
ABSTRACT 
 

 
KOBANER, CAN. Economic Analysis of using MEMS technology for monitoring 

warp tension and breaks in weaving. (Under the direction of Dr. George L. Hodge and 

Dr. Abdelfattah Seyam). 

 

Micro-electro-mechanical-systems (MEMS) comprise a range of technologies that enable 

the fabrication of micron-sized, solid state devices such as sensors and actuators. MEMS 

manufacturing technologies enable the development of many exciting micro-scale or 

micro miniaturized products.  

 
This paper presents a decision model for evaluating the potential cost/benefit of different 

applications of MEMS for textiles. The objective is to determine the feasibility of 

replacing current warp tension measurement methods with MEMS.  

 

In order to accomplish this goal, a literature survey was conducted to document the 

current economic models and cost justification issues as well as the fundamentals of 

MEMS. From this survey, decision methodologies were identified and a decision model 

was established. To establish this model, Microsoft Excel (version Excel 2000) 

spreadsheet was used as a tool. The results from this model have been used to analyze the 

feasibility of using MEMS technology in measuring warp tension for textile applications. 

Finally, conclusions and recommendations for future applications have been covered. 
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1. INTRODUCTION 

The processes required to manufacture a MEMS product differ depending upon the 

functional requirements. Moving a technology from the research lab into final product 

requires significant resources. The manufacturers of products need to be convinced that 

MEMS technology can make their products less expensive and more reliable as well as 

offer new features and capabilities. To make an objective decision for the appropriate 

technology requires determining the economic value of the new capability relative to the 

cost of technology. 

 

This research deals with a model for evaluating the potential cost effectiveness of 

different applications of MEMS to textiles. The objective is to determine the feasibility of 

replacing current warp tension measurement methods with MEMS.  

 

In order to accomplish this goal,  

• A literature survey was conducted to document the current economic models and cost 

justification issues, as well as the fundamentals of MEMS. 

• From this survey, decision methodologies were identified and a decision model was 

established. To establish this model, Microsoft Excel (version Excel 2000) 

spreadsheet was used as a tool. 

• The results from this model have been used to analyze the feasibility of using MEMS 

technology in measuring warp tension for textile applications. 

• Finally, conclusions and recommendations for future applications have been covered. 
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2. SIGNIFICANCE OF WARP TENSION  

Ever-increasing demands on quality, especially on technical and industrial textiles, and 

cost-optimized production, determine trends in weaving machine refinements and 

development. One of the crucial parts in weaving is the warp tension. Higher frequency 

of shed opening and beat-up, as well as the more energetic weaving motions, requires 

appropriate yarn strength. Because of the higher frequency of operation, the yarn has to 

be more closely controlled to preserve proper operation and high quality of the fabric.  

 

Differences in the warp tension not only affect the operating conditions of the loom, but 

also the fabric structure, since the amount of crimp depends on the warp tension. This in 

turn necessarily results in a different visual appearance of the fabric. 

 

2.1. Significance of Warp Tension Monitoring 

There are a lot of products that measure individual yarn tension. However the textile 

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

limited to research. Tension monitoring devices enable the online monitoring of the 

tension of warp and the display of tension data on a computer screen. Since tensions are 

displayed over the complete weaving cycle, conclusions can be drawn on any 

irregularities of the tensions. This puts the weaver in a position to identify reasons for 

weaving problems as well as take preventive measures. Such monitoring systems allow 

the weavers to reveal optimum machine setting that decide warp tension, which in turn 

determines the woven fabric quality. The settings can be saved in a database and also 
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used to optimize the settings of other looms that weave same style.  A high frequency 

monitoring system is able to detect even extremely short periods of peak tension 

associated with strong forces acting on the filament or spun yarn. By identifying the 

precise position of a peak within a given phase of the weaving cycle, a monitoring system 

enables the weaver to find the exact cause of a fault. All desired information is 

immediately displayed on a monitor and in this way makes it possible take appropriate 

measures to adjust the machine settings, reduce the yarn tension and consequently 

improve the machine efficiency. All data may be filed on a hard disc or, if required, 

printed on a printer graphic capability [1]. 

 

2.2. Overview of current tension measurement techniques 

“In the matter of tensionmeter selection, there are two areas for consideration: first, 

whether to use a mechanical or an electronic instrument, and, second, whether to use 

pulley or pin contacts for a particular tension measurement” [15]. However, mechanical 

tensionmeters are out of date and are not used widely in measuring warp tension. 

Mechanical units cannot provide written records or signals to computers to produce 

statistical data computations to better evaluate the performance of a thread line. 

 

 Pulley contacts do have their limits in yarn speed above which they would generate 

grossly false tension readings.  

 



 4

Electronic tensionmeters come in many shapes sizes and styles, and to complicate 

choosing a suitable unit, some are available with either pulley or pin contacts, and some 

even combine pulleys on the guide elements with a pin for the sensing element. 

 

Some existing tension meters are 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. Further details regarding 

the review of these tensionmeters and tension measurement techniques can be found in 

Gahide (2001) [8]. 
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3. COST ESTIMATING TOOLS  

Today, cost is on the mind of every business, which is expected to do more with less. The 

objective is to minimize cost, maximize profit, and maintain the competitive edge. This 

can only be done if a firm can accurately estimate the cost of its products. Estimating the 

cost of current products is no problem. The real challenge is in estimating the cost of 

future products.  

 

3.1. Basic concepts 

In a typical manufacturing environment, a firm has established a full production line to 

manufacture products. As technology progresses, the firm must constantly evaluate new 

technology, often in the form of machines or modification, to seek a more efficient and 

cost-effective way to manufacture products. The decision making process is complex 

because both economic and technological factors must be considered. Examples of 

economic factors include cost of capital, financing methods, products’ demands and their 

trends in the market. Technological factors are those concerning operation time and costs 

offered by the new technology. Usually, a weaving machine can be used to manufacture 

more than one product, making it more difficult to keep track of all the information 

necessary to make a decision. Altogether, there is too much information to take into 

account. 

 



 6

With the assumptions that both technological and economic factors can be estimated 

reasonably accurately, it is possible to identify which products, if any, will receive 

benefits from the new technology or modification. This type of information is useful for 

the company in making decisions with regards to acquiring the new technology. 

 

“When choosing a methodology, the analyst must always remember that cost estimating 

is a forecast of future costs based on a logical extrapolation of available historical data. 

The type of cost estimating method used will depend on adequacy of product definition, 

level of detail required, availability of data, and time constraints” [18].  

 

3.2. Overview of Engineering Economics 

“Engineering economics” treats the analysis of the economic effects of engineering 

decisions and is often identified with capital allocation problems [34]. Engineering 

economics provides a rigorous methodology for comparing investment or disinvestments 

alternatives. “To be economically acceptable (i.e., affordable), solutions to engineering 

problems must demonstrate a positive balance of long-term benefits over long-term costs, 

and they must also” [43]: 

• Promote the survival of an organization, 

• Embody creative and innovative technology and ideas, 

• Permit identification of their estimated outcomes, and 

• Translate profitability to the bottom line through a valid measure of merit. 
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Therefore, engineering economy is the dollars and cent side of the decisions that 

engineers make or recommend as they work to profitable in a highly competitive 

marketplace. 

 

3.3. Economic Justification Methods 
 

“Traditional methods that have been used to evaluate different projects include” [40]: 

• Return on investment (ROI) 

• Payback period 

• Net present value (NPV) 

• Internal rate of return (IRR) 

• Probalistic/Stochastic Methods 

 

a) Return on Investment (ROI)  

“Return on Investment is how much the investment returns to you on an annual basis. It 

is the most meaningful and popular measure of economic success” [40]. The term ROI is 

widely understood by accountants, financial analysts, bankers, managers and investors. 

ROI analysis is very helpful in determining the health of a project. ROI itself does not 

measure the safety of an investment, only its performance expressed as a percentage.  

 

Return on investment can be calculated by dividing net profit by the total investment 

required to generate profit [40].  

 



 8

For example, assuming that the total NPV saving of a project was $1,500,000 and the 

initial investment was $1,000,000. The ROI for the project would be 150% of the initial 

investment. The ROI formula is as follows: 

100×=
InvestmentInitial

SavingsofNPV
ROI  

 

 

b) Payback Period 

The payback period is the minimum length of time required to recover the initial 

investment without considering the time value of money [39]. Because of its simplicity 

this is one of the popular methods employed in industries.  

 

For example, assuming that the initial investment for a project was $1,000,000 and the 

average annual saving of that project was $250,000, then the payback period for the  

project would be 4 years or $1,000,000/$250,000. The payback period formula is as 

follows: 

yearssavingsAnnual
InvestmentInitial

iodPaybackper =  

 

 

c) Net Present Value (NPV) 

The NPV is the expected value of an unrealized gain from the investment, over and above 

a certain minimum return. Thus, a non-negative value of NPV will imply that the project 
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is desirable i.e., any project with NPV>0 is perceived as worth doing. If n is the number 

of cash flows, the formula for NPV is:  

∑
= +

=
n

i
irate

values
NPV

0 )1(  

The following sample shows how to calculate NPV for a given cashflow (Table 3-1). 

Table 3-1 Sample cash flow 

Year Cash Flow
0 -$10,000
1 -$30,000
2 $50,000
3 $50,000  

Given the cashflow sample above, calculation for NPV for a discount rate of 8% is: 

NPV= (-10,000/(1+0.08)0)+(-30000/(1+0.08)1)+(50,000/(1+0.08)2)+(50,000/(1+0.08)3) 

        = $41,462 

 

In this method, the cash generated each period of the project’s lifetime is discounted by a 

factor called the discount rate. Any standard book on Engineering Economy can be 

consulted for more details on determining the net present value.  

 

The advantages of the NPV technique are [39]: 

• Cash flow timing is taken into account. 

• It provides long-term focus. 

• It causes a firm’s management to think seriously about the cost of obtaining funds 

for any venture. 
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The disadvantages are: 

• The cash flows are expected to be reinvested in other projects that have the same 

rate of return. 

• Inability to capture non-economic and strategic benefits. 

