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Abstract

Mechanical characterization of micro-scale fibrous materials deter-

mines the key parameters which affect the quality of products such

as composites, textile and paper. The current laboratory tests are mainly

based on bulk measurements. This thesis introduces a microrobotic

platform to handle and to characterize micro-scale fibers (MF), with the

dimensions of few micrometers to hundreds of micrometers, at individ-

ual fiber level. The platform facilitates handling and specimen prepara-

tion of micro-scale fibrous material. A major challenge in mechanical

characterization of MF is lack of proper force sensing microgrippers

in the market. MF do not need a lot of force to manipulate, but their

ultimate tensile strength is high and relatively large forces are required

to perform a micro-tensile test. In this thesis, three force sensing mi-

crogrippers are developed and they are integrated into the mentioned

microrobotic platform. Two of them are developed to measure the bond-

ing forces between individual pulp fibers, normal to the bonded area

(Z-direction) and parallel to the bonded area (shear-mode). Their force

sensing solution is based on bending polyvinylidene fluoride (PVDF)

films and their force range is up to 10mN . The third one, with the force

range of 20mN , is developed to perform micro-tensile tests on MF. It

uses a microspring and a magnetic encoder to measure the force. The

force range of this force sensing microgripper can easily be increased

by changing its microspring to a stiffer one. This feature makes the

proposed force sensing approach adaptable to a wide range of MF.

Even though pulp and paper fibers are used as a case study in this thesis,

the applications of microrobotic solutions presented here are not limited
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Abstract

to pulp and paper fibers for the following reason: pulp and paper fibers

are natural fibers with random morphology, therefore if a microrobotic

solution is capable of handling these morphologically challenging fibers,

it is easily adaptable to synthetic fibers which have uniform morphology.

The prototypes of all three force sensing microgrippers are calibrated

and their performance are validated.

iv



Acknowledgment

This work was carried out in the Micro- and Nanosystems Research

Group at Department of Automation Science and Engineering, Tampere

University of Technology. The research results were achieved during Mar.

2010 – Dec. 2014 under several research projects: SmartFibre, Power-

Bonds (EU) and Fibam (Academy of Finland). The goals of these projects

formulated the need and the structure of this thesis. The funding of TUT

President’s Doctoral Program for the last year of my PhD studies is also

gratefully acknowledged.

I want to express my gratitude to Prof. Pasi Kallio who has supported

me with his knowledge and dedication throughout my PhD studies, and

provided me the perspective required to conduct research in the field of

Microsystems Technology.

My special thanks go to the pre-examiners Prof. Wolfgang Bauer from

Graz University of Technology and Prof. Andreas Dietzel from Braun-

schweig University of Technology for reviewing my thesis and their

constructive comments. I am deeply grateful to Prof. Stéphane Regnier

from Pierre-and-Marie-Curie University and Prof. Wolfgang Bauer from

Graz University of Technology to be my opponent at the public PhD

defense.

I wish to thank the professors, colleagues and the personnel of the De-

partment of Automation Science and Engineering for providing such a

great research atmosphere. I am thankful to the present and past col-

v



Acknowledgment

leagues at Micro- and Nanosystems Research Group, Juha Hirvonen,

Mathias von Essen, Kourosh Latifi, Yuli Lai and Martina Bozic for their

input and support during the projects, and also Joose Kreutzer and Mari-

aana Savia. I would like to thank Prof. Jukka Lekkala and his research

group, especially Antti Vehkaoja, Mikko Peltokangas and Satu Rajala for

their collaboration and support on the measurement electronics.

I am indebted to Prof. Artem Kulachenko from Royal Institute of Tech-

nology (KTH) for his unsparing guidance on mechanical optimization

methods. I also would like to thank Manuel Mikczinski from University

of Oldenburg for all of the joint works and publications which we ac-

complished together.

My wholehearted thanks go to my lovely wife, Negar, who has been the

unsetting sun of my life in the dark winters of Finland. I want to thank

my family, especially my parents Parviz and Tahereh, for their everlast-

ing love and support throughout my life, and also my grandmother for

her Sunday calls which has kept me connected to my roots back in Iran.

Finally, I would like to thank my dear friends Ali, Morteza, Milad and

Fatemeh for all of the wonderful and memorable time which we have

spent together. Their friendship has supported me to move forward all

these years.

Tampere, 10th June 2015

Pooya Saketi

vi



Contents

Abstract iii

Acknowledgment v

Table of Contents vii

List of Acronyms xi

List of Symbols xiii

List of Figures xv

List of Tables xxv

1 Introduction 1

1.1 Motivation and Challenges . . . . . . . . . . . . . . . . . . 1

1.2 Methodology and Scope . . . . . . . . . . . . . . . . . . . . 3

1.3 Objectives and Contributions . . . . . . . . . . . . . . . . . 4

1.4 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . 5

1.5 List of the Definitions and Technical Terms . . . . . . . . . 5

2 Background and State-of-the-Art 7

2.1 Individual Paper Fibers and Bonds . . . . . . . . . . . . . . 7

2.1.1 Specimen Preparation . . . . . . . . . . . . . . . . . 10

2.1.2 Bond Making Approaches . . . . . . . . . . . . . . . 10

2.1.3 Bond Characterization Methods . . . . . . . . . . . 12

2.2 Micro-Tensile Testing . . . . . . . . . . . . . . . . . . . . . . 14

vii



Contents

2.3 Force Sensing Microgrippers . . . . . . . . . . . . . . . . . 16

2.3.1 Microgrippers without Force Sensing Features . . . 16

2.3.2 Microgrippers Capable of Gripping Force Measure-

ment . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.3 Microgrippers Capable of Tensile Force Measurement 17

2.4 Polyvinylidene Fluoride Film Sensors . . . . . . . . . . . . 18

2.5 Electroplated Nickel . . . . . . . . . . . . . . . . . . . . . . 19

2.6 Beyond State-of-the-Art . . . . . . . . . . . . . . . . . . . . 21

3 Microrobotic Platform for Specimen Preparation 23

3.1 Design and Implementation . . . . . . . . . . . . . . . . . 23

3.2 Preparing Samples for Scanning Electron Microscopy and

Nanotomography . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Making Bonds using Microrobotic Platform . . . . . . . . 37

3.4 Making Perpendicular Bonds using Microrobotic Platform 39

3.5 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Force Sensing Microgrippers 45

4.1 Force Range Estimation . . . . . . . . . . . . . . . . . . . . 46

4.1.1 Effect of aging on bond strength . . . . . . . . . . . 49

4.2 Development of PVDF based Force Sensing Microgripper 52

4.2.1 Proof of Concept . . . . . . . . . . . . . . . . . . . . 52

4.2.2 PVDF Sensor with Passive Specimen Holder for Z-

directional Bonding Force Measurement . . . . . . 60

4.2.3 Integration of PVDF Force Sensor into Microgripper 65

4.3 Development of Microspring based Force Sensing Micro-

gripper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.3.1 Proof of Concept . . . . . . . . . . . . . . . . . . . . 69

4.3.2 Electroplated Nickel Microspring based Force Sensor 79

4.4 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5 Microrobotic Platform for Characterization of Fibers 91

5.1 Z-directional bonding force measurement . . . . . . . . . 91

5.2 Shear-mode bonding force measurement . . . . . . . . . . 94

5.3 Micro tensile-testing of fibrous materials . . . . . . . . . . 97

5.4 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

viii



Contents

6 Summary 101
6.1 Thesis Summary and Conclusions . . . . . . . . . . . . . . 101

6.2 Resolution of Research Questions and Future Work . . . . 103

Bibliography 116

ix





List of Acronyms

AFM Atomic Force Microscope
C.#-F.# Component Number-Figure Number
CNT Carbon Nanotubes
CV Coefficient of Variation
ElNi Electroplated Nickel
FOV Field-of-View
GH Gauge Height
GW Gauge Width
LIGA a German acronym for “Lithographie” (Lithography), “Gal-

vanoformung” (Electroplating), “Abformung” (Molding)
MEMS Microelectromechanical systems
MF Micro-scale Fibers
NT Nanotomography
PG Pulling Microgripper
PLS Precision Linear Slider
PVDF Polyvinylidene fluoride
RH Ring Height - The transverse diameter of the ellipses in the mi-

crospring.
RMSE Root-Mean-Square-Error
RQ Research Question
RSD Relative Standard Deviation
RW Ring Width - The conjugate diameter of the ellipses in the mi-

crospring.
SEM Scanning Electron Microscopy
SG Sensitive Microgripper

xi



Contents

STD Standard Deviation
STM Scanning Tunneling Microscopy

xii



List of Symbols

α Crossing Angle
β Vertical Angle
εσkm Permittivity
ν Poisson’s Ratio
σ Stress
σmax Maximum Stress
σy Yield Strength
Acalc Calculated area of a fiber bond
Cr Chromium
Cu Copper
cE

i j kl Elastic Compliance

Dk Dielectric Displacement
dki j Piezoelectric Coefficient
DoC Output Signal of Optical Encoder of Linear Actuator used as

Position Feedback
DoR Displacement of Linear Actuator
DoM Displacement Output Signal of Magnetic Encoder
E Young’s Modulus
Em Electric Field
fiC Actuation Frequency of Piezo-drive of the Linear Actuator
G Penalty Functions for State Variable Constraints
H Penalty Functions for State Variable Constraints
L0 Initial Length
∆LG Displacement of pulling microgripper
Si Silicon

xiii



Contents

∆LS Displacement of sensitive microgripper
Si j Strain
Umax Maximum Displacement
V Voltage
ViC Actuation Voltage of Piezo-drive of the Linear Actuator
VoRF Voltage out of the Reference Force Sensor
∆V Voltage Difference
w1, w2 Widths of individual pulp fibers
W Penalty Functions for State Variable Constraints
X Penalty Functions for Design Variable Constraints

xiv



List of Figures

2.1 Crossing Angle (α) [1]. . . . . . . . . . . . . . . . . . . . . . 12

2.2 Artifacts caused by the conventional bond making method

approach. A) Random (α & β) angles, B & C) More than

one bond on one fiber, D) Two bonds on the top of each

other [2].©IEEE 2011 Reprinted, with permission, from [P. Saketi, et al., Micro-

robotic platform for making, manipulating and breaking individual paper fiber bonds,

05/2011]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Different modes of fiber bond loading. A) Shear or sliding

mode; B) Z-directional or opening mode; C) Torsional or

tearing mode; D) Peeling mode [3]. . . . . . . . . . . . . . 13

2.4 Fabrication process of ElNi microspring. . . . . . . . . . . 20

3.1 Main functions of the microrobotic platform [4]. . . . . . 24

3.2 Design of the microrobotic platform for handling individ-

ual fibers and bonds. (1 and 2) XYZ-micromanipulators

with active microgrippers; (3) XYZ-micromanipulator with

a probe; (4) Solenoid-dispenser; (5) microrotary-table and

(6) XY-table [4]. . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 The design of the self-fabricated mounting probe and its

tip [4]. © John Wiley and Sons Reprinted, with permission, from [P. Saketi, et al., A

flexible microrobotic platform for handling micro-scale specimens of fibrous materi-

als for microscopic studies, 10/2012]. . . . . . . . . . . . . . . . . . . . 26

xv



List of Figures

3.4 The configuration of the platform (numbering is as in Fig-

ure 3.2). (A) The platform configuration for the specimen

handling of fiber for SEM imaging. (B) Stubs with varying

inclination: 0 ◦, 15 ◦, 36 ◦, and 45 ◦, all with a diameter

of 12.5 mm. (C) The platform configuration for the speci-

men handling of fiber for NT imaging [4]. © John Wiley and Sons

Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic platform for

handling micro-scale specimens of fibrous materials for microscopic studies, 10/2012]. 28

3.5 Signal flow diagram during the specimen handling pro-

cesses. XYZ: The 3DOF micromanipulator; G: including

microgripper; D: including dispenser positioner; PP: in-

cluding Probe [4]. . . . . . . . . . . . . . . . . . . . . . . . . 29

3.6 The process of paper fiber specimen preparation for the

diagonal compression test inside an SEM. (A & B) Two mi-

crogrippers grasp an individual paper fiber at both ends

and lift it above the rotary-table to a suitable height so that

the stub can move under it; (C) The paper fiber is aligned

with the “V” shape groove of the carbon pad to match its

length; (D & E) The mounting probe pushes one end of the

grasped fiber at a time – very close to the microgripper –

to the carbon pad while holding the both ends of the fiber

with the microgrippers; (F) The microgrippers release the

fiber ends after the mounting process is over. [4] © John Wiley

and Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic plat-

form for handling micro-scale specimens of fibrous materials for microscopic studies,

10/2012]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.7 The process of handling human hair for NT studies. (A & B)

side view; (C & D) top view. The diameter of the hair sam-

ple is 142 µm [4]. © John Wiley and Sons Reprinted, with permission, from [P.

Saketi, et al., A flexible microrobotic platform for handling micro-scale specimens of

fibrous materials for microscopic studies, 10/2012]. . . . . . . . . . . . . . . 32

xvi



List of Figures

3.8 The process of specimen handling for NT studies of in-

dividual paper fiber bonds. (A & B) side view. (C & D)

top view [4]. © John Wiley and Sons Reprinted, with permission, from [P. Saketi,

et al., A flexible microrobotic platform for handling micro-scale specimens of fibrous

materials for microscopic studies, 10/2012]. . . . . . . . . . . . . . . . . . 32

3.9 Schematic of reference paper fiber mounting task to com-

pare the skilled worker accuracy and speed with the mi-

crorobotic platform quantitatively [4]. . . . . . . . . . . . . 33

3.10 Representative images comparing the results of mounting

of paper fibers manually with the results of mounting of

paper fibers using microrobotic platform [4]. © John Wiley and

Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic plat-

form for handling micro-scale specimens of fibrous materials for microscopic studies,

10/2012] - Courtesy of Manuel Mikczinski, AMiR, University of Oldenburg. . . . . . 36

3.11 Sequential function chart of making bonds. [2] . . . . . . 37

3.12 Picking-up disintegrated pulp fibers from the suspension

using microgrippers. (A) Identifying the target fiber; (B)

Grasping the target fiber; (C) Picking-up the fiber from

rotary-table; (D) Straightening the fiber. . . . . . . . . . . . 38

3.13 Process of making bonds. (a) Picking-up a fiber, (b) Placing

the fibers perpendicular to each other on a Teflon-plate

and shoot a droplet of water on the crossing point by using

the dispenser, (c) Moving-out the microgrippers, and then

cover the bottom the Teflon-plate with another Teflon-

plate, and baking in an oven for 45 minutes at 70 ◦C under

140 kN /m2 pressure (d) The produced bond [2]. . . . . . 39

3.14 Left: Side-View; Right: Top-View. The holding-plate SU-8

structure includes a 5×5 matrix of star-shape fiber holders

with a gap of 100 µm to hold the fibers in place [5]. © FRC

2013 Reprinted, with permission, from [P. Saketi, et al., Method for investigation of

aged fibre-fibre bonds with micro and nanorobotic tools, 9/2013]. . . . . . . . . 40

3.15 The process of making individual bonds with orthogonal

crossing angle [5]. © FRC 2013 Reprinted, with permission, from [P. Saketi,

et al., Method for investigation of aged fibre-fibre bonds with micro and nanorobotic

tools, 9/2013]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

xvii



List of Figures

4.1 Implementation of the microrobotic platform for estima-

tion of bond breaking forces. (1) and (2) XYZ-microgrippers,

(3) Glass-slide-micromanipulator, (4) Glass-slide, (5) Rotary-

table, (6) XY-table, (7) Force sensor, (8) Tube of the syringe

pump [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Top-View: Process of bond strength measurement to esti-

mation the bond breaking forces. (A) Placing the glue onto

the glass-slide and moving the glass-slide under the FOV.

IPFB: Individual Paper Fiber Bond. (B) Dipping the force

sensor probe into the glue. (C) Aligning the free end of the

bond with the force sensor probe and curing the glue. (D)

Moving the force sensor backwards and breaking the bond

while measuring the force [6]. . . . . . . . . . . . . . . . . . 48

4.3 Left: Side-View; Right: Top-View. Process of bond strength

measurement to estimate the breaking force range of per-

pendicularly formed bonds. [5]. . . . . . . . . . . . . . . . 51

4.4 Representative graph of a bond strength measurement [5].
© FRC 2013 Reprinted, with permission, from [P. Saketi, et al., Method for investigation

of aged fiber-fiber bonds with micro and nanorobotic tools, 9/2013]. . . . . . . . 51

4.5 The schematic setup for calibrating the PVDF film in bend-

ing mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.6 Schematics of the measurement electronics and the cal-

ibration set-up [3]. © ELSEVIER 2015 Reprinted, with permission, from [P.

Saketi, et al., PVDF microforce sensor for the measurement of Z-directional strength

in paper fiber bonds, 2/2015]. . . . . . . . . . . . . . . . . . . . . . . . 54

4.7 The raw data and the filtered data of the reference sensor

(Top) and PVDF sensor (Bottom) for one of the applied

pulses [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.8 Input signal sequence for calibrating the proposed force

sensor. A series of nine square pulses of increasing 50µm

amplitude, with the displacement returning to the initial

value after each pulse [3]. . . . . . . . . . . . . . . . . . . . 57

4.9 Filtered output of the reference sensor for an input of nine

rectangular pulses of increasing 50 µm amplitude [3]. . . 57

xviii



List of Figures

4.10 Filtered output of the proposed PVDF film sensor for an

input of nine rectangular pulses of increasing 50 µm am-

plitude [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.11 Mean and standard deviation of the reference sensor out-

put for ten repetitions of the input signal sequence [3].
© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce

sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015]. . 58

4.12 Mean and standard deviation of voltage difference of PVDF

film sensor for ten repetitions of the input signal sequence [3].
© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce

sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015]. . 59

4.13 Schematic Design of the Sensor: (1) PVDF element; (2)

Bond-Holder; (3) Connecting-Element; (4) Mounting-Stage,

and (5) Individual Paper Fiber Bond [3]. © ELSEVIER 2015 Reprinted,

with permission, from [P. Saketi, et al., PVDF microforce sensor for the measurement

of Z-directional strength in paper fiber bonds, 2/2015]. . . . . . . . . . . . . . 60

4.14 (A) Implementation of the Sensor: (1) PVDF film; (2) Bond

Holder; (3) Connecting-Element and (4) Mounting-Stage.

