
ABSTRACT

GAHIDE, SEVERINE FRANCOISE.  Exploration of Micromachines to Textiles:

Monitoring Warp Tension and Breaks during the Formation of Woven Fabrics (Under the

direction of Drs. George Hodge and Abdelfattah Seyam.)

MicroElectroMechanical Systems, or MEMS, is an emerging high technology that has

proven to be very successful in several industries such as medical, automotive and ink jet

industries.  The technology philosophy is to integrate sensors, actuators and electronics

onto a silicon substrate (polysilicon batch) to form as small as a square millimeter

micromachine at low manufacturing cost.  Such advantages prompted investigating the

potential applications of MEMS in textiles.

Initially, we identified possible applications of MEMS technology in spinning, weaving,

knitting, fiber formation, nonwovens, testing and evaluation, and dyeing and finishing.

Based on a perceived real need and large potential market for a successful device, it was

decided to concentrate efforts into the development of a MEMS based detection device to

monitor warp tension and end breaks in weaving. Thus replacing the abrasive and passive

traditional drop wire with gentle and active device that has the potential to expand the

markets for weavers.

A macro prototype device (sensors, software and hardware) to monitor warp tension and

break was designed and built.  Descriptions of the device components along with

weaving specifics are given.  To demonstrate the benefits of the device, several

experiments were conducted.  The experiments along with their results are reported. The

experiments include:

• Simultaneously monitor tension of eight individual warp ends in real time

• Identify complex weave patterns through matching tension fingerprint with

weave floats and intersections

• Detect yarn tension trends while weaving



• Quantify variations of warp tension across beam width

• Identify variations of warp tension at the warp sheet edges

• Monitor the behavior of the warp let-off mechanism

• Detect broken warp yarns

• Assess warp yarn damage caused by using drop wires

Based on the results of these experiments, it can be concluded that monitoring individual

warp yarn tension could provide a useful mean for woven fabric producers as well as

weaving machine manufacturers.  From these findings, the micromachine, an array of

piezoresistive sensors, was designed and built.
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GLOSSARY
 

Some new vocabulary is introduced and may not be familiar for the reader.  Therefore, the

following section is made to ease the reading and will have abbreviations and definitions of the

most technical words.

• Actuator: is a MEMS that converts an electrical signal to an action

• IC: Integrated Circuit

• Magnetoscriptive: is a material that changes its shape under a magnetic field

• MEMS (Microelectromechanical System): micro devices or systems combining

electrical and mechanical components

• Sensor: is a MEMS that provides a usable electrical output signal in response to a signal

(also called measurand or stimulus)

• SMA (Shape Memory Alloy ): is a material that have the ability to return to a

predetermined shape when heated

• Stiction: is a phenomenon that appears when the surface tension force created between a

drop of water and a microstructure, such as a beam, is too high to detach them

• Transducer: transforms one form of signal or energy into another form
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CHAPTER 1: INTRODUCTION

For the last fifteen years, the quiet revolution of micro-technology has taken place and is

promising a bright future for most industries including textiles.  MicroElectroMechanical

systems, or MEMS, are characterized by being less than one or two square millimeter in size

[5].  In the most general form, MEMS consists of mechanical microstructures, microsensors,

microactuators, and electronics, all integrated onto the same chip.  MEMS industry is still at

an early stage of development and most of the on-going efforts are directed towards

fundamental research rather than commercial applications.

Commonly applied in telecommunication, automotive and biomedical applications,

micromachines, or MEMS, could find their way in textiles.  However, little work has been

done in researching applications for MEMS in textiles.  The fundamentals of micromachines

are reviewed in Chapter 2, including basic definitions and examples, as well as the author’s

opinion on their future and reasons for their success.  MEMS short history is also

summarized in Chapter 2.  In Chapter 3, limitations and potential applications of MEMS

(short-term and long-term) in the textile field are identified.  Micromachines belong to the

high technology world and require special care when used in a textile mill.  Aware of their

limitations, potential applications of MEMS in textile are identified.  A short-term

application was pursued as candidate for a potential successful textile application and is

described in Chapter 4: “Monitoring warp tension and breaks”.  This application is to replace

the traditional passive drop wires and their associated drawbacks.  A product and patent

survey was also conducted to assure the originality of the work.  The importance of

measuring warp tension and the advantages of eliminating drop wires are discussed in

sections 4.3 and 4.5.  Chapter 5 is a detailed explanation of the prototypes and principles

used to measure warp tension.  The computer program supporting the data collection is also

described, as well as the cost analysis of the prototype developed in this research.

Experimental conditions and major results of this research are detailed in Chapter 6.  The

results include the detection of weave patterns, identification of warp tension trends,
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measurement of warp tension across the width, checking of warp let-off mechanism at

different weft densities, assessment of differences between selvages and fabric’s center.

Additionally, assessment of damage of warp yarns due to the use of drop wires versus use of

sensor is given.  Finally, in Chapter 7, topics for future work and conclusion are given.
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CHAPTER 2: MICROELECTROMECHANICAL SYSTEMS,

MEMS
2.1 Definitions

2.2  Sensors

2.3  Actuators

2.4  Applications and Future

2.5  Advantages of MEMS

2.6  History

 2.1  DEFINITIONS

Microelectromechanical Systems, or MEMS, are integrated micro devices or systems

combining electrical and mechanical components.  They are usually fabricated using

integrated circuit (IC) batch processing technique [22] and can range in size from

micrometers to millimeters.  These systems can sense, control and actuate on the micro scale,

and function individually or in arrays to generate effects on the macro scale.  Micromachines

are divided into two functional groups: the sensors and the actuators.

A sensor is defined as a device that provides a usable electrical output signal in response to a

signal.  The signal is also called in the literature measurand or stimulus [13].  When a sensor

is integrated with signal processing circuits in a single package (usually a polysilicon chip), it

is referred to as an integrated sensor or smart sensor [23].

An actuator, is a device that converts an electrical signal, which may be taken from a sensor,

to an action [23].  Actuators are further divided into three categories:

• simple actuators that move valves or beams using one simple physical law

• micromotors, more complex in the design and the possibilities, and

• microrobots which are the latest release in micro-technology and by far the most

fascinating.

A transducer is considered as a device that transforms one form of signal or energy into

another form.  Therefore, the term transducer can be used to include both sensors and

actuators [23] and is the most generic and widely used term for micromachines.
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2.2  SENSORS AND SMART SENSORS

2.2.1 Smart Sensors

Sensors are known and been used for several decades.  New advances in electronic industry

have permitted the development of smart sensors.  The main difference between a traditional

sensor and a smart sensor is the way that they are manufactured.  Smart sensors have all the

electronic integrated in a MEMS structure [8].  This is the revolution.  The electronic is

usually the expensive part when using sensors and being polysilicon batch while the sensor is

fabricated makes them inexpensive.  Figure 2.1 depicts a photo of a smart accelerometer used

in airbag systems, with all the electronics integrated.  Its total size is less than 1cm2.  Figure

2.2 shows a photo of a silicon wafer with one hundred microstructures, one could be the

smart accelerometer of Figure 2.1.

        Figure 2.1: Airbag ADXL50 [25] Figure 2.2: Silicon Wafer

Today, smart sensors can perform many functions such as measuring [6,13,23,25,26,36,46]:

• Acceleration
• Speed
• Position
• Light intensity
• Gas composition
• Pressure
• Force

• Torque
• Magnetic field
• Flow
• Temperature
• Humidity
• Chemical content (pH, O2, CO2)
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2.2.2  Principles Used in Sensors

Sensor principles are based on physical or chemical effects.  More than 350 effects are

known, most of which can be exploited for sensor technology [23].  Table 2.1 shows these

physical principles or effects grouped according to the six forms of physical energy.

Table 2.1: Examples of sensor signals in the six energy domains

for MEMS applications [20, 23]

Domain Examples

Mechanical

Length, area, volume, torque, pressure, all time derivatives

(linear/angular/velocity /acceleration), mass flow, force, acoustic

wavelength and intensity

Chemical
Electro-chemical effect, concentration, spectroscopy, enzyme

selectivity, calorimetric, composition

Thermal Temperature, entropy, heat, heat flow, shape memory alloy

Electrical

Voltage, current, charge, resistance, inductance, capacitance, dielectric

constant, polarization, electric field, frequency, dipole moment,

piezoelectric effect, piezoresistive effect

Magnetic Field intensity, flux density, magnetic moment, permeability

Radiant
Intensity, phase, wavelength, polarization, reflectance, transmittance,

refractive index

2.2.3 Temperature Sensors Example

Several phenomena or effects are used to assess temperature change, for temperature sensors.

The simplest and most widely utilized phenomenon is thermal expansion.  The most famous

example is the liquid-in-glass thermometer.  However, sensing temperature can be measured

with resistive temperature detectors (RTDs), thermistors, thermocouple, thermoelectric

contact sensors, semiconductor, optical and piezoelectric temperature detectors.  All these

effects can be used for sensors.
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Other “thermal-based” effect examples are thermistors and RTDs.  They are based on the

change of mobility inside the conductor with temperature [23].  The thermocouple has a

Seebeck effect property.  Two different materials (usually metals) are joined at one point to

form a thermocouple.  A temperature difference at the contacts of different conductors

induces an electromotive force in the circuit.  As the temperature changes, the voltage

reading changes too.  More details are given in Appendix A.

2.2.4 Strain and Force Sensor Example

Among all physical effects given above in Table 2.1, strain and force sensors, SFS, are one

example of mechanical type of sensor.  SFS are different from pressure sensors because they

measure a force on a solid, while pressure sensors deal with a force on a fluid (i.e., liquids or

gases).

There are two types of SFS: quantitative and qualitative.  Quantitative Strain and Force

Sensors, such as strain gauges and load cells, assess the force and proportionally represent its

value into an electric signal.  Qualitative Strain and Force Sensors are a Boolean type of

output signal and do not represent the force value accurately.  They detect if there is a

sufficient force applied and the output signal indicates when the predetermined threshold is

reached.  Computer keyboards are using this type of sensor [13].  This distinction will be

relevant for the textile application described in Chapter 4, where a quantitative strain and

force sensor was selected to measure yarn tension in weaving.  Figure 2.3 is a picture of two

load cells and Figure 2.4 is a picture of two strain gauges used for the application described

in Chapter 4, the left one being a half bridge and the right one a full Wheatstone bridge.

               
     Figure 2.3: Load cell from Omega [72]     Figure 2.4: Strain gauges from Omega [72]
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More details on temperature sensors, strain and force sensors, and sensors in general can be

found elsewhere [13].

2.3 ACTUATORS

2.3.1 A Review of Available Technologies

There are several technologies available to linearly actuate simple beams, microvalves [19],

or diaphragms.  When combined together, these microstructures can form micromotors.

Microrobots are just the most complicated combination of several micromachines and they

are still at an early stage of development.  Table 2.2 is a tentative summary of the

technologies available in the actuator field.

Table 2.2: Comparison of microactuators properties [1, 10, 12, 14, 24]

Driving
principle Actuators Response

Speed Force Comments

Electrostatic
rotary motor

Medium to
high

Small
5 gf Problem of how to fetch outputStatic

electricity Electrostatic
linear motor High Medium Suitable for vibrating motion

Bimorph Medium
1kHz

Medium
10 gf Large creep and hysteresis presentPiezo

electricity Supersonic
motor

Small to
medium Large Limited miniaturization

Heat dissipation necessary
SMA Very high Large Heat dissipation problemThermal

effect Bimetal Medium Small Heat dissipation problem

Ordinary motor Medium to
high

Small to
medium

Limited miniaturization due to
decreased magnetic flux densityElectro-

magnetic
induction Super

conductive
Medium to
high Small Low temperature cooling needed No

friction problem

Two technologies to actuate micromachines have been reviewed in the following section:

Shape Memory Alloy (SMA), using thermal effect and magnetostrictive principle, using

electromagnetic properties.  These are just two examples among others, of how a simple

physical phenomenon is used to actuate a micromachine.
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2.3.2 Actuation Example: Shape Memory Effect

Shape Memory Alloys (SMA's) are novel materials that have the ability to return to a

predetermined shape when heated.  When a SMA is cold, or below its transformation

temperature, it has a very low yield strength and can be deformed quite easily into any new

shape--which it will retain.  However, when the material is heated above its transformation

temperature it undergoes a change in crystal structure, which causes it to return to its original

shape [39].  If the SMA experiences any resistance during this transformation, it generates

extremely large forces.  This extreme force is, however, proportional to the size of the SMA

used.  In the micro-world, a micron size SMA is just good enough to push a micro size beam

or diaphgram, as shown in Figure 2.5.

      
Figure 2.5: Schematics of microvalves that open and close with a temperature change

[19]

Figure 2.5 shows a microvalve made of Titanium and Nickel alloy, TiNi.  When heated the

valve pops up (left picture) and allows the fluid to go through the sealed ring.  When the

temperature decreases the valve comes back to the original shape and seals the orifice back

(right picture).  The most common shape memory material is an alloy of nickel and titanium

called Nitinol.  This particular alloy has very good electrical and mechanical properties [30].

The voltage required to generate a Joule effect capable of heating the actuating SMA element

is the one usually available in integrated circuits.  SMA technology is widely used in MEMS.

SMA-based devices are truly transducers because they transform one form of energy

(temperature) into another form of energy  (mechanical).
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2.3.3 Magnetostrictive Actuation

Magnetostriction is the change in dimension of a magnetic material under applied magnetic

fields.  A negative magnetostriction is the contraction of the material along the magnetic field

and its expansion in the perpendicular direction.

Figure 2.6 shows the shape of the material under three different conditions of applied

magnetic field (H).  A positive magnetic field causes the material to expand while a negative

magnetic field causes the material to contract.  The material returns back to its original shape

when the magnetic field value is zero.

Figure 2.6: Schematic view of the magnetostrictive strain [1]

This effect is used for thin-film cantilever, as shown in Figure 2.7.  A deflection as big as 4

mm is achieved under a 40 kA/m field, and the same alternating field creates a 9 mm tip

deflection at 9Hz frequency [1].

 

Figure 2.7: Side view of the magnetostrictive bimorph cantilever [1,4]
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Figure 2.8 shows an application of magnetostriction principle to control the movement of a

microrobot.  A magnetic field is applied and the legs change of size, creating an alternative

movement from left to right, as the magnetic field alternates.  A magnetostrictive mobile

robot of 4-mm width by 16-mm length, made of 16 legs could move at the speed of 5 mm/sec

(30 cm/min) at a frequency of 200 Hz.

 

Figure 2.8: Schematics view of the magnetostrictive mobile robot [1]

2.4 APPLICATIONS AND FUTURE

2.4.1 Sensor Applications

Not all effects mentioned in Table 2.1 have found a commercialized application yet but some

of them are successful.  A market study was done in 1994 and they predicted, in the near

future, the world sensor market to break down as Figure 2.9 shows:

Figure 2.9: Breakdown of the world sensor market by function [28]
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Airbag crash sensors were the first commercially viable devices using MEMS [43].  A single

chip contains a smart sensor, the accelerometer, and an electronic response signal (See Figure

2.1).  For less than $5, the ADXL50 was revolutionary [46] compared to the several hundreds

dollars systems in 1990.  This very low price is possible because of the way they are

produced, using the same techniques of the integrated circuit industry [19, 22] (polysilicon

batch process) and they perform as well as the original expensive ones.  The very same

accelerometer is also used to trigger seat belts blocking system in a car.  Pressure sensors

assess engine oil pressure, vacuum pressure, fuel injection pressure, transmission fluid

pressure, ABS (Anti-lock Break System) line pressure, tire pressure, and stored air bag

pressures [5, 55].  MEMS temperature sensors monitor oil, antifreeze, and air temperatures

[55].  Figure 2.10 summarizes their applications in a car.

