight, T is temperature in Kelvin (K).  

 

The mass flow through the gap can be approximated by using analytical of 

Reynolds differential equation (Gross, 1980; Yobas, 2003) in Equation (4.10). Based on 

this approximation, the closure plate and orifice are presumed circular and aligned well at 

the center. The supply pressure ps is applied under the orifice, resulting in the pressure 

under the closure plate pe while the atmosphere pressure pa staying around the closure plate. 

The pressure variation underneath the closure is assumed to act only in radial direction and 

any disturbance of the beam is neglected. ra and re are radius of the closure plate and 

orifice, respectively. 
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The gap height hmax in Equation (4.10) is the maximum deflection at the 

center of the closure plate which is a summation of the initial gap resulting from naturally 

curled-up beam ho and the deflection of the beam under the applied pressure hp. As shown in 

Figure 4.19, the fixed-end beam with point load method is used to estimate the deflection at 

point L applied by net load Fp as a result of constant applied pressure under the closure plate. 

The maximum deflection and the force under the closure plate (Fb) due to gas film pressure 

(Hamrock, 1991) can be estimated by using Equation (4.11) and (4.12), respectively. 
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Figure 4.19 The fixed-end cantilever free body diagram. 

 

By substituting Equation (4.12) in (4.11), the maximum deflection of the 

model is only based on pe for movement calculation which can be obtained as: 
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Since the mass flow through the microvalve can be measured by using the 

mass flow meter in the experimental, the maximum gap in Equation (4.13) is substituted in 

Equation (4.10) and the absolute pressure at the film entrance pe is iterated until they results have 

an error less than 0.0001. Therefore, pe and hmax are solved and substituted in Equation (4.9) to 

calculate the discharge coefficient Ci for this curled-up closure plate microvalve. By 

definition, the discharge coefficient is the ratio of actual flow rate to the theoretical rate of 
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flow through the orifice. The value of Ci is less than 1 because the theoretical flow rate is 

always greater than the experimental measurement depending on the microvalve structure. 

After calculating Ci, the volume flow rate through the microvalve can be calculated by 

Equation (4.14) which should be the same as the experimental value. 
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4.5.2  Modelling results 

For closure plate behavior simulation, the initial deflection of curled-up 

closure plate is achieved by using the deflection model in Equation (4.5) and (4.6). The 

initial tip deflection of the beam is 138 m (zero applied voltage) as shown in Figure 4.20 (a). 

Continuous deflection is occurred up by a bias voltage of 107 V which the deflection of the 

beam is 99.3 m. Applying voltages beyond this point, the closure plate is suddenly pulled 

down and made contact with the substrate. Figure 4.20 (b) shows simulation results by 

using Scilab for the tip deflection under the applied voltage which agrees with the 

experimental results. 
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(a) 
      

 

(b) 

 

Figure 4.20 Simulation results (a) moving of closure plate and (b) deflection-voltage behavior. 

 

Curled-up closure plate 

Substrate Orifice 

Length of the closure plate (µm) 

D
is

pl
ac

em
en

t (
µ

m
) 

0 100 200 300 400 500 600 700 800 900 1000 
-20 

0 

20 

40 

60 

80 

100 

140 

120 

0 

20 

40 

60 

80 

100 

140 

120 

0 

Numerical pull-in voltage = 107 V 
Experimental pull-in voltage = 115 V 

99 µm D
is

pl
ac

em
en

t (
µ

m
) 

Voltage (volt) 
20 40 60 80 100 120 



 

112

The solution, g(x), of the fourth order nonlinear differential equation can be 

solved by apply following boundary condition: no deflection at the fixed end of the beam 

(g(x = 0) = g0), slope of the deflection at the fixed is zero (dg(x = 0)/dx = 0), no moment 

acting on the free end (d2g(x = L)/dx2 = 0), and no shear force acting on the free end 

(d3g(x = L)/dx3 = 0). A finite-difference iterative relaxation method is performed in 

Scilab to solve for pull-in voltage of curl-up closure plate in normal state without the 

applied pressure. 

For the couple fluidic-mechanical model which is used to calculate three 

unknown values, pe hmax and Ci, is illustrated the results in Figure 4.21. Figure 4.21 (a) 

shows the estimated values of Ci as a function of the pressure ratio pe/ps for the curled-up 

closure plate. The valve with the orifice size of 70 µm × 70 µm and the curled-up closure 

plate require small discharge coefficient which implies an increase in the pressure losses 

when the applied pressure is increased. Form the Ci results, this mass flow model can be 

used for the subsonic flow that have a pressure ratio greater than the critical value of 

0.5283. Base on the mathematic model, this microvalve can be supported with the 

maximum supply pressure of 85 kPa at a pressure ratio of 0.5436. The pressure at the 

gap entrance is 0.03 kPa resulting in the deflection of the closure plate of 74 µm. The 

maximum volume flow rate based on this estimation is 5.2 ml/min and the mass flow 

rate is 0.19 mg/sec. The discharge coefficient which is calculated by this model is a result 

of the pressure at the gap entrance pe as shown in Figure 4.21 (b). The pe values are very 

small when compare with the applied pressure. These imply that the pressure losses greatly 

happen at the gap entrance since the actual profile of orifice is not the nozzle which is used 

to calculate in the model. Furthermore, the gap height at the center of the curled-up closure 

plate is estimated under constant pressure as shown in Figure 4.21 (c). The initial separation 

ho over the orifice is 33 µm and can be deflected up to 101 µm depending on the applied 

pressure. 
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Figure 4.21 The modelling results of the SU-8 curled-up closure plate microvalve. 
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From the gap deflection simulation, the results are utilized to estimate the 

actuated voltage of the curled-up closure plate as shown in Figure 4.22. The simulated gap 

height is used to be references in the mechanical-electrical model in Equation (4.7). The 

stress of the SU-8 closure plate is searched by using bi-section method until the deflection 

of the beam close to the simulated gap height. Finally, the closed voltage is calculated by 

using the finite different method and plotted in the figure.   
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Figure 4.22 The actuated voltage simulation compare with the experimental results. 

 

From the simulation results, the estimated values are significantly lower than 

the experimental testing which is the function of the volume flow rate. The maximum 

deflection from the model is calculated at 66.17 µm which give the closed voltage at 188 volt 

while the tested voltage was 334 V at the same volume flow rate. These inconsistencies are 

the consequence of the model estimation resulting from the gap height function. The actual 

deflections under the supplied pressure are always greater than the model results and require 

the higher actuated voltage. These imply that the force at the gap entrance resulting from the 

model cannot be perfectly used to estimate the actual load on the closure plate. However, the 
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fluidic-mechanical model can be utilized as the fundamental concept for the microvalve 

estimated results in the fabrication which needs to know for the structure optimization. 

 

4.6  Chapter summary 

The SU-8/metal curled-up closure plate microvalve has been designed and 

fabricated to perform as the shutter of the tactile dot display system which is available by 

using MEMS technology. The microvalve consists of the orifice and the closure plate. The 

orifice which is the nickel substrate is fabricated by using X-ray LIGA and electroplating 

process. After polishing and planarization on the substrate, the closure plate is constructed 

on the orifice based on UV lithography fabrication. Using the wet etchnat of sacrificial 

material, the closure plate is curled away from the substrate resulting from the stress 

gradient between the bi-material. The microvalve is then experimentally measured the 

characteristics, including the volume flow rate, actuated voltage, and leak rate. Moreover, 

the electrical-mechanical model is introduced to estimate the actuated voltage of the closure 

plate, and the fluidic-mechanical model is also applied to evaluate the flow characteristics 

of the microvalve based on the system in a steady state. The pull-in voltage model has the 

results agree with the actual testing, but the other one have to be improved about the fluidic 

model for optimization of the microvalve design. 
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CHAPTER V 

DEVELOPMENT OF A PNEUMATIC TACTILE DISPLAY 

 

5.1  Introduction 

Development of the tactile dot stimulation based on pneumatic actuation is 

presented in this chapter. In the standard six-dot Braille display module as illustrated in 

Figure 5.1, a Braille dot with a diameter of 1.45 mm and a height of 480 µm is formed in 

two columns each of which contains three dots. This implies that the developed tactile 

display must be in this configuration. 

 

 

 

 

 

 

 

 

Figure 5.1 The nominal Braille specifications as set by the National Library  

Service for the Blind and Physically Handicapped (NLS). 

 

The main objective of this chapter is a working prototype of the novel pneumatic 

tactile dot stimulation based on X-ray LIGA technology. The development of elastic 

polymer tactile display, polymethylsiloxane (PDMS, known commercially as Sylgard), is 

the first presentation in Section 5.2. Three bonding methods between PDMS membrane and 

SU-8 tactile structure are proposed to utilize in the tactile dot under the applied pressure. 
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Deflection of the membrane is measured and analyzed to calculate in the load-deflection 

model. Section 5.3 introduces SU-8 tactile dot structure fabricated by X-ray LIGA which is 

developed and driven as rigid tactile dot stimulation. Multilayer construction of SU-8 

photoresist is performed and created as a small piston inside a display panel, resulting in 

obvious sensation of the dot rising. Section 5.4 presents two prototypes of the refreshable 

tactile display. The SU-8 tactile display placing on PDMS membrane is the first proposed, 

followed by the SU-8 dot stimulation placing on the curved spring segment. The summary 

of this chapter can be found in Section 5.5. 

 

5.2  Tactile Dot Display with a PDMS Membrane  

PDMS is one of polymer material that is always used in micro-fluidic application. 

Flexible structure with compatibility at low cost including convenient preparation and 

organization is the advantage in consideration this material for many applications. Micro-

channel construction is continuously performed in the basic structure of medicine and 

biotechnology through the molding and bonding technique (Mokkapati et al., 2008). At the same 

time, the repeated structure by using PDMS mold has been greatly adapted to micro-part 

commercial in order to reduce the cost and improve the performance (Kim et al., 2002). 

Moreover, other research is illustrated this material compatibility with smart device such as 

micro-pump (Jeong and Konishi, 2005), and tactile display (King et al., 2008; Pappas et al., 

2009).  

5.2.1  PDMS – SU-8 bonding 

After the PDMS membrane and SU-8 tactile structure have been fabricated 

as described in Chapter 3, the next step in driving to the complete Braille display is the dot 

demonstration under the applied pressure. The main process in this section presents 

techniques to create the suspended PDMS membrane on the orifice of the SU-8 tactile 

structure. 
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The basic knowledge of PDMS bonding is the creation of the hydroxyl 

group (OH) on the surface by exposure to oxygen plasma. The materials which have the 

composition of silicon can be treated to permanently fix them together. However, the cross-

linked SU-8 does not support on this principle. Although PDMS membrane and SU-8 

surface are altogether exposed to 100% oxygen plasma at 300 mTorr and 200 W RF power 

for 2 minutes and suddenly fixed them together as shown in Figure 5.2 (a), the permanent 

fix resulted from OH group is not created between them. The PDMS membrane can be 

peeled away from the substrate (SU-8 structure) when the sample is held at the applied 

pressure of 16.38 kPa as shown in Figure 5.2 (b). This implies that only the Van der Waals 

force is generated between the interface bonding as a temporary bonding which is hard to 

resist the applied pressure. 

 

  

 

 

(a)  (b) 

 

Figure 5.2 Plasma bonding (a) PDMS membrane fixing on the SU-8 tactile structure and 

(b) peeling of PDMS membrane under the applied pressure of 16.38 kPa. 
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Therefore, the new method has to be investigated to meet this goal. Three 

methods of bonding techniques are presented for the tactile display based on the bonding 

between PDMS membrane and the SU-8 structure. 

5.2.1.1 PDMS – PDMS/SU-8 Plasma bonding 

The conventional method for PDMS bonding to another smooth 

surface such as glass, silicon, and PDMS is oxygen plasma which creates a tight seal caused 

by Si-O-Si bond between them. The initial state of PDMS surface is the hydrophobic which 

does not support the flow of water as shown in Figure 5.3 (a). 

 

  

 

 

 

 

(a) (b) (c) 

 

Figure 5.3 (a) Hydrophobic state before oxygen plasma (b) oxygen plasma treatment on the 

PDMS surface and (c) hydrophilic state after oxygen plasma. 
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Oxygen plasma treated on the PDMS surface with sufficient power changes the upper 

methyl group to hydroxyl group (OH) which is combined to create a free silanol group (Si-

OH) with silicon atom as shown in Figure 5.3 (b). The surface property of PDMS is 

changed to hydrophilic that allows the water flow on the surface by the bonding of oxygen 

and hydrogen atom as shown in Figure 5.3 (c). In the same way of water, two PDMS 

surfaces can be bonded together by creating of hydrophilic on both surfaces under the 

oxygen plasma treatment which produces the bond of Si-O-Si at the interface of polymer 

and release the water when the process is finished as shown in Figure 5.4. 