(B) Connecting-Element; (C) Bond-Holder placed inside

the Connecting-Element; (D) Stack of Bond-Holders [3].
© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce

sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015]. . 61

4.15 Schematic of the calibration setup: (1) Proposed PVDF

force sensor; (2) Reference force sensor; (3) Actuator con-

nector, and (4) Linear actuator [3].© ELSEVIER 2015 Reprinted, with

permission, from [P. Saketi, et al., PVDF microforce sensor for the measurement of Z-

directional strength in paper fiber bonds, 2/2015]. . . . . . . . . . . . . . . 62

4.16 (A) Implementation of the calibration setup: (1) Proposed

sensor unit; (2) FemtoTools reference sensor; (3) Actuator

connector; (4) Linear actuator; (5) XY-table. (B) Alignment

of reference sensor probe and the bond-holder. (C) Place-

ment of the reference force sensor probe on the connect-

ing element [3].© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi,

et al., PVDF microforce sensor for the measurement of Z-directional strength in paper

fiber bonds, 2/2015]. . . . . . . . . . . . . . . . . . . . . . . . . . . 63

xix



List of Figures

4.17 Linear calibration fit of the PVDF sensor with passive speci-

men holder for Z-directional bonding force measurement [3].©

ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce

sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015]. . 64

4.18 PVDF based force sensing microgripper. (1) Microgripper;

(2) Gripper-connector; (3) PVDF film; (4) Wire-stand; (5)

Mounting-stage. . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.19 Implementation of the calibration set-up. (1) PVDF based

force sensing microgripper; (2) Reference force sensor; (3)

3D-Micromanipulator; (4) Connecting-element . . . . . . 66

4.20 Input signal sequence for calibrating the proposed force

sensor. A series of ten square pulses of increasing 100 µm

amplitude, with the displacement returning to the initial

value after each pulse. . . . . . . . . . . . . . . . . . . . . . 67

4.21 Linear calibration curve fit of the PVDF based force sensing

microgripper for measuring bond breaking forces in shear-

mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.22 (A) Schematic of the force sensor. (B) Top-view of the mi-

crospring mounted on the PLS. (1) PLS; (2) Mounting pin;

(3) ElNi Microspring; (4) Stopper [7].© IEEE 2015 Reprinted, with

permission, from [P. Saketi, et al., Electroplated Nickel Microspring and Low-Friction

Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015]. . . . . . . . 70

4.23 The performance characterization setup for the proposed

force sensor [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al.,

Electroplated Nickel Microspring and Low-Friction Precision Linear Slider: A Novel

Micro-Force Sensing Tool, 05/2015]. . . . . . . . . . . . . . . . . . . . . 71

4.24 Friction measurements of the PLS. The highest peak in

each measurement represents the static friction force which

is continued with a plateau that represents the dynamic

friction force [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et

al., Electroplated Nickel Microspring and Low-Friction Precision Linear Slider: A Novel

Micro-Force Sensing Tool, 05/2015]. . . . . . . . . . . . . . . . . . . . . 71

xx



List of Figures

4.25 Schematic of a microspring. RH: Ring Height, RW: Ring

Width, GW: Gauge Width, GH: Gauge Height [7].© IEEE 2015

Reprinted, with permission, from [P. Saketi, et al., Electroplated Nickel Microspring

and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015]. 73

4.26 Simulation results for 20 mN applied force on the mi-

crospring with RH of 1600 µm and RW of 250 µm as a

function of GW and GH [7].© IEEE 2015 Reprinted, with permission, from

[P. Saketi, et al., Electroplated Nickel Microspring and Low-Friction Precision Linear

Slider: A Novel Micro-Force Sensing Tool, 05/2015]. . . . . . . . . . . . . . . 73

4.27 SEM images of a fabricated ElNi microspring and its cross

sections. (A), (B) and (C) images in the bottom repre-

sent the points of interest on the top image [7].© IEEE 2015

Reprinted, with permission, from [P. Saketi, et al., Electroplated Nickel Microspring

and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015]. 74

4.28 Schematic of measurement electronics for validating the

concept of microspring based force sensor. . . . . . . . . . 75

4.29 Force – Displacement measurement of an integrated ElNi

microspring inside a PLS. The grey line includes all data

points while the black line includes only the data points

in the range of 1000 µN −5000 µN [7].© IEEE 2015 Reprinted, with

permission, from [P. Saketi, et al., Electroplated Nickel Microspring and Low-Friction

Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015]. . . . . . . . 76

4.30 Designed microsprings. (1) GW = 27 µm; (2) GW = 32 µm;

(3) GW = 37 µm; (4) GW = 42 µm. . . . . . . . . . . . . . . . 82

4.31 SEM image of a fabricated microspring for the measure-

ment of the top values and the bottom values of GW. The

rough geometry of the upper edges is caused by the wet

chemical removal of the seed layer [8]. © Courtesy of MicroWorks

GmbH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.32 Schematic design of microspring based force sensing mi-

crogripper. (1) PLS; (2) Mounting pin; (3) ElNi Microspring;

(4) Stopper; (5) Microgripper, (6) Connecting-element, (7)

Magnetic Encoder, (8) Multipole magnet strip. . . . . . . . 84

xxi



List of Figures

4.33 Implementation of microspring based force sensing mi-

crogripper. (1) PLS; (2) Mounting pin; (3) ElNi Microspring;

(4) Stand; (5) Microgripper, (6) Connecting-element, (7)

Magnetic encoder soldered on PCB, (8) Multipole magnet

strip, (9) Adjusting screws. . . . . . . . . . . . . . . . . . . . 85

4.34 Schematic of the measurement system for evaluating the

positioning repeatability of NSE-5310 magnetic encoder. 86

4.35 Schematic of measurement system for calibrating the mi-

crospring based force sensing microgripper. . . . . . . . . 88

4.36 Calibration curve of microspring based force sensing mi-

crogripper. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.37 Extrapolated calibration curve of microspring based force

sensing microgripper. . . . . . . . . . . . . . . . . . . . . . 89

5.1 Fiber bond mounting and Z-Directional fiber bond strength

measurement processes. (A) One end of the fiber bond is

placed inside the UV-curable glue using a microgripper.

(B) The glue is cured using a UV torch. The other end of the

fiber bond is placed inside the glue using a probe. (C) The

glue is cured using a UV torch. The fiber bond is mounted

on the bond-holder successfully. (D) Z-Directional fiber

bond strength measurement. . . . . . . . . . . . . . . . . . 92

5.2 A representative graph of Z-directional bond strength mea-

surement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3 Microrobotic platform for shear-mode bonding force mea-

surement. (1) and (2) the microgrippers; (3) the elevated

rotary-table; (4) the XY-table; (5) the PVDF based force

sensing microgripper. . . . . . . . . . . . . . . . . . . . . . 94

5.4 Shear-mode bonding force measurement process. (A) Mi-

crogrippers bring a fiber bond to the proximity of the PVDF

based force sensing microgripper; (B) PVDF based force

sensing microgripper grasps the free end of crossing fiber;

(C) The microgrippers move away from the force sensing

microgripper synchronously to break the bond. . . . . . . 95

5.5 Left: A bond made of unrefined fibers. Right: A bond made

of refined fibers. . . . . . . . . . . . . . . . . . . . . . . . . . 96

xxii



List of Figures

5.6 Distribution of shear-mode bond strength measurement

results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.7 The controversial case of a bond which is stronger than a

fiber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.8 Micro tensile-testing setup. (1) Microspring based force

sensing microgripper; (2) ElNi microspring; (3) Magnetic

encoder soldered on a PCB; (4) Adjusting screw; (5) Micro-

gripper for pulling the sample during tensile testing. . . . 97

5.9 Strain Measurement. . . . . . . . . . . . . . . . . . . . . . . 98

5.10 Micro tensile-testing of a synthetic cellulose fiber. . . . . . 99

5.11 Force-Strain curve of a micro tensile-testing of a cellulose

fiber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

xxiii





List of Tables

2.1 List of reported bond strength measurement methods. . . 14

3.1 Comparing the results of manual approach with the mi-

crorobotic approach. . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Bond strength measurement results to estimate the break-

ing force range for the bonds made with traditional ap-

proach [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2 Individual Bond Strength Measurement Results (Not-Aged

vs. Aged) [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Relative standard deviation for the output of the reference

force sensor. The input signal sequence is repeated ten

times [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4 Relative standard deviation for the output of the PVDF film

sensor. The input signal sequence is repeated ten times [3]. 59

4.5 Relative Standard Deviation for the output of the PVDF

film sensor. The input signal sequence is repeated ten times. 63

4.6 Relative standard deviation for the output of the PVDF

based force sensing microgripper. The input signal se-

quence is repeated ten times. . . . . . . . . . . . . . . . . . 67

4.7 The results of friction force measurements of PLS with

different velocities [7]. . . . . . . . . . . . . . . . . . . . . . 72

4.8 Uncertainty in the Force - Displacement measurements of

ElNi microspring integrated inside the PLS [7]. . . . . . . . 77

4.9 Summary of parameters for optimization of microspring. 81

xxv



List of Tables

4.10 Summary of optimization results. . . . . . . . . . . . . . . 81

4.11 Summary of optimization results. . . . . . . . . . . . . . . 83

4.12 Repeatability of NSE-5310 magnetic encoder (DoM ) com-

pared to the reference SLC-1730 optical encoder (DoC ). . 86

4.13 Summary of Performance of the Developed Force Sensing

Microgrippers. . . . . . . . . . . . . . . . . . . . . . . . . . . 90

xxvi



1 Introduction

This doctoral thesis studies the technological solutions for handling,

sample preparation and mechanical characterization of micro-scale

fibrous materials. This chapter reasons out the motivation for this thesis

by discussing the challenges in the aforementioned fields and provid-

ing the research questions. After forming the scope of the thesis, the

objectives are defined and the contributions are presented. Finally, the

structure of the thesis is outlined.

1.1 Motivation and Challenges

Micro-scale fibrous materials are widely used in various industrial sec-

tors such as composites (carbon nanotubes and glass fibers), biomedical

technology (bio-degradable fibers), information technology and optics

(glass fibers), textile (nylon, cotton, wool, hemp), pulp and paper (wood

fibers), cosmetics (hair), military and safety (Kevlar). A major step in

developing a product based on any of the aforementioned fibrous mate-

rials is mechanical characterization. Due to the small dimensions, few

micrometers to hundreds of micrometers, of these fibrous materials,

handling and characterizing them as individual fibers are tedious tasks.

Therefore, they are either characterized as bulk materials in a web or a
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Chapter 1. Introduction

matrix, or if they are characterized as individuals, they are characterized

in small numbers.

The tools and devices for mechanical characterization of these materi-

als in a web or a matrix are well developed, and they are commercially

available. But characterizing these materials in bulk, does not provide

direct data on the behavior of fibers at the individual level and it re-

quires interpretation. For example in a paper hand-sheet, what portion

of the strength comes from fibers and what portion comes from bonds?

Therefore, tools to characterize micro-scale fibrous materials at individ-

ual fiber level with high throughput, minimum 500 fibers per day, are

required to produce statistically reliable data. Such data are not only in-

teresting for material producing industries to lower their costs, but also

for academia in understanding fundamentals of failure mechanisms.

Both industry and academia can also benefit from such tools to provide

data for their modeling tools. Even though the mathematical models

for multi-scale modeling of materials and homogenization techniques

are well developed, experimentally acquired data on the mechanical

properties of such fibrous materials are needed to utilize these existing

models.

The author argues that even though microrobotic technologies have

been extensively utilized in many application areas such as living cells

and micro-assembly, the potential of microrobotic technologies has

been very inadequately utilized in fibrous materials research. In this

thesis, novel microrobotic solutions are presented for both specimen

handling and mechanical characterization of micro-scale fibrous mate-

rials. An important aspect of the entire system is its modularity which

allows prompt reconfiguration of the microrobotic platform to match

the needs of a versatile measurement setup.

The microrobotic solutions developed in this thesis are mainly focused

on pulp and paper fibers for the following two reasons: (1) pulp and

paper industry is a major player in Finnish economy and it contributes to

1 % of the national gross domestic product; (2) pulp and paper fibers are

natural fibers with challenging morphology, therefore if a microrobotic
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solution is capable of handling these fibers, it is easily adaptable to

synthetic fibers with uniform morphology. Therefore, the applications

of microrobotic solutions presented in this thesis are not limited to pulp

and paper fibers even though they are used as a case study example.

1.2 Methodology and Scope

The thesis discusses the development of microrobotic solutions for han-

dling, specimen preparation and mechanical characterization of micro-

scale fibrous materials. The need for each solution has been initiated

based on industrial and academic feedback. After selecting the ap-

proach to tackle the need, a proof of concept for each solution is tested

and then a prototype is developed accordingly. The performance of

the prototypes is validated and finally they are tested in real laboratory

experiments.

The solutions for handling and specimen preparation are considered

as preliminary steps for a final microrobotic platform capable of me-

chanical characterization of fibrous materials. The focus of the thesis

is primarily on developing force sensing microgrippers which are inte-

grable into the microrobotic platform. The author aims to prove that

the working principle of the developed prototypes for force sensing mi-

crogrippers are valid. The steps to turn these prototypes into a product

level solution are beyond the contributions of this thesis. The micro-

robotic solutions are presented purely from a hardware point of view.

The software and automation aspects are not a part of this thesis and

therefore they are not discussed. In brief, the thesis presents a modular

tele-operated microrobotic platform capable of manipulating fibers with

dimensions from few to hundreds of micrometer. It includes force sens-

ing microgrippers with the force ranges of up to 20 mN and sensitivities

of as low as 27.22 µN /mV .
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1.3 Objectives and Contributions

The objective of the thesis is to develop microrobotic solutions for han-

dling, specimen preparation and mechanical characterization of micro-

scale fibrous materials, with the mechanical characterization being the

main objective. The following research questions (RQ)s are addressed in

this thesis:

RQ.1 Which microrobotic solutions can address the challenges of han-

dling and specimen preparation of micro-scale fibrous materials?

RQ.2 Which force sensing approach can measure bonding forces of

paper fibers at individual bond level?

RQ.3 Which force sensing approach can be used for micro-tensile test-

ing of fibers using a microgripper?

The contributions of the thesis are as follows:

• A microrobotic platform for manipulation and specimen prepa-

ration of micro-scale fibrous materials for microscopic studies is

designed and developed.

• Novel force sensing approaches for microgrippers used in micro-

tensile testing applications are proposed.

• A polyvinylidene fluoride (PVDF) based force sensor with passive

specimen holder capable of measuring the Z-directional breaking

forces of paper fiber bonds is developed.

• A PVDF based force sensing microgripper for measuring bond

breaking forces in shear-mode is developed.

• Utilizing microsprings as force sensors for micro-tensile testing

applications is a new approach. The use of electroplated Nickel

structures for force sensing applications is reported presumably

for the first time.
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• A microrobotic platform for mechanical characterization of micro-

scale fibrous materials is developed.

1.4 Outline of the Thesis

The thesis is organized as follows: Chapter 2 discusses the background,

State-of-the-Art and how to go beyond it. Chapter 3 describes the design

and implementation phases of a microrobotic platform for specimen

preparation of micro-scale fibrous materials. Chapter 4 explains design

and fabrication of three force sensing microgrippers for mechanical

characterization of micro-scale fibrous materials. Chapter 5 encom-

passes the integration of developed force sensing microgrippers into the

microrobotic platform, and demonstrates the mechanical characteriza-

tion capabilities of the platform.

1.5 List of the Definitions and Technical Terms

For the sake of simplicity and fluency of the thesis the repetitive tech-

nical terms are defined as follows. If these terms are used for any other

meaning than defined in the following, they are explained in the same

paragraph.

3D-MICROMANIPULATOR: It includes three SLC-1730 micropositioners

(SmarAct GmbH, Germany) perpendicular to each other, providing a

100 nm resolution, a ±10 µm absolute accuracy, a ±1 µm repeatability

and a 21 mm travel in X, Y and Z axis directions.

BOND: The term ”bond” refers to a single fiber crossing made of two

individual paper fibers. In order to differentiate between the chemical

and mechanical bonding mechanisms, pulp and paper chemists some-

times use a term ”joint” instead of ”bond”, while using the term ”bond”

is more common among the physicists. In this thesis the term ”bond”

refers to the summation of all mechanical and chemical forces which

hold two individual paper fibers together.
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LINEAR ACTUATOR: It refers to an SLC-1730 micropositioner (SmarAct

GmbH, Germany) which provides a 100 nm resolution, a ±10 µm abso-

lute accuracy, a ±1 µm repeatability and a 21 mm travel.

PULP FIBER AND PAPER FIBER: Pulp fibers are wood fibers which have

been extracted from wood in a pulp mill using chemical or mechanical

processes. Pulp fibers are turned into paper-sheets in a paper mill.

Paper fibers are the fibers extracted from a paper sheet. Duo to the

technological focus of the thesis on microrobotics and microsensors,

for the convenience of non-paper experts, the term ”Paper Fiber” is

commonly used instead of ”Pulp Fiber”.

REFERENCE FORCE SENSOR: It refers to an FT-S10000 force sensor with

±10 mN force range (FemtoTools AG, Switzerland). Its sensitivity and

resolution are 5000 µN /V and 2 µN , respectively. Its operating principle

is based on measuring the differential capacitance of a moving Silicon

comb structure.

RELATIVE STANDARD DEVIATION (RSD): RSD is the absolute value of

the coefficient of variation expressed as a percentage. In other words, it

is the ratio of the standard deviation to the mean expressed as a percent-

age.

ROTARY-TABLE: It refers to a SR-1908 rotary positioner (SmarAct GmbH,

Germany) which provides a resolution of 10 µ◦.

SIDE-VIEW: Refers to a vision system which includes a Manta-G504

camera (AVT AG, Germany) and a motorized Macro Zoom 7000 with

1.1X magnification (Navitar, USA).

TOP-VIEW: Refers to a vision system which includes a Sony-XCDU100

camera (Sony Co., Japan) and a motorized 12× Zoom with 0.29×−3.5×
magnification (Navitar, USA).

XY-TABLE: It includes two SLC-1760 micropositioners (SmarAct GmbH,

Germany) perpendicular to each other, providing a 100 nm resolution,

a ±10 µm absolute accuracy, a ±1 µm repeatability and a 41 mm travel

in X and Y directions.
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2 Background and State-of-the-
Art

2.1 Individual Paper Fibers and Bonds

Depending on their type, wood fibers are cells having typical dimensions

of 0.6 mm −7 mm in lengths and 16 µm −70 µm in diameters [9, 10, 11,

12]. An individual paper fiber bond is made of two crossed individual

wood pulp fibers, and the angle between these two fibers is called a

crossing angle, α. A fiber bond is the construction unit of a paper sheet

which is a network of pulp fibers. Therefore, the fiber bonds and their

strength and stiffness strongly contribute to the key parameters affecting

the quality of paper sheets. Understanding parameters affecting the

strength of bonds can lead to reducing the grammage of paper products

and reducing the raw material consumption, consequently.

In 1933, it was suggested that the bond forms due to Laplace pressure

inside a water bridge between two fibers [13]. In 1940, the challenges to

measure the bond strength were stated as: “Fundamental measurements

of this property are impossible because of such unmeasureable and

uncontrollable variables as the formation of the sheets, the nature of

the actual area tested, and the several fundamental stresses empirically

applied in any one standard physical test” [14]. Despite of the scientific

and technological achievements in the last decades, the aforementioned
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challenges are still valid. During the sixties, structural aspects of bonding

were explained [15], investigated using direct observation [16], and a

theory was proposed for tensile strength of the paper [17].

It is suggested that there are six bonding mechanisms involved in form-

ing a bond: mechanical interlocking of microfibrils, cellulose interdif-

fusion, hydrogen bonding, van der Waals bonding, Coulomb interac-

tion [18] and capillary bridges [19]. Studies to identify quantitative prop-

erties and the role of the mentioned mechanisms through modeling

have been reported [19, 20]. Even though the results of such atomistic

models are scientifically valuable, these models not only require em-

pirical measurements for validation, but also they must be scaled up

to macro-scale in order to provide industrial impact. Therefore, there

have been significant efforts to simulate static [21] and dynamic behav-

ior [22, 23] of fiber networks, recently. Even though the models for sim-

ulation of fiber networks are well developed, experimentally acquired

data on the mechanical properties of individual fibers and fiber bonds

are still required to be used in these models. Therefore, measuring the

bond breaking force directly is a necessity.

The challenges of measuring the bonding forces directly, are not only

limited to finding an adequately accurate and sensitive force sensor but

also to handling and mounting them. Manipulating and mounting the

bonds in all of the reported methods are performed manually [24, 25,

26, 27]. In addition, specimen preparation in these studies is also done

manually and without controlling the crossing angle, α, of the fibers.

Crossing angle not only affects the bonded area [1] but also it affects

the bond strength measurement. Non-perpendicular crossing angles

lead to dividing the breaking force into two components which requires

resolution of forces. Thus, either a two-axis force sensor is required or

the resolution of forces should be carried out using simulation tools and

a structural model of the bond [26].

In addition to the inhomogeneous nature of fibers and fiber bonds, as

specimen preparation (bond making), handling and measuring a large

number of bonds with current tools are difficult tasks, providing sta-
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tistical reliable data is not possible [28]. Therefore, a large variation

even within the same sample exists in the reported bonding forces [28].

Because of the aforementioned complications, paper fiber specialists

still rely more on bond strength estimations on the hand-sheet level

rather than on the individual level. Thus, to provide statistically reliable

data, it is preferred to measure the energy required to break a certain

number of bonds on the hand-sheet level instead of characterizing many

individual bonds [29]. A lack of high throughput bonding force mea-

surement tools is one of the main reasons for the tendency of paper

fiber specialists to use tests on the hand-sheet level. They include static

tests, e.g. Z-directional tensile test and shear cohesion test; and dynamic

methods, e.g. Scott bond test [30]. Recent studies, however, on internal

bond strength measurement methods on the hand-sheet level such as

a peel cohesion test, a delamination test, a Z-directional tensile test, a

cantilever beam test, a shear cohesion test and a Scott bond test prove

that the results acquired with these methods contain undesirable in-

formation [30]. Even though the results of such tests on hand-sheets

are highly correlated to the internal bond strength of paper/board, all

of them include undesirable information in their results which are not

decoupleable. For example: the Z-directional tensile test measures both

intra- and inter-fiber bonding energies, the shear cohesion test couples

the force required to shear the bond with the force acting on the plane

of the sheet, and the dynamic nature of the Scott bond test overesti-

mates the bond strength [30]. Therefore, the necessity of getting new

information and data on bonds has increased during the recent years.

The reported methods for paper fiber bond strength tests in individual

bond level are either direct which are manual, laborious and have a low

throughput or indirect which require data interpretation as well. These

methods are explained in detail in Section 2.1.3.

In the following, the state-of-the-art on specimen preparation of micro-

scale fibrous materials in general, fiber bonds (bond making) specifically,

and bond characterization methods will be explained.
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2.1.1 Specimen Preparation

Specimen preparation is a laborious and time consuming task which

requires skilful and experienced personnel [31]. The specimen prepa-

ration techniques are categorized based on the mounting type to tem-

porary or permanent, and based on the sample type to biological and

non-biological [31]. Both biological and non-biological fibrous materi-

als are of interest in such fields as unwoven materials, pulp and paper,

composites, textiles, and optics. Not introducing artifacts and struc-

tural changes to the specimen in the specimen preparation processes of

micro-scale fibrous materials is a challenging issue with prime impor-

tance [4]. The structural changes formed while handling the specimens

are mainly caused by human error [4]. Robotic systems can reduce this

damage whilst simultaneously increasing the handling throughput [4].

At macro-scale, robotic gripping techniques have been reviewed for use

with fibrous material sheets [32]. At micro-scale, the issue is harder to

tackle because of the aspect ratio of fibrous materials, which may be

tenths of micrometers in diameter and only a few millimetres in length.