Figure 2.10:  Sensors in a car [55]

Inertial sensors are also successful and are used in the army for missile guidance [32].  The

most latest and most fascinating application of MEMS in the US Army is the picosatellite

[41].

Another successful commercial application was developed by Texas Instruments with their

new high accuracy light to frequency converter chip.  This smart sensor directly transforms

light-intensity information into a digital output, at a very low cost, while being totally

integrated.  This new chip eliminates the need for an A/D converter and it is directly

compatible with any microcontroller or computer through its 8-pin mini-dip switch [26].  The

applications are numerous and go from water turbulence sensing to chemical analysis or
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water clarity.  These smart sensors are “all-integrated” on a polysilicon chip (as shown in

Figures 2.1 and 2.11) and they perform outstanding tasks.  Figure 2.11 is a picture of a

compact micro-relay chip compared to a US nickel.

Figure 2.11: Micro-relay chip from MCNC [57]

2.4.2 Actuators: Now and in the Future

Actuators are still at an early stage of research but some applications already exist.  There are

electrostatic comb drive motors, based on electrostatic principle for actuation that are

successfully commercialized.  Sandia National Lab [31] uses them almost exclusively.

Extensive research has been conducted in SMA and some applications have been identified

[8, 40], although they are not commercialized yet.

Another example of a successful application of actuators is ink jet printer.  Spraying ultra

small ink droplets is probably the most profitable application for actuators.  In this

application, thousands of micronozzles of 10 µm each, spaced as close as 25 µm from each

other, are built on a chip to produce microjets of fluid with an outstanding uniformity and

precision in the pattern [39, 43].  However, marketable actuators represent only a tiny share

of the overall research efforts.

Optical switches, in telecommunication, have been used for many years already [5].  Figure

3.3, in Chapter 3 is a picture of a telecommunication switch, using a micro mirror.
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There are currently research efforts directed toward the development of microrobots [1, 9, 10,

30, 38] with little success in identifying applications.  Background research clearly showed a

gap between what the publications claimed and the reality of applications.  If actuators are at

an early stage of fundamental research, micromotors and microrobots are at an infancy stage.

Although extensive research efforts need be done in this area, it is believed that actuators,

including micromotors, have a promising future.

2.5 ADVANTAGES OF MEMS DEVICES

MEMS devices present many advantages over macro devices while performing the same

functions.

They are physically small allowing hundreds of them to fit in the same space compared to

one single macro-device that performs the same function [6].  There are four main

consequences.

• The function is replicated numerous times giving a higher accuracy to the measurement

Due to the replications, failure of some sensors would not affect the system performance.

Such system is usually referred to as an array of sensors.

• A small device interferes less with the environment that it is trying to measure when it is

of a smaller size.

• They can be placed in small places where traditional macro devices could not fit, for

example, inside automobile engines or inside living organisms.

• A higher precision is achieved with actuators.  Motions of micrometer range are precisely

achievable [44].

Electrical components can be integrated on the MEMS device directly.  The main advantage

of this integration is a reduction in electrical noise, which enhances the precision and

sensitivity of sensors.

As mention before, batch fabrication using IC processes, greatly reduces the price of

individual devices.  Hundreds to thousands of these devices can be fabricated on a single
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wafer and separated individually or in groups afterwards.  This high technology product

allied with a low cost make MEMS available to the public [21].

All the advantages cited above contributed to their success and their expanding development.

2.6 HISTORY

Micromachines’ history is quite short.  The following is a summary of the milestones of this

industry.

• In 1954, the first publication on piezoresistive effect of semiconductors open the way to

the first metal strain gauges sensors [34].  As early as 1958, Kulite, Honeywell and

Microsystems developed a silicon strain gauge sensor.  However, these were manually

produced and not using IC batch fabrication processes yet.

• December 1959, the California Institute of technology presents for the first time, an

innovative miniature fabrication technique for micromechanics.

• A decade later, in 1969, Westinghouse creates a resonant gate, technically based on a

new microelectronic fabrication process.

• In 1974, National Semiconductor was the first company to process high-volume pressure

sensors.

• The seventies were witness of the first pressure sensors made of a silicon wafer, using

isotropic silicon etching (1970) and later anisotropic etching (1976).

• The eighties achieved a new breakthrough step with the first electrostatic comb drive

actuator made of polysilicon.  It was also the time when experimentations and

publications raised the public interest.

• The first journal on the subject was published in 1980 and was called Sensors and

Actuators.

• The word MicroElectroMechanical System, or MEMS appeared in 1987 after a series of

workshops.

• The nineties went a step further with the first 3D-structures capabilities at UCLA.
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• In 1993, government agencies started large MEMS support programs (DARPA, AFOSR

and NIST), and in 1998, National Textile Center funded this MEMS project with a focus

on textiles applications.

• In 1997, first publication on potential applications of MEMS in textiles, funded by

MCNC [16].

Currently, many techniques, like photolithography, silicon micromachining, or LIGA are

available and open horizons for more applications.  More institutions are involved.  Figure

2.12 is a summary of people, industry or academic institutions involved with the

development of micromachines over the last fifty years.  Appendix B is a list of some

National Research Laboratories and Academic Institutions working in the field of MEMS in

the US, and their Hyperlinks.

Figure 2.12: Timeline of MEMS in the US from 1950 to 2000 [56]
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CHAPTER 3: POTENTIAL APPLICATIONS OF MEMS IN

TEXTILES

3.1  MEMS Limitations

3.2  Long term applications

3.3  Short term applications

3.1  MEMS’ LIMITATIONS IN A TEXTILE ENVIRONMENT

There are several facts about micromachines that will limit their uses in a textile

environment.  As mentioned earlier, MEMS are small, and actually can not produce a useful

force for the macro world of textiles.  Even moving a yarn subjected to tension is difficult.

Secondly, the traditional thought of using physical laws do not apply to MEMS and the

whole engineering thinking process is changed.  Also, there are several limits to their uses

because of the ambient conditions.  Therefore, it is going to be quite difficult to use them in a

textile environment, which is highly polluted compared to a "clean-room" setting.  Another

issue that MEMS face is how to interface with the macro world.  Finally, specific

micromachining techniques have to be carefully selected to meet the technical requirements.

The following sections discuss the problems that MEMS would encounter in a textile

industrial setting.

3.1.1  Force Limitation of Actuators

MEMS actuators are still at an early stage of development and few of them are

commercialized.  The main issue with micro-actuation is the force versus displacement trade-

off [31]:

• Large force (>100s µN) vs. small displacement (<few µm) can be obtained with

piezoelectric, thermoelectromechanical (thermal expansion) and parallel-plate electrostatic

technologies.

• Small force (<10 µN) vs. large displacement (>10s µm) can be obtained with parasitic

electrostatic (comb drive) principle.
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To overcome the vibration "noise" created by a textile machine, the displacement has to be

significant.  However, shifting a moving yarn only a millimeter should require a force that is

not easily available with MEMS.  Actuators are hardly producing any useful force at the

macro world scale.  All they can do is to move another micro piece.  Although SMA is

capable of providing a great force, it is limited because of heat dissipation problems and

relaxation time.  SMA might be a potential technical solution to move a macro-element such

as a yarn or fiber in a micro world of structures.

3.1.2  Micro-Domain

Another issue associated with micro-domain is the change of empirical laws known to be

true at macro level but that turn out not to be significant at the micro level.  In the macro

world, a beam mounted in a wall, or cantilever, is known to bend under its own weight, while

surface tension forces experienced by the beam are neglected due to their small value with

respect to the beam weight.  Similar equations can be applied for a micro beam but the

numbers get another dimensions in the micro world [31]:

     3

4

2
3max
Ebh
wLY =      at x=L

Here:

Ymax = Deflection at end of beam h = Thickness of beam

w = Distributed load due to beam weight γ = Surface tension

L = Length of beam ρ = Density of the material

E = Elastic modulus b = Width of beam

g = Acceleration due to gravity

Case 1: Beam of length 100 µm, thickness 2µm, and width 20 µm. (very typical sizes)

• Bending due to gravity: Wg = ρbhg

Y max {Wg} = 0.05 Å

• Bending due to surface tension: Ws = 2 γ
Y max {Ws} = 8400 Å
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The bending of the beam is not caused by its own weight but by the surface tension.  In fact,

the forces experienced by the beam due to its weight can be neglected in the micro world.

This is a new way of thinking for scientists, used to traditional practice of mechanical laws.

Case 2: Another beam of length 500 µm, thickness 5µm, and width 50 µm will have a typical

range for the Hooke’s constant of 1-2 N/m, with F = -k X (L) and F being the applied force to

the beam and X the displacement [39].  If the displacement is 1 mm, then the force produced

is 0.5 to 1 µN. Micromachines are producing micro-force.

3.1.3  Relative Size in Textile

A typical diameter of a cotton fiber is somewhere around 20-25 µm, as shown in Figure 3.1.

A yarn is made of several fibers.  A typical yarn diameter is around 0.02cm (or 200µm).  The

yarn is huge compared to a gear tooth, as shown in Figure 3.2.  The fiber itself is already

several times bigger than the tooth.

Figure 3.1: Cotton fibers [15]

Manmade fibers such as polyester or rayon can be extruded with a very small diameter, 0.5

microns.  However, a microfiber used as a single filament is not usable because of its

weakness.  These microfibers are generally combined to form a multifilament yarn or are

directly forming a nonwoven sheet.  Being able to move a yarn or a multifilament is not yet

feasible with the current MEMS devices, except perhaps with Shape Memory Alloys, as

mentioned previously.
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3.1.4  A Special Environment

MEMS are fabricated in clean rooms to prevent any contamination.  When a tooth’s gear is

smaller than a red blood cell or a pollen grain, precautions are necessary (Figure 3.2).  Sandia

Lab, which produces microstructures, uses Class One clean-rooms.  There is no dust, no

vibration (special floor supported on air), absolute constant moisture and temperature levels.

Keeping the moisture level to a strict minimum is a necessity for MEMS, during

manufacturing and testing.  Stiction is the number one problem reported by all fabrication

labs.  Stiction is the phenomenon that appears when the surface tension force created

between a drop of water and a microstructure, such as a beam, is too high to detach them.

Using super CO2 drying technique is one solution to such problem.  These special

installations and care are expensive but absolutely necessary.  Once produced, MEMS are

tested and packaged.

Figure 3.2: A grain of pollen and red blood cells [31]

Figure 3.2 shows a drive gear chain and linkages, with a grain of pollen (top right) and

coagulated red blood cells (lower right, top left) for scale.

A perfect clean environment, for production and testing, leads naturally to packaging issues.

If a beam is so vulnerable to stiction, it has to be perfectly encapsulated to prevent any

trouble when in use.  Therefore, special attention is given to packaging.  Most of the time,

MEMS are built on a chip and a glass seals the micro component and the chip.  This prevents

dust and humidity problems.  If the MEMS are not protected then, the average shelf life is

less than 3 months [31] and a manual actuation is necessary to cause the MEMS to relieve
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the stiction.  Probes are used to manually move the gears and this often damages them.  A

major issue is thus: How can MEMS interact with the macro world when they are

hermetically sealed and protected under a glass barrier?

3.1.5  Limited Interface with Macroworld

If the MEMS are confined under a glass seal, there is an interaction problem with the outside

world, especially if measurements of pressure or temperature are to be carried out.  Most of

the literature published claim things that are realized under strict lab control and standard

conditions: for example micro valves or micro pumps.  These special conditions increase the

success rate but if they were tested in the real world, the outcome might be different.  More

packaging research is needed to overcome this critical issue.

The indisputable successfully commercialized MEMS are those not requiring a physical

interface with the real world.  For example, acceleration is a property that is transmissible

from one object to another.  Acceleration can be measured even under a glass, as long as the

accelerometer is attached to the object that is accelerated.  Another example is the

transmission of light and micro mirrors, as shown in Figure 3.3.  Light can go through the

layer of glass and the information is transmitted to the micro mirror.  Micro mirrors are

exhaustively used for telecommunication switches.

Figure 3.3: Optical switch [31]

In contrast, pressure is not a property that is measurable under a glass.  There is an interface

between the outside world and the micromachine, like a piston compressing a known volume
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in a chamber.  Its displacement is then measured and converted into an electric signal that is

readable.  This interface between micro and macro world is a problem, especially in a

relatively dusty and humid textile plant.  Any project using MEMS needs a perfectly clean

environment, free of humidity, dirt, temperature change, and vibrations, unless extreme

measures are taken.  Again, extensive research is needed to reduce such limitation to

practice.

3.1.6  One Fabrication Process Suggested: LIGA

To overcome the small force issue, high-aspect-ratio components can be fabricated with a

technique known as LIGA [37].  LIGA is an acronym derived from the German words

Lithografie, Galvanik, Abformung, which means lithography, electroforming, and injection

molding.  This technique allows stronger and bigger microstructures, with a thickness of up

to 1000µm.  This high-aspect-ratio process provides a mean for fabricating micromechanical

components with high torque/force.  The main drawback of this process is the use of a

synchrotron radiation source, which limits the number of research groups throughout the

world.  Few working MEMS are based on this processing technique because few laboratories

have this equipment.  Usually, MEMS are fabricated using a traditional IC batch processing

(polysilicon wafers).  However, ideally, to handle or move textile yarns or fibers, LIGA

should be the fabrication technique preferred, especially if the textile application is involving

some actuation.

3.1.7  Conclusions on Limitations of MEMS

Because of the limited forces available from MEMS it is unlikely that actuators will find

immediate applications.  At this point, it sounds more realistic to concentrate on sensors for

textile applications.  Ideally, the sensor should have a property transmissible through a glass

to avoid all the environment issues mentioned in sections 3.1.4 and 3.1.5.

The rest of this chapter will describe several conceptual applications for MEMS in textiles.  It

is further divided in two sections: Long term applications - blue sky type of applications –

and short term applications – currently achievable.
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3.2  LONG-TERM MEMS’ APPLICATIONS IN TEXTILES

As mentioned earlier, MEMS as a whole are still at an early stage of commercialization and

most of the efforts and money are directed towards research.  Nevertheless, micromachines

have found some applications in several industries, such as medical, automotive or ink jet

industry, but little work has been done for textiles.  The following are potential research

projects.

Use of micronozzles to insert X in a filament (See Figure 3.4).  X could be color, fluids,

quartz to apply piezoresistive technology, transmitters, substance viewed under UV light for

inspection purpose, shape memory alloy (SMA) to give a shape to a fabric, etc.  Hollow bi-

components or “island type bi-components” filaments already exist.  However, the idea here

would be to insert useful elements to achieve a purpose, like shape or identification

inspection.  The insertion could be continuous or dis-continued.

Figure 3.4: Smart filament

Fabric formation.  Using micromachines to weave or knit a fabric would involve some

actuation and the technology is not ready yet.  However, it seems reasonable to think that

MEMS could be used to form fabrics from nanofibers or microfibers.  Properties such water

repellent (water bubble being bigger than the fabric porosity), or chemical repellent could be

achieved.  As of today, micro-filaments can be commercially produced with a diameter of 1

micron, and nanofibers with 50 nm in diameter can be spun using electrospinning techniques.

Controlling such fibers/filaments to form fabrics using MEMS seems to be a substantial task.

Moisture sensor for testing purpose.  Testing special fabrics under specifics conditions

requires special tools.  For example, in protective fabrics systems such as these used by

firemen, heat transfer is assessed with temperature thermocouples.  While the basic work has

Man made fiber

Groove for insertion
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been done, there are still some issues that need to be addressed.  These fabrics are exposed to

water (fire hoses) and since water changes the dynamics inside the fabric layers, it is

extremely useful to monitor such changes.  As of today, there is no sensor used to assess

moisture transfer.  This is a potential MEMS application with a need for a sensor array that

would simultaneously monitor thermal and moisture changes at many locations in the fabric

system.