 

 

 

 

 

 

Figure 5.4 Chemical structure of PDMS-PDMS bonding by oxygen plasma. 

 

Because the PDMS membrane cannot be bonded on the closslinked 

SU-8 surface by using oxygen plasma, the bonding method of PDMS – PDMS/SU-8 is 

developed and presented in this section. Figure 5.5 illustrates the fabrication sequences of 

this bonding method which is begins by the spin-coating and curing of PDMS membrane on 

the SU-8 tactile display as shown in Figure 5.5 (a). Partial PDMS coated on the surface 

flow down into the orifice and coat on vertical sidewall of SU-8 which is helped to catch 

the cured PDMS to the wall as the mechanical lock. At the same time, PDMS membrane 

that has been prepared on AZ sacrificial layer is brought to bond with the PDMS/SU-8 

structure by mean of exposing in 100% oxygen plasma at 300 mTorr and 200 W RF power 

for 1.30 minutes as shown in Figure 5.5 (b). After compression by a mass of 1 kg weights, the 
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sample is released from the substrate by removing of the sacrificial layer, resulting in 

suspended PDMS membrane as shown in Figure 5.5 (c).    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Fabrication sequences of the tactile dot by using 

PDMS-PDMS/SU-8 plasma bonding.  

 

The sample which has been suspended with the PDMS membrane 

is initially tested the load-deflection to evaluate the sealing performance. Because this 

method is based on the reaction caused by oxygen plasma which naturally gives the 

permanent bonding between the surfaces, the deflection of the membrane is gradually 

applied to the reference differential pressure of 27.6 kPa (Yobas et al., 2003). Although the 

suspended PDMS membrane can be fixed strongly on the other one, it cannot suffer from 

this applied pressure. As demonstrates in Figure 5.6, the upper PDMS membrane is peeled 

from the other one resulting from the non-uniform on the interface. Even though the spun 

PDMS membrane is resulted from spin-coating process at high rotation speed, SU-8 tactile 
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panel does not provides flat bonding surface like as the surface of glass or silicon wafer. 

This roughness reduce the interface area between them result in the peeling on partial area 

of the upper PDMS membrane. 

 

 

 

Figure 5.6 Peel-off damages of the PDMS membrane after testing. 

    

To solve this problem, the area of PDMS membrane will be limited in 

a display area of a standard tactile dot display by covering with the SU-8 tactile panel as shown 

in Figure 5.5 (d) and 5.7 (a). The sample is mounted on a holder as shown Figure 5.5 (e) and 

applied by the constant differential pressure of 27.6 kPa. The suspended membrane is 

rapidly raised up as shown in Figure 5.7 (b) without any damage on the sample. Then, the 

resultant deflection at the center of the membrane under various applied pressures is 

measured by the optical profiler which reports the load-deflection characterization as 

demonstrated in Figure 5.8. The deflection is increased when the differential pressure is 

gradually applied. The applied pressure is increased until the deflection at the center of the 

membrane equal or higher than the standard deflection of 480 µm which obtain at the 

differential pressure of 27 kPa for a spun PDMS at 5000 rpm. The maximum differential 

pressure is applied to 388 kPa which give the highest deflection at 618 µm for spun PDMS 

at 4000 rpm. 
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(a)  (b) 

 

Figure 5.7 Optical micrograph of the PDMS dot (a) OFF position and (b) ON position with 

deflected membrane under 27.6 kPa differential pressures. 
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Figure 5.8 Measured deflections of PDMS membranes  

prepared by various spin coating speeds.  

 

Although the oxygen plasma method did not provide perfectly 

bonding between the PDMS interface since the problem of the roughness area of SU-8 

structure, there are the way to utilize from the sample by limiting the display area using the 
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standard dot panel. However, the experimental result proves that the oxygen plasma 

bonding is difficultly applied to the PDMS surface which does not smooth enough. 

Therefore, another bonding method which does not depend on the smooth surface has to be 

developed to avoid this problem. 

5.2.1.2  PDMS – SU-8 wet bonding   

This method is performed during the PDMS membrane is staying 

in viscous state. After spin coating of PDMS membrane at 6000 rpm on AZ 1512 sacrificial 

layer as shown in Figure 5.9 (a), the SU-8 tactile structure is immediately placed on the wet 

PDMS film and compressed into the sticky PDMS by mass of 1 kg weights as shown in 

Figure 5.9 (b). The sample is totally cured at 90°C for 3 hours and allows them to cool 

down naturally. Figure 5.9 (c) shows the sample when the mass is moved out, and the 

sample is released from the substrate result in the effective bonding at this relatively low 

temperature. This can be described that the PDMS in viscous state are easily to insert into 

the plurality of small gap of SU-8 surface. The mechanical lock between them is produced 

and adheres well to SU-8 tactile structure when it was heated to condense the polymer film. 

The bonding strength test is performed through applying of nitrogen gas pressure to activate 

the deflection of membrane. The experimental result is shown in Figure 5.9 (d) which is 

tested controlling of the gas pressure regulator. 

The experimental results of the PDMS - SU-8 wet bonding is 

illustrated in Figure 5.10 (a) which shows the back side of the sample that demonstrates the 

membrane of PDMS consisting of thin and thick PDMS layer. As described above mention, 

this method is based on wet bonding which have SU-8 holes act as tubes place in the 

viscous PDMS. The consequent phenomena that happen naturally are capillary action 

which creates a concave meniscus at the lower end of the vertical SU-8 tube. The viscous 

PDMS is pulled up at the wall by surface tension (Batchelor, 2000). For this reason, the 

thickness of PDMS membrane inside the SU-8 orifice is slope down from the vertical 
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sidewall to the center. The diameter of PDMS membrane which can be supported for the 

dot display is decreased from 1450 µm to 720 µm as shown in Figure 5.10 (b). 
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Figure 5.9 Fabrication sequences of PDMS tactile dot by wet bonding (a) spin-coating 

PDMS on AZ potoresist sacrificial layer (b) placed SU-8 frame 

and press with a mass of 1 kg (c) release from the substrate  

and (d) test under an applied pressure.  
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(a) 

 

(b) 

 

Figure 5.10 The PDMS dot display resulting from wet bonding (a) bottom view and  

(b) side view with deflected membrane under applied pressure. 

 

Figure 5.11 shows the deflection of PDMS membrane under various 

differential pressures. The first pressure which can be detected by pressure sensor is 16.37 kPa 

resulting in the deflection of 203 µm. The applied pressure is gradually increased until reach 

the maximum differential pressure of 96.25 kPa that give the deflection of the membrane at 

368 µm. Since PDMS membrane at the center is very thin and easily deformed, the applied 

pressure have to be controlled carefully until the deformation reaches to the standard Braille 

display at 480 µm. However, the applied pressure damages the thin PDMS membrane which is 

extremely thin by surface tension caused by the capillary action as shown in Figure 5.12. 

Therefore, this bonding technique is not appropriate for the PDMS tactile fabrication. 
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Figure 5.11 Measured deflection of the PDMS membrane in  

PDMS – SU-8 wet bonding Braille dot. 

 

 

 

Figure 5.12 Damaged PDMS membrane under an applied pressure. 

 

5.2.1.3 PDMS tactile display by using SU-8 sacrificial material 

PDMS membrane is fabricated on the un-crosslinked SU-8 

sacrificial material which is planarized in a SU-8 hole by the reflowed casting and polishing 

process as shown in Figure 5.13 (a). Mixed PDMS is then spun on the surface as shown in 

Figure 5.13 (b). The membrane is cured in the oven at 45°C for 5 hours to avoid the reflow 

of SU-8 photoresist which can create the roughness on the PDMS membrane. After cooling 

down, the SU-8 photoresist is removed in the developer and rinsed in IPA and DI water, 
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resulting in the suspended membrane on the orifice as shown in Figure 5.13 (c). After 

drying in the oven at 60°C for 30 minutes, the membrane is covered by the SU-8 tactile 

panel as shown in Figure 5.13 (d). The tactile display is experimented in various differential 

pressures by setting the sample on the holder as shown in Figure 5.13 (e). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Fabrication sequences of a PDMS tactile dot by using SU-8 sacrificial material 

(a) planarized with SU-8 photoresist sacrificial (b) spin-coated PDMS 

membrane (c) released sacrificial (d) cover with SU-8 tactile  

panel and (e) test under an applied pressure. 

 

Figure 5.14 (a) shows the PDMS membrane is suspended on the 

SU-8 orifice after releasing of SU-8 sacrificial material. The SU-8 tactile panel that is 

placed on the membrane is applied to create the tactile dot as shown in Figure 5.14 (b). This 

panel is used to limit to size of the PDMS tactile dot into the standard display while the gas 

pressure is applied to the sample. Various spin-speeds are performed to create thin PDMS 

membranes which are used to evaluate the load-deflection behavior. Figure 5.15 shows the 
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results of the load-deflection characterization according to changing of PDMS spin speed 

coating. The deflection at the center of PDMS membrane is measured and collected for 

curve fitting of mathematical equation which will be described in the next section. The 

minimum differential pressure which can be detected by the pressure sensor is 0.06 kPa 

resulting in constants values at y axis. 

 

  

(a)  (b) 

 

Figure 5.14 (a) The PDMS membrane covering the SU-8 orifice and 

(b) SU-8 tactile panel placing on the membrane. 
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Figure 5.15 Load-deflection characterizations according to PDMS spin speed coating. 

 

5.2.2  Load-deflection of circular PDMS membrane with a uniform pressure 

The mathematic equation which is used to estimate the deflection of PDMS 

membrane in response to the applied pressure has been developed from the load-deflection 

method. For membranes with diameter of 300 µm or larger were based on a hemispherical 

shape as illustrated in Figure 5.16. The model for the membrane behavior which was 

proposed by Allen (1986) and Pan et al. (1990) is given by Equation (5.1). 

 

 

 

 

 

Figure 5.16 Deflection of a suspended PDMS membrane in reaction to an applied pressure. 
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where P is the applied pressure, d is the center deflection, a the radius of membrane (725 

µm), t is the PDMS film thickness, E is the Young’s modulus, ν is the in-plane Poisson 

Ratio of PDMS (0.5), σ0 is the residual stress, and )1/( vE   is the biaxial modulus. The 

geometrical coefficients C1, C2, and f(ν) for the circular membrane are 4, 2.67, and 

1)233.0026.1(  v , respectively. 

 

The fabrication of PDMS membrane is performed on a smooth surface and 

condensed in the oven with low temperature. The residual stress is naturally generated in the 

membrane and the Young’s modulus of spin-coating PDMS is changed by mixing ratio and 

curing temperature. Because E  and 0  of PDMS material do not based on the standard 

value, they are unknown that have to be estimated from the experimental result by the load-

deflection method. Dividing both side of equation (5.1) by the center deflection of the 

membrane, resulting in the linear equation of BAXY   as shown in equation (5.2). The 

Young’s modulus can be calculated by equation (5.3), and the residual stress is achieved by 

equation (5.4). A is a slope value of the straight line and B is a intersect value on the P/d axis. 
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Figure 5.17 demonstrates the curve fitting by using linear regression method 

in estimation for the slope and linear equation of each data. The plot P/d vs. d2 are used to 

calculate the Young’s modulus and residual stress of the membrane by using equation (5.3) 

and (5.4), respectively. The coefficients of the linear equation, Young’s modulus and 

residual stress, are demonstrated in Table 5.1 
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Figure 5.17 The relationship between P/d and d2 for the calculation of Young’s modulus 

and residual stress of the membrane. 
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Table 5.1 Calculated of residual stress and Young’s modulus values for PDMS membranes. 

Linear Eq. Y = AX + B 
Spin-speed 

(rpm) 

Thickness 

(µm) 
A B 

Residual 

stress (kPa) 

Young’s 

modulus 

(kPa) 

1000 90 7.884 × 10-6 3.383 × 10-1 493.941 5178.108 

2000 42 2.036 × 10-6 2.011 × 10-1 629.186 2865.467 

3000 29 9.508 × 10-7 1.104 × 10-1 500.250 1938.020 

4000 23 3.126 × 10-7 1.273 × 10-1 727.305 803.393 

5000 18 1.748 × 10-7 8.706 × 10-2 635.568 574.032 

6000 16 1.233 × 10-7 6.560 × 10-2 538.766 455.523 

 

By using the data of E and o  which were calculated from the experimental 

result, the mathematic model in equation (5.1) can be used to estimate the load-deflection of 

the PDMS model as shown in Figure 5.18.  
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Figure 5.18 Load-deflection curve for membranes with different 

thickness compare with the analytical model. 