While microrobotic technologies have been extensively utilized for mi-

croassembly [33, 34, 35, 36], handling micro- and nanoscale specimens

such as carbon nanotubes (CNT)s [37, 38], optical fibers [39, 40, 41] and

living cells [42, 43, 44, 45, 46, 47], their use in micro-scale specimen han-

dling is rarely reported. Examples of using microrobotics for handling

biological (e.g. single cells in aqueous media [48] and non-biological

(e.g. individual tobermorite crystals for Atomic Force Microscopy stud-

ies [49]) samples exist; however, microrobotic systems for the specimen

handling of micro-scale fibrous materials are not reported yet.

2.1.2 Bond Making Approaches

The real bonded area between two fibers is the area which is in molec-

ular contact, and it might be detectable using high resolution nanoto-

mography (NT). High resolution NT is a very slow imaging technique.

Other methods such as imaging the sliced bonded area (destructive) [1]

and measuring the apparent overlapping area between two fibers (non-
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destructive) provide an acceptable estimate for the real bonded area [50].

The ”apparent overlapping area” is also known as ”optical bonded area”

which is determined by optical microscopy. It has been shown that us-

ing this non-destructive approach results in 60% overestimation of real

bonded area, which is the result of incomplete bonding of overlapping

fiber regions [1]. Although the disadvantages of such non-destructive

bond area estimation are very well known, it is still widely used because

of its simplicity and accessibility. The data produced by this method are

useful for relative comparison of various samples, but it is not recom-

mended to be used for reporting absolute results.

Measuring the real bonded area is beyond the scope of this thesis. Here-

after, the term bonded area refers to the apparent overlapping area

between two fibers. There are two important parameters in determining

a bonded area, crossing angle, α, and vertical angle, β. The vertical angle

is the angle between the fiber axis and the image plane. The crossing

angle affects directly the bonded area [see Figure 2.1]. Equation 2.1

shows the relation between the crossing angle, α, with the calculated

area of a fiber bond, Acalc :

Acalc = w1×w2/si n(α) (2.1)

where w1 and w2 are the widths of individual fibers [1]. A common bond

making approach is highly diluting the suspension of fibers and placing

the droplets of suspension between two Teflon plates. Then the plates

are dried for 45 minutes at 70◦C [1]. The drying time and temperature

might change from one laboratory to another, but the general process

remains the same. The randomly oriented bonds in this method lead to

random α and β angles which is shown in Figure 2.2A. Other examples

of possible artifacts caused by this bond making method are illustrated

in Figure 2.2B, C and D.
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Figure 2.1: Crossing Angle (α) [1].

Figure 2.2: Artifacts caused by the conventional bond making method
approach. A) Random (α & β) angles, B & C) More than one bond on
one fiber, D) Two bonds on the top of each other [2].©IEEE 2011 Reprinted, with
permission, from [P. Saketi, et al., Microrobotic platform for making, manipulating and breaking individual
paper fiber bonds, 05/2011].

2.1.3 Bond Characterization Methods

It is possible to categorize bond strength measurement methods into

direct and indirect methods. Indirect methods are either experimen-

tal which are mainly correlating bonded area with bond strength, or

they are based on modeling [19, 20]. A typical approach to determine

the apparent bonded area is using polarized light microscopy [16] and

microtome serial sectioning combined with image analysis [1]. This

method provides information only on optically bonded area which is

not representing the real bonded area. Since the latter method is a de-

structive measurement method, it is not possible to correlate the real

bonded area to the bond strength. In the quest to find the real bonded

area, the most recent and the most accurate method is using NT. The
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main drawback of nanotomography is the longer scanning times, which

makes it an inefficient method for providing statistical data.

In order to understand the mechanical properties of bonds, they have

to be characterized in different loading modes. The loading modes for

bond strength measurement are as follows: shear or sliding mode, Z-

directional or opening mode, torsional or tearing mode [51], and peeling

mode [52] [See 2.3].

Figure 2.3: Different modes of fiber bond loading. A) Shear or sliding
mode; B) Z-directional or opening mode; C) Torsional or tearing mode;
D) Peeling mode [3].

Bond strength measurement dates back to the sixties [53]; in 1962,

a modified chainomatic balance was used for measuring the shear

strength, and cement was used to mount the bonds to the specimen

holder [50]. In 1964, an Instron tensile tester was used for measuring the

shear strength, and double-sided adhesive tape was used for mounting

the bonds [54]. In 1990, the second generation of a load-elongation

recorder developed by Hardacker in 1962 [55], was used to measure the

bond strength, and Epon 907 resin and hot melt was used to mount

bonds [24]. In 2011, a modified atomic force microscope (AFM) probe

was used to measure the strength in the peeling mode [25]. In the same

year, an Instron ElectroPulse E1000 electrodynamic tensile testing ma-

chine equipped with a Honywell Sensotec 50 g load cell was used to

measure the bond strength [26]; the bonds were mounted on specimen

holders using glue. In order to estimate the state of loading in normal

and shear direction, by using the imaged geometry of each bond, a struc-

tural model of the bond was analyzed [26]. In 2013, a calibrated AFM

probe was used, the same method as in [25], to measure the bond under
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static and dynamic loading, and also the formerly bonded areas were

investigated to study the effect of mechanical interlocking as a bond-

ing mechanism [27]. Table 2.1 summarizes the reported bond strength

measurement methods.

Table 2.1: List of reported bond strength measurement methods.

Year Measurment Device Mode Mounting Method

1962 [50] Modified Chainomatic Balance Sliding Cement
1964 [54] Instron Tensile Tester Sliding Adhesive Tape
1990 [24] IPC Load-Elongation Recorder Sliding Epon 907 Resin
2011 [25] Modified AFM probe Peeling Nail-Polish
2011 [26] Instron ElectroPulse E1000 & Sliding & Glue

Honywell Sensotec 50 g load cell Tearing
2013 [27] Calibrated AFM probe Peeling Nail-Polish

The aforementioned bond characterization methods is not a complete

list. In order to study these methods further, reading the following

references are recommended [56, 57, 58, 59].

2.2 Micro-Tensile Testing

Micro-tensile testers are required mainly in two application areas: char-

acterizing materials and components used for fabricating microelec-

tromechanical systems (MEMS) [60, 61, 62, 63], and characterizing

micro-scale specimens of various materials [64, 65] such as micro-scale

fibers [66, 67, 26, 68]. The devices used for micro-tensile testing are

divided in three categories: commercialized universal micro-testing

machines which use load cells e.g. Instron 5848 [63, 69]; AFMs with

special cantilevers [66, 68, 70], and micro-tensile testers developed for

specific application areas by utilizing micro-electro-mechanical tech-

nologies [61, 64, 65, 71, 72, 73, 74, 75, 76]. On the one hand, universal

micro-testing machines and their gripping devices are mainly used for

standard test methods and they are difficult to apply in testing thin

films [74]. On the other hand, AFM based micro-tensile testing tech-

niques are limited in their force range and they are slow. Therefore, many

research groups fabricate their own micro-tensile testers which belong
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to the third aforementioned category. An interferometric strain/dis-

placement measurement system, which measures the strain using a

laser sensor and measures the force using a load cell, was developed in

National Aeronautics and Space Administration (NASA) and reported in

1989 [71]. This system was improved by using air bearings to eliminate

friction in the loading system in 1997 [72]. In this system, a piezoelec-

tric transducer was used to apply the load on the specimen and a load

cell with 5 mN resolution and 2.2 N range was used to measure the

force [72]. In 2001, heat resistive grippers and a new load cell, with 90 N

range and 200 mN resolution, were integrated into the platform, allow-

ing high-temperate micro-sample testing [73]. Another load cell based

micro-tensile tester, which was used for in-situ AFM measurements,

was reported in 2006 [76]. The reported resolution for this device was

125 mN for the force range of 25 N [76]. Besides commonly used load

cells, other technologies have been developed for high resolution micro-

tensile testing. A micro-tensile testing system, for sub-micrometer thick

films, was developed using a servo controlled balance with 100 mN force

range and 1µN resolution [61]. In order to measure the tensile strength

of free standing thin films, an eddy-current displacement sensor and two

steel flex stripes were used to fabricate a micro-tensile tester with 12 mN

force range [74]. In another approach, micro-tensile testers utilizing a

bender as the force sensing component were also reported; e.g. a silicon

beam bender for studying the micromechanics of polymers [64] and a

deflectable pipette for viscoelastic analysis of muscle cells [65]. In order

to characterize the material properties of nanostructures, e.g. nanowires,

a tensile testing system for in-situ electron microscopy strength mea-

surements was developed [75]. This system consists of an electrostatic

comb drive actuator for loading the specimen and a thermal actuator

for displacement control. A differential capacitive comb structure was

integrated into the system as the force sensing component with the

resolution of 12 nN and the force range of 1.5 mN [75].
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2.3 Force Sensing Microgrippers

In recent decades, many microgrippers have been developed either

for various micromanipulation tasks or mechanical characterization of

micro-scale objects. The microgrippers can be categorized into three

types: (i) microgrippers without force sensing features; (ii) microgrip-

pers capable of gripping force measurement; (iii) microgrippers capable

of tensile force measurement.

2.3.1 Microgrippers without Force Sensing Features

Pioneers such as Fukuda were studying microgrippers since 1987 [77].

One of the first cases that reported the design, fabrication and test-

ing process of a typical microgripper was at the Berkeley Sensor and

Actuator Center in 1990 [78, 79]. The mentioned on-wafer PolySili-

con microgripper with 10 µm gripping range was actuated electrostat-

ically [78, 79, 80]. Later, a monolithic overhanging microgripper was

developed with enhanced micromanipulation features [81]. Other mi-

crogrippers such as an SMA microgripper with antagonistic actuator

and an integrated gear mechanism [82], an electrothermally actuated

polysilicon microgripper to manipulate CNTs [83] and a two-degrees-of-

freedom piezoactuated microgripper for micromanipulation tasks [84]

were only capable of grasping micro-scale objects without any force

sensing feature.

2.3.2 Microgrippers Capable of Gripping Force Measure-

ment

Since micro-scale objects, especially biological samples, are extremely

sensitive to the applied forces during manipulation, many microgrippers

equipped with an integrated gripping force sensor have been developed

and reported in recent years. For example, a monolithic compliant

piezoelectric-driven microgripper with integrated gripping force sensor

and an integrated tip displacement sensor has been developed using
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a pseudorigid-body-model method [85]; a superelastic NiTi microgrip-

per with embedded miniaturized voice coil actuators and piezoelectric

PVDF force sensors has been reported [86, 87]; a silicon electrother-

mal microgripper integrated with two-axis capacitive force sensors, one

axis dedicated to contact detection and another one for gripping force

measurement, was developed for mechanical characterization of mi-

crocapsules [88]; piezoresistive cantilever beams were integrated to an

electrothermal microgripper to measure the gripping force [89]. Another

well studied type of microgrippers which have an integrated gripping

force sensor are electrostatic grippers; they are using a lateral comb

drive system for actuation and a transverse comb drive system to sense

the gripping force [90, 91]. Some of these microgrippers such as FT-G

microgripper series (FemtoTools AG, Switzerland) have already been

commercialized [91].

2.3.3 Microgrippers Capable of Tensile Force Measure-

ment

Even though microgrippers with integrated gripping force sensors are

widely reported, successful studies on microgrippers capable of micro-

tensile testing are rare. Examples include SU-8 based electrothermal

micro-gripper integrated with an optical fiber displacement sensor for

micro-tensile testing of biological samples [92], and an electrostatically

actuated monolithically integrated two-axis micro tensile-tester for the

force range of ±60 µN which includes a two-axis capacitive force sen-

sor and a capacitive position sensor [93]. Electrostatically actuated

microgrippers are compact and easy to fabricate with MEMS fabrica-

tion processes but they have a very limited force range. In Chapter 4

of this thesis, novel solutions for microgrippers capable of tensile force

measurement are presented.
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2.4 Polyvinylidene Fluoride Film Sensors

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer material hav-

ing a solid and homogenous structure [94] which was discovered by

Kawai in 1969 [95]. Similar to other piezoelectric materials, such as PZT

(Lead Zirconate Titanate), an electrical signal is induced in the elec-

trodes when an external force is applied on PVDF. This is called direct

piezoelectric effect with the following constitutive equation in which

electric field and stress are the independent variables:

Dk = dki jσi j +εσkmEm (2.2)

where Dk is dielectric displacement, dki j is piezoelectric coefficient,

σi j is stress, εσkm is permittivity and Em is electric field. The converse

piezoelectric effect is expressed by the following constitutive equation:

Si j = cE
i j klσkl +dki j Em (2.3)

where Si j is strain and cE
i j kl is elastic compliance.

The charge sensitivity of a piezoelectric material is characterized by its

piezoelectric coefficients dki j , which are defined for each direction of

the generated electrical field, i = 1, 2, 3, and the direction of the affecting

force, j = 1, 2, . . . , 6, [96].

The dki j is a third-rank tensor expressed in terms of 3×6 matrix, however,

crystal symmetry reduces the number of independent piezoelectric
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coefficients [97]:

dki j =

 0 0 0 0 d15 0

0 0 0 d24 0 0

d31 d32 d33 0 0 0

 (2.4)

For PVDF films the electrical axis, i is always 3 since the electrodes are at

the top and bottom of the film. For the mechanical axis, j can be 1, 2 or

3 since the stress can be applied to any of these axes. The polarization

of PVDF is oriented in the manufacturing phase by stretching the film

and poling it under a strong electric field [98].

In recent years, PVDF has been used for various force sensing applica-

tions. PVDF sensors for sensing micro-Newton forces were integrated

with a commercial micromanipulator and their force sensing abilities

were demonstrated in 1D and 2D sensing systems [99]. A PVDF film

with upto 20mN force range for cellular force measurement in bioma-

nipulation application [100], and a sensorized microgripper based on

PVDF film sensor for forces up to 6mN , for alignment of micro-opto-

electrical components was developed [87]. In addition, high sensitivity

PVDF force sensors with a resolution in the range of sub-µN for micro-

assembly [101] and micromanipulation [102] applications have been

reported. In another application, in order to detect cell injection forces

PVDF sensors have been utilized [103, 104]. PVDF sensors were also

used for micro-force tracking systems [105]. Due to the high resolution

and fast response, PVDF is a suitable solution for micro-force sensing

applications.

2.5 Electroplated Nickel

MEMS structures such as inertial switches [106] and vibration energy

harvesters [107] are widely fabricated from Electroplated Nickel (ElNi)

using LIGA processes. LIGA is a German acronym for “Lithographie”
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(Lithography), “Galvanoformung” (Electroplating), “Abformung” (Mold-

ing). Therefore, factors affecting mechanical properties of ElNi [108,

109, 60], such as plating conditions [110, 111], have been studied during

the last decade. Young’s modulus is the most important mechanical

property of ElNi which has been studied using the following two cate-

gories of techniques: dynamic techniques such as analysis of vibration

frequencies of free-clamped microcantilevers [108, 112], and static tech-

niques such as beam bending [113, 114], bulging of membranes [113],

indentation [108], tensile test [60], and balance method [115]. Studies

show that plating temperature and current density are the major factors

influencing the Young’s modulus of ElNi [110]. It is possible to adjust the

Young’s modulus of the final fabricated product in the range of 85GPa –

205GPa by controlling plating temperature and current density [110].

An exemplary fabrication process of ElNi structures using LIGA is il-

lustrated in Figure 2.4 [7]. First, a Cr/Cu layer is sputtered on a Si

wafer (Figure 2.4A), then positive photoresist e.g. AZ®50XT is spun

on the Cr/Cu layer to the height of e.g. 50µm (Figure 2.4B). Next, us-

ing a mask and the UV-lithography process trenches are made in the

photoresist (Figure 2.4C). The nickel specimen layer is electroplated

in 50◦C with a current density of 10m A/cm2 to the desired height of

50µm (Figure 2.4D); the main composition of electroplating solution is

nickel sulfamate Ni(NH2SO3)2.6H2O with pH of 3.9. After electroplat-

ing, the positive photoresist is removed using NaOH solution (Figure

2.4E), and the Cr/Cu layer is back-etched using NH3.H2O.H2O2 solution

(Figure 2.4F) [7].

Figure 2.4: Fabrication process of ElNi microspring.
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The type of lithography process, e.g. UV or X-ray, and the type of photore-

sist, positive or negative, varies depending on the final product quality

and requirements. The UV-lithography is usually used for structures

with heights smaller than 100µm while X-ray lithography is used for

structures with heights larger than 100 µm. Negative photoresists usu-

ally provide better side-wall quality compared to positive photoresists.

2.6 Beyond State-of-the-Art

This thesis aims to elevate the state-of-the-art in characterization of

micro-scale fibrous materials by introducing the following novelties:

• A microrobotic platform for manipulation and specimen prepa-

ration of micro-scale fibrous materials for microscopic studies,

e.g. scanning electron microscopy (SEM) and NT, is designed and

developed. This microrobotic platform minimizes the human

interaction with the specimens while decreasing the specimen

preparation time [4]. Using the developed microrobotic platform,

not only the traditional manual bond making method based on

Teflon-plates is enhanced with a robotic one [2], but also perpen-

dicular bonds, instead of randomly formed bonds, were made and

measured for the first time [5].

• Tensile testing of micro-scale fibrous materials does not need a lot

of force to manipulate but their ultimate tensile strength is very

high and relatively large forces are required to perform a micro-

scale tensile test, e.g. CNTs require 0.5mN – 30mN [116, 117],

wood fibers require 40mN – 370mN [118] and paper fiber bonds

require 0.2mN – 20mN [5, 24, 6]. This thesis proposes a novel

force sensing approach for grippers used in micro-tensile testing

applications.

• Use of ElNi microsprings based force sensor for micro-tensile

testing applications is a new approach compared with the other

approaches reported in the literature such as load cells [71, 72, 73],
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servo controlled balance [61] and eddy-current based force sen-

sors [74]. Even though design and fabrication of S-shape and

U-shape ElNi springs for testing micro-scale thin films were al-

ready reported in [119], the use of ElNi MEMS structures for force

sensing applications has not been reported. For the first time, in

this thesis, an elliptical ElNi microspring is designed, fabricated

and integrated into a low-friction precision linear slider (PLS) for

force sensing applications [7].

• The equipment for Z-directional testing at the hand-sheet level

is very well developed and there are several commercial devices

and methods [120] available to perform such tests, including the

Lab Master® Z-direction tensile tester (Testing Machines, Inc.,

USA) and the L&W Z-direction tensile tester (Lorentzen & Wettre,

Sweden). However, there is no device available in the market, or

even reported in the literature, which is capable of measuring the

Z-directional breaking forces of bonds. A novel method for the

measurement of Z-directional individual bond breaking forces, us-

ing a PVDF sensor which is operating in a cantilever-like bending

mode is presented in this thesis [3].
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3 Microrobotic Platform for
Specimen Preparation

This chapter introduces a modular tele-operated microrobotic platform

to address the challenges of handling and specimen preparation of

micro-scale fibers. The modularity of the platform allows a promptly

adaptable reconfiguration to match the needs of various specimen han-

dling and preparation techniques. Design and implementation of the

microrobotic platform is presented in Section 3.1. Then the perfor-

mance of the platform is demonstrated by accomplishing the following

tasks: preparing samples for scanning electron microscopy and nanoto-

mography, described in Section 3.2; making individual bonds using the

microrobotic platform, described in Section 3.3; making perpendicular

bonds using the microrobotic platform, described in Section 3.4.

3.1 Design and Implementation

Since micro-scale fibers cover a wide range of dimensions, the platform

should be able to handle fibers with diameters ranging from 10 µm to

1000 µm and lengths of a few millimeters. Another important factor is

the ambient conditions of the sample. Due to hygroscopic properties

of pulp and paper fibers, the standard ambient conditions for pulp and

paper studies are 50%±2% relative humidity and 23±1 ◦C temperature.
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Since initially many fibers are suspended in an aqueous medium (e.g.

pulp fibers in water), the platform should be able to handle specimens

in both wet and dry conditions. Furthermore, in their initial state, fibers

are not aligned and have a random orientation, so the platform requires

an alignment process to orient the samples. Other steps in the handling

process are to separate, pick, sort and mount the fibers on specimen

holders. In many sample preparation cases, it is also necessary to treat

the sample chemically by adding a known volume of different chemi-

cals [121]. The platform should be able to chemically treat the fibers

individually and depending on the dimensions of the fiber, the plat-

form should be able to generate known volumes of chemicals in the

nano-liter to micro-liter scale, and dispense the droplet accurately on

the desired place. The high aspect ratio of fibers requires the handling

of samples in three dimensions. Therefore, the platform should be capa-

ble of operating not only in 2D but also in 3D. As different microscopy

tools have different types of specimen holders, the platform should be

modular and be able to mount the fiber on different types of specimen

holders. Since specimen handling of micro-scale fibers is a laborious

and time consuming task, the platform should be designed so that it can

be automated in applications where high throughput is essential. The

architecture of the platform is shown in Figure 3.1.