Online measurement and control of dye bath.  A dye bath is not as stable as one could

wish and several parameters such as pH, temperature, dye concentration, or other chemicals’

concentration (salt, textiles’ auxillaries) change constantly.  Continuous monitoring of such

dye bath parameters using MEMS sensors combined with a feedback system that is a part of

these sensors (which are capable of responding spontaneously to any change) would

substantially enhance the fabric quality.  So for example, if the sensor detects a decrease in

temperature, the micromachine could also actuate some kind of heating system attached to it.

Further, those sensors could be floating in these dye bath and send the information through

telemetry.  Figure 3.5 briefly pictures the concept.

Figure 3.5: Smart dye bath

Using the Texas Instrument light transmission chip addressed in section 2.4.1 (page 11), dye

bath concentration could be monitored in real time.

Sensor emitting signal
and randomly floating
in the bath

Signal capturing

Dye Bath

General
chemical
release

Fabric
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Tactile sensor.  Textile engineers and researchers have tried for a long time to quantify some

parameters yet difficult to assess such as feel.  Feeling, or touching, or “being comfortable” is

an important factor in consumers decision making.  Therefore, objectively assessing the feel

of a fabric is a very critical issue but yet not solved.  Ramkumar et al. investigated the use of

a polymeric artificial finger to study friction.  Micromachines may be helpful to solve this

problem as an array of sensors “could feel” [27].  Histru et al. are currently working on a

deformable- membrane, a MEMS based device, capable of tactile sensor properties for robot

manipulation [18].  Their work could also find an end use application in textile.  Other

prototypes based on image sensor were investigated for the same robot manipulation purpose

[3,7].

Smart blinds.  The concept is SMA technology or light intensity sensors to actuate the

movement of blinds or curtains.  The smart curtains would automatically open or close,

depending on the sun light intensity or the temperature reached.  These curtains could find an

end use application for windows out of reach or for people who have difficulty to move.  The

detection system would be so small that it would almost be invisible, and directly attached to

the blinds, avoiding wiring issues.  The low price is the driver that enables this application.

Sensors embedded in buttons.  In the first part of his chapter, sensor interaction with the

environment and packaging were found to be critical issues.  Sensors can be small.  Sensors

can measure many parameters of their environment.  They can be telemetric.  Therefore, they

can probably be embedded in a shirt button easily.  Real time information can be retrieved

and transmitted to a portable device.  The challenge here is about maximizing the utility of

the garment, maximizing the space available.  Applications are numerous and can be as

futuristic as spy use (chemical analysis of some components of the environment) or as

practical as temperature sensor that would regulate the body temperature by some mean

(smart clothes).  The portable device could emit a sound under some conditions measured by

the sensors, like toxic fumes, high humidity, etc.  A lost child in a mall could be found

through an emitting system embedded in one of his button.  The parent would have some

kind of receiver, phased with the frequency of the child’s emitting system.
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Smart fabrics.  We can imagine the near future when fabrics will become increasingly

intelligent.  Some release antibacterial agents or perfume with time, even enduring self

washing and drying.  The next step is to release those chemicals when needed and not only

with time.  Cleaning cloth with sensors detecting the cleanliness of a surface could deliver

anti-bacterial agents only if needed.  Bandages could also sense an infection and either

deliver a healing agent or change color if the bandage needs to be changed or send a signal to

a receiving device.

3.3  SHORT-TERM MEMS’ APPLICATIONS IN TEXTILES

Among potential textiles’ application, some seem to be more realistic than others.  The

following are four projects that look promising and feasible as early as today: 1) An abrasion

detection system, replacing traditional testing methods, 2) An apparel application: a smart

clothing system for firemen, 3) An online yarn tension measurement and control system, and

4) A warp stop motion triggered by warp detectors in weaving.

3.3.1  Abrasion Detection System

Textiles fabrics durability is assessed by standard abrasion tests that are performed to

evaluate the resistance of a fabric to continuous rubbing [49].  ASTM specifies a standard

test [52] in which a fabric sample is sandwiched between two sand-papers and is abraded to a

preset number of cycles.  Once the number of cycles are reached an operator checks the

fabric and compares it to four standard control samples [58].  A variation of this standard test

is to abrade the fabric until the operator can see through it.  The test is quite subjective

because “see through” is a subjective measurement.  The idea is to replace this human

subjective measurement with a sensor that would stop when the fabric is abraded.  Figure 3.6

is a picture of a Martindale machine commonly used to evaluate textile fabrics’ abrasion

resistance.
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Figure 3.6: Martindale abrasion testing machine [70]

There are several ways to accomplish such evaluation, among these are: pressure sensors,

electrical contact or magnetic field intensity.  A better solution would be to use

telecommunication switches, using a light beam reflection on a micro mirror, as Figure 3.3

shows, to send a signal to a machine switch.  With this technique, hundred micro mirrors

could even spot the exact location of abrasion.  In addition, MEMS would live much longer

in the ultra clean testing lab rooms than on the harsh environment of textile manufacturing

facilities.  To the author knowledge, abrasion testers’ manufacturers are not currently

conducting research to develop new abrasion machines with such proposed approaches.

Despite these advantages of having a more precise and less subjective test, customers may

not be ready for this device.  Current abrasion testers have been accepted for a long time and

generated huge fabric databases that fabric producers or buyers are yet not ready to give up.

Secondly, from a market side, abrasion testing machines are less numerous than spindles,

needles or looms in the world.  Since MEMS are manufactured using batch process, such

application is not economically attractive at this stage.

3.3.2  Smart Clothing System for Firemen

Apparel applications are the most feasible because “traditional” sensors are already

commercialized and they could easily be replaced by MEMS sensors.  If the sensor is

polysilicon batch and integrates some of the electronics, then it qualifies as a micromachine

and in this respect, “MEMS sensors” find the same type of applications as “Traditional

sensors” do.

There are niche markets where there is a need for monitoring the environment.  Sensors are

so small that they could be easily integrated in the garment itself.  For example, there is a

Fabric tested

Abrader
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vital need for firefighters to measure temperature, moisture and motion/consciousness.

Another example is protective apparel for the next millenium soldier where there is a

growing need for protection against chemical and biological threats.  More and more gases

are used as lethal weapon and their lack of odor and color make them difficult to detect

without the use of such smart sensors.

The concept is to insert temperature sensors, moisture sensors, and chemical/biological

sensors throughout the vest and connect them to a central unit which is able to remotely

convey data, thus rescue efforts could be deployed before it is too late.  The current problems

are 1) which sensor should be used, 2) how to interface the sensors and the wiring cables and

3) how to analyze the information given by the sensors.

Some products on the market exist and meet some of the requirements.  Smart Coat [61] has

commercialized a very nice jacket for firefighters, which is currently in the process of being

tested.  Figure 3.7 shows the jacket and the device.  However, the device is combining all the

sensing elements only in one location.

Figure 3.7: Smart coat principle and application [61]

Georgia Tech developed a Smart T-shirt, shown in Figure 3.8, that is able to detect if a

soldier has been shot and monitor his vital sign [60, 71].  They used optical wires and

conductive fibers to fully integrate the sensing properties into the garment and they have

attached sensors in their last version of the vest, now commercialized with Sensatex Inc.  In

this case, they are a step beyond what is suggested here, using conductive fibers in the weave
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of the garment.  The sensors are then mounted at any location on the garment and allows the

transmission of information from the sensors.

Figure 3.8: Smart Tee-shirt from Sensatex [60, 71]

A current research done here at NCSU deals with using beta-cyclodextrine that creates a

complex with the lethal gas.  The complex is big enough to be stopped through the thickness

of the protective apparel.  The idea is to use this volume and weight to bend a micro beam

that would chemically react or attract the compound.  This micro-device would be attached in

many different locations on the garment, and the threat could be transferred to a central unit

by telemetry.

 3.3.3  Yarn Tension Measurement and Control

Yarn tension measurement and control is of interest in many textile processes such as

spinning, winding, knitting and weaving.  Tension is a critical factor and currently there are

few expensive ways to achieve this task.  Today, hand held tension-meters, such as shown on

Figure 3.9, are used to test individual yarn one after the other and it takes about ten minutes

for a well trained textile operator to check a circular knitting machine with 96 feeds [51].

Textile manufacturers are interested in identifying tension variations between spindles.
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There is a need to know which spindles are out of the control limits so correction may be

done.  Online yarn tension and control using MEMS could offer an integrated solution to the

tension variation problem in spinning.

Figure 3.9: Hand tension meter DTMB [62]

Tension can be assessed using pressure sensors or load cells but a problem of size occurs

between the yarn and the MEMS.  MEMS sensors seem to be too small and MEMS actuators

not strong enough to handle the speed, the friction, the lint and the size of the yarn.  A

possible type of sensor and technical solution could be frequency resonance based sensor.

Many technical issues arise such as machine vibration, lint or yarn speed.  Using high-speed

resolution video camera could also be a non-MEMS’ solution.  However, the environment

would have to be lint free and this equipment is still quite expensive if used for each

individual end in spinning, knitting or weaving machines.  Strain and force sensors might be

the solution.

3.3.4  Monitoring End Breaks

In weaving, each warp yarn is drawn through a hole/slot of a drop wire.  The drop wire is

supported by the yarn as long as the yarn is under tension.  A yarn break causes the drop wire

to fall on a bar which is a part of the electrical circuits that triggers the machine to stop.

While this traditional way of monitoring warp breaks has been successful for many years,

there are problems associated with it.  Drop wires add abrasion stress and vibration to warp

yarns which cause yarn breaks or filaments breaks.  The problem is severe when weaving

yarns of microfilament.  A filament in such yarn could be easily broken a matter which
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causes potential efficiency and quality problems.  Weavers have been searching for a new

gentle method to replace drop wires without success.  Load cell or Strain and force sensors

could offer a solution for this long-standing problem.  More details on replacing drop wires

and yarn tension measurement will be given in the next chapter.
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CHAPTER 4: MONITORING WARP TENSION AND BREAKS

4.1  Criteria of Decision for the Application of MEMS in Textile

4.2  Current Techniques of Measuring Yarn Tension

4.3  Importance of Warp Tension Measurement

4.4  Current Techniques of Detecting Yarn Breaks

4.5 Eliminating Drop Wires

4.6 Projected Growth of MEMS

4.1  CRITERIA OF DECISION FOR THE APPLICATION OF MEMS IN TEXTILE

Based on the extensive literature survey on micromachines, which revealed their features, it

was decided to undertake a research area that leads to develop an application with the

following characteristics:

• Research and development should be achieved within two years with available resources.

• Limit the research to sensing since actuators are not powerful enough, at this stage to

move yarns

• Fulfilling a real industry need

• Large market size to lower the cost of batch production.

The application chosen was combined online measuring of warp yarns’ tension and

monitoring warp yarns’ breaks in weaving, using MEMS based sensors.  Combining the two

tasks was logical because a broken yarn has a known zero tension value.

4.2  CURRENT TECHNIQUES OF MEASURING YARN TENSION

While many products that measure individual yarn tension exist today, the textile industry

does not widely practice online measurement of warp tension.  Such practice is limited to

research.  Several yarn tension measurement devices are used by the textile industry.  While

these products are not targeted to measure warp tension online, they can be compared to one

another (size and price) and it shows that no tension measurement device is currently
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commercialized and suitable for the purpose of this research.  The following is a review of

some existing tension meters with their main end use application and their limits: Hand

tension meters, Electronic hand tension meters, Multi-threads tension meters, Sewing thread

tension meters, and various single threads tension meters used for warping, unwinding, or

yarn packaging.  Yarn tension is also of interest in texturing, twisting, and tufting.

4.2.1  Hand Tension Meters

Very often, hand tension meters are based on a three-pulley system with a pointer calibrated

to indicate the tension experienced by single yarn or few yarns.  The operating principle is

shown in Figure 4.1.

Figure 4.1: Operating system of a three-pulley system [65]

In the measuring position, the yarn is passed over, under, and over the three pulleys shown.

The tension on the yarn exerts force on the middle pulley, which causes a displacement of the

middle pulley.  The displacement is then translated to a pointer on a scale that indicates the

yarn tension.  Many companies market this type of device.  This type of tension device is

widely used in spinning, winding, weaving and knitting.  They can be hand held (Figure 4.2

on the left) or fixed (Figure 4.2 on the right) [65].  The average cost is between $500 and

$600.
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Figure 4.2: Tensitron manual tension meters [65]

4.2.2  Electronic Tension Meters

This electronic version is using the same principle as the hand tension meter described

previously, however, it can be interfaced to a computer to record data for the purpose of

acquiring tension over selected period of times.

Shirley Developments International offers an electronic device, based on a three-pulley

system, for individual thread tension measurement [66].  Figure 4.3 shows the device.  This

apparatus can interface with a computer to record and download some data to be analyzed

separately.  This device quotes for $2,016.  The main problem is the size of the device: 25cm

x 7.5cm x 3 cm.  This size issue makes the device not suitable for high density warp

monitoring.  Zivy-El-10 from Lawson-Hemphill is a very similar product.

Figure 4.3: Shirley electronic yarn tension meter [66]
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4.2.3  Multi-Threads Tension Meters

Shirley Developments International also offers a manual tension meter which measures the

tension of several ends, Figure 4.4.  This apparatus does not allow the measurement of single

warp yarn and there is a high degree of subjectivity as the device may be lifted up or pushed

down which causes significant variation from an operator to another.  However, this is a

good inexpensive ($520) measuring device, compared to previous devices, for a quick check

on warp tension.

Figure 4.4: Shirley multi-threads tension meter [66]

4.2.4  Sewing Thread Tension Meters

The Eltex Electronic Yarn Tension Monitor (ETM) is an on-line device for measuring thread

tension in sewing machines.  Figure 4.5 is a picture of the detecting device, on the right, and

the data recording and monitoring device on the left.  The device monitors the yarn tension

and also acts as a thread break detector.  The major issue is again the size and the price of

such a device.  This would not operate with high warp density.

Figure 4.5: Eltex electronic yarn tension monitor for sewing thread [63]
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4.2.5  Unwiding Tension Meters

Fibre Vision Instrument produces a dynamic tension meter known as the Fibrescan Tension

Probe FT110 [67].  Its main application is for package unwinding and testing.  The device is

divided into two main parts: the yarn feeding system (Figure 4.6) and the probe (Figure 4.7).

Figure 4.6: Fibrescan Tension Yarn feeding unit from Fibre Vision Instrument [67]

Figure 4.7: Fibrescan probe, attached on the right of the feeding unit [67]

This tension probe is capable of measuring tension ranges of 0 to 500g.  This system is

capable of acquiring data at 1 KHz and provides an accurate measurement (0.1% resolution)

and a statistical analysis of tension levels and tension variations.  The instrument is large (3-

feet long).  The probe is 4 inches long.  Its high price, $4,500, prevents it to be used in

weaving, knitting and even in a spinning plant.  A micromachine solution should solve this

problem because sensors are batch-processed and the unit cost may be dramatically low.

Yarn feeding

Probe

attaches
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4.2.6  Single Thread Tension Meters

Retech produces a system with the trade name OnLine Tensor®.  The system measures online

yarn tension based on magnetic sensors on springs [68].  The system is suitable for

measuring yarn tension in winding or warping.  In this system, the sensor occupies a little

space of 1 x 2 x 1 inches.  The measuring range is from 0 to 300 cN, at a maximum yarn

speed of 4000 m/min.  It performs well for synthetics due to low generation of fly.  The

device is designed to measure up to 216 positions and would cost $60,000 (incl. box, sensors,

PC and software).  The major issue is the warp density as well as a reasonable price.  Figure

4.8 is a picture of the device.