 

d) Internal Rate of Return (IRR) 

The IRR is the interest rate at which the cash flow stream equals all the costs of the 

proposed investment. In other words it is that discount rate which makes the NPV of the 

cashflows for a given project zero. “If the IRR value for a given project is higher than a 

selected hurdle rate, the project is acceptable. This method of evaluating an investment is 

technically the same as the NPV method, and therefore, it has all the benefits and 

shortcomings of the NPV approach” [39]. 

 

The calculation of the internal rate of return (IRR) is similar to the NPV calculation with 

the exception that the equation is solved for the variable r, which is the rate of return. The 

IRR for the cash flows in the previous sample is 69% and is calculated as follows: 

 

0=(-10,000/(1+r)0)+(-30,000/(1+r)1)+(50,000/(1+r)2)+(50,000/(1+r)3) 
 
 
To calculate r, computational methods, such as the “IRR(values)” function in Excel can 

be used. “Values” is a reference to cells that contain numbers for which we want to 

calculate the IRR. By using this function the IRR for the previous sample is calculated as 

r=69%. 
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e) Probabilistic/Stochastic Methods 

Most economic decisions are based upon the estimates of the future that are subject to 

inaccuracy because of uncertainty or insufficient information about the future. Three 

popular methods discussed here are: optimistic/pessimistic analysis, sensitivity analysis 

and decision tree approach.  

 

a) Optimistic/Pessimistic Analysis 

This approach is suitable for situations where the analyst does not have any knowledge of 

the chances of occurrence of the states of nature. This approach is best known as 

decisions under uncertainty. “This is probably the most used approach in industries, 

where managers are interested in knowing the best and the worst outcome of a decision” 

[17]. A discussion on these approaches can be found in any standard decision science 

book. 

 

b) Sensitivity Analysis 

In the analysis of most engineering projects, it is helpful to determine how sensitive the 

situation is to several factors of concern so that proper consideration may be given to 

them in the decision process. “Sensitivity, in general, means the relative magnitude of 

change in the measure of merit (such as IRR or NPV) caused by one or more changes in 

estimated study factor values” [43]. 

 

Several techniques are usually included in the discussion of sensitivity analysis in 

engineering economy: 
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• Breakeven Analysis:  This technique is commonly used when selection among 

project alternatives or the economic acceptability of an engineering project is 

heavily dependent upon a single factor such as capacity utilization, which is 

uncertain. 

• Sensitivity graph: This approach is used when two or more project factors are of 

concern and an understanding of the sensitivity of the economic measure of merit 

to changes in the value of each factor is needed. 

• Combination of factors: When the combined effects of uncertainty in two or more 

project factors need to be examined, this analysis approach may be used. 

 

c) Decision Tree Analysis 

A decision tree can be used to depict acts, states of nature, and respective payoffs 

graphically. The decision tree can analyze the decision under risk since the probabilities 

of the states of nature must be clearly stated. However, the decision tree approach is more 

appropriate for situation where the analyst is making several similar decision over a 

period of time; the expected minatory value is a long run average of payoffs.  
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4. MicroElectroMechanicalSystems, MEMS 

4.1. What are MEMS? 

Micro-electro-mechanical-systems (MEMS) comprise a range of technologies that enable 

the fabrication of micron-sized, solid state devices such as sensors and actuators. “At 

their core is a suite of micro machining and processing technologies that are used to 

create ultra small mechanical parts such as cantilevers, diaphragms and gears as well as 

solid-state electronic circuitry. By coupling electronic and mechanical functionalities on 

one or two silicon chips, a variety of electro-mechanical devices can be developed” [3]. 

The word MEMS in particular is often associated with building these devices using the 

microfabrication technologies of the Integrated Circuit (IC) world [29], and thus 

achieving its benefits of integration, batch fabrication and (relatively) low cost.  MEMS 

technologies are the source of many discontinuous innovations already influencing the 

way we live.  Examples of commercially successful MEMS-based devices are disposable 

intravenous blood pressure sensors for monitoring heart performance after surgery; ink 

jet printing heads; infrared radiation sensors for thermal imaging applications; 

accelerating sensors for automobile airbag deployment. MEMS in cars measure unusual 

movement in turns and signal the steering and braking computer control systems to adjust 

to avoid dangerous skids.  And, these MEMS devices are as small as a thumbnail [4, 12, 

37, 41].  
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The integration of MEMS with traditional electronics on the same substrate has great 

potential in the market place. Many possible applications have been proposed which 

apply across many fields. While the market for MEMS is currently in the automotive and 

medical fields, the marketplace for MEMS is expanding as the technology crosses over 

into the communications, aerospace and electronics industries. Just as the number of 

transistors that can be integrated on a chip increases the functionality of each chip, as the 

number of MEMS devices that can be fabricated on a chip increases the functionality of 

the MEMS chip increases. The more advanced functions that may be achieved are 

Terabit/cm2 data storage, Digital Mirror Displays (DMDs) and distributed structural 

control (for example, active skins that can change the aerodynamic properties of an 

airplane wing). These complex functions require that the MEMS devices take on more 

sophisticated structures and control circuits [31, 38, 50].  

 

DARPA's research [6] into MEMS is aimed at improving weapon systems and field 

intelligence. Their investment objective is to push MEMS technology to a higher degree 

of performance and to create MEMS out of new materials for specialized environments. 

For example silicon carbide can withstand higher temperatures and more rugged 

environments than silicon, so it would be necessary to use as a material for MEMS 

sensors which are mounted inside engines to monitor pressures and flows.  

 

Defense applications for MEMS sensors and actuators are focused on three areas: inertial 

measurement, which will be used in weapons, arming and fusing systems, and navigation 

systems for vehicle and persons; distributed sensing and control, which will be used for 
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situational awareness, miniature analytical instruments, biomedical sensors, friend-or-foe 

identification and condition based maintenance; and information technology, which is 

necessary for unattended sensing, mass data storage and low power, high resolution 

displays [6].  

 

These technologies are creating a second micro manufacturing revolution.  The first was 

microelectronics that brought miniaturization to electronics as well as increased 

reliability. MEMS technologies enable the manufacture of products that (1) would 

otherwise be impossible to produce; (2) improve manufacturing efficiencies by as much 

as an order of magnitude; (3) improve critical performance aspects of currently produced 

products by as much as an order of magnitude; and/or (4) improve product quality and 

reliability by reducing component sizes and numbers.  

 

“Nevertheless, while many firms, large and small, have initiated commercialization 

activities based on or involving MEMS technologies, and while many governments and 

national labs also have major MEMS initiatives, commercializations of MEMS 

technologies have proven problematic. Impediments to MEMS commercialization 

include industry-wide nomenclature differences, manufacturing and marketing 

infrastructure differences, and inherent problems that face firms trying to gain 

competitive advantage in an environment characterized by disruptive technologies and 

discontinuous innovations” [28].  
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4.2. MEMS Market Analysis 

The emergent nature of MEMS technologies continues to challenge existing definitions 

as well as frustrate suppliers, manufacturers and MEMS users. Marketers and strategists 

can be overwhelmed when each day seemingly brings new applications that further push 

the limits of definitions with which they have become comfortable. But if one is to 

understand the competitive discourse of this emergent industry, awareness of existing 

differences in definitions is critical.  The point is illustrated by considering studies that 

have been made of the growing MEMS market since 1990.    

 

Firms involved in commercializing MEMS technology have been confronted with Year 

2000 market forecasts ranging from US$8 billion [9]to $14 billion [6]. Newer studies 

have created even wider variations.  

 

For example, a 1998 market analysis by an agency of the European Commission, the 

Network of Excellence in Multifunctional Microsystems (Nexus), predicts a market near 

US$40 billion by 2003 [48].  Considering that the annual market for MEMS products 

prior to 1995 was less than US$1 billion, all of these studies make two things clear: they 

predict a significant rate of growth in the MEMS area and they imply an explosion in the 

number of stakeholder groups.  Deriving full benefit from these studies requires that one 

understand the reference point of each. Variations in study definitions can produce wide 

differences in market estimates. Those who use market analyses must use them prudently 

and with insight.  
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The NEXUS report [51] projected a growth in the world Microsystems market from 1996 

estimate of $14 billion to $38 billion by the year 2002 (Figure 4-1). Current principal 

products and market volumes worldwide are listed in Table 4-1 and are graphically 

represented in Figure 4-2. Read/write heads for hard disk drives, inkjet printheads, and 

cardiac pacemakers are the three product categories having the largest current market 

volume. 

 

 

Figure 4-1 MEMS World Market [51] 
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Table 4-1 Current principal products and market volumes worldwide [51] 

1996 2002

Products
Units
(millions)

US$
(millions)

Units
(millions)

US$
(millions)

hard disk drive heads 530 4500 1500 12000
inkjet printheads 100 4400 500 10000
heart pacemakers 0.2 1000 0.6 3700
in vitro diagnostics 700 450 4000 2800
hearing aids 4 1150 7 2000
pressure sensors 115 600 309 1300
chemical sensors 100 300 400 800
infrared imagers 0.01 220 0.4 800
accelerometers 24 240 90 430
gyroscopes 6 150 30 360
magnetoresistive sensors 15 20 60 60
microspectrometers 0.0006 3 0.15 40
TOTALS 13,033 34,290  

 

 

 

Figure 4-2 Current principal products and market volumes worldwide [51] 
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Developmental products that have a high probability of being on the market by 2002 are 

listed in Table 4-2. The rapid progress of microsystems technology makes it likely that 

many totally new products will appear over the next five years. 