Figure 3.1: Main functions of the microrobotic platform [4].
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To fulfill the aforementioned tasks the following functions are required:

the computer-vision function (F1) identifies the fiber; the micro-orientation

function (F2) aligns the fiber; the micro-gripping function (F3) grasps

the fiber; and the micromanipulation function (F4) handles and mounts

the fiber on a specimen holder. When necessary, a dispensing function

(F5) treats the individual fiber chemically. The control function (F6)

orchestrates the other functions and provides a user-interface for the

operator.

Figure 3.2 and Figure 3.3 show the design of the platform and Figure 3.4

depicts the implementation of the platform. The same numbering

method is used in Figure 3.2 and Figure 3.4. Hereafter, the compo-

nents in the figures are labeled ”C.#-F.#”, which refers to “Component

Number-Figure Number”. The stacked gantry crane structure provides

several benefits such as having the most compact design without co-

ordinate mapping and with fixed cameras. This structure holds three

micromanipulators (C.1-F.3.2, C.2-F.3.2 and C.3-F.3.2) and an XY-table

(C.6-F.3.2). The micromanipulators are composed of three similar lin-

ear actuators (SmarAct GmbH, Oldenburg, Germany) which provide a

100 nm resolution, a ±10 µm absolute accuracy, a ±1 µm repeatability

and a 21 mm travel in X, Y and Z directions. Two micromanipulators

(C.1-F.3.2 and C.2-F.3.2) are equipped with microgrippers, and the third

manipulator (C.3-F.3.2) is equipped with a probe. A linear actuator is

added to one of the micromanipulators with a microgripper (C.1-F.3.2)

to move a dispenser (C.4-F.3.2) which is used for the chemical treatment

of the samples. The micropositioner C.4-F.3.2 facilitates the application

of droplets down to 70 nl with the dispenser (TheLee Co., LA, USA) on

any chosen location. A rotary-table (C.5-F.3.2) with a resolution of 10 µ ◦

is mounted on the XY-table for orienting and aligning the samples. A

holder for the samples and a holder for the finished specimen are in-

tegrated onto the top of a rotary-table. The sample holder is a small

container which holds the samples either in a dry or a wet state. The

specimen holder is an SEM stub, or a scanning tunneling microscopy

(STM) probe which is used as a specimen holder in NT. The microgrip-

pers attached to micromanipulators (C.1-F.3.2 and C.2-F.3.2) are tailored

for that purpose and have exchangeable jaws with an opening gap of
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1 mm (SmarAct GmbH, Oldenburg, Germany). The probe attached to

the third micromanipulator (C.3-F.3.2) is a stainless-steel probe fabri-

cated using laser-micro-machining. Figure 3.3 shows the design of the

mounting probe. The tip of the probe is designed in such a way that it

allows the mounting of fiber on both horizontal and inclined specimen

holders. The 300 µm horizontal edge on the tip is used for mounting

the fiber on horizontal specimen holders, and the inclined 707 µm edge

with the 45 ◦ angle is used for mounting on inclined specimen holders.

Figure 3.2: Design of the microrobotic platform for handling individ-
ual fibers and bonds. (1 and 2) XYZ-micromanipulators with active
microgrippers; (3) XYZ-micromanipulator with a probe; (4) Solenoid-
dispenser; (5) microrotary-table and (6) XY-table [4].

Figure 3.3: The design of the self-fabricated mounting probe and its
tip [4]. © John Wiley and Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic
platform for handling micro-scale specimens of fibrous materials for microscopic studies, 10/2012].

All micromanipulators, with the exception of the dispenser microma-

nipulator, are equipped with position sensors. The dispenser microma-

nipulator and the rotary-table are controlled using visual feedback. A
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12× computer-controlled zoom with 0.29×−3.5× magnification, a fine

focus and an illumination system (Navitar Inc, Rochester, NY, USA) and

a CCD camera (SONY XCD-U100) provide visual feedback from the top.

A 6× macro–zoom-lens (Optem, Munich, Germany) and CCD camera

(SONY XCD-X710) provide the side view. The pixel sizes of the top-view

and side-view cameras are 4.4 µm and 4.65 µm, respectively. Figure 3.4

shows the configuration and the modular features of the microrobotic

platform; numbering is as in Figure 3.2. The modularity of the platform

eases the configuration of various samples and sample holders. The

first configuration of the platform [Figure 3.4A] is designed to handle

specimens of fibers for SEM imaging. The sample container is a stainless

steel dish with a depth of 100 µm. This depth guarantees that the fibers

cannot stay inclined in the medium and that they are graspable with

the microgrippers. In this configuration, the specimen holder is an SEM

stub in the center of the rotary-table which is available in various inclina-

tion angles and can be easily changed depending on the imaging needs

[Figure 3.4B]. The second configuration of the platform is designed to

handle specimens for NT imaging [Figure 3.4C]. The depth of the sample

container is 100 µm – the same as in the first configuration. An STM

probe is used as the specimen holder for NT imaging. It is attached to

the rotary-table to align the sample with the probe.

The control software’s main responsibility is to provide the functionality

to control the devices in the platform. In addition, it acquires data

from sensors and cameras and it also provides a user interface for the

operator. In a typical scenario, the operator places the fiber in the sample

container and visually inspects the fibers via the provided user interface.

The operator is responsible for selecting the best fiber. In the next

phase, the operator aligns the selected fiber with microgrippers using

the rotary-table and moves the microgrippers to the proximity of the end

points of the fiber. The selected fiber is grasped by closing both gripper

jaws synchronously. After the fiber is successfully grasped, it is moved

onto the specimen holder and aligned appropriately. Finally, the fiber is

mounted on the specimen holder using the probe. Figure 3.5 illustrates

the signal flow diagram in control software during the tele-operated

specimen handling processes.
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Figure 3.4: The configuration of the platform (numbering is as in Fig-
ure 3.2). (A) The platform configuration for the specimen handling of
fiber for SEM imaging. (B) Stubs with varying inclination: 0 ◦, 15 ◦, 36 ◦,
and 45 ◦, all with a diameter of 12.5 mm. (C) The platform configuration
for the specimen handling of fiber for NT imaging [4]. © John Wiley and Sons
Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic platform for handling micro-scale
specimens of fibrous materials for microscopic studies, 10/2012].

28



3.1. Design and Implementation

Figure 3.5: Signal flow diagram during the specimen handling processes.
XYZ: The 3DOF micromanipulator; G: including microgripper; D: in-
cluding dispenser positioner; PP: including Probe [4].
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3.2 Preparing Samples for Scanning Electron

Microscopy and Nanotomography

To image small specimens with an SEM, the specimens are generally

placed on carriers referred to as stubs. These carriers are available in dif-

ferent sizes and materials, such as aluminium or copper (Agar Scientific,

UK). Stubs with a diameter of 12.5 mm and a varying inclination angle

(0 ◦, 15 ◦, 36 ◦, and 45 ◦, [Figure 3.4B]) were used for the experiments. The

inclined stubs ease the approach to the fibers with microrobots inside

the SEM. To mount the paper fibers on the stubs, two pieces of adhesive

carbon pad are fixed onto the stub surface. Since paper fibers are natural

fibers with largely varying lengths, the pads form a narrowing groove,

in the shape of a “V”. This “V” shape groove guarantees that fibers with

different lengths can be mounted.

Figure 3.6 illustrates the process of specimen preparation for a diago-

nal compression test of a paper fiber inside an SEM. The fibers in this

experiment are refined bleached pine kraft pulp fibers which are disin-

tegrated in deionized water and placed on the rotary-table by using a

pipette. To mount both ends of a fiber on the edges of the “V” shape

groove, two microgrippers grasp an individual paper fiber at both ends

and lift it above the rotary-table to a suitable height so that the stub can

move under it (Figure 3.6A & B). Then, the paper fiber is aligned with

the “V” shape groove to match its length. The alignment process is a

combination of fine movements with the rotary-table and the XY-table

(Figure 3.6C). To increase the accuracy of mounting, the mounting probe

pushes one end of the grasped fiber – very close to the microgripper

– to the carbon pad while holding both ends of the fiber with the mi-

crogrippers (Figure 3.6D). The same process is repeated for mounting

the other end of the fiber onto the carbon pad (Figure 3.6E). Finally, the

microgrippers release the fiber ends after the mounting process is over

(Figure 3.6F). The process is repeated for mounting several fibers on

differently inclined stubs. The paper fibers ranged from 25 µm – 34 µm

in diameter and 0.8 mm – 3 mm in length.
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Figure 3.6: The process of paper fiber specimen preparation for the
diagonal compression test inside an SEM. (A & B) Two microgrippers
grasp an individual paper fiber at both ends and lift it above the rotary-
table to a suitable height so that the stub can move under it; (C) The
paper fiber is aligned with the “V” shape groove of the carbon pad to
match its length; (D & E) The mounting probe pushes one end of the
grasped fiber at a time – very close to the microgripper – to the carbon
pad while holding the both ends of the fiber with the microgrippers; (F)
The microgrippers release the fiber ends after the mounting process is
over. [4] © John Wiley and Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic
platform for handling micro-scale specimens of fibrous materials for microscopic studies, 10/2012].

In the NT studies, an STM tungsten probe was used as the sample holder

for a strand of human hair and also for an individual paper fiber bond.

Figure 3.7 shows the process of handling a strand of human hair with a

diameter of 142 µm for NT. The microgripper grasped the human hair

in a dry state from the rotary-table and aligned it both vertically and hor-

izontally with the STM probe (Figure 3.7A & C). The coordinates of the
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rotary-table are saved. The rotary-table turned the STM probe, dipped

it in glue and returned it back to the saved coordinates. Finally, the

microgripper moved the hair fiber close to the STM probe for mounting

(Figure 3.7B & D). Individual paper fiber bonds are delicate samples to

manipulate – they require approximately 1 mN - 20 mN to break – and

they exhibit a more complex shape than single fibers. Figure 3.8 shows

the process of the specimen handling of an individual paper fiber bond

for nanotomography. The process steps are similar to the handling of

the human hair.

Figure 3.7: The process of handling human hair for NT studies. (A & B)
side view; (C & D) top view. The diameter of the hair sample is 142µm [4].
© John Wiley and Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic platform
for handling micro-scale specimens of fibrous materials for microscopic studies, 10/2012].

Figure 3.8: The process of specimen handling for NT studies of individ-
ual paper fiber bonds. (A & B) side view. (C & D) top view [4]. © John Wiley
and Sons Reprinted, with permission, from [P. Saketi, et al., A flexible microrobotic platform for handling
micro-scale specimens of fibrous materials for microscopic studies, 10/2012].
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Figure 3.9: Schematic of reference paper fiber mounting task to compare
the skilled worker accuracy and speed with the microrobotic platform
quantitatively [4].

To compare the precision and speed of mounting the fibers using the mi-

crorobotic platform with manual work of a skilled worker quantitatively,

the following task was defined and performed: Five fibers were mounted

on a stub with the distance of 1 mm from each other as illustrated in

Figure 3.9, and it was repeated four times. The process of mounting

paper fibers on SEM stubs using microrobotic platform was already men-

tioned in the beginning of this section [see Figure 3.6]. The consumed

time to perform the assigned task using the microrobotic platform was

calculated from the time stamps of the sequence of images recorded

during the process. The average time to picking up a paper fiber from

the diluted pulp suspension was 67 s per fiber (Figure 3.6A & B). The

main challenge in picking up the suspended individual paper fibers

from water was the shadows cause by the water meniscus around the

microgripper jaws; Figure 3.6A illustrates this problem. These shadows

complicate the detection of paper fiber endpoints in the top-view when

the microgrippers are inside the water. The average time to perform the

fiber alignment and position the fibers in the requested distances from

each other needs the average time of about 28s per fiber (Figure 3.6C).

The required time to mount the both ends of a fiber, open the microgrip-

pers and lift them was 75s (Figure 3.6D, E & F). Therefore, the average

time for the entire process was 170s per fiber. The total required time to

perform the assigned task of mounting five fibers on each stub using the
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microrobotic platform was about 14 minutes per stub. A skilled labora-

tory worker performed the aforementioned assigned task manually to

compare the results with the microrobotic approach. The manual paper

fiber mounting steps are as follows: disintegrating the paper fibers; dilut-

ing a drop of concentrated fiber slurry in a Petri dish; putting a drop of

water on a microscope glass slide; taking single fibers from the Petri dish

which seem to be long enough using tweezers (Dumoxel non-magnetic,

size 5) and placing them into the water droplet on the glass slide by

naked eyes. Then taking the first fiber with the tweezers from the glass

slide and bring it to the stub; positioning the fiber to match the width

of the “V” shape groove on the carbon pad, and pressing one fiber end

onto the carbon pad using the tip of the tweezers. Positioning the other

fiber end using a stereo microscope and mounting it using the tweezers.

The same process is repeated for the next four fibers. The most time con-

suming part of the process was to separate the individual paper fibers

from disintegrated fibers; grasping and mounting them on the stub was

less time consuming after the training. Excluding the required time to

separate the individual fibers from the disintegrated fibers, the learning

curve showed that preparing the first stub took about 20 minutes, but

the time was reduced to approximately 7 minutes for the last stub. The

entire process of mounting 20 fibers on four stubs (five fibers per stub)

took approximately 80 minutes. The total required time to perform the

assigned task of mounting five fibers on each stub manually was about

20 minutes per stub.

Figure 3.10 shows the representative SEM images of individual paper

fibers mounted on the stubs. The images in the top row of Figure 3.10

show the individual paper fibers mounted manually (Figure 3.10M1,

M2 & M3), and the images in the bottom row show the individual pa-

per fibers mounted using the microrobotic platform (Figure 3.10R1, R2

& R3). The following four parameters are taken into account in order

to compare the results of the manual approach with the microrobotic

approach: time, gap between the fibers (Figure 3.10M2 & R2), angle

between the fibers (Figure 3.10M3 & R3) and curliness of the fibers.

Here, the curliness is defined as the broadest distance the fiber cov-

ers in the lateral direction, which is an indicator of the real curliness
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correlated with the length of the fiber between the fixation points. Ta-

ble 3.1 compares the results of the manual approach with the micro-

robotic approach and presents the aforementioned parameters quan-

titatively. Preparing the paper fiber specimens using the microrobotic

platform consumes 30% less time than the manual approach, improves

the mounting precision and reduces the fiber curliness. The average gap

of 670.0±10.9 µm between the fibers indicates that the microrobotic

platform provides better mounting precision compared to the manual

approach (824.3±150.3 µm), but it also indicates that there is 330 µm

offset from the target gap of 1 mm. This offset can be compensated by

calibrating the platform in the future.

Besides the aforementioned achievements, another major achievement

in this specimen preparation process is minimizing the introduction

of artifacts to the paper fiber samples. Only the end points of the fiber

were affected by the microgrippers and the central parts were totally

untouched. The possible applied tension on the fiber during the manip-

ulation process might be the only source of artifact with the described

method. This problem can be tackled by integrating the force sensing

microgrippers developed in Chapter 4 into the 3D-micromanipulators,

and consequently monitoring the force applied on the fibers during

manipulation and mounting. This modification is assigned as one of

the future tasks to improve the platform presented in this thesis.
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Figure 3.10: Representative images comparing the results of mounting
of paper fibers manually with the results of mounting of paper fibers
using microrobotic platform [4]. © John Wiley and Sons Reprinted, with permission, from
[P. Saketi, et al., A flexible microrobotic platform for handling micro-scale specimens of fibrous materials
for microscopic studies, 10/2012] - Courtesy of Manuel Mikczinski, AMiR, University of Oldenburg.

Table 3.1: Comparing the results of manual approach with the micro-
robotic approach.

Approaches Manual Microrobotic
Average Time per Stub (mi nutes) 20 14
Average Gap Between the fibers (µm) 824.3±150.3 670.0±10.9
Average Angle between the fibers (◦) 5.1±3.1 1.4±0.8
Average Curliness of the fibers (µm) 90.7±28.1 30.1±3.1
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3.3. Making Bonds using Microrobotic Platform

3.3 Making Bonds using Microrobotic Platform

By reconfiguring the microrobotic platform and changing the probe

connected to the manipulator C.3-F.3.2 of Figure 3.2 and Figure 3.4A

with a microgripper, the microrobotic platform presented in Figure 3.4A

is able to make artifact-free bonds by following the sequential chart

presented in Figure 3.11 [2].

Figure 3.11: Sequential function chart of making bonds. [2]
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The disintegrated pulp fibers are placed on the rotary-table using a

pipette. The operator identifies the fibers in the suspension using the

vision system, and selects one of them as a target, as illustrated in Fig-

ure 3.12A. Then he aligns the target fiber with microgripper C.1- F.3.4

and microgripper C.2- F.3.4. The microgrippers grasp the target fiber in

the suspension Figure 3.12B. The dark shadows around the microgrip-

pers in Figure 3.12B are caused by the water meniscus due to capillary

effects. The platform picks disintegrated pulp fibers from the rotary-

table by synchronizing the microgripper C.1- F.3.4 and microgripper

C.2- F.3.4 [see Figure 3.12C]; straightens a fiber [see Figure 3.12D] and

keeps it for a minute in order to lose enough humidity to keep its shape.

Then it places it on the fiber-bank for drying in room temperature. The

fiber-bank is made of SU-8, a common epoxy-based negative photoresist

polymer used in lithography, with the height of 200 µm. The fiber-bank

is a place to store and sort the fibers based on their dimensions. The

sequential chart presented in Figure 3.11 is only a case study and it can

be modified to address the needs of specific tests. For example, in order

to compare the bonding properties of never-dried and dried pulp fibers

it is possible to form the bonds directly from the wet state.

Figure 3.12: Picking-up disintegrated pulp fibers from the suspension
using microgrippers. (A) Identifying the target fiber; (B) Grasping the
target fiber; (C) Picking-up the fiber from rotary-table; (D) Straightening
the fiber.

Next, the platform picks the fibers one by one [see Figure 3.13A], and

places them crossed to each other on a Teflon-plate [see Figure 3.13B].

Water, heat and pressure are necessary factors to make a bond between
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two paper fibers. The dispenser shoots a droplet of water on the cross-

point of two fibers [see Figure 3.13 B & C]. Another Teflon-plate is used

to cover the fibers, and the plates are placed in an oven for 45 minutes

at 70 ◦C under 140 kN /m2 pressure to bond the crossing fibers together

[see Figure 3.13D]. The reason to choose 140 kN /m2 pressure to form

the bonds originates from the applied pressure on the last nip of a typical

paper machine which is about 140 kN /m. After shooting the droplet on

the crossing point of fibers, the fibers twist which leads to deviation from

perfect perpendicular α-angle, this issue is addressed in Section: 3.4.

Figure 3.13: Process of making bonds. (a) Picking-up a fiber, (b) Placing
the fibers perpendicular to each other on a Teflon-plate and shoot a
droplet of water on the crossing point by using the dispenser, (c) Moving-
out the microgrippers, and then cover the bottom the Teflon-plate with
another Teflon-plate, and baking in an oven for 45 minutes at 70 ◦C
under 140 kN /m2 pressure (d) The produced bond [2].

© IEEE 2011 Reprinted, with permission, from [P. Saketi, et al., Microrobotic platform for making,
manipulating and breaking individual paper fiber bonds, 05/2011].

3.4 Making Perpendicular Bonds using Microrobotic

Platform

Even though the individual bonds made with the approach presented in

Section 3.3 have a controlled crossing angle of about 90 ◦, it is challeng-

ing to reproduce exactly the orthogonal crossing angles because of the

curliness in the fibers [5]. To address this challenge, an SU-8 structure

39



Chapter 3. Microrobotic Platform for Specimen Preparation

to hold the fibers orthogonally while pressing them is introduced in this

thesis. The SU-8 structure, which is developed on a silicon wafer and

used for holding the fibers orthogonally, is here called a holding-plate.

The holding-plate includes a 5× 5 matrix of star-shape fiber holders

with a gap of 100 µm to hold the fibers in place (see Figure 3.14). The

microrobotic platform with the configuration presented in Figure 3.2 is

used for this application.

Figure 3.14: Left: Side-View; Right: Top-View. The holding-plate SU-8
structure includes a 5×5 matrix of star-shape fiber holders with a gap of
100 µm to hold the fibers in place [5]. © FRC 2013 Reprinted, with permission, from [P.
Saketi, et al., Method for investigation of aged fibre-fibre bonds with micro and nanorobotic tools, 9/2013].

In order to have a tool to press the orthogonally placed fibers, a micro-

cross is fabricated on a glass substrate using SU-8 polymer. Later, the

cross is detached from the substrate using tweezers. The micro-cross is

formed by two orthogonal square bars with the dimensions of 480 µm ×
80 µm. The 80 µm width of the micro-cross allows 20 µm tolerance for

fitting the micro-cross into the 100 µm star shape holding-plate. The

height of the star shape structures on the holding-plate is 45 µm, while

the height of the micro-cross is 85 µm. This 40 µm height difference

between the star shape holding-plate and the micro-cross ensures a

proper pressing of the fibers against each other.

Figure 3.15 shows the process of making individual bonds with the

orthogonal crossing angle. The microgrippers pick up an individual

fiber from the water suspension and pull it to make it straight. Then the

microgrippers place the fiber in the 100 µm gap of the star shape fiber

holder (Figure 3.15A). While the probe keeps the fiber inside the gap, the
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microgrippers release the fiber ends (Figure 3.15B).