Figure 4.8: Retech OLT® tension meter [68]

Nitta Industries developed a single thread capacitive sensor.  Nittenser 101 is a tension

control system designed for winders.  It is also used for spinning.  The main advantage is the

feedback to the motor and the tension adjustment.  The yarn is not abraded since rotating

tension pulley is used.  One tension control unit is approximately $300.  One main controller

monitors eight tension control units.  A maximum of 256 tension control units can be

installed to a computer.

Picanol introduced a small handy warp tension instrument, called Picatens [48].  The purpose

of this instrument is to improve the machine settings by measuring warp tension for an hour,

using three sensors.  Each sensor measures the tension of one yarn, of twelve yarns and of

fifty yarns so that a beam average can be estimated.  Four values are extracted from this

measurement: average warp tension, maximum warp tension, minimum warp tension and

warp tension triggered by an external pulse (for example at beat up).  These four values of
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tension provide the weavers with information to adjust the machine settings.  The system is

not built-in weaving machine, rather one device may be used in a weaving room.

Based on this product review, it was concluded that warp tension was often assessed on a

single thread basis.  The common assumption is that the rest of the warp tension is of similar

tension.  It was noticed that no tension-measuring device was capable of measuring several

single threads tension simultaneously.  Although the electronic tension meters were observed

to be advanced in their technology, they were designed for single threads only, and single

threads measurement systems were found inadequate to accommodate the high-density warp.

As far as yarn tension control, it was found that tension adjustment was performed for the

whole beam, and not individual ends.

Therefore, it is concluded that there is a need for an individual warp end tension

measurement, with a size accommodating high warp density, with data recording capabilities

and the possibility of capturing several ends tension simultaneously.  A patent survey showed

that this type of device is not yet patented.  Some patents were related to warp tension

measurement but nothing close to what is envisioned.  The vision is a device made of several

sensors, lying under the warp, capable of recording real time warp tension.

4.3  IMPORTANCE OF WARP TENSION MEASUREMENT

Measuring warp tension continuously, on single ends, is greatly improving traditional textile

manufacturing.

Warp tension is the most important cause for end breaks during the formation of woven

fabrics [35].  It has been shown that the number of end breaks was directly related to warp

tension [45].  Low yarn tension creates a clinging effect that causes unclear shed for the

passage of the filling insertion element.  During its passage, the filling insertion element

impacts the entangled warp yarns resulting in yarn breaks.  High yarn tension increases yarn

stress resulting also in yarn breaks.  Figure 4.9 shows the influence of warp tension on

machine stops.
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Figure 4.9: Warp tension vs. end breaks curve [2]

The gray areas represent the three different types of shedding motions, symmetric, lower

non-symmetric and upper non-symmetric.  Regardless of the type of shedding, there is an

optimum warp tension where end breaks is minimized.

Defining the Optimum Warp Tension is an important parameter since it maximizes the

weaving efficiency of a machine and hence improves fabric quality.  This number can be

used for initial machine settings for similar fabric patterns and warps [29, 48].  The optimum

tension value can be found empirically.

Dynamic feedback machine setting can be done.  Measurement of each individual yarn

tension should decrease the number of yarn breaks provided that a control system adjusts

yarn tension to the Optimum Yarn Tension.  A direct consequence of this reduction of end

breaks is the reduction of stop mark.  Every time the weaving machine stops, there is a

potential stop mark on the fabric, which is considered as a major defect.  The fabric is then of

lesser value.
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Measuring and controlling warp tension would enhance the uniformity of color shade of dyed

fabrics since tight and too slack yarns cause variation in dye uptake.

The ratio of yarn crimp to weft crimp is also dependent on the warp tension [35].  As a

consequence, dimensional fabric stability changes according to this ratio.  If the max sett is

not reached, a fabric will tend to shrink if the warp tension increases, at constant pick

density, because most of the warp crimp had been removed.  Therefore, under the conditions

specified above, a fabric of higher average warp tension will behave differently when washed

then a fabric of lower average warp tension.

Finally, a fabric with a “warp tension history” gives tremendous information on its quality.

When testing a fabric, it is recommended to leave out 10% on each side (selvage) as they are

not representatives of the whole width of the fabric.  Such high waste could be substantially

reduced or eliminated of better tension monitoring and control devices were used.  This

tension history may also be used for choosing fabrics with critical porosity properties [29].  A

low standard deviation of warp tension across width and along warp during weaving would

provide consistent porosity along and across the produced fabric.

The benefits and applications of individual warp yarn tension and control are numerous.

However, this device is targeted for high-tech fabric applications: fabrics with critical

porosity, fabrics that must be close to perfection (for bio-medical applications), or fabrics

made from sensitive yarns of fibers such as microfibers.

4.4  CURRENT TECHNIQUES OF DETECTING YARN BREAKS

4.4.1  Drop Wires

As described in section 3.3.4, each yarn is threaded through a drop wire and if an end breaks

the drop wire fells on a bar that triggers the stop of the weaving machine.  Figure 4.10 shows

a drawing of the system.
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Figure 4.10: Drop wires schematic

As previously mentioned, the system has been accepted for many years.  This is due to the

lack of any low cost means to replace the inexpensive drop wires.  At ITMA ’99, it was

found that no efforts is being conducted for replacing the traditional relatively heavy,

abrading and vibrating drop wires.  The actual research is focused on lighter drop wires, with

improved materials, made of composites [69].

4.4.2  Signal Giver for Weft Breaks

Eltex offers a stop motion for multiple weft insertion in shuttleless weaving [64].  Figure

4.11 shows the large size of the “signal giver” which is then connected to a light switch and

to a central unit.  It does not give a reading of weft tension, but will detect if a yarn breaks

and will stop the loom.  It accommodates 1,2 or up to 8 filling yarns.  This type of device is

not suitable for warp yarns because of the warp density.  A typical warp density is around 20

ends per cm, meaning 50 ends per inch.

Drop wires

Bar

Warp threads
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Figure 4.11: Eltex signal giver [64]

4.4.3  Optoelectronic Warp Stop Motion

Some attempts have been made to replace the traditional drop wires, as new modern

technologies became available and more affordable.  For example Protecna in 1995 presented

a laser based device (Laserstop 480) at ITMA 95, followed by the Loomstop type 4035.  Four

photocells were placed under an above the warp sheet and coupled with a laser beam from

one side to another [33].  Figure 4.12 is a schematic of the device.

Figure 4.12: Loomstop by Protecna [47]
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The system assumes that if one yarn breaks it would cause the yarn to fall under its own

weight and such fall would cause the yarn to cut the laser beam.  Thus, a yarn break would be

detected.  The major drawback of such system is that a yarn does not normally fall under its

own weight due to yarn friction that supports the yarn.  Cling between the broken yarn and its

neighbor is high enough to hold it and not necessarily cut through the laser beam that triggers

the detection.

4.4.4  Image Analysis Detection

A German patent, issued in 1995, by the Swiss Institute for Textile Mechanical Engineering

and Textile Industry [11] describes a device based on image analysis.  The warp is divided in

several segments.  Each segment is digitally photographed.  The software analyzes would

reveal whether a yarn is missing.  The machine is stopped if any yarn is missing.  This device

did not make to the commercial stage [47].

4.4.5  Remote Thread Break Sensor

This system is a laser photocell technology, an improved version of the Protecna device

presented in section 4.4.3.  This system also has four photocells placed under and above the

warp, facing one another.  It has significantly superceded the 1995 device as accuracy was

greatly improved.  It accommodates finer yarns, less than 30 microns, while decreasing the

“susceptibility” to interference.  It also offers an automatic yarn calibration.  Yet, cling effect

is still an issue.

4.5  ELIMINATION OF DROP WIRES

All the potential replacement of drop wires suggested above are all “non contact” detection

systems, underlining the real problem of yarn abrasion.  As mentioned earlier, eliminating the

drop wires is really a consequence of measuring warp tension.  It does not represent an

additional hardware cost.  Therefore, if the warp tension-measuring device is successful, it

will be possible to remove these drop wires.  The result will most likely be less stress on the

yarns at no extra hardware cost.
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4.6  PROJECTED GROWTH OF MEMS

It was found that micromachines were not yet used in textiles and that there is a real potential

for using this high technology in the traditional field of textiles manufacturing.  As expected,

this high tech industry is exploding since the inception of this project.  Figure 4.13 shows the

projected sales for worldwide MEMS markets.

Figure 4.13: Projected growth of worldwide MEMS market [4]

More and more industries are looking into investing in this area.  The number of academic

institutions that established a MEMS department or sub-department of Electrical engineering

and the number of fabrication labs have flourished over the last three years.  There is no

doubt that micromachines will be the machines of tomorrow in many fields and will be

everywhere in our daily life.

Proposal

Inception of
the project
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CHAPTER 5: STRAIN GAUGE PROTOTYPE

5.1  Technical Approaches to Measure Warp Tension 5.4  Signal Processing

5.2  Strain Gauge Sensor 5.5  Other Functions

5.3  Strain Gauge Prototype 5.6  Costing Analysis

5.1  TECHNICAL APPROACHES TO MEASURE WARP TENSION

5.1.1  Non-Contact Technical Solutions

Very early in the project, it was decided that non-contact solutions were difficult and not

reliable as a mean to measure warp tension.  A system based on individual thread frequency

and resonance would be difficult to achieve with such a high density of yarns.  Capacitance

devices used in winding, such as the Nittenser 101 presented in the section 4.2.6 (page 36),

would also face the same issues.  Image analysis was tried by the Swiss and not

commercialized, suggesting technical difficulties.  Therefore, we favored a device of contact

type, with a special attention devoted to friction reduction.

5.1.2  Contact Technical Solutions

Two systems have been chosen to be prototyped, both using the same material property:

piezoresistive materials.  The first one is a traditional strain gauge sensor and the second one

is a piezoresistive MEMS device.  A first prototype was made using commercial strain

gauges until the MEMS prototype could be designed and fabricated.  It is thought that the

first prototype, although it is a traditional sensor, can be used as a preliminary prototype to

study the feasibility of measuring warp tension, of individual warp threads, in real time.  The

data acquisition system and the program written for the data collection are identical,

regardless of the type of sensing device used, whether they are MEMS or not.  Therefore,

Chapter 5 and 6 will be focusing on this “large scale” prototype made of strain gauges, while

ultimately the MEMS piezoresistive sensors will be on a chip, performing the same sensing

and response, at a much smaller scale.  This MEMS design was produced by Mr. Balu

Joseph, in Electronic Computer Engineering.  A previous MEMS design has been studied
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using capacitance principle but was not carried to its full design and calibration because of

in-house capabilities as well as time deadlines.  However, the author believes that it could be

done and be successful.  Its draft design is included in the Appendix C.  The design of the

piezoresisitive MEMS, as well as the fabrication details, were not available at the time of

publication but may be found by contacting the author.

5.2  STRAIN GAUGE SENSOR

The core of the warp tension-measuring device is a strain gauge sensor.  In general, a sensor

is converting a physical phenomenon into an electrical output.  In this case, the sensor chosen

is a piezoresistive strain gauge sensor and it is converting a deformation, or strain, into a

change of electrical resistance.  The strain ε is defined by: ε = ∆L/L.  When a beam of length

L bends under a pressure, its length is increased by ∆L and creates a strain ε.  Figure 5.1 is a

schematic of the sensing principle used and a picture of the actual strain gauge sensor used

for the experiments can be found in Chapter 2, Figure 2.4 (page 6).

Figure 5.1: Schematic of the principle used
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The strain gauge sensor used for the experiments were acquired from Omega, sold under the

name of “LCL 227G”.  The maximum force to be applied on a sensor is 227 cN, without

reaching irreparable deformation.  This corresponds to a maximum deflection of 1.27mm.

The product has a safe overload of 150%.

Piezoresistive effect is not to be confused with piezoelectric effect, which is the generation of

electric charges by a crystalline material upon subjecting it to stress [13].  In the case of

piezoelectric effect, there is a possibility of actuation, while in the case of piezoresistive

effect, there is a possibility of sensing. An actuator provides actuation in response to an

electric input.  The electric input needed by the actuator could be the sensor output, given by

the piezoresistive sensor.  Therefore, if a feedback system is desired, it would be possible to

use a piezoelectric material as an actuator.  This actuator could adjust warp tension

individually.

Note that the change of resistance using piezoresistive effect is usually small.  Some

materials are more sensitive than others.  Strain sensitivity, Se, is defined as follows:

Se = ε dR/R

Here: ε: Strain

dR: Change of resistance of the beam

R: Resistance of the beam

For many materials, like metallic wires, the sensitivity Se is around 2 [13, p324].  However,

for silicon, it ranges from –100 to +150, depending on the doping dose (amount of impurity

in the semi conductor material, usually boron for silicon material) [17].  In conclusion,

metallic wires are not as good as silicon semiconductors to measure large strain [12, p63].

Micromachines are usually made of layers of silicon that are photochemically etched.

Therefore, it is possible to integrate strain gauges in the micromachine designs to measure

large strain.
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Since the change of resistance is quite small, this requires that strain gauges are used in

Wheatstone bridge configurations shown in Figure 5.2.

Figure 5.2:  Wheatstone bridge circuitry [72]

By providing an excitation voltage, Vexc, to the bridge, a voltage is generated across the

bridge, Vmeas, that will be proportional to the resistance of the strain gauge.  Thus, a change in

resistance of the strain gauge causes a change in Vmeas
.

5.3  STRAIN GAUGE PROTOTYPE

5.3.1  Components

The warp tension device is made of several components, the strain gauge being the core of it.

From the strain gauge to the computer, there are several interfaces.

5.3.1.1  Yarn-Guiding Device.

The yarn-guiding device holds the yarn and transfers the yarn tension to the strain gauge.  It

is made of ceramic to minimize yarn friction, Figure 5.3.
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Figure 5.3: Yarn-guiding device design

As it can be seen from Figure 5.3 that guiding device system has advantages over the drop

wires.  The guiding system imposes less friction forces and vibration as compared to the drop

wires.

5.3.1.2  Mounting Brackets

Mounting brackets were designed to held the strain gauge sensor and the yarn guiding

system.  It is critical that the force applied to the sensors is centered above the bridge.

Therefore, there is a screw terminal above the center that connects bracket 1 to the yarn

guiding system.  Each sensor is attached on its extremity (opposite to the wires) to bracket 2.

Bracket 2 is connected to a metal block and their distance is adjusted with a screw to allow

sensor alignment.  The metal block is then mounted on a rail.  Figure 5.4 is a picture of the

actual ceramic yarn guiding system fabricated, with its mounting brackets.
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Figure 5.4: Close up view of the yarn/sensor interface

Figure 5.5 is a picture taken from the rail, showing the metal blocks (which are attached to

the rail), and brackets 2 where the extremity of the sensor is glued.  The warp sheet is shown

on the right.

Figure 5.5: Close up view of the sensors

Bracket 2One penny

  Sensor

Yarn

Bracket 1
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5.3.1.3  Data Acquisition System and Wiring

Each sensor is wired to a signal conditioner board (or DAQ board) that is connected to an

internal data acquisition board (inside the computer).  The DAQ board, SC 2043 SG, is an

eight-channel strain gauge signal conditioner from National Instrument.  There are eight

analog inputs (for the eight sensors) and eight digital inputs.  One channel was used as

control for the five-volt power supply voltage for the sensors, a second channel was used to

capture the data from a proximity sensor, that is used to record the start of a weaving cycle.

Finally, there are two analog outputs, and one is used for sending a short circuit voltage to

the weaving machine stop motion, to stop the weaving when a yarn breaks.  More details on

the proximity sensor and the stop motion will be given later in this chapter.  The DAQ board

amplifies analog signals by a factor of 10.  Each analog channel has its own offset nulling for

calibration purpose.  Figure 5.6 is a picture of the DAQ board.