 
 
 

Table 4-2 World Market for Emerging MEMS -Products [51] 

1996 2002

Products
Units
(millions)

US$
(millions)

Units
(millions)

US$
(millions)

drug delivery systems 1 10 100 1000
optical switches 1 50 40 1000
lab on a chip (DNA) 0 0 100 1000
magneto optical heads 0.01 1 100 500
projection valves 0.1 10 1 300
coil on chips 20 10 600 100
micro relays 0 0.1 50 100
micromotors 0.1 5 2 80
inclinometers 1 10 20 70
injection nozzles 10 10 30 30
anti-collision sensors 0.01 0.5 2 20
electronic noses 0 0.1 0.05 5
TOTALS 107 4,205

 

Six industrial MEMS applications areas are shown in Figure 4-3. Automotive 

applications were the MEMS leaders in the early 1990s, but IT-peripherals and 

biomedical uses will take the lead over the next five years. While some studies forecast 

significant near term potential in telecommunications products, the present study does not 

foresee a real breakthrough in this area until 2002. 
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Figure 4-3 Worldwide MEMS-Application Fields 1996 and 2002 [51] 

 

 The dynamic growth of the MEMS market has and will continue to result from 

• fast progress in MEMS technologies and rapid progression from laboratory, 

• demonstrations to pilot lines to volume production,  

• development of new MEMS products, and  

• exploitation of new application areas. 
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Table 4-3 Shipments of weaving machines [2] 

1998 1997 1998 1997 1998 1997 1998 1997

Asia 6,450 15,343 5,096 5,499 7,744 16,617 4,511 6,666

North
America 1,068 939 3,100 3,083 120 545 - 20

South
America 433 585 548 395 92 144 - -

Western 
Europe 7,346 6,899 1,914 1,682 118 131 - -

Eastern 
Europe 510 515 188 228 292 319 - -

Africa 269 476 366 100 180 116 - -

Total 16,076 24,757 11,212 10,987 8,546 17,872 4,511 6,686

rapier/projectile air-jet water jet shuttle looms

 

 

Table 4-3 shows the number of weaving machines shipments for the years 1997 and 1998 

[2]. In 1998 USA was the world’s largest importer of weaving machines (3,200 

machines). If all these machines will be modified with MEMS, the market volume for 

MEMS for textiles in the USA would be approximately 6.4 million units (assuming that 

2,000 ends per machine will be monitored). 

 

Micromachined sensors often have a superior performance to their conventional 

counterparts in terms of robustness, reliability, accuracy, flexibility and sensitivity at 

reduced weight, dimensions and power consumption. Since the microfabrication process 

offers the possibility to manufacture in a batch process in which hundreds of sensors can 
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be fabricated on a wafer [36], the cost of these devices is expected to fall to similar levels 

to that of components produced by the microelectronic industry. 

 

The availability of such transducers will enable applications to become feasible which in 

the past were impossible or at least economically unjustified. Consequently, the 

economic potential of such sensors is considerable: according to Brignell, J. H. [5] the 

turnover of micromachined sensors alone in the USA was $750 million in 1989 and the 

predicted growth rate is between 10 % and 15 % a year. A more recent figure, Knutti, J. 

W. [14], quotes a U.S. market value of $252 million in 1996 and $870 million in the year 

2000 just for one type of micromachined sensor: the accelerometer. Reuber, C. [30] 

quotes a figure for the European Market where in 1998 an estimated twenty million 

micromachined accelerometers are required just for one particular application: airbag 

release in cars. 

 

In the near future rapid technical and economical development in the field of sensors and 

transducers is commonly expected, according to Bau, H. H. [4] “ ... sensor technology 

has developed tremendously in a relatively short period of time. But we have only 

scratched the surface.” 
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4.3. MEMS Process Technologies 

MEMS are fabricated using techniques that originated in the semiconductor industry for 

the manufacture of Integrated circuits (IC) [28].  Standard IC fabrication involves 

deposition and etching of materials (e.g., metals, dielectrics, insulators and 

semiconductors) and wafer surface polishing. Photolithographic techniques are used to 

define the pattern of circuit on the chip. Similar techniques are used in the fabrication of 

MEMS to make structural components and electrical circuits. However, unlike state-of-

the-art semiconductor processing technology, which is approaching 0.2 µm line widths, 

MEMS processing utilizes relatively large design rules (~2 µm) in order to create 

functional mechanical parts.  

 

“MEMS technologies generally fall into one of three categories: traditional bulk micro 

machining, sacrificial surface micro-machining and high aspect ratio micro machining 

(HARM)” [46]. The latter includes deep ultraviolet (DUV) lithography techniques and x-

ray-based methods such as LIGA (from the German Lithographie, Galvanoformung, 

Abformung, meaning lithography, electro-forming or plating, and molding).   

 

“Bulk micro machining, the oldest MEMS processing technique in use, involves 

removing material from silicon wafer using wet chemical etching agents that selectively 

effect the wafer along specific crystallographic orientations. Using photolithographic 

masks and dopants in silicon wafer to limit the extent of etching, one can sculpt 

mechanical structures such as cavities and ridges in material” [21]. Functional structures 

that are typically made using bulk micro machining are diaphragms for pressure sensors. 
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“Surface micro machining, which bears the most in common with CMOS 

(Complementary Metal Oxide Semiconductor) integrated circuit fabrication from a 

process stand point, utilizes a series of masking, material deposition and etching steps 

create free standing micro mechanical structures such as cantilevers, combs, springs and 

membranes” [21]. The original silicon wafer is used as a substrate only. These structures 

have limited mobility and can be used to form resonant or oscillating structures.  A 

classic example of a surface micro machined device is the silicon micro machined 

accelerometer designed and manufacture by Analog Devices. 

 

Bulk and surface micro machining are not suitable for forming deep or thick mechanical 

actuating structures. In LIGA thick polymer resist deposited on a metal substrate is 

patterned using x-ray lithography. Once the exposed resist is developed, the resulting 

polymer mold undergoes an electroplating process, whereby a complementary metallic 

structure is formed. Finally this metallic structure serves as template for a plastic 

injection molding process to form multiple, inexpensive copies of the final device. 

Examples of LIGA-made devices are miniaturized gears and micro motors.  

 

These three technology categories are based in large measure on sophisticated processing 

methods not unlike those used for producing silicon integrated circuit chips.  But there 

are many differences.  For example, unlike semiconductor technologies where nearly all 

systems are made in silicon, a significant and growing percentage of micro-systems 

utilize alternative substrates such as glass and plastics. Furthermore, unlike the 
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microelectronics revolution, which generated semiconductor-based products 

conceptualized primarily in the domain of electrical engineering, MEMS technologies 

leverage the skills of many other engineering disciplines, chemical, mechanical, physics, 

and electro-chemical are just a few of these. Further details regarding micromachining of 

MEMS structures can be found in Petersen (1982) [26], Mastrangelo et al (1994) [20] and 

Van Zant (1997) [44]. 

 

Firms utilizing MEMS technologies are in the process of creating manufacturing methods 

to make even more micro-technologies possible.  Many times, a firm's choice of MEMS 

manufacturing technology, product design, or product application is linked to its 

historical competencies. Established firms as well as entrepreneurial startups strive to 

capitalize on their own inherent competencies.  In the case of entrepreneurial firms, the 

choice may be guided by the background of the founders or by a truly novel 

manufacturing path.  

 

4.4. Advantages of MEMS 

“MEMS-based devices have three distinct advantages over their macroscopic analogs” 

[7, 49]. First is their small size. With dimensions on the order of microns, MEMS-based 

sensors and actuators can be used to create portable, point-of-care diagnostic instruments 

and ultra-small probes for minimally invasive medical procedures. Using endoscopic 

probes fitted with micromachined sensing and mechanical devices, for example, a 

surgeon can perform an operation by making only a small incision in the body [24].  
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Micromachined pressure sensors are employed as manifold absolute pressure sensors in 

automobile engines. Miniaturization not allows for reduced instrument size, however. It 

can also enhance the performance of the device by increasing its sensitivity, speed of 

operation, or throughout. In addition, it enables the production of arrays of sensors that 

can detect a wide range of phenomena simultaneously. Such “massively parallel 

processing” was heretofore restricted to the domain of computing. 

 

A second advantage is cost savings due to economies of scale in manufacturing. Since 

MEMS are fabricated from silicon wafers using batch processing techniques (e.g., 

photolithography, deposition, and etching), multiple devices are manufactured 

simultaneously, thereby reducing fixed manufacturing costs per unit. 

 

Third, is microelectronics. In MEMS devices, micromechanical components can be 

integrated with signal processing and logic circuitry. This integration is potentially 

powerful source of on-board “intelligence.” Integration can enhance system reliability 

and performance by enabling self-testing and calibration as well as seamless coupling of 

sensors and actuators. In the case of micromachined automobile acceleration sensors for 

airbag deployment, embedded logic allows the sensor to discriminate between a routine 

jolt to a car and an actual collision. In another example, combining a MEMS-based 

glucose sensor with a miniaturized fluid delivery pump should make it possible to devise 

an intelligent implantable device for diabetics that both monitors glucose levels and 

dispenses an appropriate amount of insulin in real-time [32]. 
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4.5. Prerequisites for application 
 
There are four strikingly important topics for a commercial success of Microsystems 

[16]:  

1. Availability of production 

2. Performance 

3. Reliability 

4. Cost 

 

1) Availability of production 

Recent scientific papers and conference proceedings disclose several hundred prototypes 

of sensors, actuators and other Microsystems. Only a very small number of these are 

commercially available, most of them have been processed within experimental lines of 

universities, research institutes and industry. In case somebody wants to buy one of these 

devices in a medium number of pieces, lets say 100,000 sensors, it turns out that the line 

where the prototype has been fabricated is not equipped to be able to make this number of 

devices. As an alternative, a commercial silicon foundry is searched for who would do 

the fabrication. Normally an interested company is found, but their cleanroom equipment 

is different from the one used for the prototype. Furthermore, it often turns out that the 

technological process used is good for the realization of a few demonstrators, but not for 

the production of large numbers. Therefore the process would have to be adapted which 

actually causes almost as much cost and effort as a new start from the scratch. At this 

point several product ideas, which looked very promising at first, had to be given up. 
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An important aspect of the problem is a hole in possible supply lines for medium 

numbers. When a prototype is developed, the developer may be able to process only one 

batch of wafers or two per year, i.e., several thousands of devices. If more than 250,000 

are required, a silicon foundry with a powerful cleanroom may be willing to make the 

product development and production. But who could make 20,000 or 50,000 devices? For 

a commercial cleanroom the number is too small, for an experimental line it is too large.  

 

On the other hand, the customer wants to start with medium numbers before ordering 

hundreds of thousands. There is a void between R&D activities and production. In order 

to improve the situation, a well-coordinated cooperation between research institutes and 

commercial MEMS manufacturers is desirable [34, 35].  

 

This problem does not occur in microelectronics. There are standardized processes in the 

form of ASIC’s (Application Specific Integrated Circuits) available on the market. If a 

company wants a small number of specialized IC’s, they have to make a layout or have it 

made by a specialist, then the IC is fabricated using the standard ASIC process. Since 

several designs are on one mask set, also small numbers of individual chips can be 

fabricated.  