Figure 3.15: The process of making individual bonds with orthogonal
crossing angle [5]. © FRC 2013 Reprinted, with permission, from [P. Saketi, et al., Method for
investigation of aged fibre-fibre bonds with micro and nanorobotic tools, 9/2013].

After placing a horizontal fiber in all the gaps over the entire matrix, the

holding plate is rotated 90 ◦ and the aforementioned fiber placing pro-

cess is repeated in order to place the second fiber perpendicular to the

first one (Figure 3.15C). In order to press the fibers a microgripper grasps

the micro-cross and aligns it with the trenches on the star shape sub-

strate (Figure 3.15C & D). Since the pre-pressed fibers act like a spring,

the probe is used to secure the micro-cross in its place (Figure 3.15E).

The microgripper releases the micro-cross while the probe keeps it in

place (Figure 3.15F). In order to create the hydrogen bonds between

the fibers, a small droplet of water is placed next to the micro-cross

manually using a syringe. The water flows into the cross section area of

the fibers due to capillary forces. Then the probe pushes the micro-cross

against the substrate and presses the fibers together with 3 N force for

15 minutes. The same process is repeated to create the rest of the bonds.

Finally, the individual bonds are picked and placed on glass slides, and
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the glass slides are stored inside Petri dishes.

3.5 Discussions

A modular microrobotic platform for manipulation and specimen prepa-

ration of micro-scale fibrous materials is designed and developed. Its

features and performance were demonstrated by preparing specimens

for SEM and NT, and also making individual fiber bonds. The presented

bond making methods in this chapter were aimed to demonstrate the

feasibility of the developed methods. Therefore, parameters such as the

dry content, swelling degree of the fibers and drying times were not ana-

lyzed in the procedures. In order to perform these methods as routine

sample preparation procedures, strict protocols should be defined and

followed during the experiments. These protocols can now be created as

a result of this work. In addition, the sequential charts of the processes

should be modified according to the requirements of the tests.

Comparison of the manual approach and the microrobotic approach

indicates that the specimen preparation time for SEM was reduced by

30%.The coefficient of variance for the gaps between the fibers with

the manual approach was 18.2% and with the microrobotic approach

was 1.6% which indicates that the microrobotic approach is much more

precise than the manual approach.

In handling specimens for nanotomography, the mounting of a strand

of human hair and an individual paper fiber bond on a specimen holder

(an STM probe) was successfully demonstrated using the microrobotic

platform. The inspection of paper fiber bonds using NT provides im-

portant information regarding their bonding mechanism, illustrates the

interaction between the two fibers in the bonded area, and measures

the real bonded area. Taking into account the small force which bonds

two individual paper fibers together, mounting an individual paper

fiber bond on the sample holder without damaging it was a distinctive

achievement.

Making of individual fiber bonds was demonstrated successfully [2, 5]
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and the use of the platform can minimize the artifacts of the conven-

tional bond making process. Since the individual paper fiber bonds are

made using the microrobotic platform, the bonds have the desirable

crossing angle (α) of 90 ◦, and also the desirable vertical angle (β) of

zero. The demonstrated bond making methods lack the force control

feature during the pressing step. This shortcoming can be solved by

integrating the available tools such as the force controlled piezoelectric

fiber press [122] into the microrobotic platform in the future.
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The aim of this section is introducing novel force sensing microgrip-

pers for mechanical characterization of micro-scale fibers. Since the

case study in this thesis focuses on paper fiber bonds, and because

of lack of conclusive information on bond strength of paper fibers in

the literature, especially before 2011, the required force range for the

force sensor is estimated and reported in Section 4.1. Then three force

sensing microgrippers are developed for different force ranges. Two of

the force sensing microgrippers are based on PVDF, and they are de-

veloped for the force ranges of 1 mN −10 mN . Another force sensing

microgripper, based on microsprings, is developed for the force ranges

of 4.5 mN −20 mN .

A PVDF force sensor with passive specimen holder is developed for Z-

directional bonding force measurement. Low Z-directional bonding

strength results in delamination and splitting of paper during printing

and coating operations [30]. Therefore, paper and board industry is

interested in measuring Z-directional bonding forces between pulp

fibers. Design and development of the PVDF force sensor with passive

specimen holder is described in Section 4.2.2.

Another PVDF force sensor is integrated into a microgripper for shear-

mode bonding force measurement. The shear-mode bonding forces
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affect the tensile and tear strength of paper hand-sheets which makes

it an important parameter for the paper industry. Design and devel-

opment of the PVDF based force sensing microgripper is presented in

Section 4.2.3.

The mentioned PVDF force sensing microgrippers can measure the

force but they can not measure the strain. The microspring based force

sensing microgripper is capable of measuring both the force and the

strain, which makes it suitable for micro-tensile testing applications.

4.1 Force Range Estimation

The microrobotic platform presented in Chapter 3 is reconfigured to

estimate the required forces to break the bonds of various pulp fiber

samples. Figure 4.1 illustrates the reconfiguration and implementation

of the platform. In order to grasp and manipulate the fibers in the

XYZ directions, microgrippers C.1-F.4.1 and C.2-F.4.1 are used. In this

configuration, the probe attached to microgrippers C.3-F.3.4 in Figure 3.4

is replaced with a glass-slide C.4-F.4.1 in Figure 4.1. The glass-slide is

used both for gluing and glue removal purposes. The rotary-table C.5-

F.4.1 and a 10 mN force sensor C.7-F.4.1 (FemtoTools AG, Switzerland)

are mounted on the top of the XY-table C.6-F.4.1. The sensitivity and

resolution of the force sensor are 5000 µN /V and 2 µN , respectively. A

syringe pump (New Era Pump Systems Inc., USA) with a silicon tube

C.8-F.4.1 is used for supplying glue-removing Acetone onto the glass-

slide C.4-F.4.1. A PCI-6259 (National Instruments, USA) measurement

board is used for acquiring data from the force sensor. An Acetone-

soluble glue is used to attach the free end of fibers to the force sensor

probe. From this point, the rest of the experiment is performed in a

tele-operated process using the microrobotic platform. The XY-table

moves the rotary-table under the field-of-view (FOV). The rotary-table

orients the fibers. After imaging the bonding area, one of the bonds is

grasped and picked-up with two microgrippers in synchronized mode.

Most of the bonds flip during the grasping and form a vertical cross

between the microgrippers.
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Figure 4.1: Implementation of the microrobotic platform for estima-
tion of bond breaking forces. (1) and (2) XYZ-microgrippers, (3) Glass-
slide-micromanipulator, (4) Glass-slide, (5) Rotary-table, (6) XY-table,
(7) Force sensor, (8) Tube of the syringe pump [6].

Figure 4.2 illustrates the tele-operated process of bond strength mea-

surement using the microrobotic platform. A droplet of glue is placed

on the edge of the glass-slide. The glass-slide is moved to the FOV and

aligned with the force sensor probe using the visual feedback [see Fig-

ure 4.2A]. The force sensor probe is dipped into the glue [see Figure 4.2B]

and is then aligned with the free end of the bond both horizontally and

vertically [Figure 4.2C]. After waiting three minutes the glue is cured. The

distance between the bonded area and the end of the crossing fiber is far

enough in order to secure the bonded area from getting contaminated

with the glue.

To measure the bond strength, the XY-table moves the force sensor

and thus the crossing fiber in continuous 5 µm steps backwards until

the bond breaks [see Figure 4.2D]. To use the force sensor in the next

measurement, the glue contamination on the probe should be removed.

The syringe pump infuses droplets of Acetone onto the edge of the glass-

slide and then the force sensor probe is dipped into Acetone to remove

the remaining glue. It is necessary to calibrate the force sensor after glue

removals to verify that the performance parameters of the force sensor

have not changed. The first set of bonds was made from untreated

refined bleached Kraft softwood pulp sample using the traditional bond

47



Chapter 4. Force Sensing Microgrippers

making approach explained in Section 2.1.2. Therefore, the fibers in the

bonds were not perpendicular and they had randomly formed α angles.

Figure 4.2: Top-View: Process of bond strength measurement to estima-
tion the bond breaking forces. (A) Placing the glue onto the glass-slide
and moving the glass-slide under the FOV. IPFB: Individual Paper Fiber
Bond. (B) Dipping the force sensor probe into the glue. (C) Aligning the
free end of the bond with the force sensor probe and curing the glue.
(D) Moving the force sensor backwards and breaking the bond while
measuring the force [6].

Table 4.1 shows the results of bond strength measurements to estimate

the breaking force range for the bonds made with the traditional ap-

proach. In order to estimate the bonded area, the number of pixels

on the cross point of the fibers which form the visible bonded area are

counted, and the bonded area is calculated using the zoom information

from top-view.

Table 4.1: Bond strength measurement results to estimate the breaking
force range for the bonds made with traditional approach [6].

Test No. Force (µN ) Area (µm2) Strength (N /mm2)

1 2349.1 929.4 2.5
2 943.3 685.3 1.4
3 9877.0 523.4 18.9
4 9989.5 626.2 16.0
5 1726.8 1076.8 1.6
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The known reasons for the high variation in the results are as follows:

random crossing angle; uncertainty in the estimation of real bonded

area; the softwood pulp sample contains multiple species; the fibers

were a mixture of late-wood and early-wood.

4.1.1 Effect of aging on bond strength

The second set of bonds were made perpendicularly from unrefined

bleached Pine Kraft pulp sample using the novel approach presented in

Section 3.4. In order to get more information on bonding forces and the

parameters affecting them, after forming the bonds, some of the bonds

are artificially aged using an accelerated thermal aging process at 100 ◦C

under dry conditions for 72 hour s. While it is generally believed that

aging the paper fibers for three days at 100◦C is equivalent to 25 years

natural aging [123], a standard condition for aging paper fibers does not

exist in the literature [124]. It is reported that the thermal aging of paper

fibers in dry conditions leads to more reproducible results compared

to aging under humid conditions [125]; thus in this study the thermal

aging is performed under dry conditions [5].

The process of bond strength measurement is almost the same as the

one explained in the beginning of this section with the following changes.

In the previous study, prior to the bond strength measurement the fiber

was stretched by using the microgrippers. Therefore, the fiber was under

axial tension, which led to uncertainties in the bond strength measure-

ments. In this study, after grasping the fiber bond from one end, the

other end of the fiber was grasped without relocation. If the fiber-end

grasping has led to relocation of the fiber-end, this relocation is de-

tected by matching the current location with the prior images, and it

is compensated by moving the fiber-end to the original location using

the microgripper. Therefore, the influence of axial tension on the bond

strength measurement was reduced. Figure 4.3 illustrates the process

of bond strength measurement to estimate the breaking force range of

perpendicularly formed bonds. In order to study the de-bonded areas,

the fiber which is left between the microgrippers is mounted on an SEM
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stub and the area is marked to be retrieved in the SEM. The detailed pro-

cess of using the microrobotic platform for SEM specimen preparation

was reported in Section 3.2. Since the other fiber which was glued to

the force sensor probe is washed away by Acetone during the cleaning

process of the force sensor, it is therefore not recoverable for further

studies.

Figure 4.4 shows a representative graph of the bond strength measure-

ments of a reference sample (Test No. 3 - in Table 4.2). The force-

displacement curve in Figure 4.4 shows the superposition of three forces:

the force required to bend the grasped fiber and the force required to

rotate the bond plane and consequently the grasped fiber, as well as

the force required to break the bond. Therefore, the initial part of the

graph is not linear, but the last part of the curve before the bond rupture

shows a linear behavior. The peak point represents the maximum force

required to break the bond. Besides force-displacement, Figure 4.4 indi-

cates that after the bond breaks there is a friction force between the two

fibers, which is the reason that the force does not drop to zero [5].

An important finding during these measurements is the non-linear be-

havior of the entire bond structure prior to the breaking point. It was

shown in Figure 4.4 that the force measured during the bond breaking

process is the superposition of three forces: (1) the force required to

bend the grasped fiber; (2) the force required to rotate the bond plane

and consequently the grasped fiber; (3) the force required to break the

bond. It was shown that only the last part of the force-displacement

curve, before the bond rupture, behaves linearly which represents the

stiffness of the bond.

In the mentioned experiments three types of bonds were measured: (i)

bonds that were made using the traditional approach; (ii) perpendicular

bonds that were made using the microrobotic platform; (iii) artificially

aged perpendicular bonds that were made using the microrobotic plat-

form. The results of bond breaking force range estimation experiments

indicates that the forces are in the range of 0.1 mN −13 mN .
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Figure 4.3: Left: Side-View; Right: Top-View. Process of bond strength
measurement to estimate the breaking force range of perpendicularly
formed bonds. [5].

Figure 4.4: Representative graph of a bond strength measurement [5].
© FRC 2013 Reprinted, with permission, from [P. Saketi, et al., Method for investigation of aged fiber-fiber
bonds with micro and nanorobotic tools, 9/2013].

Table 4.2: Individual Bond Strength Measurement Results (Not-Aged vs.
Aged) [5].

Test No. Force Area Strength Force Area Strength
(µN ) (µm2) (N /mm2) (µN ) (µm2) (N /mm2)

1 3181 2040 1.56 179 1318 0.14
2 2832 1444 1.96 478 1596 0.30
3 12995 2862 4.54 < 100 1824 0.05
4 12683 1642 7.72 < 100 924 0.11
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4.2 Development of PVDF based Force Sensing

Microgripper

This section presents two force sensors based on PVDF for the force

ranges of 1 mN −10 mN . The first one is a PVDF sensor with a passive

specimen holder for Z-directional bonding force measurement. The

second one is a PVDF based force sensing microgripper for bonding

force measurement in shear and peeling modes.

4.2.1 Proof of Concept

The main component of the proposed force sensor is a PVDF element,

in this case the LDT0-028K model (Measurement Specialties Inc., USA).

The PVDF element is made of a 28 µm thick piezoelectric PVDF poly-

mer film with screen-printed Ag-ink electrodes laminated between two

0.125 mm polyester substrate films. The film element produces more

than 10 mV /µStr ai n, about 60 dB higher than the voltage output of

a foil strain gauge [96]. The piezoelectric coefficients provided by the

manufacturer are d33 = −33 pC /N (compression) and d31 = 23 pC /N

(stretching) [96]. The reason for selecting this particular PVDF element

is that in its simplest mode the film behaves like a dynamic strain gauge

except that it requires no external power source and generates signals

greater than those from conventional foil strain gauges after amplifica-

tion [3].

In order to check if the sensitivity, linearity and repeatability of the

PVDF film is sufficient for bonding force measurement applications,

an FT-S10000 force sensor (FemtoTools AG, Switzerland) is used as a

reference force sensor to calibrate the PVDF film sensor in a bending

mode. Figure 4.5 illustrates the schematic setup for calibrating the PVDF

film in the bending mode. Figure 4.6 is a schematic of the measurement

electronics and the measurement set-up. Figure 4.6 also shows that the

reference sensor, the linear actuator and its controller are a separate

system from the PVDF sensor and its measurement electronics which

also form a separate system. They are, however, in a mechanical contact
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to each other [3].

Figure 4.5: The schematic setup for calibrating the PVDF film in bending
mode.

A 9 V battery, regulated to 5 V , is used as a power supply in order to

minimize the noise in the measured output voltage. The signal pro-

duced by the PVDF sensor is conditioned using a charge amplifier. The

feedback of charge amplifier includes a 5.6 nF capacitor and a 500 MΩ

resistor, which leads to a high-pass cut-off frequency of 0.06 H z, and

corresponding to a time constant of 2.8 s. The feedback capacitor sets

the gain of the charge amplifier at 0.18 V /nC . In order to avoid aliasing,

the signal is low-pass filtered with a 1st order filter having a 40 H z cut-off

frequency, which is sufficient for the applied velocity of the displace-

ment. The charge amplifier is integrated into a data acquisition device

with a 16 bi t A/D-converter. The data acquisition device is controlled

and powered through a USB connection. A 1 kH z sampling frequency

is used to acquire the measurement data. An NI PCI-6259 measure-

ment board (National Instruments, USA) is used to measure the output

voltage of the FemtoTools reference force sensor.

In order to apply repeatable loading and unloading cycles to the PVDF

film during the calibration process, the linear actuator is controlled us-

ing a closed-loop position controller which provides 100 nm resolution

and ±1 µm repeatability. Due to the mechanical contact, it is possible to

track their common displacement using the displacement sensor of the

actuator. Therefore, the sensor readings can be synchronized using the
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displacement measurement and the Force –Voltage calibration curve

can be derived [3].

Figure 4.6: Schematics of the measurement electronics and the cali-
bration set-up [3]. © ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF
microforce sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015].

The linear actuator is controlled by an SCU controller (Smaract GmbH,

Germany) which is connected to a computer user interface. A series of

nine square pulses with increasing amplitude are used to calibrate the

PVDF sensor. The pulse amplitude is increased by 50µm each time, with

the actuator being returned to its initial position between the pulses. The

pulse width and period are 3 s and 6 s, respectively [see Figure 4.8], and

the actuator velocity is 4 mm/s. This input signal is selected because of

the properties of the PVDF sensor. The PVDF sensor is a dynamic sensor

and its previous state does not affect the signal. Therefore, in order to

improve the accuracy of the calibration, the zero-load had to be secured.

Thus, the actuator must return to its initial position after each pulse.

Although the bonding force measurements are performed at a specific

rate, because the PVDF is a dynamic sensor, it is possible to calibrate

it for that specific rate and thus adapt it to this specific application.

The selected FemtoTools force sensor, with a resonance frequency of

12 kH z and maximum capacitance-to-voltage conversion sampling rate

54



4.2. Development of PVDF based Force Sensing Microgripper

of 8 kH z, provides sufficient frequency range for calibration of the PVDF

film [3].

Figure 4.7 illustrates the raw data and the filtered data of the reference

sensor and PVDF sensor for one of the applied pulses of the input signal

in Figure 4.8 [3]. In order to perform the calibration experiment, the

input signal in Figure 4.8 is repeated ten times. Figure 4.7 indicates

that, after peaking, the PVDF sensor signal attenuates much faster than

the reference sensor signal. This is because the PVDF sensor measures

dynamic force, so when there is no change in the force, the signal atten-

uates much faster and it will not show the existence of a constant force.

Therefore, with the PVDF sensor, it was the first value around the peak

that was used for calibration. Because the reference sensor measures

static force, the slight attenuation in its signal was caused by stress re-

laxation, which will remain constant after the stress relaxation phase.

However, because the reference sensor was a capacitive sensor, not only

were the first values around the peak exaggerated due to the heavy load,

but there was also a significant oscillation in the signal around the peak

point. In order to eliminate these issues, a 2nd order Butterworth filter

is applied to the reference sensor data. Even though the PVDF sensor

signal behaves differently than the reference force signal, this does not

hinder the application proposed here because the amount of force dur-

ing loading can be gauged by observing only the sharp edges of the

recorded waveform, as is explained below [3].

Figure 4.9 illustrates the filtered output of the reference force sensor

for the first cycle of the input signal, and Figure 4.10 shows the cor-

responding filtered output of the PVDF film sensor. The loading and

unloading directions in Figure 4.9 and Figure 4.10 are indicated with

the letters “L” and “U”, respectively. During the loading of the PVDF

film, the linear actuator is moved forward and the force in the reference

sensor increases. This causes the PVDF film to bend downwards. The

deformation in the PVDF film results in a voltage reduction in its output.

During unloading, the linear actuator is moved backward and the force

is reduced; the PVDF film moves back to its initial position resulting in a

voltage increase in its output [3].
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Figure 4.7: The raw data and the filtered data of the reference sensor
(Top) and PVDF sensor (Bottom) for one of the applied pulses [3]

.

Figure 4.11 shows the mean and the standard deviation of the measured

force values for the reference sensor when nine input pulses are repeated

10 times. The output of the reference sensor increases linearly in every

cycle, and there is a small deviation between each cycle. The mean value

and the standard deviation (STD) of the reference force sensor output

are shown in Figure 4.11 and Table 4.3. The highest Relative Standard

Deviation (RSD) is 8.16% for the first pulse with a 50 µm displacement

and 972.59 µN force. Table 4.3 shows that the RSD decreases signifi-

cantly when the force is increased, which corresponds to the general

behavior of sensors and it means the measurements are more reliable at

higher forces than at lower ones [3].
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Figure 4.8: Input signal sequence for calibrating the proposed force
sensor. A series of nine square pulses of increasing 50µm amplitude,
with the displacement returning to the initial value after each pulse [3].

Figure 4.9: Filtered output of the reference sensor for an input of nine
rectangular pulses of increasing 50 µm amplitude [3].

Figure 4.10: Filtered output of the proposed PVDF film sensor for an
input of nine rectangular pulses of increasing 50 µm amplitude [3].

© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce sensor for the mea-
surement of Z-directional strength in paper fiber bonds, 2/2015].
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Figure 4.11: Mean and standard deviation of the reference sensor output
for ten repetitions of the input signal sequence [3].
© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce sensor for the mea-
surement of Z-directional strength in paper fiber bonds, 2/2015].

Table 4.3: Relative standard deviation for the output of the reference
force sensor. The input signal sequence is repeated ten times [3].