 Figure 5.6: National Instrument DAQ board SC-2043-SG [73]

The internal data acquisition board, PCI 6024E, is from National Instrument, and interfaces

the DAQ board to the computer.  Its main function is to transform voltage output from the

DAQ board into binary bits (0 and 1).  The computer selected for this research is a Pentium

III, 800 Hz, 512 RAM.  This computer is capable of handling the data and experimental

settings.  Figure 5.7 is a general view of the entire system, including the sensors and the

computer.
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Figure 5.7: General overview of the system

5.3.2  Sensor Calibration and Alignment

Each sensor was provided with calibration relationship by the supplier.  To verify these

relationships, each sensor was tested with known load values.  Loads from 0 to 220 g were

applied on the center of the strain gauge (Figure 5.1) and the voltage was then recorded. The

order in which the weights were applied was randomized.  One last measurement was done

with no load applied in order to check that the beam was fully recovered by indicating output

volt of 0.  It was found that the measured relationships were identical to those provided by

the supplier.  While Labview 5.1 allows for artificial changes of the calibration relationship

slope and/or the intercept to make all sensors identical, this adjustment was not necessary

since all sensors showed similar calibration relationships.  Figure 5.8 is a graph of the eight

superimposed curves and the fit for a linear trend line.
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Figure 5.8: Calibration curve of the sensors

While assembling the device to the weaving machine, it was realized that the sensors were

not perfectly aligned.  The indication of the misalignment was that some sensors were in

contact with warp yarns while others were not.  For example, sensor 3 contacted the warp

yarn while sensors 1 and 2 did not as it can be seen from Figure 5.9.

Figure 5.9: Under equal pressure, not all sensors deflect simultaneously
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The misalignment is due to inaccuracy during manufacturing different pieces of the sensors

assembly.  Since a sensor maximum deflection is 1.3mm, any error in the order of a tenth of

a millimeter is critical and could cause major errors in measuring the forces experienced by

the sensor.  This is further explained in section 6.8.

The solution to this misalignment was found in two steps.  First, a load was simultaneously

applied to all eight sensors, using a non-deformable bar.  Under the bar pressure all the

sensors were deflected differently indicating different load values that were acquired by the

Labview explorer system.  Each sensor was then electronically adjusted by an internal

potentiometer of the DAQ board and artificially set for 100 cN.  When the bar was released,

each sensor came back to a rest, with its own rest value.  The rest value (no load applied)

ranged from -30 to +50 cN.  Using the example of Figure 5.9, at rest, sensor 1 would be at 0

cN, sensor 2 at +50cN and sensor 3 at –30cN.  This means that it would take 30cN to push

the sensor 3 far enough to be perfectly aligned with sensor 1.

In the second step the rail of eight sensors was placed in front of the warp, parallel to the

warp sheet, so that all sensors deflected under the warp yarns tensions.  One yarn tension was

measured by hand held tension device so that the true tension value was known.  The yarn

tension was recorded and the tension values of the other sensors were adjusted accordingly

using the Labview program.
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5.4  SIGNAL PROCESSING

5.4.1 Programming

A program was written using Labview 5.1.  Labview is the interface between the user and the

data acquisition board.  There are several options and features to this program.  Figure 5.16 is

showing the main user interface screen.  In Appendix D, a complete programming diagram is

given.  In Appendix E, a user is shown few spots in the program where he/she can customize

features and adjust the setting easily.

• The program starts with a pop up menu that provides the user with a list of the eight

sensors (or channels) to select.  The user selects which of the eight sensors should be

tested.  The selection process ends by clicking the OK button.  Figure 5.10 shows the pop

up menu.

Figure 5.10: Pop menu for sensor selection

• Sampling rate (number of data points per second) is adjustable, as well as the period of

time desired for a run which could be saved to a file, as shown on Figure 5.11.
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Figure 5.11: Sample rate and sampling time windows

• The program allows choosing one of the two options: “log only” or “log and store data.”

The option “Log only” is for stop loom set-up and it keeps in memory only the last three

files, where as the option “log and store” set-up is used for experiments and data

collection for records.  The first set up suites daily industry use while the latter is for

specific experiments and trials.  Figure 5.12 shows the button for mode selection.

Figure 5.12: Mode selection window

• The program saves the data automatically to a Microsoft Excel spreadsheet format in the

“Log” folder.  The “Log” file automatically deletes the oldest file when there are three

files saved, keeping the size of the folder to a minimum.  If the “Log and store” option is

chosen, then the files are automatically saved in two folders: “Log” and  “Store” and only

the “Log” folder cleans up automatically.  The “Store” folder was very useful when

collecting the data for this research as further analysis could be done on the raw data.

• Labview software is equipped with range of flexible digital filters that allow for friendly

online screen display.  The weaving machine creates a lot of perturbation and noise in the

signal and therefore it is easier to observe a trend when the signal is filtered.  All the

parameters of these filters are changeable to fit broad range of conditions.  More

discussion on digital filters will be given in the next section.  Figure 5.13 shows the filters

box with the many options.
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Figure 5.13: Filter window

• Each sensor provides an average and standard deviation for the selected period of time.

They are updated automatically after each sampling period.

• There is a “High” and “Low” control limit of yarn tension to be set by user, as Figure

5.14 shows.  If the yarn tension goes above or below the control limits, the loom stops

(more on this is given in the last section of this chapter).  They are displayed on the

screen as a reminder and to help to visualize any on-going trend as Figure 6.6 will show

in Chapter 6.

Figure 5.14: High and low control limits windows

• A unique name is automatically generated and given to a file when created.  The first

three numbers are the day of the year.  They are followed by six numbers, indicating the

time in hour, minute and second.  An experiment started on January 5th at 8:12 am and 16

seconds would be stored in a file which name is 005081216.  This file is unique (for a

given year).  The file name is followed by “_raw” or “_filtered” to differentiate raw data

and filtered data.  The screen displays only filtered data, but raw data are also available so

that digital filters can be further adjusted if needed.
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• There are two control buttons: “5V OK” and “Limits OK” (Figure 5.15).  The first one

checks that the sensors are correctly powered with a 5 volts.  The program can not run if

this button is not “green”.  The “Limits OK” is by default green, meaning that all sensors

are subjected to pressure that it within the set limits “high” and “low”.  If the yarn tension

goes out of the control limits set in the “High” and “Low” window, this green “Limits

OK” button will turn red, and will stop the weaving machine.  There is a delay feature to

it so that the filters have enough time to settle.  Therefore, this high-low protection is not

available for 0.5 seconds.  Finally, the sensor responsible for the loom stop will be

identified and displayed on the screen for further action (or repair).  If automatic piecing

were to be investigated, detecting the exact broken yarn would be the first step of this

project.  As of now, with traditional drop wires, when a yarn breaks, there is no

identification of where it happened.

Figure 5.15: Process control buttons

• To start the Labview program, there is a white arrow icon, in the left corner of the toolbar

menu.  Then, two command buttons star and stop the experiments: “Start Test” and

“Abort Test.”  The red EXIT button is to leave the Labview program.

Figure 5.16 is a general view of the main user interface screen once the program is running.

It shows that six channels are chosen, the sample rate is 200 samples per seconds, and one

recording period lasts 30 seconds.  The file will have six columns of 6000 data points each.

The raw data file will also have the proximity data (if chosen) and the filtered data file will

have a seventh column with the voltage supply of the sensors (around 5 volts).  The data

shown on Figure 5.16 is a typical experiment and experimental conditions are carefully

described in section 6.1.  In this experiment, the fabric woven is a 2 x 2 basket weave, 20

picks per inch (7.9 picks/cm).
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Figure 5.16: Labview screen

5.4.2  Digital Filtering

The digital filtering is a built-in function in Labview 5.1.  The filtering program has many

options and is easy to use.  There are four choices of filters: lowpass, highpass, bandpass and

bandstop.  A lowpass filter passes low frequencies, but attenuate high frequencies.

Preliminary experiments were done and then analyzed using a mathematical software known

by Origin.  The signal was analyzed using a Fast Fourier Transformation and Figure 5.17 is

the frequency/amplitude graph of tension data, for a 2 x 2 basket weave, 30 picks/in (11.8

picks/cm).  Frequency is the number of times that any regularly recurring phenomenon

occurs in one second.
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Figure 5.17: Fast Fourier Transform graph of a weaving sequence

Note that 30 picks/in corresponds to 30 filling yarn insertions for every inch of fabric woven

with corresponding 30 beat-ups.  The machine speed is 495 picks per minute, which is 8.25

insertions every seconds.  However, this is a basket weave 2 x 2, so the heddles move every

other insertion, while the reed beats up after every insertion.  Two peaks are found at 4.2 and

8.3 Hz.

The filter to apply is a low pass filter with a frequency cutoff of 2 Hz.  Figure 5.16 shows a

signal with a frequency cut-off of 2Hz.  When 2 Hz is applied to the original signal, most of

the noise is removed, clearing out the signal.  Figure 5.18 shows the original signal in gray

and two filtered ones: the purple one was filtered using a frequency cutoff of 2 Hz and the

orange one was filtered using a frequency cutoff of 0.1 Hz.  The conclusion is that 0.1Hz

filtered too much.  If the frequency cutoff was 10 Hz, the signal would not be filtered at all,

and the overall look would be the same black lines like the raw signal.  It seems that 2 Hz is a

Beat up
Heddle
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good cutoff frequency to observe major trends and changes, as well as local peaks of tension

shown by yellow arrows.

Figure 5.18: Effect of filters on raw signal

Labview also offers a Passband ripple, and a stopband attenuation possibilities.  When using

a lowpass filter, there is no real effect of the ripple and the attenuation on the signal filtered.

Therefore, they will be kept constant, at their default value: ripple is set at 0.01dB and

Attenuation at 60dB.  The high frequency cutoff is irrelevant for the lowpass filters and

therefore is left at a default value of 1000 Hz.
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5.5  OTHER FUNCTIONS

5.5.1  The Proximity Sensor

Two features have been added to the system: a proximity sensor detecting the reed at beat up

position and a relay capable of stopping the loom motion.  These two devices were installed

and tested on the Eltex Jacquard weaving machine, while all results shown in Chapter 6 were

conducted on the Sulzer Ruti GR6200 weaving machine.

The first improvement is the detection of a filling yarn insertion or weaving cycle start/end.

Every time the reed beats up a filling yarn is inserted and the proximity sensor detects it and

records it along with the eight warp tension sensors.  With this extra device we can now

identify one cycle and major tension variation within a cycle and get a tension map for

different weaving patterns.  This set up offers many advantages beside those previously

mentioned.  Individual warp tension could be monitored in terms of structural parameters

(warp density, pick density, warp yarn count, filling yarn count, and weave design).  The

system is an excellent research tool in addition to its potential use as a gentle stop motion

device.

5.5.2 The Stop Motion

The second improvement is for the replacement of the drop wires.  A relay was installed to

stop the machine when the warp tension gets out of control limit.  The Labview program is

designed so that if an out of limit situation occurs, a digital signal is sent and transformed

into a five-volt impulse that will turn on the relay.  The five-volt impulse is enough to short

cut the loom, as the current drop wires do.  As mentioned before, the loom stop feature is a

bonus from the yarn tension measuring device and the only cost is the relay (5$).  In section

6.8, experiments are reported to verify that the sensors can detect a broken warp yarn.

5.6  COSTING ANALYSIS

When looking at the budget, one may keep in mind that the first one, the prototype is very

often the more expensive.  Some costs were “one time costs” that counted as fixed costs.  In
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addition, micromachine costs decrease tremendously when there is a significant volume that

is produced.  Therefore, it is expected that the polysilicon-layered device will not only be

cheaper to produce, but also reduces the number of parts needed, as some parts will no longer

exist.  Table 5.1 is presenting the cost of the strain gauge prototype.

Table 5.1: Strain gauge prototype cost

Unit Price Comments

Sensing components

Computer $ 3,500 One time cost

PCI 6024E Internal DAQ $ 995 One time cost

Cable SH 6850-68 $ 112 One time cost

Sub total $ 4607

Signal conditioner SC 2044 SG $ 445 Feeds 8 sensors at a time*

Strain gauge sensors LCL 227G $ 69 x 8

Sensor mounting kit $ 15 x 8

Yarn guiding device $ 63 x 8 $ 52 if 12 or more

$ 147 x 8 Replaced by MEMS device

Other features

Proximity sensor PRX 102-18 NE $ 99

Bracket $ 10

Power supply for proximity sensor $ 150

Relay $ 5 A first one was bought at $ 29

Other

Service: Labview $1200 One time fee

*: This 8 channel signal conditioner can be replaced by cheaper “series conditioners”.

Omega Inc. sells the OM5 for $ 150 and it offers 16-channel inputs.  The cost of conditioning

the signal would only be around $10 per sensor.
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However, the individual cost decreases with volume and the estimated cost curve is

calculated on Table 5.2 and plotted on Figure 5.19.

Table 5.2: Expected cost of the system using commercialized strain gauges

First eight
sensors Larger volume Expected cost Expected cost

Total fixed $4,607.0 $4,607.0 $4,607.0 $4,607.0
Fixed per sensor $575.88 $287.94 $47.99 $23.99
Strain gauge $84.0 $84.0 $50.0 $50.0
Ceramic yarn
guiding $63.0 $52.0 $30.0 $30.0

Signal
conditioning $55.0 $10.0 $10.0 $10.0

Number of
sensors 8 16 96 192

Price per sensor $777.9 $433.9 $138.0 $114.0

Figure 5.19: Cost per sensor

The same calculation was done using the MEMS prototype, and calculations are shown on

Table 5.3.  The main difference is the cost of the sensor and the elimination of the yarn

guiding device which is included in the microstructure directly.
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Table 5.3: Expected cost of system using MEMS sensors

Expected cost
per sensor

Expected cost
per sensor

Total fixed $4,607.0 $4,607.0
Fixed per sensor $ 24.0 $ 24.0
Strain gauge $50.0 $15.0
Ceramic yarn
guiding $30.0 $ 0.0

Signal
conditioning $10.0 $10.0

Number of
sensors 192 192

Price per sensor $ 114.0 $ 49.0

The labor cost for assembling the sensor, the mounting kit and the yarn guiding device was

not included in the cost of the strain gauge prototype, as well as the time for welding all the

wires from the sensors to the DAQ Board.  Also, the cost of the mounting rail, located in

front of the weaving machine, was not accounted for as it was done in-house at a limited

cost.
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CHAPTER 6: EXPERIMENTS AND RESULTS

6.1  Experimental Conditions             6.7  Warp Tension Profile     

6.2 Weaving Machine Settings       6.8  Warp Let-off Mechanism

6.3 Display of Results       6.9  Tension on Edges of Fabric

6.4  Demonstration of Weave Pattern Identification       6.10  Warp Yarn Breaks Detection

6.5  Detection of Warp Tension Trends       6.11 Abrasion Test

6.6  Scale-up Effect       

6.1  EXPERIMENTAL CONDITIONS

All the experiments described in this chapter were conducted on the Sulzer-Ruti GR 6200

weaving machine available at the manufacturing facilities of the College.  The filling yarns

used for all experimental runs were 100% cotton.  The warp was made of unsized 440

denier/96 filament polyester yarns.  The circular diameter was calculated to be 0.026 cm1.

The warp density was 50 ends/inch (19.68 ends/cm).  The weave selected for experiments

described in sections 6.3, 6.7 to 6.11 was 2 x 2 basket. The weave selected for experiments

described in sections 6.4 through 6.6 was 3 x 2 x 1 x 2 right hand twill.  The pick density

ranged from 20 to 50 picks/inch (7.87 to 19.68 picks/cm ).