 

5.2.3 Load-deflection experimental setup 

For the large deflection study of PDMS membrane, the experimental setup 

is organized as illustrated in Figure 5.19. The suspended PDMS membrane is mounted on 

the holder and fixed to the pressure chamber which is connected to a pressure sensor. 

Nitrogen gas that is controlled by a pressure regulator is applied into the chamber, and the 

pressure sensor is operating continuously. For the deflection at the center of membrane, 

Veeco ® Optical Profilers is utilized to measure and display the deflection results on the 

monitor. 
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Figure 5.19 Load-deflection experimental setup. 
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5.3  SU-8 Tactile Display 

Since the tactile dot display which is touched directly to the fingertip have to give 

the obvious sensation and different from the normal state. The material that is affected on 

the skin must strength enough to activate the perception. Although the PDMS membrane 

for tactile display has been successfully fabricated, the feeling of dot actuation is not 

clearly. Therefore, the SU-8 tactile display has to be developed to improve the strong effect 

of the dot activation. Figure 5.20 shows the concept operation of the piston SU-8 tactile 

display consisting of a movable tactile dot and a display panel (cylinder). Distance about 

500 µm inside the display panel allows the dot move up for its presentation when it is 

actuated by the supplied pressure.  

 

 

 

 

 

 

 

 

 

Figure 5.20 Schematic diagram of a SU-8 tactile display (a) OFF and (b) ON position. 

 

The automatic sealing when the tactile dot is rose up to the maximum distance is the 

key mechanism of this designed structure. Gas leakage are always happened and increased 

gradually between a space of the piston and cylinder while the dot is rising up. At a 
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sufficient applied pressure, the gas leak will be stop since the base of tactile dot closes the 

gas outlet resulting in the high differential pressure that resists the load from the fingertip. 

The structures of them have to be vertical side wall which provides convenient movement, 

as well as the ultra-thick film with a narrow space in order to reduce the gas leak while the 

dot is lifting up. Therefore, X-ray LIGA technology is utilized for this tactile structure. Two 

methods of SU-8 X-ray LIGA fabrication are developed to create the small piston that acts 

as the tactile dot. First is the assembled SU-8 tactile display which constructs both of them 

simultaneously and assemble them later. Second is SU-8 tactile display by releasing of 

sacrificial layer. The tactile dot is only fabricated and covered with sacrificial material 

before forming of the display panel. Movable tactile dot will be achieved when the 

sacrificial material is removed. 

5.3.1  Assembled SU-8 tactile display 

Figure 5.21 illustrates fabrication sequences of the assembled SU-8 tactile 

display which consists of two layers of the tactile dot structure and the display panel. The 

substrate which was coated with a thin sacrificial layer is placed a 300 µm-thick SU-8 

photoresist and constructed the first pattern by using X-ray lithography from synchrotron light 

as shown in Figure 5.21 (a). Then, the second SU-8 layer with thickness of 800 µm is reflowed 

to cover the previous structure and created the thick film structure by alignment through a 

transparent X-ray mask on the sample before X-ray exposure as shown in Figure 5.21 (b). After 

development, all of them are removed from the substrate by etching of sacrificial layer as 

shown in Figure 5.21 (c). Finally, the tactile dot is inserted into the orifice of the display 

panel. 
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Figure 5.21 Fabrication sequences of an assembled SU-8 tactile display. 

 

Figure 5.22 (a) shows top view of the two layers of SU-8 tactile display before 

removing from the substrate. At the center of the display panel as shown in Figure 5.22 (b) is 

provided a two step orifice that allows the tactile dot insert a small SU-8 pin into a small 

orifice, while a large orifice is used to support a large SU-8 pin that need to limit the 

moving distance of the tactile dot as shown in Figure 5.22 (c). Figure 5.22 (d) demonstrates 

the assembled SU-8 tactile display having the SU-8 tactile dot inside the orifice of the 

display panel. 
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(a)  (b) 

  

(c)  (d) 

 

Figure 5.22 Photographs of a two layers of SU-8 tactile display.  

 

The assembled tactile display is placed on a substrate which provides a 

small orifice to support the tactile dot for the applied pressure as shown in Figure 5.23 (a). 

Then, the gas pressure is applied into the sample as shown in Figure 5.23 (b). Gas leakage 

is sealed while the large SU-8 pin is reached up to the boundary of small orifice with 

distance about 500 µm. This demonstration is proved clearly about the difference feeling of 

the rigid dot display by 3 testers who wear a glove while they fingertip were touching. 
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(a)  (b) 

 

Figure 5.23 The assembled SU-8 tactile dot display on the PDMS membrane  

for actuation (a) OFF position and (b) ON position. 

 

5.3.2 SU-8 tactile display by releasing of sacrificial layer 

Basic idea of this process is based on the sacrificial layer between the 

structures which can be removed by selected wet etching as described in chapter 3 (Deekla 

et al., 2009). This technique is different from the assembled SU-8 tactile display because 

the tactile dot is only constructed on substrate and formed the tactile panel later. Fabrication 

sequences for the released tactile display are demonstrated in Figure 5.24. Two layers of 

tactile dot structure are first constructed on a graphite substrate by using X-ray lithography, 

and sacrificial material is then conformally covered to separate the tactile dot from the 

display panel as shown in Figure 5.24 (a). The SU-8 photoresist is reflowed to form the 

display panel as shown in Figure 5.24 (b). Top surface of the sample is polished until the 

sacrificial area is appeared as shown in Figure 5.24 (c). The sample is X-ray exposured to 

create cross-link inside the tactile panel, followed by soft-baking in the oven. After cooled 

down, the graphite substrate is removed by mechanical polishing until the silver area is 

clearly appearance as shown in Figure 5.24 (d). The piston is then released from the tactile 

panel by chemical wet etching of the sacrificial layer as shown in Figure 5.24 (e). Now, the 

~500 µm 
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display panel which has the same thickness as the tactile dot is polished by a sand paper to 

decrease the thickness for 500 µm. This is provided for the high of the tactile dot when it is 

refilled and vertically moved in the display panel as shown in Figure 5.24 (f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 Fabrication sequences of the released tactile dot display (a) conformally coat  

with sacrificial layer (b) reflow SU-8 photoresist (c) polish top surface 

(d) polish bottom surface (e) remove sacrificial layer and  

(f) polish the tactile panel and insert SU-8 pin. 

 

Two layers of tactile dot structure are constructed with thickness of 300 µm 

and 1000 µm on a graphite substrate by using X-ray lithography as shown in Figure 5.25 (a). 

The sacrificial material which is selected to cover the dot structure is aluminum from 

sputtering process. All surface of the dot structure is conformally coated by using rotating of 

Al Graphite SU-8 
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DC motor inside the DC sputtering chamber as shown in Figure 5.25 (b). Then, SU-8 powder 

are reflowed by heating inside the vacuum chamber to covering overall structure, followed by 

polishing process until the appearance of sacrificial ring as shown in Figure 5.25 (c). After 

removing of substrate, the tactile dot is released from the display panel by etching in wet 

etchant such as hydrofluoric acid (HF). The etchnat is inserted both of top and bottom area 

and create the narrow gap around the tactile dot as shown in Figure 5.25 (d). After etching 

process, the structure should automatically release from each other, but this case is not. The 

sacrificial material which is performed by DC sputtering at 200 W for 30 minutes give the 

aluminum thickness about 0.73 µm, while the vertical sidewall structure of multilayer of 

SU-8 structure is not perfectly smooth. Although aluminum can be coated overall surface, it 

is not thick enough to release the dot easily. As shown in Figure 5.26, the structure is 

separated by mechanical force that resulted in cracking in the tactile panel. To solve the 

problem, the thickness sacrificial layer must be increased by another coating method.  
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(a)  (b) 

  

(c)  (d) 

 

Figure 5.25 Fabrication process of the tactile display by releasing of the sputtered sacrificial 

material (a) construct two layers of SU-8 tactile dot (b) conformally  

coat Al sacrificial layer (c) polish top surface to open Al layer  

and (d) remove sacrificial layer. 
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Figure 5.26 The cracked structure when the tactile dot is forced to release form the panel. 

 

Another material which is selected to utilize as the sacrificial material have 

to be easily increased thickness and removed. The metal such as copper, nickel, and silver 

can be electroplated to increase the thickness, and they have been selectively etched in 

microfabrication. Therefore, silver will be used as the sacrificial material since it can be 

coated by sputtering and the wet etchant can rapidly remove it from the structure. As 

illustrated in Figure 5.27 (a)-(c), two layers of tactile dot which were constructed on the 

graphite substrate is conformally covered with silver sacrificial material by DC sputtering 

process at 200 W for 10 minutes. Then, the sample is electroplated to achieve silver 

thickness about 50 µm as shown in Figure 5.27 (d). The display panel is formed to cover 

the overall structure by SU-8 reflowed casting in the vacuum chamber, and the top and 

bottom surface are polished to open the area of silver material as shown in Figure 5.27 (e) 

and (f), respectively. To release them from each other, the sacrificial material which was 

opened at the top and bottom area allow the wet etchant insert into the panel and 

automatically separate the tactile dot from the display panel as demonstrated in Figure 5.27 

(g) and (h), respectively. Finally, the thickness of the panel is only decreased for 500 µm by 

polishing from top surface, and the tactile dot is re-inserted into the panel having the total 

thickness less than the tactile dot about 500 µm.  
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(a)  (b) 
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Figure 5.27 Fabrication process of the released tactile dot by silver sacrificial material  

(a) construct 300 µm-tick SU-8 photoresist (b) construct 800 µm-thick  

SU-8 photoresist (c) coat Ag seed layer by sputtering (d) increase Ag 

thickness by using electroplating (e) polish top surface (f) polish 

bottom surface (g) remove Ag sacrificial layer and (h) polish  

SU-8 tactile panel and insert SU-8 tactile dot. 
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(e)  (f) 

  

(g)  (h) 

 

Figure 5.27 Fabrication process of the released tactile dot by silver sacrificial material  

(a) construct 300 µm-tick SU-8 photoresist (b) construct 800 µm-thick  

SU-8 photoresist (c) coat Ag seed layer by sputtering (d) increase Ag 

thickness by using electroplating (e) polish top surface (f) polish 

bottom surface (g) remove Ag sacrificial layer and (h) polish  

SU-8 tactile panel and insert SU-8 tactile dot (Continued). 

 

The next step is the assembly of the released tactile dot display. Two 

layers of SU-8 thick film are first prepared for a supporter of the tactile dot by using X-

ray lithography as shown in Figure 5.28 (a). This SU-8 supporter is comprised of a small 

orifice used to support the tactile dot and the large orifice for the dot housing as shown in 

Figure 5.28 (b). Then, the tactile panel is covered as shown in Figure 5.28 (c) and the 

nitrogen gas is applied to test the tactile dot actuation as shown in Figure 5.28 (d). 

50 µm 
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(a)  (b) 

  

 

 

(c)  (d) 

 

Figure 5.28 The assembly of the released tactile dot display (a) prepare a supporter of  

SU-8 tactile dot (b) place SU-8 tactile dot inside the supporter (c) cover 

with SU-8 tactile panel and (d) test under an applied pressure. 

 

5.4  Refreshable Tactile Display 

 The main objective of this research is the refreshable tactile display based on 

repeatable mechanical function. This section will be described the development of the 

repeated mechanism which have two techniques on the basis of SU-8 tactile dot display. 

~500 µm 
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The first technique can be worked on PDMS membrane which was suspended on the orifice 

and flexible in vertical direction. The second technique is improved from the SU-8 piston 

tactile display by adding of two spring curved segments with one support under the tactile 

dot. These help to pull the tactile dot back from actuating state and make them easily to 

perform as the pneumatic refreshable Braille display systems.  

5.4.1 PDMS spring element for the SU-8 refreshable tactile display 

To increase the effective display of the tactile dot, the suspended PDMS 

membrane and the SU-8 tactile display are combined together by placing the SU-8 tactile 

dot on the PDMS membrane. The SU-8 dot is fixed on the membrane by the SU-8 2002 

photoresist, resulting in refreshable display of the tactile dot. PDMS membrane is used as a 

spring element pulled the tactile dot back to the normal state.  