Pulse No. 1 2 3 4 5 6 7 8 9

Mean (µN ) 972.6 2081.7 3216.6 4384.6 5526.9 6747.6 8036.6 9394.8 10734.9
STD (µN ) 79.38 78.53 56.90 65.67 74.16 75.53 63.60 87.27 59.62
RSD (%) 8.16 3.77 1.77 1.50 1.34 1.12 0.79 0.93 0.56

Figure 4.12 shows the voltage differences in the output of PVDF film

sensor when nine input pulses are repeated 10 times. It illustrates that

the voltage difference in the output of the PVDF film increases linearly

in every cycle, and that there is a small deviation between each cycle.

The mean value and the STD of the PVDF film output are presented in

Figure 4.12 and Table 4.4. The highest RSD is 8.96% which corresponds

to a 50 µm displacement and a 22.08 mV voltage difference. Table 4.4 in-

dicates a significant decrease in RSD when the output voltage difference

increases which also corresponds to the general behavior of sensors as

it was mentioned before [3].

Figure 4.12 and Table 4.4 indicate sufficient linearity and repeatability

for the PVDF film. The sensitivity of PVDF film is 0.47 mV /µm which

is equivalent of 23.9 µN /µm. Consequently, a similar PVDF film sensor
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is combined with a passive specimen holder for Z-directional bonding

force measurement which is explained in detail in Section 4.2.2. In

Section 4.2.3 a PVDF film sensor is integrated into the microgripper for

measuring the bonds in shear and peeling modes [see Figure 2.3].

Figure 4.12: Mean and standard deviation of voltage difference of PVDF
film sensor for ten repetitions of the input signal sequence [3]. © ELSEVIER
2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce sensor for the measurement of
Z-directional strength in paper fiber bonds, 2/2015].

Table 4.4: Relative standard deviation for the output of the PVDF film
sensor. The input signal sequence is repeated ten times [3].

Pulse No. 1 2 3 4 5 6 7 8 9

Mean (mV ) 22.1 46.6 70.6 95.0 118.0 141.0 166.0 189.0 212.2
STD (mV ) 1.98 1.27 1.23 1.20 0.89 1.00 1.08 1.22 0.89
RSD (%) 8.96 2.73 1.75 1.26 0.76 0.71 0.65 0.64 0.42
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4.2.2 PVDF Sensor with Passive Specimen Holder for Z-

directional Bonding Force Measurement

Figure 4.13 shows a schematic design of the sensor. The sensor includes

the following components: C.1-F.4.13 is the PVDF element; C.2-F.4.13

is a bond-holder with the bond samples mounted on its tip; C.3-F.4.13

is a connecting-element which fixes the bond-holder in place on top

of the PVDF sensor; C.4-F.4.13 is a mounting-stage which is used for

integrating the PVDF sensor into the microrobotic platform and C.5-

F.4.13 represents a bond [3].

Figure 4.13: Schematic Design of the Sensor: (1) PVDF element; (2) Bond-
Holder; (3) Connecting-Element; (4) Mounting-Stage, and (5) Individual
Paper Fiber Bond [3]. © ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF
microforce sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015].

Figure 4.14A shows the implementation of the sensor; the component

numbers are the same as in Figure 4.13. The connecting-element and the

bond-holder are shown in Figure 4.14B and Figure 4.14C, respectively.

Since the bond-holders should be disposable, they were 3D-printed

using white Polylactide. With regard to the Stacked Gantry Crane config-

uration of the microrobotic platform [5, 2, 6] and the integration of the

PVDF sensor in it, instead of gluing the connecting-element, C.3-F.4.13,

perpendicular to the length axis of the PVDF film which provides better

sensitivity, it is glued along the length axis of the PVDF film at its free

end. This design is enforced by the orientation of the microgrippers

with regards to the final integration of the sensor which enables the

Z-directional bond strength to be measured which will be described in

Section 5.1. Basically, the procedure is that the bond-holders are remov-
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able parts used for mounting the fiber bonds. A number of bond-holders

are produced and placed in a stack [see Figure 4.14D]. The fiber bonds

are mounted on the bond-holders with the same processes as reported

in Chapter 3. Then, the bond-holders are placed on the connecting-

element, one at a time, in order to measure the bond strength [3].

Figure 4.15 is a schematic of the calibration setup. It includes the fol-

lowing components: C.1-F.4.15, which is the proposed force sensor unit;

C.2-F.4.15, the reference force sensor; C.3-F.4.15, which is an actuator

connector that attaches the reference sensor to the linear actuator, C.4-

F.4.15 [3]. Figure 4.16A shows the implementation of the calibration

setup. The PVDF film sensor, C.1-F.4.16, is placed on the top of an

XY-table. The XY-table, C.5-F.4.16 enables the PVDF film sensor to be

aligned with the reference sensor. The reference sensor, C.2-F.4.16, is

mounted perpendicularly on the PVDF film sensor using the actuator

connector. The L-shaped actuator connector, C.3-F.5, allows parallel

movements of the reference sensor and the linear actuator, C.4-F.4.16 [3].

Figure 4.14: (A) Implementation of the Sensor: (1) PVDF film; (2)
Bond Holder; (3) Connecting-Element and (4) Mounting-Stage. (B)
Connecting-Element; (C) Bond-Holder placed inside the Connecting-
Element; (D) Stack of Bond-Holders [3]. © ELSEVIER 2015 Reprinted, with permission,
from [P. Saketi, et al., PVDF microforce sensor for the measurement of Z-directional strength in paper fiber
bonds, 2/2015].

The calibration set-up was placed under a stereo computer vision sys-

tem. Prior to starting the calibration, the bond-holder was placed inside

the connecting-element [see Figure 4.16B]. Figure 4.16B also shows

that the probe of the reference force sensor was aligned with both the
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center-line of the PVDF film sensor and the center-line of the bond-

holder using the XY-table. Since the length of the reference force sensor

probe is 3 mm and the depth of the bond-holder gap is 2 mm, in order

to keep the force sensor safe from accidental collisions, the bond-holder

is removed from the connecting element, and the reference force sensor

probe is then moved down till it reaches the connecting-element [see

Figure 4.16C]. The perpendicularity of the reference sensor to the actua-

tor connector is verified using the images acquired from the side-view

camera. Since the loading direction in the bond strength measurement

process is the same as the loading direction during the calibration pro-

cess, only the data acquired during the loading of PVDF film is used for

the calibration. When measuring the bond strength, the PVDF film is

unloaded after the bond breaks. Consequently, the unloading data is of

no further interest in this study, and has not been analyzed [3].

Figure 4.15: Schematic of the calibration setup: (1) Proposed PVDF force
sensor; (2) Reference force sensor; (3) Actuator connector, and (4) Linear
actuator [3].© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce
sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015].

The input signal presented in Figure 4.8 is used for the calibration pro-

cess. Since the reference sensor probe and the PVDF film have been

mechanically in contact throughout the measurements, the displace-

ments in the sensors are identical. Thus the displacement axis in Fig-
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ure 4.11 and Figure 4.12 are identical. Therefore, it is possible to plot

the reference force sensor output versus the PVDF film output shown

in Figure 4.17, which includes a linear calibration fit for the proposed

force sensor. The slope of the linear calibration line is 51.25 µN /mV and

there is a −359.2 µN offset in the calibration curve [3]. The comparison

of the RSDs between the reference sensor and PVDF sensor in Table 4.5

indicates that after the first pulse, the PVDF film sensor is even more

repeatable than the reference sensor, thus it can be used reliably.

Figure 4.16: (A) Implementation of the calibration setup: (1) Proposed
sensor unit; (2) FemtoTools reference sensor; (3) Actuator connector; (4)
Linear actuator; (5) XY-table. (B) Alignment of reference sensor probe
and the bond-holder. (C) Placement of the reference force sensor probe
on the connecting element [3].© ELSEVIER 2015 Reprinted, with permission, from [P. Saketi,
et al., PVDF microforce sensor for the measurement of Z-directional strength in paper fiber bonds, 2/2015].

Table 4.5: Relative Standard Deviation for the output of the PVDF film
sensor. The input signal sequence is repeated ten times.

Pulse No. 1 2 3 4 5 6 7 8 9

Reference Sensor 8.16 3.77 1.77 1.50 1.34 1.12 0.79 0.93 0.56
PVDF film Sensor 8.96 2.73 1.75 1.26 0.76 0.71 0.65 0.64 0.42
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Figure 4.17: Linear calibration fit of the PVDF sensor with passive speci-
men holder for Z-directional bonding force measurement [3].© ELSEVIER
2015 Reprinted, with permission, from [P. Saketi, et al., PVDF microforce sensor for the measurement of
Z-directional strength in paper fiber bonds, 2/2015].

The calibration results indicate that the RSD for forces higher than 3 mN

after the third input pulse is less than 2%, which is in an acceptable range.

It also shows that the RSD decreases as the measured force increases.

One source of error is the repeatability of the linear actuator, ±1 µm,

as this affects the repeatability of both the reference and PVDF sensors.

The effect of the linear actuator repeatability on the first pulse, at 50 µm

displacement, corresponds to a 2% error, while for the last pulse, at

450µm displacement, it corresponds to a 0.22% error. The higher the

displacement, the lower the error in the actuator repeatability. The

linear calibration fit in Figure 4.17 is used for the Z-directional bonding

force measurements.
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4.2.3 Integration of PVDF Force Sensor into Microgripper

For measuring the bond forces in shear and peeling modes a force sens-

ing microgripper is required. Figure 4.18 shows the implantation of a

PVDF film into a piezoelectrically actuated microgripper. The SG-06

microgripper (SmarAct GmbH, Germany) has a maximum jaw opening

of 1 mm, a gripping force of 0.3 N , a resolution of few nanometers and

it weighs 2 g . The microgripper C1.-F.4.18 is attached to the PVDF film

C3.-F.4.18 using a gripper-connector C2.-F.4.18. The PVDF film is fixed

on the mounting-stage C5.-F.4.18 using two M2 screws. The wires of

microgripper are fixed to wire-stand C4.-F.4.18 using glue. The gripper-

connector and the mounting-stage are fabricated using a 3D printer

(miniFactory Oy, Finland).

Figure 4.18: PVDF based force sensing microgripper. (1) Microgripper;
(2) Gripper-connector; (3) PVDF film; (4) Wire-stand; (5) Mounting-
stage.

Figure 4.19 shows the calibration set-up for the PVDF based force sens-

ing microgripper. The PVDF based force sensing microgripper C.1-

F.4.19 and the reference force sensor C.2-F.4.19 are aligned using a 3D-

micromanipulator C.3-F.4.19. The 3D-micromanipulator and the refer-
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ence force sensor are connected using a connecting-element C.4-F.4.19.

The same measurement electronics as Figure 4.6 with a different input

signal are used to calibrate the PVDF based force sensing microgripper.

The new input signal is shown in Figure 4.20 which is a series of ten

square pulses of increasing 100 µm amplitude, with the displacement

returning to the initial value after each pulse. This new input signal with

increasing 100 µm amplitude is different from the previous one used for

the calibration of Z-directional sensor with increasing 50 µm amplitude.

In order to calibrate the PVDF based force sensing microgripper, this

input signal is repeated ten times. Figure 4.21 and Table 4.6 show the

resulting calibration curve and the percentage of RSD for the output of

the PVDF based force sensing microgripper, respectively.

Figure 4.19: Implementation of the calibration set-up. (1) PVDF
based force sensing microgripper; (2) Reference force sensor; (3) 3D-
Micromanipulator; (4) Connecting-element
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Figure 4.20: Input signal sequence for calibrating the proposed force
sensor. A series of ten square pulses of increasing 100 µm amplitude,
with the displacement returning to the initial value after each pulse.

Figure 4.21: Linear calibration curve fit of the PVDF based force sensing
microgripper for measuring bond breaking forces in shear-mode.

Table 4.6: Relative standard deviation for the output of the PVDF based
force sensing microgripper. The input signal sequence is repeated ten
times.

Pulse No. 1 2 3 4 5 6 7 8 9 10

Reference Sensor 19.45 5.89 3.74 2.60 2.14 1.90 1.55 1.21 1.00 0.97
PVDF film Sensor 5.94 4.32 2.54 1.76 1.37 1.17 0.91 0.79 0.66 0.69
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Whereas the SG-06 microgripper weighs 2 g and the capacitive reference

force sensor probe pushes this relatively heavy weight during calibra-

tion process, the first values in the output signal of reference sensor

are exaggerated due to the quick and heavy load. Even though a 2nd

order Butterworth filter is applied to the reference sensor output data

to eliminate the exaggerated peaks, this heavy load leads to the RSD of

19.45% for the 1st input pulse around 0.5 mN . The corresponding RSD

for the PVDF film output is 5.94% for the 1st input pulse [see Table 4.6

and Figure 4.21]. After the 2nd input pulse, for the forces higher than

1.5 mN , the RSD of reference force sensor and the PVDF film outputs

are less than 5.89% and 4.32%, respectively. The RSD for both reference

force sensor and PVDF film is descending while the force values are

ascending. The RSDs of the reference and the PVDF sensor are in an ac-

ceptable range for forces higher than 2 mN . The linear calibration curve

fit indicates 27.22 µN /mV sensitivity for the developed force sensing

microgripper for measuring bond breaking forces in shear-mode.

Comparing the RSDs of reference force sensor in Table 4.5 and Table 4.6

indicates that for the first input pulse, there is a significant difference

between RSDs of the Z-directional sensor (8.16%) and the shear-mode

sensor (19.45%). It is noteworthy that the first input pulse in the Z-

directional sensor corresponds to 1 mN force while in the shear-mode

sensor it corresponds to 0.5 mN . Therefore, regardless of the fact that

the 2 g weight of the microgripper significantly contributes to this error,

the trend of increase in the error matches the common behavior of the

sensors. In order to use these sensors, in both cases, the acceptable

force ranges are set so that the RSDs of reference sensors and PVDF

film sensors are less than 4% and 3%, respectively. The acceptable force

ranges are 3 mN−10 mN for the Z-directional sensor and 2 mN−10 mN

for the shear-mode sensor.
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4.3 Development of Microspring based Force

Sensing Microgripper

Tensile testing of MF do not need a lot of force to manipulate, but their

ultimate tensile strength is very high and relatively large forces are re-

quired to perform a micro-scale tensile test, e.g. CNTs require 0.5 mN

– 30 mN [116, 117], wood fibers require 40 mN – 370 mN [118] and

paper fiber bonds require 0.2 mN – 20 mN [5, 24, 6]. In this section a

novel force sensing approach for grippers used in micro-tensile testing

applications is proposed.

Even though the proposed force sensing approach in this section is

adaptable for the forces in the range of few milliNewtons upto tens

of milliNewtons, but considering the required force range for the case

study on paper fiber bonds, the developed ElNi microspring based force

sensing microgripper is designed to cover the forces up to 20 mN . The

working principle of the proposed sensor is based on the hypotheses

that the rolling-resistance of a low-friction precision linear slider (PLS)

is small enough to allow force measurements in the milli-Newton force

range.

4.3.1 Proof of Concept

The force sensing concept is based on exploiting a linear force - dis-

placement range of a microspring, which is constrained to move uni-

directionally using a guide-way. In this case the guide-way is a low-

friction precision linear slider. The goal of the experiments explained in

here is studying the friction behavior of the PLS and proof the concept

of the proposed microspring based force sensor. Figure 4.22A illustrates

the proposed force sensor. The low-friction precision linear slider (IKO,

Japan) C1.-F.4.22A has a coefficient of rolling-resistance of 0.001. Two

pins C2.-F.4.22A with a diameter of 0.9 mm are used to mount the mi-

crospring C3.-F.4.22A. One pin is mounted on the fixed part of the PLS,

a so called stopper C.4-F.4.22A, and another pin on the moving part of

the PLS. The stopper is an in-house made component and it is not an
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original part of the PLS. Using the mounting rings, the microspring is

mounted on the PLS pins by using magnetic tweezers. Figure 4.22B

shows the implementation of the proposed force sensor.

Figure 4.22: (A) Schematic of the force sensor. (B) Top-view of the
microspring mounted on the PLS. (1) PLS; (2) Mounting pin; (3) ElNi
Microspring; (4) Stopper [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al.,
Electroplated Nickel Microspring and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing
Tool, 05/2015].

Friction Force Study

In order to study the static and dynamic friction forces which resist the

movement of the PLS, a test set-up presented in Figure 4.23 is used. A

reference force sensor, FT-S10000, is mounted on a linear actuator and

it is aligned with the PLS slider. The moving part of the PLS slider and

the reference force sensor probe are connected using a small rod. The

linear actuator has an integrated position sensor, an optical encoder,

with the resolution of 100 nm. Since the reference force sensor probe

and the PLS slider are connected, the change in the position of the refer-

ence force sensor probe represents the displacement of the microspring.

Another option to measure the displacement of the microspring is us-

ing a sequence of images from top-view. The first approach, however,

offers higher resolution, thus it has been used in these experiments. The

microspring is removed from the test set-up, therefore the only present

force to resist the movement of the slider is the rolling-resistance. The

slider is pushed forward with different velocities. Whereas the tests in-

cluding the microspring are planned to be performed with velocities

of 40 µm/s, the friction measurements were performed with 40 µm/s

and 400 µm/s velocities. In order to make sure that the friction forces
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affect only the lower range of the force measurements, the maximum ve-

locity of the friction measurement experiment was set ten times higher

than the maximum velocity of the tests including the microspring. It

is noteworthy that since the proposed force sensor is designed for ten-

sile testing and it will be used for unidirectional measurements, only

the forward motion of the slider is in the interest of this study. The

force is measured using a NI PCI-6259 measurement board (National

Instruments Corporation, Texas, USA). Figure 4.24 shows the results of

friction measurements. The continuous line and the dotted line illus-

trate representative friction measurements with velocities of 40 µm/s

and 400 µm/s, respectively. The highest peak in each measurement

represents the static friction force which is continued with a plateau that

represents the dynamic friction force.

Figure 4.23: The performance characterization setup for the proposed
force sensor [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al., Electroplated Nickel
Microspring and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015].

Figure 4.24: Friction measurements of the PLS. The highest peak in each
measurement represents the static friction force which is continued with
a plateau that represents the dynamic friction force [7].© IEEE 2015 Reprinted,
with permission, from [P. Saketi, et al., Electroplated Nickel Microspring and Low-Friction Precision Linear
Slider: A Novel Micro-Force Sensing Tool, 05/2015].
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Table 4.7 shows the results of the friction force measurements of the PLS

with 40 µm/s and 400 µm/s. The result indicates that the friction inside

the PLS leads to uncertainties in the measurement of forces smaller than

500µN ; the lower the velocity, the smaller the influence of friction forces

on the measurements.

Table 4.7: The results of friction force measurements of PLS with differ-
ent velocities [7].

Velocity (µm/s) 40 400
Static Friction Force (µN ) 190 510
Dynamic Friction Force (µN ) 140 340

Microspring Design and Fabrication

In order to verify if a microspring with a linear force-displacement range

is usable for force sensing applications at micro-scale, a microspring is

designed, fabricated and integrated into the PLS. Figure 4.25 illustrates

the schematic design of the microspring which is made of a chain of

elliptical rings. The transverse diameter and the conjugate diameter

of the ellipses in the microspring are called ring height (RH) and ring

width (RW), respectively. The vertical cross section area of the ring is

called microspring gauge and its dimensions are named as gauge width

(GW) and gauge height (GH). The links which connect the elliptical rings

together have the same cross section dimensions as the microspring

gauge.

The elliptical shape of the microspring design is different from the U-

shaped and S-shaped reported microsprings [119]. The initiative to

select elliptical rings instead of U-shaped and S-shaped ones is the ax-

isymmetry in their geometry, which leads to axisymmetrical distribution

of stress in the structure. Therefore, it minimizes the risk of bulging and

buckling in the spring structure during loading (tension) and unloading

(compression), respectively. Based on the values reported in the litera-

ture [60] for the Young’s modulus (E =171.5 GPa) and for the Poisson’s

ratio (ν = 0.3) of ElNi, the effect of variations in RH, RW, GH, GW, the
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number of rings and the length of the connection between the rings on

the maximum stress and the displacement were studied using ANSYS.

Figure 4.25: Schematic of a microspring. RH: Ring Height, RW: Ring
Width, GW: Gauge Width, GH: Gauge Height [7].© IEEE 2015 Reprinted, with per-
mission, from [P. Saketi, et al., Electroplated Nickel Microspring and Low-Friction Precision Linear Slider:
A Novel Micro-Force Sensing Tool, 05/2015].

Figure 4.26: Simulation results for 20 mN applied force on the mi-
crospring with RH of 1600µm and RW of 250µm as a function of GW and
GH [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al., Electroplated Nickel Microspring
and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015].