6.2 WEAVING MACHINE SETTINGS

The manual for this weaving machine recommends that the warp tension should be 0.1 to

0.15 cN per dtex [50].  This means that the recommended warp tension for this yarn and for

this loom should be between 48.8 and 73.3 cN.  Using the sensors reading (that were

calibrated to their true tension by using a hand held tension-meter for calibration), it was

found that the average warp tension, regardless of the experiment, was in the ranges of 120 to

140 cN and it was difficult to produce plain weave fabrics at high pick density.

                                                
1 Calculation: d= 1/280.2 * sqrt (Nt /ρf  * Ф) with d in cm, Nt  yarn count in tex, ρf fiber density in g/cm3

and Ф the packing factor.
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6.3  DISPLAY OF RESULTS

Figure 6.1 shows the computer screen of tension data collected in real time, woven with 50

picks/in (19.68 picks/cm) at 200 data points per second.

Figure 6.1: Labview screen, with filtered data

Figure 6.2 presents the top of the Microsoft Excel page of raw data that was extracted for

data analysis.  A simple macro was written to calculate and display the average and standard

deviation for each sensor, as well as the min and max.  This information is located on the

second, third, forth and fifth rows of the Microsoft Excel chart.  Figure 6.3 illustrates the type

of Excel chart that can be drawn from the data of the Excel spreadsheet.
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Figure 6.2: Raw data displayed in an Excel chart

Figure 6.3: Excel graph display of 30 seconds data

6.4  DEMONSTRATION OF WEAVE PATTERN IDENTIFICATION

It has been thought that the tension trace of a warp yarn over a weave repeat is related to the

weave intersections and floats.  Thus, the device can be used to identify weave designs.

Simple computer modules could be created to check any errors in weave design and flag or

stop the process if necessary.  The weave chosen to illustrate this useful application of the

system is a 3 x 2 x 1 x 2 Right Hand Twill shown in Figure 6.4.
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Figure 6.4:  3 x 2 x 1 x 2 RH Twill

During eight weft insertions (one repeat), a warp yarn experiences four shed changes (2 at

bottom shed and 2 at top shed).  The tension experienced by the warp yarns increases

dramatically during each change.  Figure 6.5 shows how perfectly the tension trace relates to

the shed changes.

Figure 6.5: Weave pattern identification

It can be noticed, from Figure 6.5, that the maximum tension takes place during the switch of

the warp yarns from top shed to bottom shed or vice versa, corresponding to a yarn insertion.

This graph can also be interpreted as follow: the warp “relaxes” during warp floats.  The

minimum tension is obtained when the warp float is over three picks, while the maximum

tension is obtained at intersection concentrated areas.  During this particular experiment, the

average tension, for this sensor, was 129.3 cN with a min of 127 cN and a max of 132.7 cN.

Warp goes down
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If one would like to reproduce a similar fabric, using the same weave, same warp and weft

density, and same yarn, similar average tensions should be aimed for.  Note that the numbers

given are for one single sensor, and therefore, to reproduce a similar fabric, an average

tension for several selected sensors need be considered.

As mentioned earlier, the device could be used to identify errors in weave designs.  It may be

possible to develop a software that feeds back automatically into the microprocessor of the

weaving machine.  If a tension trace does not match the predicted tension, which is decided

by the expected weave design, the microprocessor could correct the weave if possible

otherwise the machine would be stopped with flagging the exact source of the problem.

While weaving machines are fairly automated, automatic checking of the weave pattern has

not been done so far.  A “smart” weaving machine, capable of adjusting weaving design

mistakes is directly following the trend of automation proposed by TRIZ [42], the Russian

theory of inventive problem solving.  Although a fully automated weaving room is quite

futuristic, there is no doubt that this will happen in the future especially with the maturity of

MEMS devices.

6.5 DETECTION OF WARP TENSION TRENDS

This program may also be used to detect any trend forming during the weaving process.  It

takes more time to repair broken ends than to take proactive actions to avoid yarn breaks.

Proactive actions can be the lubrication of the machine, the identification of lint formation at

the reed, or simply spray some starch on warp filaments that begin to split off (very common

cause for broken yarns).  So having a real time information on screen may be useful.  During

one experiment, the machine stopped and data analyzed later.  It was found that the tension

had decreased dangerously, on sensor 2, and this may have been a flag about up-coming

problems, as Figure 6.6 shows.
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Figure 6.6 Trends detection

For this experiment, the sampling rate was 100 data per second.  In a 3 x 2 x 1 x 2 twill, one

weave pattern has 8 insertions, and the machine speed is 8.25 insertions per second.  This

means that there is roughly one cycle (or one full weave repeat) per second, represented by

100 data points.  The average tension, on sensor 2, decreased by 4.7 cN within 5 to 6

seconds.  The conclusion is that if the weaver observes some on-going trends, on several

sensors, then he should pay a closer attention to the loom as some yarns may be about to

break.

6.6  SCALE-UP EFFECT

The Labview program is flexible.  It allows for scale changes on the Y-axis at any time, even

while the program is running.  Figure 6.7 shows the same data points, at two different scales.

This experiment was done using the same twill pattern as in the previous sections.
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Figure 6.7: A closer look at data

For everyday use in industry, the scale on the left graph is acceptable: increasing or

decreasing trends can be detected.  However, when the Y-axis is zoomed, details appear.

The maximum peak is easily identified.  The change in the shape of the curve would indicate

a problem of insertions of the weft, like a broken heddle.  Any irregularity in the maximum

peak would also be precursor of up-coming problems.  The Labview program could be easily

modified to detect any moving range of data increasing or decreasing significantly.

6.7  WARP TENSION PROFILE

It is desired to obtain constant uniform warp tension across the width of warp, as warp ends

are “pre-tensioned” during warping.  However, while weaving, it is difficult to prove that

ends are of equal tension, (or within an acceptable range).  The difficulty of measuring

tension across the width while weaving stems from the lack of simultaneity of the

measurements.  Hand held tension meters measure only one end at a time and therefore

prevent any fair comparison as the measurements occur at different times.  The sensors are

spread across the width of the beam and therefore provide accurate information at different

locations on the beam, but at the same time.  Figure 6.8 shows a bundle of fourteen curves.

They are replicates under different conditions (same data as in next section on “Warp let off

mechanism”), and ideally should be of similar tension.

1 sec
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 Figure 6.8: Warp beam profile

Sensor 5 and 6 are switched because physically, across the beam, the two sensors appear in

this order in the graph.  The sensors are calibrated to their true yarn tension, as discussed

earlier, and there is a variation in the average tension across the width.  Although a trend can

not be identified, sensor number three seems to have a higher tension than number four,

although they are sitting side by side.  The average tension for sensor 3 is 144.5 cN while

sensor 4 has an average of 123.7 cN.  This is a difference of 14.4%.  While this difference

may be acceptable for most fabrics in apparel, it is likely to be not acceptable for technical

applications where performance is critical.  Fabrics with life threatening applications where

porosity is critical may not pass a quality test.  Figure 6.9 is an actual representation of the

location of the sensors on the beam, each sensor was 3 in apart from its neighbor.

Warp beam profile
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Figure 6.9: Width of the beam and sensors location

6.8  WARP LET-OFF MECHANISM

One of the purposes of let-off mechanism in a weaving machine is to maintain warp sheet

tension at a constant predetermined level.  Warp tension changes during a weaving cycle and

from pick to pick (cycle to cycle) based on weave design.  Additionally, pick density has a

significant impact on warp tension.  The warp tensioner provides a “partial equalizing of

tension” by regulating the speed of the warp sheet  [50].  The whip roller position serves as

benchmark and if its position changes, (which is related to the level of warp sheet tension), a

non contact sensor corrects accordingly the speed of the warp sheet through gear train.  In

addition, “if the warp tension increases too sharply in an uncontrolled fashion, the whip

roller, pushed out of the weaving position, actuates the warp safeguards switch and the

weaving machine stops” [50].

The purpose of the following experiments was to detect if the warp tensioner was working

correctly by comparing the average warp tension of different fabrics.

Figure 6.10 showed a set of fourteen curves: two replicates of seven runs.  Each run had a

different weft density in the range of 20 to 50 picks per inch (7.87 to 19.68 picks/cm).  They

were randomized within the replicate.  The second replicate followed the same

randomization: 35, 25, 40, 20, 30, 50, 45 picks/in.  The weave in this experiment was a 2 x 2

basket.  The total running time was 30 minutes.  Each run consisted of 3 inches of fabric for

equilibrium, and then 30 seconds recording time, at 200 data points per seconds.  Figure 6.11

shows the same data then Figure 6.10 (first replicate only), although this time the weft

16”

72”

 1    2    3    4    6    5

20’’

6 sensors
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density is plotted on the X-axis and for this figure, the data are ordered in the order they were

collected.  Each point on the curve is an average of 6000 data points.

Figure 6.10: Weft density effect (ordered of experiment)

The next figure, 6.11 shows the same data, ordered by pick density.

Figure 6.11: Weft density effect (ordered by pick density in inch)
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The first analysis was done to compare if different fabrics (different weft densities, but same

weave) have identical warp tension.  The second analysis was done to compare if identical

fabrics have identical warp tension.

The conclusion is that regardless of the weft density (picks per inch), the machine self-

adjusts the tension as a whole.  Many different regression models have been tried to fit the

data and none was significant.  Using SAS, a linear fit, a quadratic fit, an exponential fit, a

logarithm scale, and square root fit were tried, and none were significant.  So in statistical

words: it was not possible to prove that the means were different, for a given sensor, at a 95%

confidence.  This does not mean that they are equal, it means that it was not possible to prove

that the means are different one from another at different weft densities.  Appendix F shows

some of the models that were used.

A paired comparison analysis was run to detect differences between two similar fabrics

(same weave, same weft density).  The question is: Is the warp tensioner capable of adjusting

the warp tension identically for two identical fabrics?

Ho: µ1 = µ2, there is no difference in the fabrics tension

H1: µ1 ≠ µ2, there is a difference between the two fabrics warp tension.

With µi = the warp tension average of 6 sensors, each sensor having the mean of 6000 points.

Main results are in Table 6.1 and all statistical calculations are in Appendix G.

Table 6.1: Strength test results

Weft density per in p-value
20 0.024
25 0.126
30 0.378
35 0.067
40 0.283
45 0.331
50 0.015
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It was found that at 25 picks per inch, the loosest fabric, and at 50 picks per inch, the tightest

fabric there was a difference in the means.  However, for all other weft densities, 25, 30, 35,

40 and 45 picks per inch, it was not possible to reject Ho, at 95% confidence, meaning that it

was not possible to make a difference in the tension averages over the 6 sensors.  The

conclusion is that the machine is capable of adjusting the warp beam tension, as a whole, to

reproduce similar fabrics, with same tension average as long as the fabric is not at its

weavability limit.

6.9 TENSION ON EDGES OF FABRIC

In shuttleless weaving, the filling yarn is cut on each side or on one side only.  To avoid warp

yarn unraveling at the selvages, a leno or tuck in selvage is a must.  The ASTM book

recommends for the preparation of fabric specimens the following: “Unless otherwise

specified, take specimens no nearer to the selvage or edge of the fabric then one tenth of the

width of the fabric” [53].  This means that 20% of the “edge” fabric is considered not to be

representative of the whole fabric.  Figure 6.12 compares the tension in the center and on the

edges.  The X-axis represents order in which the sensors where positioned from the edge of

the fabric, the right side being the selvage.  Sensor one was located one inch (or 2.54 cm)

from the edge and sensor three, three inches (or 7.62 cm) from the edge, while the remaining

of the sensors were spread out across the warp (center of the beam).  The overall beam width

is 72 inches (1.82 m).
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Figure 6.12: Warp tension on the edge

The average warp tension, when running, for the two yarns located at 1 inch and 3 inches

from the edge is 118.05 cN while the average for the remaining of the sensors is 136.7 cN.  It

is found that there is a significant evidence of difference in tension between the edge and the

center.  At 95% confidence, with a p-value of 0.015, it is concluded that the two means are

different.  The experiment was replicated, using the same picks per inch (45 picks/in or 17.71

picks/cm) and was also redone three more times at 20 picks per inch (or 7.87 cm), still using

a 2 x 2 basket weave.  The most significant p-value found is 0.0147 while the least

significant was 0.0185.  The main reason explaining this waste of fabric is really the

difference of warp tension on the edges compared to the center, as well as unraveling

problems that may occur.  It is also common to find defects on this part of the fabric because

of the teeth marks left by the temple ring, as shown in Figure 6.13.  This roll helps to increase

temporarily the tension of the fabric to allow an easier cut of the auxiliary selvages.
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Figure 6.13:  Selvage picture with defects shown by arrows

6.10  WARP YARN BREAKS DETECTION

One potential use of the sensors is the possible elimination of drop wires.  Drop wires are

used to detect broken yarns and to activate a system that stops the loom so that the end can be

repaired by the weaver.  The probability to have a “natural” yarn break that would also

happen to be monitored and recorded was very small due to the short period of an experiment

run.  A pair of scissors was used to cut one yarn.  Although it does not exactly simulate a

natural break, it is very close.  If it were a “natural” break neighboring yarns might hold the

broken yarn together for some time and therefore might impose temporarily some tension

due to friction forces between broken yarn and adjacent yarns.  Using a pair of scissors

prevented this to happen because it was a clear and sharp cut.  The yarn placed on the sensor

three was cut after 20 seconds.  The drop wire was prevented from dropping so the machine
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continued to run even though there was a broken yarn.  Figure 6.14 shows the change of

tension.  The average tension before the cut was around 144 cN while the tension after the

cut averaged 136 cN.

Figure 6.14:  Detection of a cut yarn

Note that sensor readings do not have a tension of zero cN when there is no yarn pushing the

sensor back.  This is explained by the changing distance between the warp and the yarn

guiding device compare to one another (See section 5.3.2).  In reality, the sensors are

detecting a change of yarn tension and then the data is artificially modified to be the “true”

yarn tension reading, using a hand held tension meter.  This artificial modification was

necessary because the beams can deflect only by 0.05 in (or 1.3 mm).  This means that their

operating range is 1.3 mm of possible deflection and aligning all six of them within that

precision was impossible.  Therefore, to make up for this misalignment, all the sensors really

measure changes in tension from an artificially set average tension that is provided by the

hand held tension meter reading.  In this case, sensor three had a +135 cN added so when the

yarns breaks, the reading is 135 cN, even though there is no bending of the beam and the

voltage is truly 0 volts.  In conclusion if there is a yarn connected to the beam, the sensor
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reading is the true tension of the yarn, however, if there is no yarn connected to the beam, the

sensor reading is not correct and does not reflect the true yarn tension.

In addition, one might say that the reading on sensor three is higher than actual tension on

sensors 2, 4, 5 and 6, and therefore would not be detected by a general Low-High out of

control limit.  However, since it is possible to detect a large difference, the Labview program

could be modified to detect that sudden difference.  Another solution would be to have one

pair of low and high values for each sensor.  This could be possible for narrow width fabrics.

Finally, the yarn tension difference among different ends is as much as 20 cN between yarns

of sensors three and four.  In a more controlled process, where warp tension would be

critical, such differences should not be present.  Also, the misalignment could be improved or

eliminate with precision machining of the brackets and guiding system.  Figure 6.15 shows

some of the possible locations (blue spots) that contribute to the misalignment.

Figure 6.15: Possible misalignments

It is worth noting that the noise of the machine prevents sensor three from displaying a flat

line once the yarn is broken.  A more severe filter would hide useful information, this is why

the signal is not completely clean.

6.11  ABRASION TEST

Due to high denier per filament (4.6 den per filament) it was not possible to identify visually,

or with a microscope, any yarn surface abrasion that might be due to drop wires.  Therefore,

a tensile strength test was run under several conditions to assess yarn abrasion through the
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tensile strength loss technique.  A yarn of lesser strength is assumed to be more abraded than

a yarn of higher strength.