 

 

 

 

(a)                          (b) 

 

 

 

(c)                            (d) 

 

 

Figure 5.29 Fabrication sequences of the PDMS/SU-8 refreshable tactile display (a) paint 

glue at the center of suspended PDMS membrane (b) place SU-8 tactile 

dot on the membrane (c) cover with SU-8 tactile panel and  

(d) test under an applied pressure. 

 

SU-8 tactile display SU-8 2002 Substrate 
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Figure 5.29 demonstrates fabrication sequences of the refreshable tactile 

display which has the PDMS membrane suspended on the SU-8 orifice. The glue used to 

attach them together is SU-8 2002 photoresist which is not naturally allow to flow on the 

PDMS membrane resulting from the hydrophobic state. To make the liquid SU-8 attaching 

on the membrane, the PDMS membrane is first treated in 100% oxygen plasma at 200W for 

1.30 minutes, and the SU-8 is then painted at the center of the membrane by a pin as shown 

in Figure 5.29 (a). The SU-8 dot is manually aligned and placed at the center of the 

membrane as shown in Figure 5.29 (b) and 5.30 (a). The sample is baked in the oven at 

70°C for 1 hour and cooled down naturally. The fixed SU-8 dot is covered with the SU-8 

panel as shown in Figure 5.29 (c) and 5.30 (b). The sample is mounted on the holder and 

applied the gas pressure with various frequencies to evaluate the repeatable tactile display. 

 

  

(a)  (b) 

 

Figure 5.30 (a) The SU-8 tactile dot attaching on the PDMS membrane and 

(b) covering the tactile dot with the SU-8 panel.  

 

Figure 5.31 (a) shows the normal state of the tactile dot that is hided in the 

display panel. The sufficient differential pressure can push the PDMS membrane up 

resulted in the raising of the tactile dot upon the panel with a high of 500 µm as shown in 

Figure 5.31 (b). The applied pressure which is used to actuate the tactile display can be 
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estimated from the load-deflection behavior as described in Section 5.2.2. Furthermore, the 

refreshable display can be performed with various frequencies. 

 

  

(a)  (b) 

 

Figure 5.31 (a) The normal state and (b) the actuated state of the SU-8 

refreshable tactile display with PDMS spring element. 

 

5.4.2 Curved spring segments for the SU-8 refreshable tactile display 

Since the SU-8 piston does not provide the restoring part of the tactile dot 

display, spring curved segments are added under the piston to pull the tactile dot back to the 

normal state. Figure 5.32 illustrates the schematic of two curved segments with one support 

which has a span angle Ø of 174º and a radius R 1000 µm. A beam width of the metal 

spring w is 100 µm and the thickness t is 30 µm based on the nickel electroplating process. 

The metal mesh at the center of the curved segment is used to support the SU-8 tactile dot 

structure which is constructed by X-ray lithography. The dimensions and the nickel 

properties corresponding to this structure are listed in Table 5.2.   
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Figure 5.32 Schematic layout of the curved spring segment with one support. 

 

Table 5.2 The dimensions and the nickel properties of the curved spring segment. 

Characteristics Details 

Beam radius, R 1000 µm 

Beam width, w 100 µm 

Beam thickness, t 68 µm 

Span angle, Ø 174° 

Young’s modulus of electroplated Ni, E 205 GPa (Luoa et al., 2004) 

Poisson’s ratio of Ni, ν 0.31 

 

The spring is fabricated by electroplating of nickel material which is formed 

in AZ P4620 photoresist mold as shown in Figure 5.33 (a). After removing of the mold as 

shown in Figure 5.33 (b), the first 400 µm-thick SU-8 photoresist is constructed on the center 

Ø = 174°

R = 1000 µm w = 100 µm 
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of the metal mesh by using X-ray lithography as shown in Figure 5.33 (c). Then, 900 µm 

thick SU-8 is next built at the center to perform as the tactile dot as shown in Figure 5.33 (d).  

 

  

 

 

(a)  (b) 

  

 

 

 

(c)  (d) 

 

 

Figure 5.33 Fabrication sequences of the spring SU-8 tactile dot display. 

 

 

 

 

Nickel PCB 1st SU-8 structure AZ P4620 2nd SU-8 structure 
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At the same time, the tactile panel is simultaneously fabricated with the 

tactile dot as shown in Figure 5.34 (a). The panel with size of 1 cm × 1 cm is constructed at 

the center of the substrate by using multi-layer X-ray lithography. The first layer which is 

an orifice with diameter of 1500 µm perform as the display panel for the moving path of the 

SU-8 pin, while the second layer provides the orifice for the moving of the metal spring and 

a mechanical lock of spring structure as shown in Figure 5.34 (b). 

 

  

(a)  (b) 

 

Figure 5.34 (a) The display panel with the tactile dot on the substrate 

and (b) two layers of the display panel.  

 

The spring/SU-8 tactile dot and display panel are removed from the substrate 

by etching of sacrificial layer as shown in Figure 5.35 (a). The dot is flipped and placed in the 

panel by manual alignment. The SU-8 ring which is the part the metal spring is inserted into 

the arc-hole of the tactile display and fixed by epoxy glue as shown in Figure 5.35 (b). 

Figure 5.36 (a) illustrates the moving of the tactile dot resulting from the mechanical force by 

pressing of a pin under the tactile dot causing the display distance of 500 µm upon the panel 

as shown in Figure 5.36 (b). The restoring force from the metal spring can pull the dot back to 

the normal state of the refreshable tactile display. 

Layer 1 Layer 2 

Mechanical 
lock 
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(a)  (b) 

  

Figure 5.35 (a) The SU-8/spring tactile dot and (b) the assembly of the tactile dot display. 

 

  

(a)  (b) 

 

Figure 5.36 (a) Moving of the dot resulting from the mechanical force 

and (b) the rising of the tactile dot on the display panel. 

 

5.4.3  Deflection of curved segments with one support 

The metal spring configuration of the refreshable tactile dot is the curved 

segment having the span angle Ø and the radius R as shown in Figure 5.37. The spring is 

fixed at one side while the other one is free end which is deflected by a constant force F 

from the external source. The bending, torsion, and direct shear are created at the fixed end 

~500 µm 
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and any section of the beam. Based on the energy method, the simple approach for 

deflection calculation is analyzed by the Castigliano’s theorem which is depended on the 

total strain energy.  

 

 

 

 

 

 

 

Figure 5.37 Curved segment of span angle loaded by force to the plan of the curve. 

 

Equation (5.5) is the general expression of the Castigliano’s theorem which 

is equal to the partial derivative of the total strain energy with respect to the direction of 

force (Shigley, 2004). The moments and torques at the fixed end and any section of beam 

can be calculated by Equation (5.6) and (5.7), respectively.  

 

F

U




  (5.5) 

 

sinFRM   (5.6) 

 

)cos1(  FRT  (5.7) 

 

where U is the total strain energy stored in structure, δ is displacement of the applied point 

of force in the direction of F. M  and T are the moments and torques on the span angle Ø on 

the beam having a radius of R, respectively. 
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To obtain the deflection at the free end, the small direct shear effect is 

neglected resulting in the total strain energy in Equation (5.8).  
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Therefore, the deflection δ at free end in the direction of F is calculated by 

Equation (5.9) which is substituted by the partial derivative of M and T in Equation (5.10) 

and (5.11), respectively. 
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where E is Young’s modulus, I is second moment of area (wt3/12), G is modulus of rigidity 

(E/2(1+ν)), w is beam width, t is beam thickness, ν is poisson's ratio, and J is polar second 

moment of rectangular section which is calculated by Equation (5.12). 
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The term after solving Equation (5.9) - (5.11) can be arranged the solution in 

Equation (5.13). The coefficients α and β are dependent on the span angle Ø in radians and 

defined in Equation (5.14) and (5.15), respectively. 
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 cossinsin43   (5.15) 

 

The spring constant k of one curved segment with one support can be 

estimated by using the relationship between force and deflection by Equation (5.16). 
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Since there are two curved segments, the spring constant of the tactile dot kt 

given by Equation (5.16) is two times the curved segment, the spring constant and 

deflection can be modified as giving in Equation (5.17) and (5.18), respectively.  
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The SU-8 piston is experimented under the applied pressure and measured 

the deflection by using the Veeco® profiler. Differential pressure is monitored in unit of 

Pascal (Pa) which is equal Newton/square meter (N/m2). To evaluate the differential 

pressure into force, the unit of Pascal is converted to Newton. The bottom area of the piston 

is 2402229.44 µm2 or 2.402 × 10-6 m2. Therefore, Newton unit can be obtained from Pascal 

unit by Equation (5.19).   

 

Force (N) = [2.402×10-6 (m2)] × [Differential Pressure (Pa)] (5.19) 

 

Figure 5.38 shows comparison of analytic curved spring segment (solid line) 

with the experimental results (points). The analytic deflection calculated by Equation (5.18) is 

greater than the experimental results. The single spring constant obtained by Equation (5.16) 

is 82.193 N/m while the total spring constant having two curved segments is 164.385 N/m 

achieved by Equation (5.17).  
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Figure 5.38 Comparison of analytic curved spring segment (solid line) 

with the experimental results (points). 
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5.5  Chapter Summary 

Many fabrication methods for the tactile dot stimulation have been proposed in this 

chapter. The first is the PDMS dot which is fabricated by using spin-coating technique and 

the suspended membrane of PDMS on the orifice of the SU-8 tactile panel. Although it is 

easily to apply for the pneumatic refreshable tactile display, the sensation on the fingertip is 

not given clearly enough. To solve this problem, the rigid SU-8 tactile structure is generated 

by using X-ray lithography. This method is based on the SU-8 powder reflowed casting 

which is helped to construct the thick photoresist layer, and the polishing technique is used 

to control to the final film thickness. Multi-layer X-ray exposure is basically performed 

through the transparent X-ray mask to create the tactile dot with the vertical side wall. 

However, these tactile do not provide the repeated mechanism which is not appropriate for 

the refreshable Braille display systems. Therefore, the spring mechanism is combined into 

the tactile dot rising for two methods. First, the SU-8 tactile dot is placed on the suspended 

PDMS membrane and repeated under various applied pressure. Second, the spring curved 

segment is fixed at the bottom of the tactile dot to pull the dot back to the normal state after 

the applied pressure is gotten away. Both of refreshable tactile displays are suitable to apply 

for the refreshable Braille display systems which will be tested for the force actuation under 

the applied pressure in next chapter. 
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CHAPTER VI 

EXPERIMENTAL OF REFRESHABLE TACTILE DISPLAY 

 

6.1  Introduction 

The SU-8 refreshable tactile displays which have been fabricated by using X-ray 

LIGA process are combined with the experimental setup to evaluate the tactile dot 

sensation and the tactile force. Experimental setup of the refreshable tactile display is 

described in Section 6.2. The testing setup and experimental diagram are presented to utilize 

in the force-pressure characteristics estimation. Section 6.3 demonstrates the force-pressure 

characteristics of the tactile display with PDMS spring element and curved spring segments. 

These can be used to evaluate the possibility of the tactile display based on the standard 

actuation. Section 6.4 presented the refreshable tactile display system by controlling of 

microvalve which has been fabricated in Chapter 4. Integrated microvalve is combined with 

the tactile display to play significant role in the refreshable Braille display system. Finally, 

the chapter summary is presented. 

 

6.2  Experimental Setup of the Refreshable Tactile Display 

Refreshable tactile displays with PDMS spring element and curved spring segments 

are arranged to test the force-pressure characteristics. The tactile display is held on a tactile 

display holder which is fixed on the pressure chamber as shown in Figure 6.1.  Two 

pneumatic pipes are fixed on side walls of the pressure chamber for the applied pressure 

and the input of a pressure sensor.  
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Figure 6.1 Chamber pressure with the tactile display holder. 

 

The assembled sequences of the tactile display with pressure chamber are shown in 

Figure 6.2. The refreshable tactile display is fixed on a tactile display support by epoxy glue 

sealed around the tactile panel as shown in Figure 6.2 (a). The tactile display support which 

was drilled at the center with diameter of 5 mm is placed on a thin PDMS layer used for 

leakage protection. The upper acrylic polymer of the pressure chamber drilled at the center is 

performed as a base of the tactile support as shown in Figure 6.2 (b). To pack them together, 

other thin acrylic polymer is used to compressed and tightly fixed with four screws to form 

the tactile display holder as shown in Figure 6.2 (c). At last, the chamber pressure is covered 

with the tactile display holder and firmly packs by four screws as shown in Figure 6.2 (d).   