Based on the simulation results, the RH of 1600 µm, RW of 250 µm,

GH of 50 µm and GW of 30 µm are the selected dimensions for the

fabrication of the microspring. Figure 4.26 shows simulation results for

a 20 mN applied force on the microspring with RH of 1600 µm and RW

of 250 µm as a function of GW and GH. It is desirable to achieve the

maximum possible elastic range for a microspring under a 20 mN load,

which leads to maximum possible linear deformation, and therefore

maximum possible sensitivity for the sensor. The maximum stress in a
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microspring with GH of 50 µm and GW of 30 µm under a 20 mN load

is 0.77 GPa. Considering 1.1 GPa yield strength for the ElNi, the stress

value of 0.77 GPa for the selected geometry allows a reasonable linear

range for the microspring with a 30% safety threshold that keeps away

the microspring from plastic deformations. Simulations also indicate

that the effect of the length of connections between two rings on the

displacement is negligible, and increasing the number of rings increases

the displacement linearly. A microspring is fabricated using UV-LIGA

in Research Institute of Micro/Nanometer Science and Technology at

Shanghai Jiao Tong University. The fabrication process was explained in

Section 2.5 and illustrated in Figure 2.4.

The geometry of the fabricated microsprings is measured using an SEM.

Figure 4.27 shows the SEM images of a fabricated ElNi microspring and

its cross sections. The SEM images in Figure 4.27B and Figure 4.27C

illustrate that the cross section of the fabricated microspring specimen is

a trapezoid instead of an ideal rectangle. The trapezoidal cross section is

caused by the scattering of the UV light during the lithography process.

Figure 4.27: SEM images of a fabricated ElNi microspring and its cross
sections. (A), (B) and (C) images in the bottom represent the points of
interest on the top image [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al.,
Electroplated Nickel Microspring and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing
Tool, 05/2015].

The side walls of the trenches in the photoresist are not parallel, which

is a drawback of using AZ®50XT thick photoresist in UV-Lithography.

Even though microsprings are not ideal because of these geometrical

defects, it is still possible to use them to proof the proposed force sensing
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concept. The spring fabricated is composed of ten elliptic sensing rings

and two circular mounting rings (1 mm in diameter) in the ends of the

spring.

Validation of the Concept

In order to validate the proposed force sensing concept, an ElNi mi-

crospring is placed between the mounting pins and the slider was moved

150 µm forward and backward ten times, without changing the location

of 150 µm travel range. Thus, from the entire 3 mm travel range of the

slider only a 150 µm section is used for all of the experiments. In order to

have as close conditions as possible to the final microgripper prototype,

a 4 g weight is added on the top of the PLS during these experiments.

This mass is the equivalent to the mass of the SG-06-EX (SmarAct GmbH,

Germany) microgripper. The integration of the SG-06-EX microgripper

into the proposed force sensor is presented in Section 4.3.2.

Figure 4.28: Schematic of measurement electronics for validating the
concept of microspring based force sensor.

Figure 4.28 illustrates the schematic of measurement electronics for val-

idating the concept of the microspring based force sensor. A CU-3DM

control module (Smaract GmbH, Germany) is used to control the linear

actuator, which is connected through a USB port to a computer. The

linear actuator is controlled by tuning the actuation voltage, ViC , and

actuation frequency, fiC , of a piezo-drive. An optical encoder is used

as a position feedback sensor, DoC . The linear actuator, the reference

force sensor and the microspring are in mechanical contact. Thus, the
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displacement of linear actuator, DoR , and the microspring are identical.

The force is acquired by measuring the reference force sensor output

voltage, VoRF , times the sensor gain. The force-displacement measure-

ments are acquired by synchronized measurement of (i) force, VoRF ,

using the NI PCI-6259 measurement board and (ii) displacement, DoC ,

using the CU-3DM control module.

Figure 4.29 shows the results of force-displacement measurements when

an ElNi microspring is integrated into the PLS. The measurements are

performed with the velocity of 40µm/s. As the proposed force sensor is

unidirectional, only the tension forces are shown in Figure 4.29, and the

measurements from the release of the forces are not presented.

Figure 4.29: Force – Displacement measurement of an integrated ElNi
microspring inside a PLS. The grey line includes all data points while
the black line includes only the data points in the range of 1000 µN −
5000 µN [7].© IEEE 2015 Reprinted, with permission, from [P. Saketi, et al., Electroplated Nickel
Microspring and Low-Friction Precision Linear Slider: A Novel Micro-Force Sensing Tool, 05/2015].

The gray line in Figure 4.29 is fitted to the all data points from the mea-

surement having a slope of 39.68 N /m and the root-mean-square-error

(RMSE) of 158.8 µN . While the force measurements below 500 µN are

influenced by friction forces, both static and dynamic friction, the force

measurements below 1000 µN are influenced by the acceleration of

the actuator starting from zero velocity. Considering the last part of

the measurement in Figure 4.29, for forces higher than 5000 µN , the

deceleration of the actuator reaching the stop point at 150 µm also
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causes non-linearity in the results. Therefore, in the force range of

1000 µN −5000 µN only the dynamic friction of PLS influences the mea-

surement result. The black line in Figure 4.29 is fitted only to the data

points in the range of 1000 µN −5000 µN with the slope of 36.63 N /m

and the RMSE of 80.8 µN . Thus, the line fitting error in the force range

of 1000 µN −5000 µN is half of the full range error.

Table 4.8 illustrates the uncertainty in the force – displacement measure-

ments of the ElNi microspring integrated inside the PLS calculated from

ten measurements. In order to measure the uncertainties in the exact

displacement points, the linear actuator moves the slider to the exact

position, pauses and comes back to the zero position. This means that

the reported force values and the standard deviations (STD) include the

deceleration non-linearity error caused by the stopping of the linear ac-

tuator. Therefore, technically the measured STD in the constant velocity

zone can be smaller than the reported STDs in Table 4.8 .

Table 4.8: Uncertainty in the Force - Displacement measurements of
ElNi microspring integrated inside the PLS [7].

Target Displacement Displacement Displacement Mean Force Force Force
[Measur ed ] (µm) STD (µm) RSD (%) (µN ) STD (µN ) RSD (%)

30 [29.9] 0.2 0.6 1096.6 142.0 13.0
60 [59.9] 0.3 0.4 2104.9 109.5 5.2
90 [89.8] 0.2 0.2 3252.9 105.4 3.2

120 [120.0] 0.1 0.1 4476.1 138.1 3.1
150 [149.9] 0.2 0.1 6052.7 77.3 1.3

The reason for measuring the uncertainties by moving the slider to the

exact position and pausing instead of measuring the uncertainties di-

rectly from the constant velocity zone is the control module of the linear

actuator which is connected through the USB port to the computer. The

USB port causes a bottle-neck of few hundred Hertz sampling frequency

to the position measurement which is not sufficient to extract high

sampling frequency real-time data on a moving actuator. The highest

measured RSD for the displacement measurement is 0.6% which is the

result of using the linear actuator with 100 nm resolution. The measured

RSDs for the force values indicate that the higher the measured force the
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better the accuracy is. Even though a RSD of 13% for the force measure-

ments around 1000 µN is far from ideal, a RSD of around 3% or less for

the forces higher than 3000 µN is acceptable in the micro-tensile testing

applications. It should be noted that the linear actuator is working using

a stick-slip piezo-drive and therefore, in addition to the aforementioned

sources of error, the error caused by the stick-slip phenomena is present

in the entire experiments.

The results from the experiments demonstrate that the proposed force

sensor using ElNi microspring and the PLS can be used as a new tool in

micro-force sensing applications for forces higher than a couple of thou-

sands of micro-Newton, and the hypothesis that the rolling-resistance

of a PLS is small enough to allow force measurements at micro-scale is a

valid argument for a specific force range. In the proposed force sensing

approach, the side effects of friction forces on the force measurements

are small enough to make this approach reasonable.

Even though the force range of the fabricated microspring is limited

to 6 mN , the proposed approach allows for the fabrication of ElNi mi-

crosprings for the forces up to tens of milliNewtons for micro-tensile

testing of various materials. There are three methods to increase the

linear force range of ElNi microsprings: changing the plating tempera-

ture, changing the current density and changing the GW. According to

reported results in [110], 20 ◦C change in plating temperature affects

Young’s modulus by 15%, and 25 m A/C m2 change in current density

affects Young’s modulus by more than 50%. The benefit of changing the

force range of ElNi microspring by either the plating temperature or the

current density is the possibility of keeping the microspring geometry

constant [7]. Thus, when a change in the force range is required only the

spring should be changed and the rest of components in the micro-force

sensor can remain the same. Considering the rectangular cross-section

area and its corresponding moment of inertia of a microspring, the

most effective way to change the linear force range of the microspring

is changing the GW which affects the force range by three orders of

magnitude.
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4.3.2 Electroplated Nickel Microspring based Force Sensor

In the next phase of this study, an ElNi microspring for the force range

of 0 mN − 20 mN is modeled using ANSYS and fabricated using UV-

Lithography.

Microspring Design Optimization

The goal is to design a sensor with a sensitivity of 40 µN /µm. Therefore,

a microspring with 500µm linear deformation under 20 mN load should

be designed. The microspring should tolerated 20% of overloading for

safely. In order to optimize the design of the microspring in ANSYS,

subproblem approximation method is used to solve a constrained opti-

mization problem. Subproblem approximation is a very well established

method [126, 127, 128, 129] which is only used as a tool in this thesis. In

the optimization algorithms, the constrained optimization problem is

converted to an unconstrained problem using penalty functions [129].

In order to optimize a design, the objective function which contains the

state variables and the design variables is minimized.

Mi n. F = F (x) (4.1)

The dependent variables can be expressed by approximations, and a

fully quadratic representation including cross terms approximates the

objective function [129].

F̂ = a0 +
n∑
i

ai xi +
n∑
i

n∑
j

bi j xi x j (4.2)

A weighted least squares technique is used to calculate the ai and bi j

coefficients [129]. The constrained minimization problem in Equa-

tion. 4.2 is converted to an unconstrained problem using penalty func-
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tions shown in Equation 4.3. In order to apply the design variable con-

straints, X is used as the penalty function. Similarly, G , H and W are

penalty functions for state variable constraints. The penalty functions

are minimized until the solution converges, or the iterations are termi-

nated [129].

F (x,Pk ) = F̂+F0Pk

(
n∑

i=1
X (xi )+

m1∑
i=1

G(ĝi )+
m2∑
i=1

H(ĥi )+
m3∑
i=1

W (ŵi )

)
(4.3)

The goal of this study is to find the GH and the GW of the microspring

under the following conditions:

• Based on the fabrication limitations, GH and GW should be in the

range of 5 µm −150 µm.

• The acceptable maximum stress in the entire spring structure

should be less than 80% of the yield strength 1.1 GPa.

• 500±10 µm displacement for the applied force of 20 mN

Table 4.9 summaries the parameters for the optimization of the mi-

crospring. In order to decrease the computation load and time, since

the elliptical rings in the microspring are axisymmetric, only a quarter

of an entire ring is modeled. Table 4.10 summarizes the feasible sets

of the optimization results. In order to fabricate the microsprings, it is

possible to either use UV-lithography or X-ray lithography. The X-ray

lithography provides higher certainty on the geometry of the fabricated

microsprings than UV-lithography, but the mask for X-ray lithography is

ten times more expensive than the mask for UV-lithography. Therefore,

despite the fact that X-ray lithography provides higher quality, the mi-

crosprings were fabricated using UV-lithography in Microworks GmbH,

Germany.
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Table 4.9: Summary of parameters for optimization of microspring.

Variables Parameter Minimum Maximum
Design Variable Gauge Width (GW) 5 µm 150 µm
Design Variable Gauge Height (GH) 5 µm 150 µm
State Variable Maximum Displacement (Umax ) 490 µm 510 µm

Objective Function Maximum Stress (σmax ) − 0.88 GPa

Constants Value − −
Young’s Modulus (E) 180 GPa − −
Yield Strength (σy ) 1.1 GPa − −
Poisson’s Ratio (ν) 0.3 − −
Ring Height (RH) 1600 µm − −
Ring Width (RW) 250 µm − −

Table 4.10: Summary of optimization results.

Feasible Set No. 1 2 3 4
GW (µm) 23.5 24.8 24.4 26.8
GH (µm) 147.8 126.2 131.3 99.7
σmax(GPa) 549.7 577.1 575.4 625.5

Since the maximum recommended height for structures fabricated us-

ing UV-lithography is 100 µm, the design values of Column 4 in Ta-

ble 4.10 are used. During fabrication of the microspring for proof-

of-concept in Shanghai Jiao Tong University positive photoresist was

used, but for fabricating the microsprings with optimized design in

Microworks GmbH negative photoresist is used. After releasing the mi-

crosprings from the substrate, the side which has been in contact with

the substrate is called “bottom” and the side which has not been in con-

tact with the substrate is called “top”. Consequently, the width, GW, of

the microspring on the side that has been in contact with the substrate

is called “bottom value” and the other side is called “top value”. From

prior fabrication experiments [130], it is known that compared to the

design values, there is about 37% width reduction for the mean value of

Ni; about 20% width reduction on the top value and about 53% width

reduction on the bottom value. In order to achieve the desired GW, four
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microsprings with GW’s of 27µm, 32µm, 37µm and 42µm are designed

as it is shown in Figure 4.30. Since all of these four designs are fabricated

in one batch, in order to differentiate between the microsprings with

the naked eye, small wings are added to the mounting rings.

Figure 4.30: Designed microsprings. (1) GW = 27 µm; (2) GW = 32 µm;
(3) GW = 37 µm; (4) GW = 42 µm.

Microspring Validation

Figure 4.31 represents a fabricated microspring with optimized design.

The rough geometry of the upper edges is caused by the wet chemical

removal of the seed layer which can be minimized in future [8]. There

is also a small deviation in line width between individual lines of the

spring elements which most likely it is due to a periodic error in the

repeatability of the patterning system [8]. As it was mentioned above,

a difference in line width between the upper and lower surface of the

microspring can be observed [8] which are reported in Table 4.11. Con-

sequently, the microspring with the GW design value of 42 µm, and the

fabricated GW mean value of 36.5 µm is used to build the force sensor.

The ElNi Young’s modulus used during the modeling phase was 180 GPa.

In order to validate the Young’s modulus of ElNi, five specimens with

the dimensions of 13 mm×1.2 mm×0.1 mm have been integrated into

the UV-lithography mask of microsprings and fabricated with the same

batch. These five specimens were distributed evenly over the mask to

provide a reliable average value of Young’s modulus. The tensile testing

of the specimens were performed in the laboratory of Department of

Solid Mechanics at KTH, Sweden. The results indicate that the average
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Young’s modulus of fabricated ElNi microsprings is 172 GPa±5% which

is 4.4% less than the 180 GPa used in the ANSYS model.

Figure 4.31: SEM image of a fabricated microspring for the measurement
of the top values and the bottom values of GW. The rough geometry of
the upper edges is caused by the wet chemical removal of the seed
layer [8]. © Courtesy of MicroWorks GmbH.

Table 4.11: Summary of optimization results.

Spring Type Mean Top Width Reduction Mean Bottom Width Reduction
GW = 27 µm 21.9 µm 19% 14.8 µm 45%
GW = 32 µm 26.5 µm 17% 21.3 µm 33%
GW = 37 µm 31.5 µm 15% 28.5 µm 23%
GW = 42 µm 38.2 µm 9% 34.8 µm 17%

Integration

Figure 4.32 illustrates a schematic design of the microspring based force

sensing microgripper. The microgripper SG-06-EX (SmarAct GmbH, Ger-

many), C.5-F.4.32, is attached to the PLS, C.1-F.4.32, using a connecting-

element, C.6-F.4.32. In order to measure the displacements of the PLS, a

magnetic encoder (NSE-5310, AMS, Austria), C.7-F.4.32, with 0.488 µm

resolution is used. A multipole magnet strip (AS5000-MS10-300, AMS,

Austria), C.8-F.4.32, with pole pair length of 2 mm ±1.2% is attached

under the connecting-element to derive the incremental position of the

magnetic strip using a Hall element array on the chip of NSE-5310 mag-

netic encoder. This Hall sensor array detects the ends of the magnetic
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strip to provide a zero reference point. It also provides absolute posi-

tion information over the length of the magnet pole pair. It is possible

to achieve absolute position information over the entire length of the

magnetic strip by counting the pole pairs [131].

Figure 4.32: Schematic design of microspring based force sensing mi-
crogripper. (1) PLS; (2) Mounting pin; (3) ElNi Microspring; (4) Stopper;
(5) Microgripper, (6) Connecting-element, (7) Magnetic Encoder, (8)
Multipole magnet strip.

Figure 4.33 shows the implementation of the microspring based force

sensing microgripper. The numbering is the same as Figure 4.32 with

the exception of C.4-F.4.33 which is the stand and C.9-F.4.33 which is

assigned to the adjusting screws. The adjusting screw in the back is used

for fixing the zero point of the travel range and to secure the microspring

from buckling. The adjusting screw in the front is used to fix the end

point of the travel range and to secure the microspring from hyperten-

sion and plastic deformation. The NSE-5310 is soldered on the top of a

PCB C.7-F.4.33. The gap between the multipole magnet strip, C.8-F.4.33,

and the magnetic encoder is adjusted to be less than 300 µm as it was

required [131].

Calibration

In order to evaluate the positioning repeatability of the NSE-5310 mag-

netic encoder, an SLC-1730 linear actuator is attached to the movable
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Figure 4.33: Implementation of microspring based force sensing micro-
gripper. (1) PLS; (2) Mounting pin; (3) ElNi Microspring; (4) Stand; (5)
Microgripper, (6) Connecting-element, (7) Magnetic encoder soldered
on PCB, (8) Multipole magnet strip, (9) Adjusting screws.

part of the PLS using a solid connecting rod. The linear actuator has an

integrated optical encoder with a 100 nm resolution and a ±1 µm re-

peatability, which is used as a reference position sensor, DoC . The linear

actuator, the microspring, the connecting-element and the magnet strip

are in mechanical contact. Thus, the displacement of the linear actuator,

DoR , and the magnet strip are identical. The output of the magnetic

encoder, DoM , is recorded to a computer through a USB-I2C interface

adapter (Devantech Ltd, UK). The linear actuator and its optical encoder

are connected to another computer using an SCU-3DM control rack and

a USB connection [see Figure 4.34]. In order to validate the performance

of the magnetic encoder, DoC and DoM are recorded and studied. In

order to check the repeatability of the magnetic encoder, the magnetic

strip which is connected to the PLS is moved from zero position to 50µm,

250 µm and 500 µm one hundred times and they are compared with

the reference position sensor. The results are summarized in Table 4.12.

The results show that the offset values of the magnetic encoder from

target positions for 50 µm, 250 µm and 500 µm are 0.58 µm, 2.75 µm

and 4.87 µm, respectively. Since the offset at all three target positions

is around 1%, it implies that there is a small misalignment between

the magnetic strip and the magnetic encoder because of mechanical
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tolerances during fabrication and installation.

Figure 4.34: Schematic of the measurement system for evaluating the
positioning repeatability of NSE-5310 magnetic encoder.

Table 4.12: Repeatability of NSE-5310 magnetic encoder (DoM ) com-
pared to the reference SLC-1730 optical encoder (DoC ).

Target Reference Reference Offset NSE-5310 NSE-5310 Offset
Position (Mean) (STD) (Mean) (STD)

0 0.06 0.09 0.06 0.08 0.17 0.08
50 49.98 0.09 0.02 49.42 0.26 0.58

250 249.99 0.18 0.01 252.75 0.51 2.75
500 499.96 0.09 0.04 504.87 0.34 4.87

A calibration setup similar to Figure 4.23 is used to calibrate the mi-

crospring based force sensing microgripper. The linear actuator moves

the microgripper forward and backward with a ramp input ten times to

calibrate the sensor. Figure 4.35 shows the schematic of measurement

system for calibrating the microspring based force sensing microgripper.

The reference force (VoRF ×SensorGai n) and reference displacement

(DoC ) are measured synchronously using an FT-S10000 reference force

sensor and the optical encoder of linear actuator, respectively. The

magnetic encoder output (DoM ) is acquired using a USB-I2C interface

adapter (Devantech Ltd, UK). Figure 4.36 shows the calibration curve of

the microspring based force sensing microgripper. Whereas the force

range of the reference sensor is 10 mN , the forces higher than this value
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can not be measured. The forces less than 4500 µN can be measured

but they are left out of the calibration data due to non-linearity and

offset that the wiring causes. In Section 4.3.1 it was shown than the

friction in the PLS contributes to about 500 µN of the error, therefore

it is possible to contemplate that the error caused by wiring is about

4000 µN . The sensitivity of the microspring based force sensing micro-

gripper is 91.17 µN /µm. The RMSE of the curve fit is 184 µm which

means that the error at the lower end of calibration curve is 4% and at

the higher end of calibration curve is less than 2%. Repeatability of the

sensor is calculated according to Equation 4.4, and defined in [132] as

follows: repeatability is the ability of a sensor to give the same output

for repeated applications of the same input value [132]. In this case the

number of repetitions are 10 times and the repeatability in the middle

of the sensor’s force range is 5.6%.

Repeat abi l i t y = max.−mi n. values g i ven

f ul l r ang e
×100 (4.4)

Since the force range microspring was designed for up to 20 mN force

range, it can not be experimentally calibrated for the entire force range

due to lack of a proper reference force sensor. Assuming that the mi-

crospring behaves linearly, it is possible to extrapolate the calibration

curve up to 20 mN . Figure 4.37 illustrates the extrapolated calibra-

tion curve. It shows that for 180 µm displacement the corresponding

force value is 20 mN . The optimized design of microspring was aimed

at 500 µm displacement for 20 mN force to achieve a sensitivity of

40 µN /µm. There are three main reasons which deviate the fabricated

microspring based force sensing microgripper from its optimized design

values:

• The wiring of the microgripper is introducing a major offset to

the force range and also it decreases the sensitivity of the sensor

significantly.