For this experiment, some warp yarns were collected and then tested for strength, using the

ASTM 2256 [54].  The maximum load was 250 lb., at 9.84 in/min (or 25 cm/min) constant

rate of elongation, using a 10 inch (or 25.4 cm) gage length and 75% break sensitivity.  The

weave was a 2 x 2 basket, at 45 picks per inch (or 17.72 picks/cm).  The experimental

conditions are described in Table 6.2 and the results in Tables 6.3.  Each sample was

replicated three times and the results showed in Table 6.3 shows the mean of the three

replicates.  For this experiment, the drop wire was held up above the yarn, using tape, but the

yarn was still engaged in the drop wire.

Table 6.2: Experimental conditions

Woven Drop wire Sensor Expected rating
of strength

Sample 1
(Yarn tested before
weaving)

No No No 1 (strong)

Sample 2 Yes No No 2

Sample 3 Yes No Yes 3

Sample 4 Yes Yes No 4

Sample 5 Yes Yes Yes 5 (weak)

Table 6.3: Results

Conditions Peak load (Lb) Strongest yarn
Drop Sensor

Sample 1 N/A N/A 8.04 1

Sample 2 No No N/A (2)

Sample 3 No Yes 7.50 3

Sample 4 Yes No 7.41 4

Sample 5 Yes Yes 7.05 5
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Although the results are what was expected, the author had some doubts on the efficiency of

the tape holding up the drop wire.  Therefore, the complete experiment was redone, taking

the yarn out of the drop wire.  The drop wire was sitting next to the yarn, on the rail.  Results

are shown in Table 6.4

Table 6.4: Results with drop wire removed

Conditions
Drop Sensor

Peak load (Lb) Strongest yarn

Sample 1 N/A N/A 8.04 1

Sample 2 No No 7.77 2

Sample 3 No Yes 7.55 3

Sample 4 Yes No 7.495 5

Sample 5 Yes Yes 7.502 4

It was found that the strongest yarn is the yarn that was not woven.  The yarns not having

drop wires were found to be stronger than the yarns with drop wires.  It was also noticed that

yarns with drop wires are significantly weaker and that presence or absence of a sensor did

not make any significant difference.

SAS was used to run a statistical analysis of the data and the output can be found in

Appendix H.  It was found that there is no interaction between the two parameters drop and

sensor.  The model is significant (p-value of 0.0263) meaning that at least one parameter

explains the change in peak values.

The main effect of drop wires showed in the Type III sum of squares is significant with a p-

value of 0.0347, meaning that at 95% confidence, the presence or absence of drop wires

makes a significant difference on yarn peak values.

Looking at the main effect of presence or absence of sensor, it was not possible to

significantly find a difference in the means.  The p-value is 0.1454.  Therefore, it was not

possible to prove that the means are different at 95% confidence.
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The conclusions on yarn strength tests are that drop wires do weaken yarns by abrading their

surface, while it was not possible to detect an effect of “sensor abrasion” on yarn strength.

Therefore, by removing drop wires, it is expected to have less abrasion on yarns than by

leaving the drop wires.  It may be possible now to weave weaker spun yarns and yarns made

of microfilaments, more likely on narrow weaves, without drop wires, and still have an

effective method to detect warp yarns’ break.
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS FOR

FUTURE WORK

7.1  Conclusion

7.2  Recommendations for Future Work

7.1 CONCLUSION

Somehow, micromachine and textile do not seem to belong to the same world,

“micromachine” being the latest high-tech buzzword, while “textiles” with centuries of

experience refers traditionally to heavier steel machinery.  However, using emerging

technologies is a challenge that the textile industry has long been embracing as the only way

to survive at the turn of this millenium.  Matching two industries as diverse, even opposite as

the micro-world and textile manufacturing is now possible.  Not only ideas of potential

projects were identified, but also one was pursued to its full realization as a proof that yes,

micromachines and textile do belong to the same world.

This project was the first of its kind as it was designed and funded to be a “blue sky” type of

project.  Limits to our creativity were forbidden, following the spirit of the National Textile

Center.  The primary goal of this project was to identify potential applications of

micromachines in the textile industry and as a consequence to launch new graduate projects.

The second was to prove that a “blue sky” project could become reality.  Both objectives

have been successfully fulfilled.  It is now feasible that warp tension can be monitored and

warp breaks can be detected simultaneously on individual warp ends, using micromachines

sensors thus the abrasive drop wires (which limited weavers to handle delicate yarns) can be

replaced.  While the project prototype used a commercial strain gauge to proof the concept,

MEMS chip replacing such strain gauges is being produced and results are expected to

correlate with those of the commercial strain gauge sensors.  It is expected that MEMS would

find significant applications in other textile processes such as spinning, winding, warping
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knitting, nonwovens, and testing and evaluation equipment. Additionally, MEMS may be

incorporated into fabrics and garments to produce smart products.

7.2  RECOMMENDATIONS FOR FUTURE WORK

Several research areas have been identified as possible directions for future work. These

include short- and long-term projects.

7.2.1  Potential Applications of Micromachines in Textiles

Chapter 3 presented several applications of MEMS in the textile industry.  Section 3.2,

referred as “long-term applications”, presented potential projects that were more conceptual

than really feasible.  The list was the following: use of micronozzles, fabric formation,

moisture sensor for testing purpose, on-line measurement and control of dye bath, tactile

sensor, smart blind, sensor embedded in buttons, smart fabrics.  Section 3.3, referred as

“short-term applications”, presented two potential projects: a quantitative abrasion test device

and a smart clothing system for firemen.

7.2.2 Monitoring and Control of Individual Warp Yarns Tension

This research has proven that warp tension of individual warp ends could be monitored

online using micromachine sensors.  The next step should be to control warp tension of

individual warp ends.  A feedback system could be used to adjust tension on each end.  The

piezoresistive sensor gives an electric output in response to a physical stimulus (force

applied), while an actuator needs an electric input to respond physically.  It could be possible

to build a loop system where the sensor would provide a voltage reading that would trigger a

response.  The response could be an increase or decrease of tension on the yarn.  A

piezoelectric beam could be used to lift up or lower down the yarn to temporarily increase or

decrease yarn tension.  The current Labview program could be expanded to send a control

signal to the actuator.

Currently, a weaving machine maintains the tension of the warp sheet at a constant value by

the let-off mechanism. With such system tight control over the weave float and intersections

is a must other wise potential problems would take place. Too tight end(s) may break and too
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slack end(s) may cause the drop wire to descend enough to trigger the warp stop motion.

Tension control of individual warp ends could allow weavers to produce weave designs with

longer floats and varying weave intersection thus obtaining new fabric texture that is not

possible currently.

A more advance system would probably use telemetry to avoid wiring costs and trouble.

7.2.3  Other Possible Projects

Currently two projects are being conducted.  One project is dealing with the economic

feasibility analysis of using MEMS in textiles and the other project deals with the design of a

micromachine chip to measure warp tension.  The first project is being pursued by Can

Kobaner, a textile technology master student at North Carolina State University, and the

second project is being conducted by Balu Joseph, an electrical and computer engineer

master student at North Carolina State University.  Mr. Joseph provided all the information

on Appendix C.

A new project has been approved for funding by NTC starting May 2001. The project

objective is to investigate the possibility of automatic repair of warp yarns in weaving.  A

sensor has a precise location and if a yarn breaks, it is possible to identify exactly where it

happened.  Therefore, it could be possible to imagine concepts of automatic repair of broken

yarns, using micro-robotic system(s).

Measuring tension of individual warp yarns may provide information related to fabric such as

mechanical (tensile, bending, shear, etc) and physical (porosity, texture, etc) properties.

Investigations to reveal the relationships between warp tension and fabric performance could

provide the fabric developer with beneficial tools to design fabrics with predetermined

desired properties.

In Chapter 6 a research area was proposed that deals with identification of weave design

through the tension behavior since warp tension is impacted by the weave floats and

intersections, identification of weave.   A feedback system could be connected to the weaving
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machine CPU units where the weave is stored.  Such connection could be used to confirm

that the weave pattern is correctly woven.  With such system in place, it is possible to

eliminate the need of visual inspection of the weave pattern.  While this seems unjustified

today, this will be needed in the fully automated weaving room of the future.

It is strongly believed that MEMS will significantly contribute in converting the semi-

automated weaving process of today to the fully automated process in the near future.
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APPENDIX A: SEEBECK EFFECT

The Seebeck effect explanation from TechOptimizer Invention Machine’s software .

Description

An emf is induced in the circuit consisting of two different conductors whose contacts are
maintained at different temperatures.  If the concentration of charge carriers depends upon
temperature, a diffusion flow of charge carriers (electrons or holes) occurs in the direction from
the hot end to the cold end.  The accumulation of mobile charges at the cold end forms the
potential difference, Ei, between the hot and cold ends of the conductor.  The potential difference
value depends upon the physical properties of the conductor.  In a second conductor, due to the
difference of its physical properties, the corresponding potential difference has another value, Ej.
When the closed circuit is made of these two conductors, a thermoelectric current flows through
it.  When the thermoelectric circuit is broken in any place, the thermoelectric potential difference
can be measured as Eij = Ej - Ei.  Other reasons for inducing a thermal electromotive force are a
temperature dependence of energy or the velocity of charge carriers, temperature dependence of
a contact potential difference between substances forming a thermoelectric circuit, as well as the
effect of attracting electrons by phonons.  The latter effect can play the main role in the region of
low temperatures.  In metals the concentration of electrons does not depend upon temperature
and, as a result, their thermoelectric coefficient is 1 - 3 orders of magnitude lower than that of
semiconductors.  The necessary difference of physical properties of two conductors for a thermo
emf to be induced can be caused even by a number of reasons; by small differences of the
impurity composition of the same semiconductor or metal, differences in the orientation of
crystal grains, and by the action of mechanical stress.

Advantages
1.   The effect provides reliability: the devices employing the Seebeck effect have no moving
parts.
2.   It is possible to miniaturize the source of thermal electromotive force, important for using the
effect in temperature sensors.
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Conditions
The electric circuit is made of conductors with different physical properties.  The contacts
between these conductors are maintained at different temperatures.

References
Ioffe, A.F.  Semiconductor Thermoelements.  Ed. AS USSR, M-L 1960.
Seeger, K.  Semiconductor Physics.  Wien, New York: Springer-Verlag,1973.
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APPENDIX B: EXAMPLE OF NATIONAL LABORATORIES AND ACADEMIC INSTITUTIONS
INVOLVED WITH MEMS (HYPERLINKS)

National Laboratories in the US:

Argonne National Laboratory (Microdevices for applications in inert gas detection and
simultaneous property measurment)
Lawrence Livermore National Laboratory (Applied Research and Engineering Development )
Oak Ridge National Laboratory: Biosensors (Chemical analysis and micro bio sensors)
Sandia National Laboratory (Multiple projects –sensors/actuators, including fabrications)
National Institute of Standards-NIST (Accessible with a password)
National Nanofabrication User Network (Nanofabrication technologies facilities)
MCNC MEMS Technology Applications Center (merging, new website coming)
US Army Research Laboratory (under construction)

Some universities in the US with research on MEMS:

California Institute of Technology Caltech Micromachining Lab (very nice web-site and good
pictures)
Carnegie Mellon University-Microelectromechanical Systems Laboratory (research information)
Case Western Reserve University-The Microelectromechanical Systems (MEMS) Resource
(introduction to MEMS and research links)
Cornell Nanofabrication Facility (presentation of the nanofabrication facility)
Darthmouth College-Microengineering Cleanroom Laboratory (publications of current research)
Duke University-Semiconductor Wafer Bonding Laboratory (people & research updates)
George Washington University-MEMS group at GWU (research group and projects)
Georgia Institute of Technology-Georgia Tech-MEMS-Micromachining Research
Johns Hopkins University-Semiconductor Microstructures Laboratory (simple)
Louisiana Tech-Institute for Micromanufacturing (monthly newsletter)
Louisiana State University-Center for Advanced Microstructures and Devices (fabrication
facility)
Loyola College-Japanese Technology Education Center (good MEMS explanations)
MIT Microsystems Technology Laboratories (very complete with research reports available)
New Jersey Institute of Technology-MicroElectroMechanical Systems at NJIT
Northeastern University-Microfabrication Laboratory at Northeastern University (research
presentation very complete, with pictures, modeling and text)
North Carolina State University-The Electronics Research Lab-ERL MEMS Interconnect Design
(1), (2), (3) (includes facilities, courses and research updates)
 Pensylvania State University

• The Electronic Materials and Processing Research Laboratory (includes fabrication
information and capabilities)

The Stanford Micro Structures & Sensors Laboratory (very nice project presentation)
Stanford Transducers Laboratory (presentation of projects)
 University of California at Berkeley

• Berkeley Sensor & Actuator Center
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• Berkeley Microelectromechanical Analysis and Design Laboratory
• The U.C. Berkeley Microfabrication Laboratory

University of California at Davis
• UC Davis Microfabrication Facility
• UC Davis Microphotonics Lab

University of California at Irvine-Microtechnology & Manufacturing Laboratory
University of California at Los Angeles-UCLA-MEMS
University of Cincinatti-The Center for Microelectronic Sensors and MEMS (CMSM)
University of Colorado at Boulder-Electronic Packaging Research
University of Hawai at Manoa-Microelectromechanical Systems (MEMS)
University of Illinois at Chicago-The Microfabrication Applications Laboratory (MAL)
University of Illinois at Urbana Champaign

• Advanced Processing and Circuits Group-Micro Electro Mechanical Systems Research
Sub-Group

• Micro Actuators, Sensors, Systems Group
• BioMEMS Research Laboratory
• Other MEMS research

University of Kentucky-Distributed Microsystems Laboratory
University of Maryland at College Park-Smart Materials and Sructures Research Center
University of Michigan at Ann Arbor

• Center for Integrated Sensors and Circuits   
• Solid State Electronics Laboratory
• Smart Materials and Structures Experimental Laboratory

University of Minesota-U of M MEMS-Program
University of Missouri Rolla-Piezoelectric Motor Research
University of Southern California

• MEMS Clearinghouse
• MOSIS

University of Texas at Austin
• Micro-Automation Laboratory
• Microelectronics Research Center
• MicroElectromagnetics Device Group (research topics detailed)

University of Wisconsin-UW-MEMS (nice pictures and projects)
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APPENDIX C: CAPACITIVE PRESSURE SENSOR (WRITTEN BY MR. BALU JOSEPH)

Introduction:

Capacitive pressure sensors are attractive for many applications because they offer relatively

high sensitivity, low power consumption, and small temperature coefficient [1].  The common

approach to microfabricating these devices is to read the capacitance between a flexible

conductive diaphragm and an electrode located directly beneath it.  The cavity between the

diaphragm and the electrode may be sealed under vacuum to provide absolute-pressure sensing

capability and to eliminate the deleterious effects of expansion or contraction of trapped gases.

But this gives rise to the problem of how to transfer the electrode lead from the sealed cavity to

the exterior, where it can be accessed by interface electronics [2].