 

An important MEMS industry has been growing during the last 20 years and worldwide 

there is a number of factories running and several companies which are doing well on the 

market. Some of these run dedicated silicon production lines only for Microsystems 

purposes, others have a running electronics fabrication which is partly used for 
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Microsystems. Production of Microsystems in running electronic production has some 

positive features but drawbacks, too. 

 

2) Performance 

There is no obvious reason why MEMS should show a better performance than other 

technologies, but there are certain circumstances which are very favorable. Under the 

following circumstances it makes sense to think of MEMS as a production technology. 

 

1. The production numbers are very high. As a batch processing technology, MEMS 

become more interesting if the numbers of devices are very large since the cost per 

device will become very low. Cost reduction continuous until a large number of 

batches are run per year which means millions of devices. Unfortunately, most 

customers do not need that many sensors and the numbers for actuators and 

microstructures are even smaller. Therefore, up to now, the real advantage of price 

reduction is gained only for very few products like MAP pressure sensors, airbag 

accelerometers or inkjet heads. 

 

2. Functions are not available except by microsystem technology. This is a very 

favorable situation since there is only competition within one technology, a situation 

similar to CMOS technology. At the moment, there are only a few examples for this 

situation. This is not inherent to the technology, but it is a question of time. Totally 

new features take quite long before they are found and developed. For microfluidic 

systems it can be expected that this situation will happen. This is the reason why 
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micro-valves, pumps and fluidic systems may become of extraordinary economical 

interest on the long run. 

 

3. The devices have to be small in order to be functionable. A situation which occurs, 

e.g., in watches, cameras and parts of medicine technology.  

 

4. The performance of the product cannot be achieved without monolithic integration of 

electronics. This is the case for large arrays of sensors or actuators. Without 

electronic integration, thousands or millions of bondwires would be necessary and 

this cannot be put into practice. 

 

3) Reliability 

At the moment the requirements on reliability of technical systems are generally rising. 

This refers particularly to all devices that are security-sensitive which refers to large 

sections of the automotive technology. The society does not tolerate products which are 

mediocre in respect to security and therefore, this trend has led to a number of laws 

concerning product liability. This legal situation in return, makes high demands on the 

components. The goal of today’s quality assessment is zero failure, quite often suppliers 

have to guarantee failure rates of few parts per million (ppm). Several authors claim that 

microsystems technology has the potential of high reliability. Indeed there are strong 

arguments in this respect. 

1. Microelectronics in silicon and in hybrid systems is considered to be a very 

reliable technology. 
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2.  Microsystems are not manufactured at the performance limit of technology. 

3. Silicon is a good material for mechanically bent parts. It is a monocrystal and 

does not show creep or exhaustion. 

 

These are strong arguments indeed, but practically there are problems with reliability of  

Microsystems 

1. There is a lack of experience because this technology is still young. An airbag 

sensor has to work absolutely reliable still after ten years, but the technology used 

to manufacture it has only been developed five years ago. Under these 

circumstances, it is difficult to convince customers. 

2. There are only a few investigations on the long-term behavior of MEMS devices. 

In the scientific papers and on Microsystems meetings there is little information 

about stability. Long term tests combined with a solid statistical interpretation 

hardly exist. 

 

As it looks now, on the long run reliability might become an advantage of microsystems. 

But until then a lot of experience has to be gained yet. 

 

4) Cost 

From the commercial point of view one of the most interesting points in microsystem 

technology is the batch production process with the possibility to make a large number of 

devices at low cost. Unfortunately, what makes MEMS possible, also makes it expensive, 

at least for now [22]. The technology behind semiconductors and MEMS is capital 
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intensive. It costs millions of dollars to set up and maintain a modern laboratory, 

complete with the clean rooms and hardware needed to build MEMS devices. Few 

companies have the resources to do it.  Therefore the well-known disadvantage of this 

technology is the fact that production lines are expensive and development costs are high. 

 

A fully equipped CMOS line which is necessary for manufacturing monolithically 

integrated sensors costs about US$30 Millions (cleanroom and equipment). The neces-

sary turnover to return an investment of this size can hardly be performed with 

Microsystems alone. Micromechanical parts, i.e., Microsystems without integrated 

electronics can be made in a smaller unit. Presuming that ion (a group of atoms that has 

acquired a net electric charge by gaining or losing one or more electrons) implantation is 

made externally, the investment is roughly around US$4 Millions. To perform hybrid 

integration, an assembly and thick film line is requested which has very reduced 

cleanroom demands and can be installed for about US$1 Millions. As a consequence, 

monolithically integrated systems are produced by large silicon factories which have 

running electronics lines. Micromechanical fabrication can be performed by smaller 

companies and institutions. 

 

A very fascinating approach for small and medium-size companies which have 

experience in the field of electronics and sensor systems is the hybrid integration based 

on externally fabricated micromachined parts. An example for this is the assembly of 

pressure measurement systems using silicon pressure sensor dies which can be bought 

from large. There is a wide market for this kind of work: diversification on system level 
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is much larger than on silicon chip level and, furthermore, the increment value is mainly 

in the system and not with the chip. At the moment, this kind of business is much more 

present in the United States rather than in Europe or Japan. Among the MEMS 

companies in USA there are many small and medium-size companies which do not run 

their own silicon line. In Europe and Japan Microsystems production is more an activity 

of big companies. 

 

If a production line is available, what will be the cost for the fabrication of a die? Of 

course, every process has a different complexity, another number of masks and layers. 

Microelectronic processes became very well priced during the last few years. The cost for 

CMOS processed silicon on the world market is 2.5 to 8 cent per mm2. This corresponds 

to a price of US$750 to US$2100 for a processed 8 in. wafer. There is not really an 

established world-market for micromachined wafers at the moment, therefore prices are 

hard to investigate and they vary a lot. In principle, micromachined wafers should be less 

expensive than CMOS-wafers since they have less process steps. It can be assumed that 

this will be the case on the day when they are sold in large numbers using well defined 

process sequences. At the momentary situation the only possibility to estimate prices is to 

calculate processes and to compare tenders for chip production. A typical sensor process 

(e.g., a piezoresistive pressure sensor including anodic bonding and dicing without 

housing) is offered for 35 cent per mm2 for a batch of more than 50,000 chips. Surface 

micro-machined silicon is offered for US$1.80 per mm2 in small batches (10,000 Chips). 

For large batches (500,000 chips) the price drops to 30 cent per mm2. 
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Whenever discussing die prices we have to bear in mind the ‘leverage effect’. The money 

is in the system, not in the die. A hard competition about silicon prices as we observe it 

for CMOS technology may be very disadvantageous from the point of view of political 

economy. By losing the die production, a large part of the system business with its 

important profit may easily be lost as well. 

 

If we ask whether a micromachining product can be conveniently sold or bought, we 

always have to look at the quantity and the price simultaneously. In industrial economics 

it is common to plot the cost of a product vs. the number of sold items. Petersen (1996) 

[27]  has drawn this figure for MEMS (Figure 4-4). Production is convenient if a price 

above the critical curve can be obtained. The figure shows several examples of existing 

products, too (dots). 

 

There are three domains in the plot: 

1. Mass products with a quantity of more than one million per year: Although prices are 

low, the production is convenient due to the large number. This is the section of MAP 

pressure sensors, airbag accelerometer and several other consumer products.  
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Figure 4-4 Price per unit vs. production quantity for MEMS products [27] 

 

 

2. Medium volumes of 10,000 to 1 Million chips per year: Here, the chip production is a 

high economical risk since the development, overhead, sales and distribution costs are 

divided by a number which is too small. For the chip producer it may be much more 

efficient to build the system and to gain the value from system production as well 

[27]. 

3. Small numbers below 10,000 dies per year: In this case the production is a big 

economical problem even if the customers are willing to pay high prices. The curve is 

rising very steeply for a small quantity, approaching figures of several hundred 

dollars per chip below 10,000 pieces a year. There must be a strong reason to use a 

microsystem solution in these cases. The example products enhance this statement: 

For the small number products (< 10,000 pieces per year) very high prices (US$10 to 

US$100) are achieved. All the same, these examples fall below the threshold line. 
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4.6. MEMS Commercialization 

What are the characteristics of devices that create value and fall into the classification of 

commercial success? “One characteristic is that the device must provide a compelling 

reason for adoption” [25]. Unless the application is totally new, there is an existing 

solution to the problem any new device attempts to address. The producers of the 

established solution have the advantage of an established infrastructure. The device or 

system is fully characterized in the end application. Reliability has been proven. The 

supply chain is in place. All the unspecified characteristics have been shown to be under 

sufficient control to keep the customer’s production line moving smoothly. The end 

customers, suppliers of expensive systems, must see sufficient advantage over the 

existing solution to accept the risk of change. 

 

“The absence of a single MEMS manufacturing paradigm underscores the uncertainty 

that firms must face when searching for competitive advantage in the MEMS arena. 

Nevertheless, there is a trait shared in common by all MEMS technologies and 

microelectronics.  It is their ability, both already realized and potential, to profoundly 

impact the lives of all human beings. As microelectronics has done in the last half of the 

twentieth century, so MEMS technologies show potential for doing in the new 

millennium in terms of benefiting future society” [25]. 
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4.6.1. Cost Model 

This section provides an understanding of the manufacturing costs of a MEMS device 

and shows the importance of packaging and test in the final cost [29]. However these 

costs are not taken into account in the model described in chapter 5. A final number in 

monetary terms has been assigned for the required computations in the next chapter. 

 

The cost of packaging, trim, and test for MEMS can represent from 50% to 90% of the 

cost of a MEMS product; therefore, a significant amount of effort required when 

developing a product is on the “back-end” of the product as opposed to the “front-end,” 

where much of the research to date has been focused. To illustrate this point, the 

following simple cost model has been developed by Choudhury [29]. 