After the tactile display was assembled with the pressure chamber, the experimental 

setup for the pneumatic refreshable tactile display is next consideration. The characteristics of 

the tactile display are measured via the testing setup illustrated by a diagram in Figure 6.3. 

Nitrogen tank supplies a constant pressure of gas through an 8 mm-diameter of pneumatic 

pipe to the pressure chamber. The 2nd pressure regulator is connected in series between the 1st 

pressure regulator and a solenoid valve to precisely control of the applied pressure. To 

switch on-off the tactile display, the solenoid valve is controlled by a programmable micro-

controller in the control box. The differential pressures inside the chamber is employed a 

pressure sensor while the force of tactile dot is measured through a force sensor. 

Pressure 
chamber 

Tactile 
display holder 

Apply 
pressure 

Applied to 
sensor 

Tactile display  
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Monitoring results of sensor are displayed on the gauge display which can be changed 

display mode between differential pressure mode and force mode. 

 

  

 

 

(a)  (b) 

  

 

 

 

 

 

  (c) (d) 

 

Figure 6.2 Assembled sequences of the tactile display with pressure chamber. 
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Figure 6.3 Experimental diagram of the tactile display. 

 

The objective of this testing is force-pressure characteristics of the tactile display. Because 

the touching sensation is based on the strength of the load resistance against the fingertip, the force 

of the tactile dot rinsing has to be investigated to ensure that the force actuating is reached to the 

standard of general tactile specification. Based on Kato et al. (2007), an actuation force of the 

tactile dot at least 1.5 gram-force (gf) has to be guarantee for the tactile display. To measure the 

force against the fingertip, individual FlexiForce® A201 sensor is placed on the tactile display as 

shown in Figure 6.4 (a). The 2nd pressure regulator gradually increased the applied pressure cause 

the raising up of the tactile dot, resulting in the force detection which is based on the amplitude of 

the applied pressure. Figure 6.4 (b) illustrates the force-pressure experimental setup consisted of 

the tactile display with force sensor, force calibration, pressure sensor, and gauge display.  
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(a)  (b) 

 

Figure 6.4 (a) Force sensor placing over the tactile display and 

(b) force-pressure experimental setup. 

 

6.3  Force-Pressure Characteristics of the Refreshable Tactile Display 

The refreshable tactile display will be set up and experimented to find the force that 

corresponds with applied pressure as described in Section 6.2. They results are recorded 

and plotted for the force-pressure curve to evaluate the tactile display performance. The 

tactile display with PDMS spring element is first experimented, followed by the tactile 

display with curved spring segments. 

6.3.1 Force-pressure of the tactile display with PDMS spring element   

To assemble the tactile display in experimental setup, the tactile dot is first 

fixed permanently on a 16 µm-thick PDMS membrane by the SU-8 3025 photoresist. This 

make the device is easily portable as shown in Figure 6.5. The PDMS membrane and the 

bottom of the tactile panel are treated in 100% oxygen plasma at 200 W for 1 minute. Then, 

the SU-8 3025 photoresist is painted around the tactile dot, followed by placing of the 

display panel and baking at 90°C for1 hour in the oven. After cooled down naturally, the 

portable tactile display is assembled into the tactile display holder.  

 

Force calibration Gauge display 

Pressure sensor 

Tactile display 
with force sensor 
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Figure 6.5 Portable tactile display. 

 

This portable tactile display with elastic PDMS membrane is set up on the 

force-pressure experimentation as shown in Figure 6.6. Since this tactile display does not 

provide built-in ventilation, the pressure chamber must supply the small gas vent under its 

chamber to recover the flat tactile surface after the applied pressure is closed. To create a 

single tactile dot, the solenoid valve is switched on and the 2nd pressure regulator is 

gradually increased until there is sufficient differential pressure across the tactile display. 

The PDMS membrane is elastically deformed and raises the tactile dot up which user can 

perceive this exciting as the single tactile dot. To recover the flat surface, the solenoid valve 

is closed and the trapped gas inside the pressure chamber discharge through the gas vent.  

Figure 6.7 (a) and (b) show the normal state and actuation state of the tactile display, 

respectively.   

 

 

 

 

 

 

Tactile dot 

Tactile panel 
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Figure 6.6 Experimental setup for the tactile display with PDMS spring element. 

 

  

(a)  (b) 

 

Figure 6.7 (a) The normal state and (b) the actuation state of  

the tactile display with PDMS spring element. 

 

Force-pressure characteristics are observed and demonstrated the experimental 

result in Figure 6.8. The force sensor can senses the first actuation force when the differential 

pressure reaches to 3.78 kPa. The maximum tactile force of the 16 µm-thick PDMS membrane 

under the maximum applied pressure of 16.87 kPa is 76.71 gf which is higher than the 

minimum requirement of the reference tactile force of 1.5 gf. 
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Figure 6.8 Force-pressure characteristic of the tactile display with PDMS spring element. 

 

6.3.2 Force-pressure of the tactile display with curved spring segments   

The tactile display with curved spring segments is set up in the 

pressure chamber of the force-pressure experimentation. This tactile display is naturally 

provided built-in vent which is a gap between the tactile dot and its cylinder. Therefore, the 

small gas vent under the pressure chamber is closed. In normal state, there are no 

differential pressures across the tactile display, resulting in hiding of the tactile dot inside 

the tactile panel as shown in Figure 6.9 (a). After the solenoid valve is switched on and the 

2nd pressure regulator feeds the applied pressure, the large pressure can develop across the 

tactile display and tactile dot is strongly stood. User can sense this actuation as a single 

tactile dot via their fingertip as shown in Figure 6.9 (b). To get back flat surface, the 

solenoid valve is switched off, resulting in decreasing of the pressure inside the chamber. 

The restoring force from the curved spring segments is strong enough to pull the tactile dot 

back to original state.   
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(a)  (b) 

 

Figure 6.9 (a) The normal state and (b) the actuation state of  

the tactile display with curved spring segments. 

 

The force-pressure experimental results of the tactile display are 

demonstrated in Figure 6.10. The applied pressure is increased and the excited force is 

recorded. The maximum differential pressure is 68.46 kPa result in an actuation force of 

82.76 gf which higher than the minimum requirement of the reference tactile display of 1.5 

gf. However, the force sensor is separated from the tactile dot with distance of 300 µm 

while the display distance of the tactile dot is 500 µm. The remained distance of 200 µm is 

the leakage hole of the applied pressure. Therefore, the total force that acts on the force 

sensor is summation of the gas leakage force and the tactile dot force resulted from the 

applied pressure. The force-pressure curve of this experimentation cannot indicate the exact 

characteristics of the tactile display.  
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Figure 6.10 Force-pressure characteristics of the tactile 

display with curved spring segments. 

 

To estimate the accurate load-pressure characteristic, another testing 

technique which can indicate any amount of load correspond with the applied pressure has 

to be performed. Figure 6.11 illustrates the weight-pressure experimental diagram that uses 

the tested weights indicator instead of the force sensing. Thin PDMS membranes are used 

as the tested weights which are placed on an aluminum disc placed on the tactile display. 

To find the real force of this tactile display correspond with the applied pressure, the tested 

PDMS weights in the range of 0.25 g to 10 g is placed on the aluminum and the applied 

pressure is increased until the tactile dot is rinsed to the maximum distance without any gas 

leakage. The applied pressure is recorded and reports the experimental data in Figure 6.12. 

The minimum different pressure which can raise the tactile dot up without any load and 

leakage is 33.92 kPa. The maximum weight of 10 g requires the applied pressure of 109.48 kPa 

to absolutely seal the gas leakage. 
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Figure 6.11 Weight-pressure experimental setup. 
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Figure 6.12 Weight-pressure characteristics of the tactile 

display with curved spring segments. 

 

Moreover, this tactile display is also tested by the fingertip of the human 

to evaluate the minimum sensation of user as shown in Figure 6.9 (a). The minimum applied 

pressure of 60.06 kPa can resists the pressing from the fingertip without any gas leakage. The 

experimental results can be used to guarantee this tactile display for the refreshable Braille display 

systems which perform as the interface device for the visually impaired. 
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6.4.  Refreshable Tactile Display by Controlling of Curled-Up Closure 

Plate Microvalve 

Microvalve which has been fabricated in Chapter 4 is combined with the tactile 

display with PDMS spring element. Figure 6.13 illustrates the assembled sequences of the 

refreshable tactile display with microvalve that use multipart of acrylic polymer as the 

holder and the pressure chamber. The portable tactile display is sandwiched by PDMS 

frames and compressed with parallel plates of acrylic polymer as shown in Figure 6.13 (a). 

At the same time, the microvalve which was bonded with copper wires on the ground 

electrode and the top electrode is placed on a PDMS membrane to prevent any gas leakage 

at the bottom, while the top surface is covered with a PDMS square frame provided a gas 

ventilation hole in discharging of the trapped pressure inside as shown in Figure 6.13 (b). 

The tactile display holder and microvalve are overlapped by placing the holder on the 

microvalve and fixed them together with screws as shown in Figure 6.13 (c). The applied 

pressure is fed into the pressure which is constructed as a rectangular box with a PDMS 

square frame placing on the top side wall as shown in Figure 6.13 (d). Finally, the holder is 

placed on the pressure chamber and tightly fixed with screws to ensure that there is 

minimum leakage. The completed setup of the refreshable tactile display with microvalve is 

shown in Figure 6.13 (e).  
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(a)  (b) 

  

 

 

 

(c)  (d) 

             

(e) 

 

Figure 6.13 Assembled sequences of the refreshable tactile display with microvalve. 
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For experimental set up, the high DC voltage source is connected to the microvalve 

while the pressure chamber is linked to the pressure regulator through the solenoid valve as 

demonstrated in Figure 6.14. The supply pressure is applied a constant pressure into the 

pressure chamber and monitored by the pressure sensor. The pressure inside the chamber is 

increased gradually by controlling of the 2nd pressure regulator until the tactile dot is raised 

up that can views through the microscope as shown in Figure 6.15 (a). Then, the high dc 

voltage is applied to the microvalve and increased gradually until the tactile dot is 

maximally downward as shown in Figure 6.15 (b). 

 

 

 

 

   

 

 

   

 

Figure 6.14 The experimental setup for the refreshable tactile display. 

 

As shown in Figure 6.15, the gas pressure which is applied to drive the tactile dot up 

to the maximum deflection is 42.98 kPa, resulting in the distance of 485 µm based on the 

deflection of the PDMS membrane with thickness of 16 µm. Then, the dc voltage is 

gradually increased until the tactile dot is maximally moved down with distance of 120 µm. 

The dc voltage of 150 V can be used to close the microvalve in this situation. The tactile 

dot is not absolutely flattened with the remained deflection of 365 µm cause by the leakage 

of the closure plate and the conductive substrate of microvalve as described in Chapter 4. 
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 (a)  (b) 

 

Figure 6.15 (a) Rising of tactile dot under the applied pressure and (b) the maximum 

downward distance after closing of microvalve.  

 

6.5  Chapter Summary 

Three types of the tactile display are set up to verify as the refreshable tactile display. 

They are combined with the tactile holder and the pressure chamber, and sealed by many 

parts of PDMS frame. The tactile display with PDMS spring element is first presentation. The 

obvious sensation of the tactile display can be achieved by the applied pressure of 16.87 kPa 

resulting in the force of 76.71 gf. The second is the tactile display with curved spring 

segments. The minimum differential pressure which can raises the tactile dot up without any 

load and leakage is 33.92 kPa. The maximum weight of 10 g requires the applied pressure of 

109.48 kPa to absolutely seal the leakage. Finally, the tactile dot with PDMS spring element 

is combined with the curled-up closure plate microvalve to operate as the refreshable tactile 

display. The applied voltage for closing the microvalve is 150 V for the applied pressure of 

42.98 kPa, resulting in the maximum downward distance of 120 µm. Since the closure plate 

of the microvalve is not absolutely close, the leakage is generated and the tactile dot is not 

flattened smoothly. However, the experimental results show the hope to utilize the 

microvalve for refreshable tactile display in the sensation device for the impaired people. 

120 µm 
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CHAPTER VII 

CONCLUSIONS AND FUTURE STUDIES 

 

7.1  Conclusions 

In this thesis, X-ray LIGA technology was investigated for the realization of a 

tactile display to attain a novel refreshable Braille display systems (RBDS). Among 

numerous RBDS, the pneumatic tactile display was concentrated on this research. This 

selection can be supported by advantage of pneumatic actuation which did not based on 

specific material or complicated fabrication. Just apply pressure under the tactile dot 

structure; a single visible dot can be actively managed for the position of a tangible 

refreshable Braille dot. Fast response time and low power consumption were achieved 

because the applied pressure can be suddenly switched on-off by controlling of a 

conventional valve.  