• The side wall angles of fabricated ElNi microspring result in a

87



Chapter 4. Force Sensing Microgrippers

Figure 4.35: Schematic of measurement system for calibrating the mi-
crospring based force sensing microgripper.

trapezoid cross section instead of a rectangular one, which affects

the area moment of inertia, and ultimately the displacement.

• The mounting pins are custom-made without micro-machining

tools. Miss-alignments of microspring between the mounting pins

affects both the force range and displacement.

Figure 4.36: Calibration curve of microspring based force sensing micro-
gripper.
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Figure 4.37: Extrapolated calibration curve of microspring based force
sensing microgripper.

4.4 Discussions

The bond breaking force range estimation in 4.1 implies that the forces

are in the range of 0.1 mN −13 mN which is in a good agreement with

the results reported in the literature [27, 26]. In some studies [24, 26],

the reported bond breaking force range is as high as up to 20 mN for

some samples. Therefore, the required force range to design the force

sensing microgripper is 0.1 mN −20 mN .

After the force range estimation two microgrippers were developed;

one with a passive specimen holder for Z-directional bonding force

measurement and another one with an active microgripper for shear-

mode bonding force measurement. These two PVDF based sensors lack

the capability of reporting the strain independently, but they can report

the force-displacement curves.

A third force sensitive microgripper was also developed for micro tensile-

testing of fibrous materials utilizing an elliptical microspring which can

report the strain values as well as the force values. Therefore, if the

cross section area of the specimen is known it can report the stress-

strain curves. During the development phase of this microgripper, it was
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shown that rolling-resistance and friction of a PLS can be small enough

to allow force measurements in micro-scale.

Table 4.13 summarizes the performance of the developed force sensing

microgrippers. The repeatability of the force sensors are calculated

according to Equation 4.4 in the middle of their force range. Since these

sensors are developed as prototypes for proof of concept, it is acceptable

to use this approach to report their repeatability. If these sensors are

going to be developed further as products, it is required to perform an

uncertainty analysis according to Guide to the Expression of Uncertainty

in Measurement (GUM) published by International Bureau of Weights

and Measures (BIPM) and ISO 5725.

Table 4.13: Summary of Performance of the Developed Force Sensing
Microgrippers.

Microgrippers Sensor Technology Acceptable Range Sensitivity Repeatability

Z-directional PVDF 3 mN −10 mN 51.25 µN /mV 2.7%
Shear-mode PVDF 2 mN −10 mN 27.22 µN /mV 1.9%
Micro-Tensile Testing Microspring 4.5 mN −20 mN∗ 91.17 µN /µm 5.6%

*Validated range: 4.5 mN −10 mN

The integration of these three microgrippers into the microrobotic plat-

form is explained in the next chapter.
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5 Microrobotic Platform for
Characterization of Fibers

In this section, the tools and devices which were developed in Chapter 4

are used to characterize fibrous materials such as pulp fiber bonds

and textile fibers. First, the PVDF force sensor with passive specimen

holder developed in Section 4.2.2 is used for Z-directional bonding force

measurement. Then PVDF based force sensing microgripper developed

in Section 4.2.3 is used for shear-mode bonding force measurement.

Finally, the microspring based force sensing microgripper developed in

Section 4.3 is used for characterizing regenerated cellulose fibers.

5.1 Z-directional bonding force measurement

In order to measure the Z-directional bonding force of pulp samples,

a stack of the bond-holders is placed on the microrobotic platform

described in Chapter 3 and reported in [2, 4]. This is used for mount-

ing the fiber bonds on the bond-holders. A microgripper with a 3D-

micromanipulator is used to grasp a fiber bond and bring it close to

the bond-holder [see Figure 5.1A]. UV-curable glue is added to one

side of the bond-holder, the end of the fiber bond is placed inside the

glue and then the glue is cured [see Figure 5.1A and B]. The microgrip-

per releases the fiber bond, after which a probe which is attached to
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Chapter 5. Microrobotic Platform for Characterization of Fibers

a 3D-micromanipulator places the other end of the fiber bond in the

UV-curable glue [see Figure 5.1B], and then the glue is cured [see Fig-

ure 5.1C].

The PVDF film force sensor is placed on the XY-table of the microrobotic

platform described in Chapter 3 and reported in [5, 6]. The bond-

holder is placed manually inside the connecting-element using tweezers.

Both free ends of the fiber bond are grasped using two microgrippers

[see Figure 5.1] and moved synchronously in the loading direction of

the PVDF film until the bond breaks. The calibration curve shown in

Figure 4.17 is rate-dependent, and the fiber bond is therefore broken

using the same velocity as the calibration velocity, 4 mm/s.

Figure 5.1: Fiber bond mounting and Z-Directional fiber bond strength
measurement processes. (A) One end of the fiber bond is placed inside
the UV-curable glue using a microgripper. (B) The glue is cured using
a UV torch. The other end of the fiber bond is placed inside the glue
using a probe. (C) The glue is cured using a UV torch. The fiber bond is
mounted on the bond-holder successfully. (D) Z-Directional fiber bond
strength measurement.

The voltage out put of the PVDF film is used to calculate the breaking

force as described in Equation 5.1 according to Figure 4.17. The dis-

placement is measured based on the microgripper displacement using

the in-built optical encoder of linear actuators. Therefore, it is possible
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5.1. Z-directional bonding force measurement

to plot the force-displacement curve for Z-directional bond strength

measurement, but it is not possible to report the strain values using this

setup.

For ce = 51.25∆V −359.2 (5.1)

Figure 5.2 shows a representative result from a Z-Directional bond

strength measurement. The bonds were made using the traditional

approach mentioned in Section 2.1.2. The offset of the PVDF film sensor

has been removed from the results. Since there is no plastic deforma-

tion before the failure point, it is concluded that the fiber bond has

failed under brittle conditions. Using this measurement set-up, a set

of measurements were done using two types of softwood pulp samples

(5 bonds per sample): unrefined bleached softwood Kraft pulp, and

refined bleached softwood Kraft pulp with 100 kW h/t specific refin-

ing energy [133]. The bonded areas were measured based on the pixel

counts from the bond images taken from the top-view. The results indi-

cate that the Z-directional bond strength values for the first sample is

1.44±0.49 N /mm2 and for the second sample is 2.76±0.64 N /mm2 [133].

This result suggests that refining with 100 kW h/t specific energy can

increase the Z-directional bonding strength of bleached softwood Kraft

pulp by 47.8%.

Figure 5.2: A representative graph of Z-directional bond strength mea-
surement.
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Since the 4 mm/s deformation rate is close to the burst measurements

rates, it is preferred to measure the Z-directional bond strength with

smaller deformation rates. In addition, studying the effect of deforma-

tion rates on the Z-directional bond strength is of interest. Therefore,

further studies were done in order to calibrate the PVDF sensor with

smaller deformation rates down to 580 µm/s [134]. The bottleneck of

calibrating the PVDF film for the deformation rates of few microme-

ter per second is the bandwidth of the measurement board. This can

be achieved by optimizing the capacitor and the resistor of the charge

amplifier in the measurement board in future.

5.2 Shear-mode bonding force measurement

The PVDF based force sensing microgripper developed in Section 4.2.3 is

integrated in the microrobotic platform as shown in Figure 5.3. C.1-F.5.3

and C.2-F.5.3 are the microgrippers attached to the 3D-micromanipulators.

C.3-F.5.3 is the elevated rotary-table which facilitates approaching the

samples by the microgrippers, and C.4-F.5.3 is the XY-table. C.5-F.5.3 is

the PVDF based force sensing microgripper.

Figure 5.3: Microrobotic platform for shear-mode bonding force mea-
surement. (1) and (2) the microgrippers; (3) the elevated rotary-table;
(4) the XY-table; (5) the PVDF based force sensing microgripper.

In order to perform a bonding force measurement in the shear-mode,
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5.2. Shear-mode bonding force measurement

the microgrippers take a fiber bond from the rotary-table and bring it to

the proximity of the PVDF based force sensing microgripper as shown in

Figure 5.4A. The PVDF based force sensing microgripper grasps the free

end of the crossing fiber [see Figure 5.4B]. In order to break the bond,

the microgrippers C.1-F.5.3 and C.2-F.5.3 move away from the force

sensing microgripper synchronously [see Figure 5.4C]. The bonding

forces are calculated based on the calibration curve given in Figure 4.21

and Equation 5.2.

For ce = 27.22∆V −68.96 (5.2)

Similar to the Z-directional bonding force measurement, the displace-

ment in this case is also measured based on the microgripper displace-

ment using the in-built optical encoder of the linear actuators. Even

though it is possible to report the force-displacement curve for shear-

mode bond strength measurement as well, this set-up does not have the

means to report the strain values independently.

Figure 5.4: Shear-mode bonding force measurement process. (A) Mi-
crogrippers bring a fiber bond to the proximity of the PVDF based force
sensing microgripper; (B) PVDF based force sensing microgripper grasps
the free end of crossing fiber; (C) The microgrippers move away from
the force sensing microgripper synchronously to break the bond.

Using this measurement set-up, bonding strength of the same two sam-

ples - unrefined bleached softwood Kraft pulp, and refined bleached

softwood Kraft pulp with 100 kW h/t specific refining energy - were mea-

sured. The bonds were made using the traditional approach. Figure 5.5

95



Chapter 5. Microrobotic Platform for Characterization of Fibers

illustrates the surface structure of a refined versus an unrefined samples.

The fibrillated surface of the refined sample is visible in the image.

Figure 5.5: Left: A bond made of unrefined fibers. Right: A bond made
of refined fibers.

In total, 25 bonds were measured per sample. The bonded areas were

measured based on the pixel counts from the bond images taken from

the top-view. The results indicate that the average shear-mode bond

strength values for the unrefined sample is 0.83 N /mm2 and for the

refined sample is 0.96 N /mm2. This result suggests that refining with

100 kW h/t specific energy can increase the shear-mode bonding strength

of bleached softwood Kraft pulp by 13.5%. Figure 5.6 illustrates the dis-

tribution of the results. Since the bonds were made using the traditional

approach, there is a possibility of torsional loading combined with load-

ing in the shear direction. Therefore, it is highly recommended to use

the perpendicular bond making approach described in Section 3.4 in

the future.

Figure 5.6: Distribution of shear-mode bond strength measurement
results.
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It is generally accepted that the force required to break a fiber is higher

than the force required to break a bond. During the this experiment few

controversial cases were seen such as the one in Figure 5.7 where the

bond is stronger than a fiber. In Figure 5.7 the fiber is breaking due to a

kink.

Figure 5.7: The controversial case of a bond which is stronger than a
fiber.

5.3 Micro tensile-testing of fibrous materials

Figure 5.8 shows the microspring based force sensing microgripper,

described in Section 4.3, integrated into the microrobotic platform de-

scribed in Chapter 3. C.1-F.5.8 is the microspring based force sensing

microgripper. C.2-F.5.8 is the ElNi microspring, C.3-F.5.8 is the magnetic

encoder soldered on a PCB and C.4-F.5.8 is the adjusting screw. C.5-F.5.8

is the microgripper attached to a 3D-micromanipulator for pulling the

sample during tensile testing.

Figure 5.8: Micro tensile-testing setup. (1) Microspring based force sens-
ing microgripper; (2) ElNi microspring; (3) Magnetic encoder soldered
on a PCB; (4) Adjusting screw; (5) Microgripper for pulling the sample
during tensile testing.
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The main benefit of microspring based force sensing microgripper com-

pared to the PVDF based force sensing microgripper is the capability of

reporting the strain independently. Figure 5.9 illustrates how the strain

is measured. The fiber is grasped between the force sensitive microgrip-

per (SG) and the pulling microgripper (PG). During a tensile test, the

displacement of SG is measured using the magnetic encoder, ∆LS , and

the displacement of PG is measured using the in-built optical encoder

in the 3D-micromanipulator, ∆LG . The initial length of the fiber, L0, is

measured using the top-view image. Therefore it is possible to calculate

the fiber elongation, ∆L, and strain, ε, as follows:

Figure 5.9: Strain Measurement.

∆L =∆LG −∆LS , ε=∆L/L0 . (5.3)

Since the microgripper which was integrated into the microspring based

force sensor is an out-of-shelf component with the gripping force of

0.3 N , it does not have sufficient gripping force to perform tensile tests

on paper fibers. In order to expand the application of the microspring

based force sensing microgripper, it is required to replace the current

microgripper with another one which has sufficient gripping force. How-

ever, to demonstrate the capabilities of the developed force sensing

microgripper in tensile studies, electrospun cellulose fibers were se-

lected. The mechanical properties of the electrospun cellulose fibers

can be measured without slippage of fibers from the microgrippers.

The micro tensile-testing is performed with the rate of 1 µm/s using a

stair input signal by moving the PG 1 µm and pausing for 1 s continu-

ously. Figure 5.10 shows a cellulose fiber during micro tensile-testing.
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Figure 5.11 shows the force-strain curve of a micro tensile-testing of a

cellulose fiber. The force-strain curve is plotted according to Figure 4.37

and Equation 5.4. The validated force range is marked according to

Figure 4.36. The slope of the graph at validated force range is 53270 µN

which represents the value of Young’s modulus times the cross-section

area. Since the cellulose fiber does not have a uniform cross section area

it is not possible to plot the stress-strain curve.

Figure 5.10: Micro tensile-testing of a synthetic cellulose fiber.

For ce = 91.17DoM +3647 (5.4)

Figure 5.11: Force-Strain curve of a micro tensile-testing of a cellulose
fiber.
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5.4 Discussions

The aforementioned characterizing setups, provide the infrastructure

to measure various types of fibrous materials as it was demonstrated.

The PVDF based force sensing microgripper lacks a mean to measure

strain during micro tensile-testing, but because of PVDF properties, if

it is calibrated for its entire working frequency range, it can also work

as a dynamic force sensor at micro-scale. Even at its current stage as a

working prototype, the PVDF based force sensing microgripper is used

to provide useful data for the industry such as the effect of refining on

bond strength of pulp fibers in Z-directional and shear-mode.

The microspring based force sensing microgripper can measure the

strain independently. Its main weakness is the insufficient gripping

force, 0.3 N , for tensile testing of materials such as CNTs or glass fibers.

The fiber slips away from the jaws and it is detectable in the force signal

as a sudden drop. Yet its is possible to use this setup to characterize

softer fibrous materials such as regenerated cellulose fibers.
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6 Summary

This chapter summarizes the obtained results of this thesis and con-

cludes them. The research questions stated in Chapter 1 are resolved

and guidelines on how to improve and continue this work in the future

are provided.

6.1 Thesis Summary and Conclusions

A microrobotic platform to address the challenges of handling and spec-

imen preparation of micro-scale fibrous materials was developed. The

platform was used to prepare fibrous material samples for SEM and

NT [4]. The performed experiments demonstrate that using this plat-

form makes it possible to prepare specimens from various fibrous mate-

rials without the introduction of artifacts. The samples can be placed

on various holders to be used in a wide range of microscopy applica-

tions [4].

The capabilities of this platform were also demonstrated in making indi-

vidual paper fiber bonds [2, 5]. In the conventional methods of making

individual paper fiber bonds, the fibers are randomly oriented which

leads to random crossing and vertical angles. Creating individual paper

fiber bonds using the microrobotic platform, results in desirable cross-
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ing and vertical angles [2, 5]. Controlling the quality of the specimens

of individual paper fiber bonds in both the making and the mounting

phases, can help paper fiber scientists to achieve better results in their

experiments. From this, a better understanding and analysis of the

true nature of bonding mechanisms between two paper fibers can be

reached, than was previously possible. Considering all the aforemen-

tioned specimen handling processes, this level of accuracy on manipu-

lating and mounting the micro-scale fibers is out-of-reach in manual

specimen handling processes.

Two PVDF based force sensing microgripper were developed. The first

one with the passive specimen holder for Z-directional bonding force

measurement was successfully designed, fabricated and calibrated [3].

The PVDF film sensor was integrated into a microrobotic platform and

its ability to measure fiber bond strength was demonstrated success-

fully [3, 133]. This micro-force sensor has a linear output and it can be

reliably used. It appears that all of the values for Z-directional bond

strength reported in the literature are for hand-sheets rather than for in-

dividual bonds. Therefore, it is only possible to compare our force values

for the Z-directional bond strength with other loading modes such as

shear or peeling. Nevertheless, the measured values for the Z-directional

bond strength are in the expected range of 1 mN to 20 mN [27].

The development phases of a microspring based force sensing micro-

gripper were described. As a proof of concept it was shown that rolling-

resistance and friction of a PLS can be small enough to allow force

measurements in milli-Newton force range [7]. Next, the design of the

microspring was optimized, and it was fabricated. The elliptical mi-

crospring and a magnetic encoder were integrated into a microgripper

attached to a PLS to form a force sensing microgripper for micro-tensile

testing application. After calibration of the microspring based force

sensing microgripper, it was integrated into a microrobotic platform

and its capability to perform tensile testing on fibrous materials was

demonstrated successfully.
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6.2 Resolution of Research Questions and Future

Work

The research questions stated in Chapter 1 were addressed in Chapters 3

and 4, and demonstrated in Chapter 5. In the following each research

question is answered and the future steps to improve and continue this

research are discussed:

RQ.1 Which microrobotic solution can address the challenges of han-

dling and specimen preparation of micro-scale fibrous materials?

In Chapter 3, it was shown that a microrobotic platform with

stacked gantry crane configuration can address the challenges for

manipulation and specimen preparation of micro-scale fibrous

materials [4]. It minimizes the human interaction with the spec-

imens while decreasing the specimen preparation time. For the

first time using the developed microrobotic platform perpendic-

ular bonds were made and measured [5]. The requirement of

flexibility and easy configurability for various micro-scale fibrous

samples and specimen holders is typical in material research.

To facilitate flexibility, the specimen preparation processes de-

scribed in this thesis were performed in a tele-operation mode.

However, if a future industrial application requires less flexibil-

ity but higher speed, the platform provides an infrastructure to

prepare stacks of micro-scale fibrous specimens automatically.

Even though only paper fiber and human hair have been used

in the experiments, the capabilities of the platform support the

handling of other fibrous materials such as glass fibers in the same

dimensional range. The design and fabrication of rotational piezo-

actuators for the microgrippers is reported in [135]. In order to

untwist the paper fibers, the rotational piezo-actuators should

be integrated into the microgrippers in the future. In addition, a

piezo fiber press can be integrated into the platform to monitor

the pressing force on the fiber bonds. The design and fabrication

of the piezo fiber press is reported in [122].
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RQ.2 Which force sensing approach can measure bonding forces of

paper fiber bonds in individual level?

In Chapter 4, a novel method for the measurement of individual

bond breaking forces using a PVDF film in bending mode was de-

veloped. A passive specimen holder was attached to the PVDF film

to form a force sensor for Z-directional bonding force measure-

ment. Based on the same principle, a PVDF film was integrated

with a microgripper to measure individual bond breaking forces

in shear-mode.

The author recognizes that this micro-force sensor could be im-

proved upon as follows: the geometry of the sensor should be

optimized to achieve the highest possible sensitivity; the sensor

should be calibrated with different deformation rates to be used

as dynamic sensor, and it could also be calibrated for forces higher

than 10 mN with a sufficiently high force range reference sensor.

In order to perform the measurements with lower rates, it is nec-

essary to optimize the charge amplifier of the PVDF based force

sensor. In addition, the developed force sensing microgrippers

should be integrated into the 3D-micromanipulators. This will al-

low measuring the tension on the crossing fiber while performing

a bond strength measurement. In order to fully resolve the force

components on a bond plane, a micro-torque sensor should be

developed to measure the torque required to untwist the crossing

fiber during bond strength measurements. This will significantly

enhance the understanding of bond failure mechanisms.

RQ.3 Which force sensing approach can be used for micro-tensile test-

ing of fibers using a microgripper?

In Chapter 4 of this thesis, a novel force sensing approach for

microgrippers used in micro-tensile testing applications was pro-

posed. Use of ElNi microsprings based force sensor for micro-

tensile testing applications is a new approach. For the first time,

in this thesis, an elliptical ElNi microspring is designed, fabricated

and integrated into a PLS for force sensing applications.

Improving the wiring of microgripper and also fine tuning the
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fabrication process of ElNi microspring to provide vertical side-

walls will increase the sensitivity of the sensor. It is possible to

utilize the existing fabrication knowledge of ElNi to produce mi-

crosprings which behave linearly in arbitrary micro-Newton force

ranges by controlling the plating temperature and the current den-

sity, as well as by designing a proper structure and dimensions

for the microspring. Therefore, if a microgripper for a new force

range is required, the wide range of values available for the Young’s

modulus of ElNi allows maintaining the other components of a

microgripper same and only fabricating a new microspring for the

new force range. It is required to develop a microgripper with suf-

ficient gripping force in order to perform tensile testing on various

fibrous materials.
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