 

First, it is assumed that a product mix of three products is being developed (Table 4-4) 

Products 1 and 3 are assumed to be in development and will not be produced for another 

2 years. Product 1 is assumed to be a CMOS integrated MEMS device (i.e., single chip in 

a package). Product 3 is assumed to be a 2-chip MEMS device (i.e., sensor and circuit on 

separate dies within a single package). Product 2 is already in production and is ramping 

up to high volume production, and it is assumed to be a nonintegrated MEMS device 

(also single chip in a package).Table 4-5 shows an estimated die cost for the three 

products. Package and test cost is estimated by calculating the labor cost, materials cost, 

and equipment depreciation. Table 4-6 shows the package/test cost (“cost less chip”—

CLC), and Table 4-7 shows the profit and loss for each product. 
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Die sizes/wafer cost are being reduced by integration of the MEMS and the control 

circuitry. Recently, research has opened up several new ways of integration, including 

MEMS first, mixed processing, MEMS last, and “disintegration” (i.e., low temperature 

wafer bonding of a MEMS device to a circuit die after fabrication is used for integration). 

 

Table 4-4 Assumed product mix [29] 

Years 200a 200b 200c 200d 200e

Product 1
Volume(M/yr) 0 0 1 2 4
Volume (K/wk) 0 0 20 40 80

Product 2
Volume(M/yr) 0.5 1 2 2 2
Volume (K/wk) 10 20 40 40 40

Product 3
Volume(M/yr) 0 0 1 2 4
Volume (K/wk) 0 0 20 40 80  
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Table 4-5 Estimated die cost [29] 

Years 200a 200b 200c 200d 200e

Product 1 CMOS Integrated MEMS
Die size (mils) 140 140 140 140 140
PDPW 2051 2051 2051 2051 2051
Yield 80% 85% 88% 90% 92%
DPW 1640 1743 1794 1845 1876
Wafer cost ($/wafer) $2,000 $1,700 $1,500 $1,400 $1,250
Wafer cost ($/sq in) $39.79 $33.83 $29.85 $27.86 $24.87
Die cost ($/die) $1.22 $0.98 $0.84 $0.76 $0.67

Product 2 Nonintegrated MEMS
Die size (mils) 125 125 125 105 105
PDPW 2573 2573 2573 3647 3647
Yield 80% 85% 88% 90% 92%
DPW 2058 2187 2251 3282 3337
Wafer cost ($/wafer) $1,500 $1,300 $1,150 $1,050 $1,000
Wafer cost ($/sq in) $29.85 $25.87 $22.88 $20.89 $19.90
Die cost ($/die) $0.73 $0.60 $0.52 $0.32 $0.30

Product 3 CMOS MEMS 2-Chip Product
Control IC
Die size (mils) 125 125 125 125 125
PDPW 2573 2573 2573 2573 2573
Yield 80% 85% 88% 90% 92%
DPW 2058 2187 2251 2315 2354
Wafer cost ($/wafer) $1,340 $1,139 $1,005 $938 $838
Wafer cost ($/sq in) $26.66 $22.66 $20.00 $18.67 $16.67
Die cost ($/die) $0.66 $0.53 $0.45 $0.41 $0.36

MEMS Chip
Die size (mils) 75 75 75 75 75
PDPW 7148 7148 7148 7148 7148
Yield 80% 85% 88% 90% 92%
DPW 5718 6075 6254 6433 6540
Wafer cost ($/wafer) $1,500 $1,300 $1,150 $1,050 $1,000
Wafer cost ($/sq in) $29.85 $25.87 $22.88 $20.89 $19.90
Die cost ($/die) $0.27 $0.22 $0.19 $0.17 $0. 16
Total silicon cost ($/unit) $0.93 $0.75 $0.64 $0.58 $0.52
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Table 4-6 Estimated cost less chip [29] 

Years 200a 200b 200c 200d 200e

Product 1 CMOS Integrated MEMS

Direct labor $ — $ — $0.00 $0.00 $0.00

Materials & supplies $0.71 $0.71 $0.71 $0.71 $0.71

Depreciation $0.08 $0.04 $0.00 $0.00 $0.00

Unyielded CLC $0.79 $0.76 $0.71 $0.71 $0.71

Yield 75% 80% 83% 84% 84%

Yielded CLC $1.05 $0.95 $0.86 $0.85 $0.85

Product 2 Nonintegrated MEMS

Direct labor $1.00 $0.50 $0.09 $0.06 $0.03

Materials & supplies $0.71 $0.71 $0.71 $0.71 $0.71

Depreciation $0.08 $0.04 $0.00 $0.00 $0.00

Unyielded CLC $1.79 $1.72 $0.81 $0.77 $0.74

Yield 75% 80% 83% 84% 84%

Yielded CLC $2.39 $1.57 $0.98 $0.92 $0.88

Product 3 CMOS MEMS 2-Chip Product

Direct labor $ — $ — $0.06 $0.08 $0.09

Materials & supplies $0.79 $0.79 $0.79 $0.79 $0.79

Depreciation $0.08 $0.04 $0.00 $0.00 $0.00

Unyielded CLC $0.87 $0.84 $0.85 $0.87 $0.88

Yield 75% 80% 83% 84% 84%

Yielded CLC $1.16 $1.05 $1.03 $1.04 $1.05

Assumptions: 1 Assembly & test line for all three products

 

 

Also, standards are not yet in place for packages, test and trim equipment, and reliability 

for MEMS. Custom packaging and test will continue to keep depreciation costs high, 

which will limit the profitability of MEMS devices. In addition, equipment vendors are 

not likely to be able to afford development of high yield, high throughput, low-cost 

equipment until standard equipment for MEMS becomes more common. 
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Table 4-7 Estimated profit and loss statement for each product [29] 

Product 1
ASP $7.00 $5.50 $4.75 $4.00 $3.50
 Die Cost $1.22 $0.98 $0.84 $0.76 $0.67
 CLC $1.05 $0.95 $0.86 $0.85 $0.85
 Overhead $0.34 $0.29 $0.26 $0.24 $0.23
 Total Cost $2.61 $2.22 $1.96 $1.85 $1.75
 Profit Margin 63% 60% 59% 54% 50%

Product 2
  ASP $4.00 $3.50 $3.00 $2.75 $2.45

  Die Cost $0.73 $0.60 $0.52 $0.32 $0.30
  CLC $2.39 $1.57 $0.98 $0.92 $0.88
  Overhead $0.47 $0.33 $0.22 $0.19 $0.18
  Total Cost $3.58 $2.50 $1.72 $1.42 $1.36
  Profit Margin 10% 29% 43% 48% 44%

Product 3
  ASP $7.00 $5.50 $4.75 $4.00 $3.50
  Die Cost $0.93 $0.75 $0.64 $0.58 $0.52
  CLC $1.16 $1.05 $1.03 $1.04 $1.05
  Overhead $0.31 $0.27 $0.25 $0.24 $0.24
  Total Cost $2.40 $2.07 $1.92 $1.86 $1.80
  Profit Margin 66% 62% 60% 53% 48%

Assumptions: Overhead 15% of Cost.

 

 

A few conclusions can be drawn from this example for cost of a MEMS product. First, 

CLC can represent a significant amount of the product cost. The values assumed for die 

size, yields, direct labor salaries, throughput, utilization, materials cost, and equipment 

cost may not be exact, but they are realistic for MEMS products. Simply by using these 

values as a basis for the cost model, one can see that the package/test cost represents from 

40 to 65% of the total cost for each product. Furthermore, trim and test is often 50% of 

that CLC value. 
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5. ECONOMIC MODEL 

5.1. Introduction 

The model discussed below is based on financial measures to determine the expected 

profitability of using MEMS for monitoring warp tension.  To establish this model, 

Microsoft Excel (version Excel 2000) spreadsheet was used as a tool. 

 

Several inputs from the user are required, such as cost factors and expected improvement 

rates.  The outputs include financial values that show the expected profitability levels and 

graphs that show the sensitivity of the profitability based on certain variables.  The model 

is deterministic in that no probabilities or variations are taken into account, except for an 

indicator that is used to calculate pessimistic and optimistic scenarios.   

 

Several figures have been included in this paper to help illustrate the major elements of 

the model. The output cells and charts in the model have been protected to prevent 

changes in these cells. 
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5.2. Structure of the Decision Model  

 

Annual 
Benefit

Investment
Cost

Efficiency

Quality

Other 
benefit

Cost per
sensor

Hardware cost
each machine

 

Figure 5-1 Structure of the Decision Model 

 
 
 
 The model (Figure 5-1) is based on a straightforward benefit minus cost analysis.  The 

factors that go into the benefits include efficiency, quality and willingness to pay more 

for documentation factor. Each of the factors is made up of several financial measures 

particular to textiles, discussed in the next section. The costs are also broken down to two 

categories, composed of several measures each. 
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The model was organized into 9 worksheets as illustrated in Figure 5-2 to be as user 

friendly as possible and prevent possible unintentional data input into a cell containing a 

formula. Some of the worksheets have a column in the upper right hand portion that 

contains command buttons to assist the user in navigating from worksheet to worksheet. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5-2 MEMS Economic Analysis Model 
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Cost per sensor  Cash flows   NPV 

 

       
IRR    Quality effect   Profit per yard2 
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5.3. Application of the model to MEMS in Textiles 

5.3.1. Selected attributes for expected efficiency increase  

• Because of reduced end breaks: Efficiency analyses in weaving sheds reveal that 

most significant factors are warp and weft stops. Since mending of warp breaks 

takes usually more time than weft stops resulting more down time than weft stops. 

Hence, the causes, remedies of end breaks must be systematically analyzed and 

solved. It has been shown that the number of end breaks was directly related to 

warp tension [47]. 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. By controlling 

tension, end breaks due to high tension could be reduced. Result is increased 

efficiency, because the machine is going to have less down time. 

 

• Because of SPC: Statistical process control (SPC) is often the first step in a 

comprehensive quality improvement program. Using SPC methods you can:  

Identify critical problem areas  

Reduce variation and monitor for unusual variation,  

Determine the capability of your process,  

Understand and optimize your process, and  

Determine the reliability of your product.  
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Due to monitoring tension (warp tension history), statistical process control (SPC) 

could be implemented. SPC can be used here to control the system and fix 

problems. Thus an increase in efficiency is expected. Since tensions are displayed 

over the complete weaving cycle, conclusions can be drawn on any irregularities 

of the tensions. This puts the weaver in a position to spot reasons for weaving 

problems as well as take preventive actions. 