The tactile display prefer a rigid tactile dot more than a dome shape of elastic 

membrane. Although both of them can be displayed with a deflection of 480 µm-heights 

based on the Braille standard, the obvious sensation was mostly preferred on the rigid 

tactile display. Elasticity of the tactile membrane was a one major problem of a dome shape 

actuation. Polymer membrane provided large elongation with smooth surface but not robust 

and obvious enough to resist the mechanical load from a touch for a long time. Moreover, 

the excessive applied pressure can damage the elasticity of tactile membrane that does not 

provide the restricted deflection mechanism. Therefore, mostly of the RBDS always based 

on the rigid tactile dot mechanism as a pin shape forming in a tactile display for text and 

picture.  
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Many of tactile display had to be fabricated with special technique such as 

piezoelectric and solenoid actuation, which require specific material resulting in high cost, 

high technology, and difficult in maintenance. Therefore, the sample technique of tactile 

dot rising have to be invented to deliver the better solutions but still remain the performance 

of the touch sensation. Base on this requirement, if a lot tactile devices can be produced as 

commercial, the RBDS will be manufactured with the lower unit cost and delivered 

reasonable market price. To attain these requirements, X-ray LIGA technology which was 

applied from commercial IC technology is proposed to high-aspect-ratio microstructure and 

suggested to mass-produce micro-components at a low-cost production.  

This thesis concentrates on realization of tactile dots for RBDS utilizing X-ray 

LIGA process which is performed at the beamline BL-6 of the Synchrotron Light Research 

Institute (Public Organization), Ministry of Science and Technology, Thailand. Two 

specific tactile display mechanisms were formulated regarding the design of X-ray LIGA 

based on the pneumatic RBDS. The first mechanism that the tactile display can actively 

raise the tangible dot up with a thin PDMS membrane had been evaluated through the 

strength of suspended PDMS membrane on the X-ray LIGA structure. PDMS tactile 

display suspended by using SU-8 sacrificial material proposed the best suspended solution 

including the restoring force, the load-deflection characteristics and estimated mathematic 

models under the applied pressure. However, some disadvantages such as non-obvious 

sensation, dirty easily, and not durable under the excessive applied pressure, made it 

difficult to improve for the refreshable tactile display. The second mechanism that the 

single tactile dot can perform similar to the conventional tangible dot had been considered 

through a complicated X-ray LIGA structure. The tactile dot as a piston inside a cylinder 

had been successfully fabricated, resulting in the robust and obvious perception under the 

applied pressure. Nevertheless, the moving part without any repeated mechanism was a 

serious problem to apply it into the refreshable tactile display. 
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Consequently, the refreshable tactile display improved from two mechanisms was 

realized by combining them together for the first X-ray LIGA tactile display. The tactile dot 

was placed on the suspended PDMS membrane to create the spring element. It can operate 

as the rigid tactile display with the maximum applied pressure of 16.87 kPa resulting in the 

actuated force of 76.71 gf. Furthermore, the second X-ray LIGA tactile display was 

improved by adding two curved segments of metal under the tactile dot. These curved 

members act as the spring mechanism that hold the tactile dot inside the tactile panel and 

get back flat surface. It was operated as the refreshable tactile display with the maximum 

load of 10 g required the applied pressure of 109.48 kPa.  

To increase the performance of the refreshable tactile display systems, the curled-up 

closure plate microvalve was combined instead of the conventional valve to attain the 

convenient RBDS of the blind community. The microvalve was positioned under the tactile 

display with PDMS spring element and controlled by high dc voltage. In the repeat 

operation as the RBDS, the tactile dot can be move upward and downward at the actuated 

voltage of 150 V with maximum distance of 120 µm and 42.98 kPa applied pressure. The 

tactile dot was not absolutely flattened with the remained deflection of 365 µm cause by the 

leakage between the closure plate and the conductive substrate of microvalve. However, 

this innovation was demonstrated the possibility to bring out a new system that invents 

tactile display device as a new interface for visually impaired people. 

 

7.2  Future Studies 

In the future, X-ray LIGA technology will be realized the mass-product of the 

tactile display into a Braille cell. Both of the tactile display with PDMS spring element and 

curved spring segments can be formed in a rectangular shape containing 3 × 2 dots as 

shown in Figure 7.1 (a). The tactile dot display can be actuated by using the conventional 

valve or assembled with the microvalve as shown in Figure 7.1 (b).  
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        (a)                        (b) 

 

Figure 7.1 (a) Braille display by combining of 6 LIGA tactile dots 

and (b) the tactile display controlled by microvavle. 

 

To supply the pneumatic pressure into the tactile display, the portable pneumatic 

supplier has to be invented to make the portable RBDS device. Figure 7.2 illustrates the 

schematic tactile display with the pressure supplier which consists of 2 sections. First, the 

pneumatic supply pressure box composes of an air pump, pressure tank, pressure sensor, 

and pressure controller. They are formed into an aluminum box and utilized to feed the 

applied pressure into the tactile display. The supply pressure is defined to provide the 

maximum pressure as 50 kPa and precisely controlled by a pressure regulator before apply 

through a solenoid valve that is switched by programming of a controller. The actuated 

pressure is always checked by a pressure sensor to protect the excessive applied pneumatic 

actuation. 
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Figure 7.2 The schematic tactile display with the pressure supplier. 

 

The tactile displays which are formed into the Braille cell will be controlled to 

display a Braille character by using a microcontroller as shown in Figure 7.3. 

Microcontroller such as AVR-ATMEGA168 which is combined in the Arduino single 

board microcontroller is programmed to classify Braille codes. Artificial neuron network is 

built in the microcontroller by using a weight [w] and bias [b] training in Braille code 

classification. Keyboard transmits inputs in ASCII codes which are converted into 8 bits 

binary for inputs [p] of neuron network before classifying the Braille codes into 6 bits 

binary [y]. Outputs of microcontroller correspond with 6 dots of Braille characters that are 

 

Tactile display 

Pressure sensor 

Controller 

Controller 

Pressure sensor 

Pressure tank Air pump 

Pressure 
regulator 

Pneumatic 
valve 

 

Pn
eu

m
at

ic
 s

up
pl

y 
pr

es
su

re
 b

ox
 



 

180

controlled by solenoid valve on each tactile dot. Drive circuit accepts output signal with 

logic voltage of 5 Vdc to be a supply voltage of photo-transistor (TLP521) as shown in 

Figure 7.4 (a). After the transistor is switched-on, a direct current from 12 Vdc supply 

voltage flows from pin #4 to #3, resulting in a supply voltage (VGS) of a power MOSFET 

(IRFZ44N). Direct current IDS can flows by connecting of pin D to pin S, and the solenoid 

valve is then turned on. The air pressure is fed through the valve into the RBDS and the 

tactile dot is raised up to display the Braille character.    

In case of RBDS with microvalve, a drive circuit of microvalve corresponds with the 

input logic from microcontroller is illustrated in Figure 7.4 (b). High voltage solid state relay 

(LH1540) is used as a switch to support high voltage of power supply for microvalve actuation. 

The output signal activate pin #1 of the relay that allow a connection between pin #6 and #4. 

Therefore, high voltage can be applied to the upper electrode of microvalve while the 

bottom electrode is connected to ground in the drive circuit. 

 

 

 

 

 

 

 

 

Figure 7.3 Braille display drive circuit with microcontroller. 
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Figure 7.4 Drive circuits of (a) solenoid valve and (b) microvalve. 

 

In addition, the microvalve can be improved to reduce the actuated voltage by using 

X-ray LIGA technology. As described in Chapter 4, the curled-up closure plate microvalve 

has a thin film of SU-8 membrane as the main closure plate structure that can be easily 

deflected away from the substrate under the applied pressure, resulting in the high voltage 

actuation. Increase the thickness with high aspect ratio microstructure as shown in Figure 7.3, 

the vertical deflection of the closure plate can resists the pressure load under the gap 
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entrance. The separation between electrodes is always small resulted in the high 

electrostatic forces which pull the closure plate down and close the inlet orifice. The 

actuated voltage is reduced by decreasing of spring stiffness with tetragonal square spiral 

structure. The gas flow through the microvalve can be adjusted and utilized in many 

applications. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 Vertical actuator for microvalve application. 
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****************************************************************** 

Process sequences of X-ray mask with silver absorber on transparent membrane  

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of X-ray 

mask with silver absorber on transparent membrane in Chapter 3, Section 3.2.2.  

1. Clean copper rings which have inner and outer diameter of 39 mm and 48.1 mm, 

respectively, by using the sand paper number 800, followed by washing with HCl 10%v, DI 

water, super sonic in DI water, DI water, and dry surface with nitrogen gas. 

2. Bake the copper rings in an oven at 90°C for 1 hour, and cooled down naturally. 

3. Fix copper rings on a transparent sheet by using epoxy (Epoxy Fixed®) mixed 

with ratio of 1 : 1, leaved at room temperature for 10 hours. 

4. Separate fixed copper rings by a scissor and clean the transparent sheet by 

cotton soaked with IPA, wash the sample in DI water, dry with nitrogen gas, and baked in 

the oven at 70ºC for 1 hour. 

5. Deposit 500 Å Cr and 500 Å Ag plating base by using evaporation. 

6. Spin-coat a layer of 40 μm thick AZ P4620 at 300 rpm for 5 seconds and ramp 

to 400 rpm for 30 seconds. 

7. Soft-bake the sample suddenly in the oven at 90°C for 4.30 hours, and cooled 

down naturally on an insulator for 1 hour. 

8. Expose UV light on AZ layer with 5460 mJ/cm2 dose through mask.  

9. Develop the sample in 4 g : 1 g : 200 ml KOH : H3BO3 : H2O, wash the sample 

in DI water, and dry the sample with nitrogen gas. 

10. Electroplate a 20 µm thick Ag with current density of 5 mA/cm2, wash the 

sample in DI water without drying. 

11. Electroplate a 0.5 µm thick Ni with current density of 5 mA/cm2, wash the 

sample in DI water and dry the sample by nitrogen gas. 
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12. Remove AZ P4620 mold by acetone and wash the sample in DI water. 

13. Remove seed layers of Ag and Ti with 10 : 1 NH4OH : H2O2 and HF 5%v, 

respectively, rinses in DI water and dry with nitrogen gas 

 

****************************************************************** 

Process sequences of SU-8 powder preparation 

****************************************************************** 

This appendix contains the detailed process sequences used in preparation of SU-8 

powder in Chapter 3, Section 3.3.1. 

1. Clean aluminum disc with acetone, DI water, and dry with nitrogen gas, 

followed by baking in an oven at 90ºC for 30 minutes. 

2. Laminate a PI tape onto the disc and clean with IPA, DI water. Dry PI surface 

with nitrogen gas and bake in the oven at 90ºC for 30 minutes. 

3. Pour liquid SU-8 2100 onto the PI sheet for 6 grams and spread over the PI surface. 

4. Soft-bake suddenly at 95ºC on a hot plate for 5 hours, and cooled down naturally. 

5. Peel PI sheet from aluminum disc to break dried SU-8 film into small chips. 

6. Keep SU-8 powder into an opaque bottle and store in a desiccators. 

 

****************************************************************** 

Process sequences of SU-8 single layer reflow casting 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of SU-8 

single layer reflow casting in Chapter 3, Section 3.3.2.  

1. Fix a PDMS square frame on a substrate with an aluminum clamp. 

2. Load SU-8 powder into the frame with a weight that is calculated by Equation (3.2) 

based on the required thickness. 
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3. Place the aluminum clamp on a hot plate at 120ºC located inside a vacuum 

chamber, turn-on vacuum pump and wait until the SU-8 powder totally melt without any 

gas bubbles. 

4. Turn-off the vacuum pump and remove the aluminum clamp from the hot plate, 

cooled down to room temperature. 

5. Remove the substrate with PDMS frame from the aluminum clamp and place the 

sample on the hot plate at 95ºC for 10 minute for SU-8 reflowing, removed from the hot 

plate and cooled down naturally. 

6. Remove PDMS frame and measure the excessive thickness. 

7. Polish the excessive photoresist by using mechanical polishing on a sand paper 

number 800 with water lubricant. 

8. Reflow the top surface of SU-8 by taking the top surface near a heater until its 

surface is totally transparent. 

 

****************************************************************** 

Process sequences of multilayer reflowed casting of SU-8 powder photoresist 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of 

multilayer reflow casting in Chapter 3, Section 3.3.4.  