Device structure and modeling:

The described pressure sensor locates the pick-off capacitance outside the sealed cavity, thereby

eliminating the problem of sealed lead transfer.  Figure 1 illustrates this.  A skirt extends outward

from the periphery of the vacuum-sealed cavity, acting as the electrode that deflects under

pressure. The stationary electrode is a thin-film metal layer patterned on the substrate below this

skirt. As the external pressure increases, the center of the diaphragm deflects downwards, and the

periphery of the skirt rises, reducing the pick-off capacitance. This deflection continues

monotonically as the external pressure increases. In Figure 1, T 1 is the thickness of the skirt or

flap; T 2 is the thickness of the sidewalls; T 3 is the thickness of the cap over the sealed cavity,

which may potentially be bossed; R1 is the radius of the sealed cavity; R2 is the radius of the

device; H is the height of the sealed cavity; G1 is the nominal gap between the skirt and the

electrode; G2 is the clearance between the electrode and sidewalls; D1 is the deflection at the

center of the diaphragm; D2 is the deflection at the sidewall support; and D3 is the deflection at

the skirt perimeter[2].
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 Although the device has a very simpler geometry, the response of the device to applied pressure

cannot be conveniently expressed by a closed-form analytical expression. This is because all the

three elements of the structure, the inner diaphragm, the outer skirt, and the sidewalls, flex in

response to an applied pressure. For example, the deflection at the outer edge of the skirt is only

about 15% of what would be present if the diaphragm was simply supported at the cylinder

sidewalls.  Consequently, nonlinear finite-element analysis (FEA) has been used to predict the

device response. The deflection was analyzed in ANSYS TM, using Solid72 element for the

structural material, and Contac52 for the gap. The FEA results for a device with T 1 = T 2 = T 3

= 5 µm, R1 = 500 µm, R2 = 1000 µm, H = 30 µm, and G1 = 5 µm are shown in Figure 2 [2].
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The pick-off capacitance as a function of the deflection skirt can be calculated analytically using

the formula

where φ is the angle made by the skirt to the substrate. The output capacitance can also be found

by FEA using electrostatic modeling. The results are plotted in Figure 3 [2].
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From the FEA, its also clear that the device response and sensitivity are very much dependent on

the device dimensions.  The device response as a function of the height of the sidewalls (H) and

the radius of the skirt (R2) are plotted in Figure 4 and Figure 5 [2].



101

Fabrication and measurement results:

Because of its simplicity, the dissolved wafer process is proposed for the fabrication of the

pressure sensor [3].  The three-mask process is illustrated in Figure 6.  A silicon wafer is first dry

etched to the desired height of the cavity.  It is then selectively diffused with boron to define the

radius of the pressure sensor.  The thickness of the structural layer is determined by the depth of

the boron diffusion.  The silicon wafer is then flipped over and anodically bonded to a glass

wafer.  The glass wafer was inlaid with a Ti/Pt metal pattern that serves as the interconnect and

provides the bond pads.  The undoped Si is finally dissolved in ethylene diamine pyrocatechol

(EDP), leaving the pressure sensor on the glass substrate [2]. The critical steps in the process are

the second lithography step and the anodic bonding, because of the high aspect ratio of the cavity

sidewalls involved.
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Because of the narrow anchors necessary to maintain the flexibility of the structure, making

electrical contact with the deflecting diaphragm becomes complicated.  If misalignment at the

bonding step causes the metal to traverse the width of the cavity wall, the hermeticity of the

cavity seal will be lost.  Two approaches are explored to overcome this.  In one, the lead transfer

is made at a protrusion that extends from the sidewall, in which case the relatively large footprint

allows increased alignment tolerance.  In the other approach, a complaint air bridge of p ++ Si

extends from the flexible diaphragm to a post which is anchored to the substrate some distance

away, where the lead is transferred in the traditional manner.  These approaches are illustrated in

Figure 7 [2].
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Another performance-related concern in the sensor design is the possibility of reduced sense

capacitance because of the large gap between the skirt and electrode. Figure 8 illustrates ways to

reduce the capacitor gap without changing the shape of the deformable structure, by thickening

the electrode by electroplating or recessing the glass substrate [2].
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Conclusions:

The capacitive pressure sensor provides a good alternative for measuring the tension in the yarn.

The yarn tensions involved in the weaving machine are of the order of 1.7N. The capacitive

pressure sensor described provides a new way of measuring yarn tension, while maintaining a

wide dynamic range and moderate sensitivity.  The performance can be easily tailored to various

application needs by adjusting the dimensional parameters.

Future Work:

One of the issues with the described capacitive pressure sensor is the non-standard fabrication

steps used, thereby resulting in increased fabrication complexity and costs.  One possible

alternative for this is to use a piezo-resistive pressure sensor that is consistent with standard

fabrication process.

Currently the design for the same is in progress.
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APPENDIX D: LABVIEW PROGRAM
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APPENDIX E: LABVIEW PROGRAM HIGHLIGHTS

Look and design of the front panel, filter box and messages when starting

All the text boxes of
the front panel

Filter panel
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Opening screen where the selection of sensors is mandatory.  A key focus function is inserted to
insure this first step.

Change
welcome
message Sub-vi
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Preliminary set up screen, before starting experiments

Filename

Graph display

Clear chart

Up date message



111

Testing, applying a filter to data, and saving data.

Number of files to keep before erasing

Average and std on 3rd and 4th row

Raw and filtered data saved
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Various settings and logic that protect the program

Sampling

All the logic to respect
before starting a test

Duration of the mask
for the filter, to avoid
UCL and LCL stop
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APPENDIX F: STATISTIC ANALYSIS OF WEFT DENSITIES ON WARP TENSION

Several models have been tried to identify any relationship between weft densities changes and

warp tension.  The weaving machine is supposed to self adjust the warp let-off mechanism which

controls warp tension according to a change of weft density (number of picks inserted per inch).

Therefore, if the machine adjusts correctly, we should fail at showing a difference, at 95%

confidence, in the different yarn tension averages.  Each average corresponds to a single sensor

average, for a given weft density.  Each mean was an average of 6000 data points.  Several

“fitting” models have been tried.

• Linear: model y = x

• Quadratic: model y = x x*x

• Logarithmic: model y = log (x)

• Exponential: model y = exp(x)

• Square root: Model y = sqrt (x)

with y = yarn tension average and x = weft density.

Table F.1 shows the data and Table F.2 presents the p-value found.  The cells highlighted show

p-value below 0.05.

Table F.1: Data
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Table F.2: Results

Conclusion:

It was found that in general the p-values were not significant at 95% confidence, failing to show

differences in the yarn tension average for each sensor.  Therefore, it is concluded that the

machine is self adjusting the warp tension of the beam.  The few p-values that were significant

were not enough to show a pattern or trend in the way the machine is adjusting tension.  They

can be considered as “coincidences” because their neighboring sensors were not sensitive to that

fitting pattern.  As a whole, replicate one and replicate two were not significant.
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SAS output examples:

Model y = x, for all experiments from replicate one.

Model y = log (x), all experiments from replicate one.
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APPENDIX G: PAIRED COMPARISON ANALYSIS FOR WEFT DENSITY EFFECT ON WARP
TENSION

Goal: To test the difference in the means for same weave, same weft density and same sensor

Weft density rep 1 rep 2 Difference
sensor 1 20 143.94428 142.94477 0.9995075
sensor 2 20 132.50449 129.50767 2.9968121
Sensor 3 20 145.98436 145.12002 0.8643349
Sensor 4 20 124.57035 124.21591 0.3544339
Sensor 6 20 136.41373 133.72714 2.6865888
Sensor 5 20 126.64393 125.87712 0.7668072

Avg. 1.4447474
std 1.1076623

t-test 3.1949214
t 0.05, 5 2.571
p-value 0.0241318 <0.05

Reject Ho, the means are different

Weft density rep 1 rep 2 Difference
sensor 1 25 144.5027 144.71641 -0.2137076
sensor 2 25 133.4409 130.98911 2.4517911
Sensor 3 25 145.60428 145.14984 0.4544401
Sensor 4 25 124.94822 124.77536 0.1728543
Sensor 6 25 136.59225 134.21279 2.3794529
Sensor 5 25 127.73788 127.56659 0.1712936

avg 0.9026874
std 1.1912527

t-test 1.856133
t 0.05, 5 2.571
p-value 0.1225785 <0.05

Reject Ho, the means are different
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Weft density rep 1 rep 2 Difference
sensor 1 30 142.54904 142.217 0.3320475
sensor 2 30 128.45965 128.58093 -0.1212839
Sensor 3 30 144.74128 144.80772 -0.0664317
Sensor 4 30 123.29696 123.63399 -0.337028
Sensor 6 30 133.89726 133.73603 0.1612317
Sensor 5 30 125.23926 126.8891 -1.6498375

avg -0.280217
std 0.7099009

t-test -0.9668795
t 0.05, 5 2.571
p-value 0.3780111 >0.05

Can not reject Ho, the means are not different

Weft density rep 1 rep 2 Difference
sensor 1 35 143.00253 141.80863 1.1939051
sensor 2 35 130.45393 127.50511 2.9488211
Sensor 3 35 143.72869 143.66612 0.0625718
Sensor 4 35 124.55562 123.5535 1.0021164
Sensor 6 35 135.99215 133.48863 2.5035169
Sensor 5 35 124.71511 125.03016 -0.315044

avg 1.2326479
std 1.2945603

t-test 2.3323427
t 0.05, 5 2.571
p-value 0.0670156 >0.05

Can not reject Ho, the means are not different

Weft density rep 1 rep 2 Difference
sensor 1 40 142.18971 140.6124 1.5773098
sensor 2 40 129.21541 127.94242 1.2729837
Sensor 3 40 144.73352 144.08198 0.6515373
Sensor 4 40 123.78661 123.92221 -0.1356025
Sensor 6 40 135.68963 133.3259 2.3637257
Sensor 5 40 125.38747 126.98318 -1.5957053

avg 0.6890414
std 1.4025754

t-test 1.2033577
t 0.05, 5 2.571
p-value 0.2827002 >0.05

Can not reject Ho, the means are not different
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Weft density rep 1 rep 2 Difference
sensor 1 45 141.66488 144.11647 -2.4515916
sensor 2 45 128.3089 129.77615 -1.4672476
Sensor 3 45 143.53663 144.48199 -0.9453556
Sensor 4 45 122.03591 122.74152 -0.7056158
Sensor 6 45 133.192 132.87332 0.3186827
Sensor 5 45 127.18246 125.62301 1.5594474

avg -0.6152801
std 1.4011941

t-test -1.0755984
t 0.05, 5 2.571
p-value 0.3312465 >0.05

Can not reject Ho, the means are not different

Weft density rep 1 rep 2 Difference
sensor 1 50 145.903 141.8169 4.0860958
sensor 2 50 131.06605 126.58262 4.4834213
Sensor 3 50 144.43701 143.7799 0.6571131
Sensor 4 50 123.44981 122.30586 1.1439492
Sensor 6 50 134.11193 132.76223 1.3497042
Sensor 5 50 127.30008 124.62124 2.678846

avg 2.3998549
std 1.6111957

t-test 3.6484829
t 0.05, 5 2.571
p-value 0.0147717 <0.05

Reject Ho, the means are different
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APPENDIX H: STATISTICAL ANALYSIS FOR YARN STRENGTH TEST

Sas Code
/* The factors are:
      1.     Drop wire effect- two levels:
                  nd - No drop wire
                   d - Drop wire present
      2.     Sensor effect - two levels
                  ns - no sensor
                   s - Sensor present
      3.    12 replicats having the same treatement  */
 proc format;
 data yarn;
 options nodate;
 input peak drop $ sensor $ trt;
 cards;
7.44      d      ns      1
7.18      d      ns      1
7.38      d      ns      1
7.57      d      ns      1
7.44      d      ns      1
7.49      d      ns      1
7.55      d      ns      1
7.49      d      ns      1
7.53      d      ns      1
7.62      d      ns      1
7.57      d      ns      1
7.68      d      ns      1

7.51      d      s      2
7.33      d      s      2
7.31      d      s      2
7.36      d      s      2
7.27      d      s      2
7.22      d      s      2
7.71      d      s      2
7.2      d      s      2
7.89      d      s      2
7.75      d      s      2
7.71      d      s      2
7.77      d      s      2

8.19      nd      ns      3
8.17      nd      ns      3
8.06      nd      ns      3
7.8      nd      ns      3
7.97      nd      ns      3
7.68      nd      ns      3
7.57      nd      ns      3
7.18      nd      ns      3
7.73      nd      ns      3
7.66      nd      ns      3
7.69      nd      ns      3
7.58      nd      ns      3

7.57      nd      s      4
7.49      nd      s      4
7.64      nd      s      4
   .      nd      s      4
7.18      nd      s      4
7.38      nd      s      4
7.16      nd      s      4
7.77      nd      s      4
8.11      nd      s      4
   .      nd      s      4
7.62      nd      s      4
   .      nd      s      4

;
 proc summary data=yarn;
    class drop sensor ; var peak;  id trt;
    output out=yarnsum uss=uss css=css mean=mean sum=sum;
 proc print noobs data=yarnsum;
 /*Use this to create table */

Proc means data=yarn; by drop sensor;
Output out=yarnmean mean=peakmean;
Proc plot data = yarnmean;
Plot peakmean * drop=sensor;

Proc glm data=yarn; class drop sensor;
     model peak = drop sensor drop*sensor;
run;



120

---------------------------------------------------- DROP=d SENSOR=ns -------------------------------------------------

                          Variable   N          Mean       Std Dev       Minimum       Maximum
                          --------------------------------------------------------------------
                          PEAK      12     7.4950000     0.1292988     7.1800000     7.6800000
                          TRT         12     1.0000000             0     1.0000000     1.0000000
                          --------------------------------------------------------------------

----------------------------------------------------- DROP=d SENSOR=s ---------------------------------------------------

                          Variable   N          Mean       Std Dev       Minimum       Maximum
                          --------------------------------------------------------------------
                          PEAK      12     7.5025000     0.2489295     7.2000000     7.8900000
                          TRT         12     2.0000000             0     2.0000000     2.0000000
                          --------------------------------------------------------------------

---------------------------------------------------- DROP=nd SENSOR=ns --------------------------------------------------

                          Variable   N          Mean       Std Dev       Minimum       Maximum
                          --------------------------------------------------------------------
                          PEAK      12     7.7733333     0.2882024     7.1800000     8.1900000
                          TRT         12     3.0000000             0     3.0000000     3.0000000
                          --------------------------------------------------------------------

---------------------------------------------------- DROP=nd SENSOR=s ---------------------------------------------------

                          Variable   N          Mean       Std Dev       Minimum       Maximum
                          --------------------------------------------------------------------
                          PEAK       9     7.5466667     0.2951271     7.1600000     8.1100000
                          TRT         12     4.0000000             0     4.0000000     4.0000000
                          --------------------------------------------------------------------
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                                             General Linear Models Procedure
                                                 Class Level Information

                                                Class       Levels    Values
                                                DROP          2         d      nd   (d: with drop wire – nd:   no drop wire)
                                                SENSOR      2        ns      s    (s: with sensor   -   ns: no sensor)

                                         Number of observations in data set = 48

          NOTE: Due to missing values, only 45 observations can be used in this analysis.

General Linear Models Procedure

   Dependent Variable: PEAK

   Source                   DF             Sum of Squares            Mean Square          F Value          Pr > F
   Model                      3                 0.61719944                0.20573315             3.41            0.0263
   Error                      41                 2.47599167                0.06039004
   Corrected Total     44                 3.09319111

                     R-Square                       C.V.                  Root MSE                          PEAK Mean
                     0.199535                   3.241338                0.24574385                         7.58155556

   Source                    DF                  Type I SS               Mean Square          F Value        Pr > F
   DROP                     1                 0.35263337                0.35263337             5.84            0.0202
   SENSOR                 1                 0.11271799                0.11271799             1.87            0.1793
   DROP*SENSOR    1                 0.15184808                0.15184808             2.51            0.1205

   Source                   DF                Type III SS               Mean Square          F Value        Pr > F
   DROP                     1                 0.28801731                0.28801731             4.77            0.0347
   SENSOR                 1                 0.13301731                0.13301731             2.20            0.1454
   DROP*SENSOR    1                 0.15184808                0.15184808             2.51            0.1205
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