 

5.3.2. Selected attributes for quality 

Expected quality improvement (%): 

• Due to reduced stoppages and SPC: There is an optimum warp tension where end 

breaks are minimized [8]. Assuming that a control system adjusts yarn tension to 

the optimum and SPC is implemented as discussed above, a decrease of end 

breaks is expected while controlling warp tension. Hence an improvement in 

fabric quality can be achieved because of the reduction in stopping marks, which 

occur during loom stops.  

• Due to constant yarn tension: because of the yarn tension control system, which 

adjusts yarn tension to an optimum point, a lower standard deviation in tension 

could be obtained. Measuring warp tension will improve dyeing and finishing 

quality. Tight and slack yarns show when the fabric is dyed. Certain shades are 

more sensitive than others. Using a fabric with a lower standard deviation will 

give better results for these shades. However equipment cost for a tension 

adjustment system is not included in the model. To include this attribute in the 

calculation, automation costs must be added to the equipment cost in the model. 
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5.3.3. Other textiles related variables 

Expected revenue increase due to “warp tension history”: 

• A fabric with a “warp tension history” gives tremendous information on its 

quality. This tension history, which is actually a data collection of the tension 

during the production cycle, may be used for choosing fabrics with critical 

porosity properties. A low standard deviation of warp tension across width and 

along warp during weaving would provide consistent porosity along and across 

the produced fabric. Therefore, customers may be willing to pay a certain % more 

for high-tech fabric applications: fabrics with critical porosity, fabrics that must 

be close to perfection (for biomedical applications), or fabrics made from 

sensitive yarns of fibers such as microfibers. 

 

Expected Labor Cost decrease: 

• This variable can be used only for the “repairing end breaks” scenario. However 

automation cost is not included in this model. Therefore, the input value is zero 

and has no effect on the calculations. To include this attribute in the calculation, 

automation costs must be added be added to the equipment cost in the model. 

Since the equipment cost cell is an input, automation cost can be easily added 

without changing anything in the model. 

• It is assumed that the loom is repairing automatically broken ends. Thus a labor 

cost decrease is expected.  
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5.4. Analysis using the model 

5.4.1. Input variables   

The following paragraphs describe how the input values (Figure 5-3) for the economic 

model were determined and some formulas used to perform the economic calculations. 

Blue cells require input. The green cells are calculated. 

 

 

Figure 5-3 Screenshot of Input worksheet 

 
 

• Application (regular fabrics, biomedical, airbags..): Depending on the application, 

the cost and the importance of MEMS increases or decreases. Applications where 

the cost of the material is very high and a small quality improvement can result in 
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great profit increases are the situations where MEMS applications will be most 

beneficial.  By choosing an application from the box, the cost and price per yard2 

changes. Table 5-1 shows the automatic inputs for different applications. These 

inputs are based on an average of data that have been provided by several 

companies. These data are roughly estimates and can change enormously.  

 

 

Table 5-1 Estimated application cost and price 

Application Air Bag Parachute Bio Medical Denim Other
Fabric cost (per yard2) $6 $5 $5 $2 user defined

Price (per yard2) $10 $10 $9 $4 user defined  

 

• Number of Ends to be monitored each machine:  It is assumed that for each end 

that will be monitored, one MEMS sensor is needed. Therefore, the number of 

ends is directly related to number of MEMS sensors needed. 

• Number of machines: Number of machines multiplied by number of 

ends/machine gives us the number of sensors needed to replace in a facility. 

• Optimistic indicator (%):  The indicator is used to adjust the most likely case 

values to determine the values for optimistic cases.   

• Pessimistic indicator (%): The indicator is used to adjust the most likely case 

values to determine the values for the pessimistic cases.   For details on the three 

scenarios, refer to section 5.4.2. below. 
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• Yarn type and yarn count: Importance of quality and costs and possibility of 

production.   These values are not used in the computations.  They are recorded to 

complete the case information. 

• Interest Rate: The analysis calculates several financial indicators.  These include 

net present value (NPV), internal rate of return (IRR) and the payback period.  

These indicators were explained in chapter 3.  The computations require an 

interest rate to represent the time value of money. This value must be given by the 

user. 

• Production (yard2/month):  Production refers to the amount of yards2 produced 

every month using the weaving machines.  This value is used to calculate cash 

flows. 

• Labor Cost ($/hour): Used to calculate the benefit of expected labor hour decrease 

due to repairing warp breaks automatically. If this attribute is included in the 

calculation, automation costs has to be added to the equipment cost in the model. 

 

The following values are all used to calculate cashflow charts and NPV’s.  

• Fabric cost ($/yard2)   

• Finished goods (selling) price ($/yard2) 

• Price of second quality ($/yard2):  Generally a company has assigned its own 

quality standards. “Second quality” refers to a fabric’s quality, which is under 

these standards. The selling price for second quality is usually much less than the 

price for first quality.   
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5.4.2. Scenarios   

Although this financial model is deterministic and assumes that the values required 

are known exactly, the difficulty of knowing what the numbers are has to be 

acknowledged.  In order to provide additional information, the analysis calculates 

three different scenarios.  In addition to the expected, or most-likely values, a set of 

results are calculated for the situation where values are worse than expected, and 

another set is calculated for favorable conditions. 

 

The values given by the user are assumed to be the most likely values under the given 

conditions.  The optimistic/pessimistic modifier adds or subtracts a given percentage 

to the most likely case values as appropriate.  This allows computing the results for a 

pessimistic case, where conditions are less favorable, and for an optimistic case, 

where conditions are better than normal. 

 

5.4.3. Outputs 

As shown in Figure 5-4, selection of outputs is done through the use of CommandButtons 

located at the bottom of the input worksheet. CommandButtons are used to trigger 

macros that automate actions such as navigating.  
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Figure 5-4 Screenshot of output menu 

 
Figure 5-5 shows a screenshot of the sensitivity analysis worksheet. Green cells provide 

optimistic, yellow cells provide most likely and tan cells provide pessimistic results. An 

output summary is provided at the bottom of this sheet. 
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Figure 5-5 Example screen shot of sensitivity analysis sheet 

 
• Equipment Costs:  This value shows the one time expenditure for the necessary 

equipment. Based on discussion with Dr. Franzon from the ECE department  at 

NCSU, a hardware cost of $2,000 each machine is assumed.  Equipment cost is 

simply calculated as follows: 

o  Equipment cost = $2,000 * number of machines 

If the constant yarn tension system or the repairing end break system wants to be 

included in the calculation, automation costs has to be added to the equipment 

cost. Since the equipment cost cell is an input and is not hard coded in the model, 

automation cost can be easily added without changing anything in the model. 

 

• Payback Period: This value shows how many years it will take before the profits 

exceed the costs. 
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• Net Present Value (NPV): Calculating how much future cash flows are worth in 

present values by discounting them using a rate of return. An NPV that is positive 

shows that the investment is favorable.  The NPV was calculated based on the 

initial outlay, annual benefits and annual costs. On the Excel spreadsheet the 

“NPV function” (NPV(rate,value1,value2,...)) is used to calculate the NPV. This 

function is based on the formula described in chapter 2. It is assumed that there is 

no salvage value.  Figure 5-6 shows a screenshot of the NPV chart plotted in the 

model, where year 1,2,3,… represents the possible project duration. 

 

Figure 5-6 Screenshot of NPV chart 
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• Internal Rate of Return (IRR): The discount rate that makes the NPV of the 

cash flows for a given project zero. IRR of zero means there’s no return or loss on 

the project. Typically, IRR’s greater than the current expected return rate show 

that the project is worthwhile. On the Excel spreadsheet the “IRR function” 

(IRR(value1,value2,...)) is used to calculate the IRR.  A chart is drawn as shown 

in Figure 5-7, where year 1,2,3, etc. represents possible project duration. 

 

Figure 5-7 Screenshot of IRR chart 

 
 

• Cost per Sensor: There’s an assumption that there are price breaks for different 

quantities of sensors.  Based on discussion with Dr. Franzon from the ECE 

department at NCSU, the assumptions made are as follows (Table 5-2) 
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For less than 1000 sensors, the cost per sensor is$25, between 1000 and 24,000 it 

is $10, between 24,000 and 50,000 it is $5, between 50,000 and 100,000 it is $1 

and over 100,000 it is $0.50 assumed (Figure 5-8). 

 

          Table 5-2 Estimated cost per sensor 

Number of Sensors Price per sensor
<1,000 $25
1,000-24,000 $10
24,000-50,000 $5
50,000-100,000 $1
100,000< $0.5  

 

Estimated cost per sensor

$0.00
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$10.00

$15.00

$20.00

$25.00
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Figure 5-8 Estimated cost per sensor 
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• Cash flow scenarios: Plots cash flow over time for pessimistic, most likely and 

optimistic scenarios by year over a 10-year period. Cash flows were calculated as 

follows: 

 

Initial equipment cost in the current year = Equipment cost plus cost per sensors 

multiplied by total number of sensors  

 

Cash flow for each subsequent years = 12*[production yd2/month * (1 + total 

expected efficiency increase %) * total expected quality improvement % * (fabric 

price $/yd2 – price of second quality $/yd2 – fabric cost $/yd2) + (pay more for 

history % * production yd2/month) + (expected labor hour decrease hours/month 

* labor cost $/hour)] 

 

Quality effect: 

This shows the effect of changing quality on the profit.  The graph (Figure 5-9) is 

plotted between 0% quality improvement and 15% quality improvement.  The Y-

axis shows the resulting profit. Only the quality effect is changed in the plot, all 

other values use the given numbers by the user.   The formula is as follows: 

=12*[production yd2/month * (1 + total expected efficiency increase %) * total 

quality improvement % (X value)* (fabric price $/yd2 – price of second quality 

$/yd2 – fabric cost $/yd2) + (pay more for history % * production yd2/month) + 

(expected labor hour decrease hours/month * labor cost $/hour)] 
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Figure 5-9 Quality effect ($/year) 

 
Profit per yard2 effect: 

This shows the effect of changing the expected profit per yard on total profit.  The 

graph (Figure 5-10) is plotted between $0 and $16 profit per yard2.  The Y-axis 

shows the resulting profit. Only the profit per yard2 is changed in the plot, all 

other values use the given numbers by the user.   The formula is as follows: 

 

Profit per yard2 effect = 12*[production yd2/month * (1 + total expected 

efficiency increase %) * total expected quality improvement % * (profit variable 

(X value) – price of second quality $/yd2) + (pay more for history % * production 

yd2/month) + (expected labor hour decrease hours/month * labor cost $/hour)] 

 



 59

 

Figure 5-10 Profit per yard2 effect 

 
 
Appendix A includes documentation of the notes for each cell in the spreadsheet giving 

the cell location, formula, cell value, the cell name if one has be. 
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6. SAMPLE ANALYSIS 

Depending on the application, MEMS can have very different results on the profitability 

of a company.  Different applications are discussed to provide a sense of where MEMS 

will be most effective.  