1. Construct the first X-ray LIGA structure as described in Section 3.3.1 - 3.3.2, 

and calculate the volume of existing SU-8 microstructure VPR1 by Equation (3.3). 

2. Calculate the total volume that need to fill for the second layer (V2) by Equation (3.4), 

and then substitute into Equation (3.7) to estimate the SU-8 powder weight for layer 2 (W2). 

3. Reflow SU-8 powder as described in Section 3.3.2, followed by polishing to 

achieve the desired thickness. 
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4. Exposure X-ray irradiation on SU-8 thick film with suitable energy through X-ray 

mask of the second layer. 

5. Develop the second structure in Nano SU-8 developer, and rinse the sample in 

IPA, and dry with nitrogen gas. 

6. Hard-bake the SU-8 structure in an oven at 95ºC for 3 hours and clean with 

oxygen plasma for 3 minutes at 200 W and 300 mTorr pressure. 

7. Calculate the summation volume of SU-8 micro-structure of layer 1 and 2 (VPR2) 

after development by Equation (3.8). 

8. Calculate the total volume that need to fill for the third layer (V3) by Equation (3.4), 

and then substitute into Equation (3.7) to estimate the SU-8 powder weight for layer 3 (W3). 

9. Reflow SU-8 powder as described in Section 3.3.2, followed by polishing to 

achieve the desired thickness. 

10. Exposure X-ray irradiation on SU-8 thick film with suitable energy through X-ray 

mask of the third layer. 

11. Develop the second structure in Nano SU-8 developer, and rinse the sample in 

IPA, and dry with nitrogen gas. 

12. Hard-bake the SU-8 structure in an oven at 95ºC for 3 hours and clean with 

oxygen plasma for 3 minutes at 200 W and 300 mTorr pressure. 
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****************************************************************** 

Process sequences of PDMS-SU-8 wet bonding 

****************************************************************** 

This appendix contains the detailed process sequences used in wet bonding between 

PDMS and SU-8 in Chapter 3, Section 3.4.2.  

 

1. Clean a glass substrate with IPA, acetone, IPA, DI water. Dry the surface with 

nitrogen gas and bake in an oven at 90ºC for 30 minutes, cooled down naturally. 

2. Spin-coat a layer of 3 μm thick AZ 1512 at 500 rpm for 5 seconds and ramp to 

3000 rpm for 30 seconds. 

3. Soft-bake the sample suddenly in the oven at 90°C for 30 minutes, and cooled 

down naturally on an insulator. 

4. Spin-coat a layer of 16 μm thick PDMS at 500 rpm for 5 seconds and ramp to 

6000 rpm for 30 seconds. 

5. Place the SU-8 dot structure on the viscous PDMS and compress with a mass of 

1 kg on a hot plate heated at 90°C for 3 hours, and cool down naturally. 

6. Release the PDMS layer from substrate with acetone and rinse the sample with 

DI water. Dry PDMS with nitrogen gas and bake at 70ºC in the oven for 30 minutes.  

 

****************************************************************** 

Fabrication sequences of micro-piston based on release etching of a conformal 

sacrificial layer 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication sequences of 

micro-piston based on release etching of a conformal sacrificial layer in Chapter 3, Section 3.5.  

1. Place Ni master mold at the center of a PAMS square frame fixed on a glass substrate. 
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2. Mix PDMS polymer with the volume ratio of 10 : 1 and degassed in a vacuum 

chamber. 

3. Spray silicone lubricants on the Ni maser mold and gradually fill mixed PDMS 

by a pin until its level is rose up to the top of Ni mold. 

4. Bake the PDMS on a hot plate at 90ºC for 5 minutes and place suddenly on a 

cooled stainless plate, followed by spraying of silicone lubricants. 

5. Cut around Ni mold in a square pattern and lift PDMS slowly by a pin. 

6. Spin-coat a layer of 6 μm thick AZ 1512 on a conductive substrate with seed 

layer of Ti/Cu/Ti at 500 rpm for 5 seconds and ramp to 800 rpm for 30 seconds. 

7. Place PDMS plate onto the coated substrate and fix PDMS plate and substrate 

together with PI tape.  

8. Soft-bake on the hot plate at 90ºC for 3 hours and cool down naturally. 

9. Eliminate AZ thin film staying in PDMS molds by oxygen plasma at 200 W and 

300 mTorr pressure until its surface all clear. 

10. Seal around PDMS mold with mixed PDMS and bake on the hot plate at 90º for 

5 minutes. 

11. Electroplate nickel into PDMS mold to form a piston with slow ramping rate as 

described in Section 3.5.3. 

12. Remove PDMS mold from the substrate with acetone and rinse the Ni structure 

with DI water, followed by cleaning the sample with oxygen plasma at 200 W and 300 mTorr 

pressure. 

13. Reflow SU-8 powder to enclose Ni structure and polish to achieve smooth surface. 

14. Expose X-ray irradiation through X-ray mask to create a SU-8 mold for a 

cylinder of piston. 

15. Post expose-bake in the oven at 95ºC for 30 minutes, followed by development 

of SU-8 mold. Rinse the sample with IPA and dry with nitrogen gas. 
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16.  Electroplate a 10 µm thick silver that is conformally grown over the metal 

surface with current density 5 mA/cm2, followed by rinsing in DI water. 

17.  Electroplate nickel formed as a cylinder with current density as described in 

Section 3.5.3. 

18. Polish the top surface of the sample until a silver ring is appeared. 

19. Release piston from cylinder with chemical mixture of 3 : 1 NH4OH : H2O2. 

20. Latch piston from cylinder with mechanical force and rinse the pair of micro 

parts with DI water. Dry naturally on tissue paper. 

 

****************************************************************** 

Fabrication sequences of X-ray LIGA application 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication sequences 

of X-ray LIGA application in Chapter 3, Section 3.6.  

1. Fabricate three X-ray masks with silver absorber on transparent membrane as 

described in Section 3.2.2. 

2. Construct 800 µm-thick SU-8 photoresist on glass substrates by using SU-8 

single layer reflow casting as described in Section 3.3.2. 

3. Exposure X-ray irradiation on SU-8 thick film with suitable energy through X-ray 

mask of each layer. 

4. Develop the second structure in Nano SU-8 developer, and rinse the sample in 

IPA, and dry with nitrogen gas. 

5. Hard-bake the SU-8 structure in an oven at 95ºC for 3 hours and clean with 

oxygen plasma for 3 minutes at 200 W and 300 mTorr pressure. 

6. Mix PDMS pre-polymer with volume ratio of 10 : 1 and degases in a vacuum 

chamber. 
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7. Spray silicone lubricants on the maser mold number 1 and fill PDMS by a pin 

gradually until its level is rose up to the top of Ni mold. 

8. Cure the PDMS on a hot plate at 90ºC for 5 minutes and place suddenly on a 

cools stainless plate, followed by spraying of silicone lubricants. 

9. Remove PDMS plate by inserting of a pin under the polymer and slowly lift the 

edge of PDMS until it is removed totally. 

10. Place PDMS mold on a conductive substrate coated with seed layers of 

Ti/Cu/Ti, seal around the mold with liquid PDMS and cure on the hot plate at 90ºC for 5 

minutes. 

11. Etch Ti upper seed layer with HF 5%v and rinse in DI water. 

12. Electroplate nickel into PDMS mold to form the first gear layer with slow 

ramping rate as described in Section 3.5.3. 

13. Remove PDMS and clean the metal surface with oxygen plasma for 3 minutes at 

200 W and 300 mTorr pressure. 

14. Fill 500 µm thick SU-8 photoresist to enclose the gear by using the reflow casting. 

15. Polish the sample to achieve the thickness 341 µm by mechanical polishing on a 

silicon carbine number 1200 and polished cloth with water lubricants. 

16. Copy the pattern of the gear layer 2 by using PDMS molding as described in step 6-9. 

17. Place PDMS mold number 2 on the first layer by aligning at the center of the first 

gear, and seal around the mold with liquid PDMS, cure on the hotplate at 90ºC for 5 minutes. 

18. Electroplate nickel into PDMS mold to form the second gear layer with slow 

ramping rate as described in Section 3.5.3. Always monitor the result to prevent over the 

excessive thickness. 

19. Remove PDMS, SU-8 photoresist and clean the metal surface with oxygen 

plasma for 3 minutes at 200 W and 300 mTorr pressure. 

20. Fill 500 µm thick SU-8 photoresist to enclose the gear by using the reflow casting. 
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21. Polish the sample to achieve the thickness 25 µm for the second layer by 

mechanical polishing on a silicon carbine number 1200 and polished cloth with water 

lubricants. 

22. Copy the pattern of the gear layer 3 by using PDMS molding as described in step 6-9. 

23. Place PDMS mold number 3 on the second layer by aligning at the center of 

the second gear, and seal around the mold with liquid PDMS, cure on the hotplate at 90ºC 

for 5 minutes. 

24. Electroplate nickel into PDMS mold to form the second gear layer with slow 

ramping rate as described in Section 3.5.3. 

25. Remove PDMS, SU-8 photoresist and clean the metal surface with oxygen 

plasma for 3 minutes at 200 W and 300 mTorr pressure. 

26. Polish the sample to achieve the thickness 861 µm for the third layer by mechanical 

polishing on a silicon carbine number 1200 and polished cloth with water lubricants. 

27. Remove the photoresist in SU-8 developer and clean the metal surface with 

oxygen plasma for 3 minutes at 200 W and 300 mTorr pressure. 
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****************************************************************** 

Process sequences of the nickel substrate with a planarized orifice 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of the 

nickel substrate with a planarized orifice in Chapter 4, Section 4.4.  

1. Prepare epoxy based PCB with size of 1 inch × 1 inch and drill a hold at the 

center with a diameter of 2.5 millimeters. 

2.  Clean copper surface with HCl 10%v and DI water, dry with nitrogen gas and 

bake at 90°C in an oven for 30 minutes. 

3. Seal the top surface on copper side with PI tape and fill 10:1 mixed PDMS pre-

polymer on the back side, followed by baking at 90°C on a hotplate for 5 minutes. 

4. Peel PI tape from copper side and deposit 500 Å Ti / 500 Å Cu / 500 Å Ti by 

evaporation. 

5. Reflow SU-8 powder by casting on a hotplate at 120°C in a vacuum chamber, 

followed by polishing to desired thickness of 300 µm. 

6. Expose X-ray irradiation through a negative X-ray mask for a square pattern of 

70 µm × 70 µm. 

7. Post-exposure bake the sample in the oven at 95°C for 60 minutes, and cooled 

down naturally. 

8. Develop the small pillar in Nano SU-8 developer, wash the sample in IPA and 

dry in nitrogen gas. 

9. Remove topmost Ti layer of the plating base in mixed solution of 10 : 1 of 

NH4OH : H2O2 and electroplate nickel to fill up the mold. 

10. Polish the top surface with a silicon carbine number 1200 and cloth polish with 

water lubricants. 
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11. Remove PDMS from the sample and dry etch SU-8 mold by plasma in mixed 

gas of O2/CF4 300 mTorr and 200 W RF power. 

12. Fill sacrificial photoresist such as AZP4620 or SU-8 2100 on the back side and 

vacuum the material through the orifice from the front side. 

13. Soft bake the sample in the oven at 90°C for 8 hours by placing the back side 

upward, and cooled down naturally.  

14. Polish nickel surface to eliminate excessive photoresistaround the orifice by the 

cloth polish with water lubricants. 

 

****************************************************************** 

Process sequences of the nickel substrate with a planarized orifice 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of the 

nickel substrate with a planarized orifice in Chapter 4, Section 4.4.  

1. Deposit 0.2 µm Al sacrificial layer by evaporation. 

2. Spin-coat a layer of 3 µm thick AZ 1512 at 3000 rpm for 30 seconds and soft-

bake the sample in an oven at 90°C for 15 minutes, cooled down naturally on an insulator. 

3. Expose UV light on AZ layer with 116 mJ/cm2 dose through mask for a 

rectangular pattern. 

4. Develop the AZ protective layer with a mixed solution of 4 g : 1 g 200 ml of 

KOH : H3BO3 : H2O2, Al outside the protective layer is simultaneously etched in this wet 

etchnat too, followed by rinsing the sample in DI water. 

5. Remove AZ photoresist with acetone and rinse in DI water. Dry the sample with 

nitrogen gas and bake in the oven at 90°C for 15 minutes, cooled down naturally. 