6.1. Case 1: biomedical   

Biomedical textiles are textile products and constructions, for medical and biological 

applications [71]. They are used for first aid, clinical or hygienic purposes.  Examples of 

their application are: 

• Protective and healthcare textiles: surgeons’ wear, operating drapes and staff 

uniforms, etc. 

• External devices: wound dressings, bandages, pressure garments, prosthetic socks, 

etc. 

• Implantable materials: sutures, vascular grafts, artificial ligaments, etc. 

• Hygiene products: incontinence pads, nappies, tampons, sanitary towels, etc    

• Extracorporeal devices: artificial liver, artificial kidney, artificial lung, etc.  

The cost of a biomedical textile product will depend on the raw materials, manufacturing 

process and product end-use; surgeons’ gowns and swabs should have a low production 

cost while vascular grafts and artificial skin will have a relatively high production cost. 

                            

6.1.1. Input values for biomedical 

Figure 6-1 shows the input screen for biomedical application: 
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Figure 6-1 Input screen for Case1: Biomedical 

 
The data in Figure 6-1 assumed all investment occurred in year 0. The values given in 

this case are assumed to be the most likely values under the given conditions.  The 

optimistic/pessimistic modifier adds or subtracts 20% to the most likely case values as 

appropriate. 

By choosing biomedical from the Application box, the fabric cost input has been assigned 

automatically to $5 and the price of fabric to $9 per yard2.  

The number of machines has been given 100; the number of ends per machine 4000, and 

the interest rate has been assumed 8%. 
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Expected benefits have been assumed 1% increase in quality and 1% improvement in 

efficiency. Since this application must be close to perfection, it is assumed that the 

customer is willing to pay 1% more for a “warp tension history” that proofs that this 

fabric had a low standard deviation of warp tension across width and along warp during 

weaving. 

 

Since implementation of the “repairing end breaks automatically” scenario is not 

assumed, there is no benefit for a labor hour decrease. 

 

6.1.2. Analysis of the outputs 

 

 
Figure 6-2 Sensitivity Analysis sheet for Case1: Biomedical 

 
It can be seen from Figure 6-2 that with the given inputs and assumptions, the payback 

period is most likely only one year. Therefore, in this case it looks like MEMS 

applications will be most beneficial.   
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Two graphical formats for sensitivity analysis to provide a better outlook are 

demonstrated in Figure 6-3 and Figure 6-4, which show the change in NPV and IRR, 

respectively, as you change the project duration. 

 

 
 

Figure 6-3 Net Present Value chart for Case1: Biomedical 
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Figure 6-4 IRR chart for case1: Biomedical 

 
Figure 6-5 displays the effect of expected quality improvement for expected profit per 

year for optimistic, most likely, and pessimistic values respectively assuming all other 

variables were held at their values. 

 



 65

 
Figure 6-5 Quality effect for case1: biomedical 

 
 
Figure 6-6 displays the effect of profit per yard2 variable for expected profit per year for 

optimistic, most likely, and pessimistic values respectively assuming all other variables 

were held at their values. 
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Figure 6-6 Profit per yard2 effect for case1: biomedical 

 

6.2. Case 2: denim 

Denim is a coarse twilled cloth, usually cotton, used for jeans, overalls, and work 

uniforms. A typical denim fabric specification ranges from 4.5 Oz. to 14.5 Oz. 100% 

cotton indigo denim, 100% cotton slub denim, 100% cotton comb yarn indigo denim, 

stretch denim, rayon cotton denim and rayon polyester cotton indigo denim etc. 

6.2.1. Input values for denim 

Figure 6-7 shows the input screen for denim application: 
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Figure 6-7 Input screen for Case2: Denim 

 
The data in Figure 6-7 assumed all investment occurred in year 0. The values given in 

this case are assumed to be the most likely values under the given conditions.  The 

optimistic/pessimistic modifier adds or subtracts 20% to the most likely case values as 

appropriate. 

 

By choosing denim from the Application box, the fabric cost input has been assigned 

automatically to $3 and the price of fabric to $6 per yard2.  

The number of machines has been given 100; the number of ends per machine 4000, and 

the interest rate has been assumed 8%.  
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Expected benefits have been assumed 1% increase in quality and 1% improvement in 

efficiency. Since this application isn’t a high-tech fabric application: fabrics with critical 

porosity, fabrics that must be close to perfection (for biomedical applications), or fabrics 

made from sensitive yarns of fibers such as microfibers the customer won’t be willing to 

pay a certain percentage more for “warp tension history”.   

 

Since implementation of the “repairing end breaks automatically” scenario is not 

assumed, there is no benefit for a labor hour decrease. 

 

6.2.2. Analysis of the outputs 

 
 

Figure 6-8 Sensitivity Analysis sheet for Case2: Denim 

 
It can be seen from Figure 6-8 that with the given inputs and assumptions, the pay back 

period is most likely four years with a pessimistically 8 years and optimistically 3 years. 
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Two graphical formats for sensitivity analysis to provide a better outlook are 

demonstrated in Figure 6-9 and Figure 6-10, which show the change in NPV and IRR, 

respectively, as you change the project duration. 

 

 

 

Figure 6-9 Net Present Value chart for Case2:  Denim 
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Figure 6-10 IRR chart for case2: Denim 

 
 
Figure 6-11 displays the effect of expected quality improvement for expected profit per 

year for optimistic, most likely, and pessimistic values respectively assuming all other 

variables were held at their values. 
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Figure 6-11 Quality effect for case2: Denim 

 
 
Figure 6-12 displays the effect of profit per yard2 variable for expected profit per year for 

optimistic, most likely, and pessimistic values respectively assuming all other variables 

were held at their values. 
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Figure 6-12 Profit per yard2 effect for case2: Denim 

 
 
 

6.3. Case 3: airbag 

Another application that has been discussed is airbag fabrics. The values given in this 

case are assumed to be the most likely values under the given conditions.  The 

optimistic/pessimistic modifier adds or subtracts 20% to the most likely case values as 

appropriate. 

 

By choosing airbag from the Application box, the fabric cost input has been assigned 

automatically to $ and the price of fabric to $10 per yard2.  
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The number of machines has been given 100; the number of ends per machine 4000, and 

the interest rate has been assumed 8%. 

 

Expected benefits have been assumed 1% increase in quality and 1% improvement in 

efficiency. Since this application must be close to perfection, it is assumed that the 

customer is willing to pay 1% more for a “warp tension history” that proofs that this 

fabric had a low standard deviation of warp tension across width and along warp during 

weaving. 

 

Since implementation of the “repairing end breaks automatically” scenario is not 

assumed, there is no benefit for a labor hour decrease. 

 

With the given inputs and assumptions, the pay back period is most likely only one year. 

The outputs and effects are similar to the bio medical applications. Therefore in this case 

it looks like MEMS applications will be most beneficial.  Table 6-1 shows a comparison 

of the inputs and outputs for all cases discussed.  

 

6.4. Case 4: Parachute 

Another application that has been discussed is parachute fabrics. The values given in this 

case are assumed to be the most likely values under the given conditions.  The 

optimistic/pessimistic modifier adds or subtracts 20% to the most likely case values as 

appropriate. 
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By choosing parachute from the Application box, the fabric cost input has been assigned 

automatically to $5 and the price of fabric to $10 per yard2.  

The number of machines has been given 100; the number of ends per machine 4000, and 

the interest rate has been assumed 8%. 

 

Expected benefits have been assumed 1% increase in quality and 1% improvement in 

efficiency. Since this application must be close to perfection, it is assumed that the 

customer is willing to pay 1% more for a “warp tension history” that proofs that this 

fabric had a low standard deviation of warp tension across width and along warp during 

weaving. 

Since implementation of the “repairing end breaks automatically” scenario is not 

assumed, there is no benefit for a labor hour decrease. 

 

With the given inputs and assumptions, the pay back period is most likely only one year. 

The outputs and effects are similar to the bio medical applications. Therefore in this case 

it looks like MEMS applications will be most beneficial.  Table 6-1 shows the inputs and 

outputs for all cases discussed.  
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6.5. Comparison of cases 

 Table 6-1 shows a comparison of the inputs and outputs for all four cases.  

Table 6-1 Comparison of cases 

Application Bio Medical Denim Airbag Parachute
# of machines 100 100 100 100

opt/pes.indicator 20% 20% 20% 20%
interest rate 8% 8% 8% 8%

production (yard2/month) 500,000 500,000 500,000 500,000
expected efficiency increase 1% 1% 1% 1%

expected quality improvement 1% 1% 1% 1%
willing to pay more for documentation 1% 0% 1% 1%

fabric cost (per yard
2
) $5 $3 $6 $5

price (per yard
2
) $9 $6 $10 $10

Outputs
NPV year0 -$400,000 -$400,000 -$400,000 -$400,000
NPV year1 $268,333 -$287,778 $323,899 $380,000
NPV year2 $887,160 -$183,863 $994,156 $1,102,222
NPV year3 $1,460,149 -$87,656 $1,614,776 $1,770,947
NPV year4 $1,990,693 $1,430 $2,189,421 $2,390,136
NPV year5 $2,481,938 $83,916 $2,721,501 $2,963,459

 

 

Biomedical, airbag and other sensitive applications require a great deal of control and 

confidence in the product. Consequently, customers will be willing to pay for extra 

information, production histories and evidence of tight quality control, where in cases 

like denim, these extra features are usually not worth the cost for the clients.  

 

Applications where the cost of the material is very high and a small quality improvement 

can result in great profit increases are the situations where MEMS applications will be 

most beneficial.   
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7. CONCLUSIONS AND RECOMMENDATIONS 

7.1. Conclusion 

The model shows that MEMS typically pays off very quickly.  Especially for fabrics with 

critical porosity, fabrics that must be close to perfection (for biomedical applications), or 

fabrics made from sensitive yarns of fibers such as microfibers. Because the customer is 

most likely willing to pay a certain percentage more for a “warp tension history”. 