6. Spin-coat a layer of 2.3 µm thickness SU-8 2002 at 3000 rpm for 30 seconds. 
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7. Soft-bake photoresist layer in the oven at 90°C for 15 minutes and naturally cool 

the sample down on an insulator outside the oven. 

8. Expose UV light on SU-8 2002 layer with 40 mj/cm2 dose through mask for 

photoresist closure plate structure. 

9. Post-exposure bake the sample in the oven at 90°C for 15 minutes, cooled down 

naturally on the insulator. 

10. Develop the closure plate pattern in Nano SU-8 developer, wash the sample in 

IPA and dry in nitrogen gas. 

11. Hard-bake the photoresist in the oven at 90°C for 30 minutes and naturally cool 

down the sample. 

12. Clean the sample in 100% oxygen plasma at 300 mTorr and 200 W RF power 

for 2 minutes. 

13. Deposit 300 Å Ti / 500 Å Cu upper electrodes by evaporation. 

14. Spin-coat a layer of 3 µm thick AZ 1512 at 3000 rpm for 30 seconds and soft-

bake the sample in an oven at 90°C for 15 minutes, cooled down naturally on an insulator. 

15. Expose UV light on AZ layer with 116 mJ/cm2 dose through mask for a 

rectangular pattern. 

16. Develop the AZ protective layer with a mixed solution of 4 g : 1 g 200 ml of 

KOH : H3BO3 : H2O2 rinse the sample in DI water and dry in nitrogen gas. 

17. Hard-bake the photoresist in the oven at 90°C for 15 minutes and naturally cool 

down the sample. 

18. Electroplate a 0.224 µm thick nickel in electroplating bath by biasing the sample 

with a current density of 3 mA/cm2 for 5 minutes, gently rinse the sample in DI water. 

19. Remove planarized material inside the orifice in acetone for AZ photoresist or 

Nano SU-8 developer for SU-8 and rinsed it in DI water. 



 

205

20. Remove the Al sacrificial layer in the mixed solution of 4 g : 1 g 200 ml of 

KOH : H3BO3 : H2O2 rinse the sample in DI water, suddenly dip it in methanol for 5 minutes. 

21. Dry the sample in nitrogen gas by blowing both of top and bottom side through 

the orifice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

206

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

 

FABRICATION PRECOESSES OF CHAPTER V 

 

 

 

 

 

 

 

 

 

 

 

 



 

207

****************************************************************** 

Process sequences of the PDMS-PDMS/SU-8 plasma bonding 

****************************************************************** 

This appendix contains the detailed process sequences used in plasma bonding of 

PDMS-PDMS/SU-8 in Chapter 5, Section 5.2.1.1.  

1. Construct SU-8 tactile panel with thickness of 800 µm by using X-ray 

lithography precess. 

2. Spin-coat 23 µm thick PDMS pre-polymer at 4000 rpm for 30 seconds, and bake 

the sample in the oven at 90°C for 30 minutes and cooled down naturally. 

3. Prepare glass substrate with size of 1 inch × 1 inch and spin-coat a layer of 3 μm 

thick AZ 1512 at 500 rpm for 5 seconds and ramp to 3000 rpm for 30 seconds. 

4. Soft-bake the sample suddenly in the oven at 90°C for 30 minutes, and cooled 

down naturally on an insulator. 

5. Spin-coat a layer of 16 μm thick PDMS at 500 rpm for 5 seconds and ramp to 

6000 rpm for 30 seconds, and bake the sample in the oven at 90°C for 30 minutes and 

cooled down naturally. 

6. Treat PDMS surface in 100% oxygen plasma at 300 mTorr and 200 W RF 

power for 1.30 minutes. 

7. Fix their PDMS surface together and compress them with a mass of 1 kg 

weights on the hotplate, and heated for 3 hours at 90°C 

8. Bake the sample at 90ºC for 3 hours, cooled down naturally. 

9. Remove AZ sacrificial in acetone, rinse the sample in DI water, and dry in 

nitrogen gas. 
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****************************************************************** 

Process sequences of the PDMS-SU-8 wet bonding 

****************************************************************** 

This appendix contains the detailed process sequences used in wet bonding of 

PDMS-SU-8 in Chapter 5, Section 5.2.1.2.  

1.   Clean glass substrate with IPA, acetone, IPA and DI water. 

2. Spin-coat a layer of 1.5 µm thick AZ 1512 at 3000 rpm for 30 seconds. 

3. Soft-bake the sample on a hotplate at 90°C for 30 minutes, and cooled down 

naturally on an insulator. 

4. Spin-coat a layer of 22 µm thick PDMS at 4000 rpm for 30 seconds. 

5. Place a SU-8 tactile structure on the wet PDMS membrane, compress the sample 

with a mass of 1 kg weight for 3 hours. 

6. Cure the PDMS layer on a hot plate at 90°C for 3 hours, and cooled down 

naturally. 

7. Remove the mass and cut around the sample with a cutter. 

8. Release the sample from the glass substrate by dipping in acetone and wash with 

DI water, follow by baking in an oven at 90°C for 1 hour and cooled down naturally. 

 

****************************************************************** 

Process sequences of the PDMS tactile display by using SU-8 sacrificial material 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of PDMS 

tactile display by using SU-8 sacrificial material in Chapter 5, Section 5.2.1.3. 

1. Construct the first SU-8 photoresist with thickness of 1000 µm on a PCB/Ti 

sacrificial layer by X-ray lithography process for a tactile panel with diameter of 1600 µm. 
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2. Construct the second SU-8 photoresist with thickness of 300 µm on a PCB/Ti 

sacrificial layer by X-ray liothography process for a tactile dot area with diameter of 300 µm. 

3. Remove SU-8 structure of step 1-2 in HF 48%v, rinse in DI water and dry in 

nitrogen gas. 

4. Reflow SU-8 powder inside the hole of the first SU-8 panel by heating on a 

hotplate in a vacuum chamber at 120ºC for 45 minutes, remove the sample suddenly from 

the hotplate and cooled down naturally on an insulator. 

5. Polish excessive SU-8 photoresist on the top surface by a polish cloth with water 

lubricants and dry in nitrogen gas. 

6. Spin-coat 10 : 1 mixed PDMS pre-polymer of 16 µm thicks at 6000 rpm for 

30 seconds. 

7. Bake the samples in the oven at 45°C for 5 hours, and cooled down naturally on 

an insulator. 

8. Remove planarized SU-8 photoresist in Nano SU-8 developer, rinse the sample 

in IPA and dry PDMS surface in nitrogen gas. 

9. Place the SU-8 tactile dot area at the center of the PDMS membrane fixing on 

the SU-8 tactile display and clamp with the testing holder. 

 

****************************************************************** 

Process sequences of the Assembled SU-8 tactile display 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of 

assembled SU-8 tactile display in Chapter 5, Section 5.3.1. 

1. Clean PCB substrate with HCl 10%v, and rinse in DI water. 

2. Deposit 500 Å Ti for sacrificial layer by evaporation. 
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3. Construct the SU-8 thick film by the reflowed SU-8 powder at 120°C on a 

hotplate in a vacuum chamber. 

4. Decrease the thickness to 300 µm by polishing with a sand paper number 1200, 

and heat on the top surface at 90°C to clarify the surface. 

5. Expose X-ray irradiation on SU-8 thick layer through X-ray mask for a small 

orifice of a tactile panel and a large SU-8 pin. 

6. Post-exposure bake the sample in an oven at 95°C for 1.45 hours, and cooled 

down naturally. 

7. Develop the first patterns in Nano SU-8 developer, rinse the sample in IPA, and 

dry in nitrogen gas. 

8. Clean the SU-8 structure by O2 plasma at 200 mTorr and 200 W RF power 

for 3 minutes.  

9. Construct the second SU-8 thick film the reflowed SU-8 powder at 120°C in the 

vacuum chamber. 

10. Polish the top surface to reduce the total thickness to 1100 µm, and heat on the 

top surface at 90°C to clarify the surface. 

11. Expose X-ray irradiation on SU-8 thick layer through X-ray mask for a large 

orifice of the tactile panel and a small SU-8 pin. 

12. Post-exposure bake the sample in an oven at 95°C for 1.45 hours, and cooled 

down naturally. 

13. Develop the second patterns in Nano SU-8 developer, rinse the sample in 

isopropanol, and dry with nitrogen gas. 

14. Clean the SU-8 structure by O2 plasma at 200 mTorr and 200 W RF power for 

3 minutes.  

15. Remove the SU-8 structure from the substrate by etching of Ti sacrificial layer 

in HF 30%v, wash the sample in DI water, and dry with nitrogen gas.  
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****************************************************************** 

Process sequences of the SU-8 tactile display by releasing of sacrificial layer 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of SU-8 

tactile display by releasing of sacrificial layer in Chapter 5, Section 5.3.2. 

1. Construct two layers of a dot structure on a graphite substrate by using X-ray 

lithography process. The first layer has a thickness about 300 µm and the other is 1000 µm. 

2.  Deposit chromium base layer at 200 W for 10 minutes follow by a thin layer of 

silver to cover all of structure surface at 200 W for 30 minutes using DC sputtering. 

3. Redeposit silver to increase the thickness of the sacrificial layer to 50 µm 

through electroplating process. 

4. Reflow SU-8 powder on a hotplate in a vacuum chamber to cover the overall 

structure. 

5. Polish the top surface of the reflowed SU-8 by using a sand paper number 1200 

until the appearance of silver area around the dot profile.  

6. Expose X-ray irradiation on the thick SU-8 layer to create crosslink inside the 

substance, and soft-bake in the oven at 95ºC for 1.45 hours. 

7. Remove the graphite substrate by using the sand paper until the appearance of 

silver area. 

8. Etch the silver sacrificial material in a wet etchant which is mixed between 2 parts 

of ammonium hydroxide (NH4OH) and 1 part of Hydrogen peroxide (H2O2), result in 

releasing of the dot structure from the panel. 

9. Decrease the thickness of the tactile panel by polishing on the top surface for 

500 µm. 

10. Re-insert the dot into the panel and place the work piece on testing holder. 
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****************************************************************** 

Process sequences of the SU-8 refreshable tactile display with PDMS spring element 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of the SU-8 

refreshable tactile display with PDMS spring element in Chapter 5, Section 5.4.1. 

1. Fabricate the suspended PDMS membrane with thickness of 16 µm by using 

SU-8 sacrificial material as described in Section 5.2.3.1. 

2. Construct the assembled SU-8 tactile display as described in Section 5.3.1. 

3. Change PDMS surface to hydrophobic state by exposing in 100% oxygen 

plasma at 200W for 1.30 minutes. 

4. Paint SU-8 2002 photoresist on the center of suspended PDMS membrane by a pin. 

5. Place the SU-8 tactile dot on the painted SU-8, bake in the oven at 70°C for 1 

hour and cooled down naturally. 

6. Cover the tactile dot with the tactile panel by using SU-8 2002 and bake in the 

oven at 70°C for 1 hour and cooled down naturally.  

 

****************************************************************** 

Process sequences of the SU-8 refreshable tactile display with curved spring segments 

****************************************************************** 

This appendix contains the detailed process sequences used in fabrication of the SU-8 

refreshable tactile display with curved spring segments in Chapter 5, Section 5.4.2. 

1. Deposit 1000 Å Ti sacrificial material on copper layer of 1 inch × 1 inch epoxy 

PCB substrate by evaporation. 

2. Fix around the edge of substrate with PI tape and pre-bake in the oven at 90°C 

for 30 minutes. 
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3. Spin-coat a layer AZ P4620 at 300 rpm for 5 seconds and ramp to 400 rpm for 

30 seconds, remove edge bead by peeling of PI tape. 

4. Soft-bake the sample suddenly in the oven at 90°C for 4.30 hours, and cooled 

down naturally on an insulator outside the oven for 1 hour. 

5. Expose UV light on AZ layer with 5460 mJ/cm2 dose through mask for spring 

curved segment mold.  

6. Develop the sample in 4 g : 1 g : 200 ml KOH : H3BO3 : H2O, wash the sample 

in DI water, and dry the sample with nitrogen gas. 

7. Electroplate a 68 μm thick nickel in an electroplating bath at 30ºC with current 

density of 5 mA/cm2.  

8. Remove AZ photoresist in acetone, rinse in DI water, and dry the sample in 

nitrogen gas. 

9. Construct the assembled SU-8 tactile display on the metal mesh of curved spring 

and release them from the substrate as described in Section 5.3.1. 

10. Insert the SU-8 tactile dot into the tactile panel and bond them together with 

epoxy glue, leave the sample for 3 hours.  
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