 

If the promised improvements do indeed take place then the MEMS projects are feasible.  

One basic assumption is that the MEMS sensors will perform as expected.  If the 

development of the sensors does indeed deliver the promised performance, the model 

shows in most cases that investment is likely to be profitable. 

 
Yarn tension measurement and control is not only an interest in weaving but also in 

spinning, knitting and winding. Since the economic model is a production-based analysis, 

it also can be applied to other textile applications such as spinning and knitting. Instead of 

using the number of ends, the number of spindles in a ring spinning machine or the 

number of needles in a knitting machine that wanted to be monitored can be given as an 

input value. The other inputs apply as the same for other processes, such as production, 

efficiency, quality. These inputs would show the benefits maybe for using MEMS sensors 

in spinning or knitting. For example textile manufacturers are interested in identifying 

tension variations between spindles. There is a need to know which spindles are out of 
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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. 

Since the model is a production-based computation, which applies to any kind of 

manufacturing processes, the outputs of the model would show the profitability of the 

implementation.  

 

7.2. Areas for future research 

This model had the following limitations:  

The model is deterministic in that no probabilities or variations are taken into account, 

except for an indicator that is used to calculate pessimistic and optimistic scenarios. 

Indicators cannot be adjusted individually  

 

Factors not considered are R&D costs and equipment costs for the “adjusting yarn 

tension” and “repairing broken ends scenario”. For low to medium production of MEMS 

sensors the cost could initially be significantly larger. 

 

Eliminating the limitations described above are the primary recommendations for future 

work in this area using the model developed. 

 

Stochastic models should be built to examine the feasibility of MEMS.  This can be done 

through statistical analysis with distributions.  Also, other models can look at running 

simulations, taking into account additional manufacturing factors to examine the full 

impact of using MEMS in manufacturing. As simulation models can now be created and 
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run on a PC or a workstation, the level of computing and mathematical skill required to 

design and run a useful simulation has been substantially reduced. Simulation can be 

performed with a great variety of software from spreadsheets alone (Excel, Lotus) to 

spreadsheet add-ins (Crystal Ball” and “@Risk) to general computer programming 

languages (Pascal, C++) to special purpose simulation languages (SIMAN).  

 

It is difficult to discover the required financial values for a good analysis.  For example, 

the quality improvement expected is a complicated value to determine.  Additional 

research into the different ways MEMS can impact manufacturing and how that impact 

can be captured through financial measures would be beneficial in future research.   

 

Additional uses of MEMS can include automatically repairing the broken end. Since this 

model includes the calculation for an expected labor hour decrease it can be implemented 

for the repairing broken end scenario by modifying the equipment cost calculation.  

 

Research into innovative applications of MEMS is always recommended, since the new 

technology should be used not merely to replace existing methods, but also to create new 

manufacturing techniques. 
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Appendix A: Details of MEMS Economic Analysis Model 

The MEMS Economic Analysis Model was developed as a Microsoft Excel workbook. 

The workbook contains the following spreadsheets: 

1) Inputs  2) Equipment cost 3) Sensitivity Analysis  

4) Sensor chart 5) Cashflow chart 6) NPV chart   

7) IRR chart  8)Quality effect 9) Profit per yard2 effect 

Worhsheets “Inputs”, “Equipment Cost”, and “Sensitivity Analysis” are documented in 

this Appendix. 

 

The documentation includes notes for each cell in the spreadsheet giving the cell location, 

formula, cell value, the cell name if one has be. 
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Figure 9-1Example of Input worksheet 

 
 
 
Cell:  C8 
Formula:  100 (Input) 
Value:   100 
Names: # of Machines 
Note: 
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Cell:  C9 
Formula:  6000 (Input) 
Value:   6000 
Names: # of Ends 
Note: 
 
Cell:  C10 
Formula:  20% (Input) 
Value:   20% 
Names: Optimistic, improve the variation of all Relative Indicators by 
Note:   
 
Cell:  C11 
Formula:  20% (Input) 
Value:   20% 
Names: Pessimistic, degrade the variation of all Relative Indicators by 
Note:  
 
Cell:  C12 
Formula:  8% (Input) 
Value:   8% 
Names: Interest Rate 
Note: 
 
Cell:  C14 
Formula:  =D14*(1-C11) 
Value:   480,000 
Names: optimistic # of Mems sensors needed  
Note: 
 
Cell:  D14 
Formula:  =C8*C9 
Value:   600,000 
Names: Most likely # of Mems sensors needed  
Note: 
 
 
Cell:  E14 
Formula:  =D14*(1+C11) 
Value:   720,000 
Names: pessimistic # of Mems sensors needed 
Note: 
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Cell:  D15 
Formula:  500,000 (Input) 
Value:   500,000 
Names: Most Likely Scheduled production (yard2/month) 
Note: 
 
Cell:  C15 
Formula:  =D15*(1+C10) 
Value:   600,000 
Names: Optimistic Scheduled production (yard2/month) 
Note: 
 
Cell:  E15 
Formula:  =D15*(1-C11) 
Value:   400,000 
Names: Pessimistic Scheduled production (yard2/month) 
Note: 
 
Cell:  D18 
Formula:  0.50% (Input) 
Value:   0.50% 
Names: Most Likely Efficiency Improvement due to SPC 
Note: 
 
Cell:  C18 
Formula:  =D18*(1+C10)  
Value:   0.60% 
Names: Optimistic Efficiency Improvement due to SPC 
Note: 
 
Cell:  E18 
Formula:  =D18*(1-C11)  
Value:   0.40% 
Names: Pessimistic Efficiency Improvement due to SPC  
Note: 
 
Cell:  D19 
Formula:  0.50% (Input) 
Value:   0.50% 
Names: Most Likely Efficiency Improvement due to yarn tension control 
Note: 
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Cell:  C19 
Formula:  =D19*(1+C10) 
Value:   0.60% 
Names: Optimistic Efficiency Improvement due to yarn tension control 
Note: 
 
Cell:  E19 
Formula:  =(1-C11)*D19 
Value:   0.60% 
Names: Pessimistic Efficiency Improvement due to yarn tension control 
Note: 
 
Cell:  D20 
Formula:  0.50% (Input) 
Value:   0.50% 
Names: Most Likely increased % first quality due to reduced stoppages 
Note: 
 
Cell:  C20 
Formula:  =D20*(1+C10) 
Value:   0.60% 
Names: Optimistic increased % first quality due to reduced stoppages  
Note: 
 
Cell:  E20 
Formula:  =(1-C11)*D20  
Value:   0.60% 
Names: Pessimistic increased % first quality due to reduced stoppages  
Note: 
 
Cell:  D21 
Formula:  0.50% (Input) 
Value:   0.50% 
Names: Most Likely increased % first quality due to constant yarn tension 
Note: 
 
 
 
Cell:  C21 
Formula:  =D21*(1+C10) 
Value:   0.60% 
Names: Optimistic increased % first quality due to constant yarn tension 
Note: 
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Cell:  E21 
Formula:  =(1-C11)*D21  
Value:   0.60% 
Names: Pessimistic increased % first quality due to constant yarn tension 
Note: 
 
Cell:  D22 
Formula:  0 (Input) 
Value:   0 
Names: Most Likely Expected labour hour decrease 
Note:  Considered only for the “repairing end break scenario” 
 
Cell:  C22 
Formula:  =D22*(1+C10) 
Value:   0 
Names: Optimistic Expected labour hour decrease 
Note:  Considered only for the “repairing end break scenario” 
 
Cell:  E22 
Formula:  =(1-C11)*D22  
Value:   0 
Names: Pessimistic Expected labour hour decrease 
Note:  Considered only for the “repairing end break scenario” 
 
Cell:  D23 
Formula:  1.00% (Input) 
Value:   1.00% 
Names: Most Likely Willing to pay more for documentation (%) 
Note:   
 
Cell:  C23 
Formula:  =D23*(1+C10) 
Value:   1.20% 
Names: Optimistic Willing to pay more for documentation (%) 
Note:   
 
Cell:  E23 
Formula:  =(1-C11)*D23 
Value:   0.80% 
Names: Pessimistic Willing to pay more for documentation (%) 
Cell:  C26 
Formula:  1$ (Input) 
Value:   1$ 
Names: price of 2nd quality (per yard2) 
Note:   
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Cell:  C27 
Formula:  $12 (Input) 
Value:   $12 
Names: Labor Cost (per hour) 
Note:  Considered only for the “repairing end break scenario” 
  
Cell:  C28 
Formula:  =C8*'equipment cost'!B11 
Value:   $200,000 
Names: Equipment Cost 
Note:  The calculation is $2000 multiplied by the # of machines.  
 
 
Cell explanation of equipment cost worksheet: 
 
Cell:  B10 
Formula: =IF(Inputs!C8*Inputs!C9<1000,25,IF(Inputs!C8*Inputs!C9<24000, 

10,IF(Inputs!C8*Inputs!C9<50000,5,IF(Inputs!C8*Inputs!C9<100000,1, 
IF(Inputs!C8*Inputs!C9>100000,0.5))))) 

Value:   $0.50 
Names: Price per sensor  
Note:  
 
Cell:  B11 
Formula:  $2,000 
Value:   $2,000 
Names: Equipment Cost for each machine 
Note:   
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Cell explanation of sensitivity analysis worksheet: 
  

 
 

Figure 9-2 Example of Sensitivity Analysis Work sheet 

 
Cell:  B7 
Formula:  (Inputs!C28+'equipment cost'!B10*Inputs!C14)*(-1) 
Value:   -$440,000 
Names: Optimistic Cash Flow current year 
Note:  
 
Cell:  B8 
Formula:  =(Inputs!C28+'equipment cost'!B10*Inputs!D14)*(-1) 
Value:   -$500,000 
Names: Most Likely Cash Flow current year 
Note:  
 
Cell:  B9 
Formula:  =(Inputs!C28+'equipment cost'!B10*Inputs!E14)*-1 
Value:   -$560,000 
Names: Pessimistic Cash Flow current year 
Note:  
 
Cell:  C7 
Formula: =12*Inputs!C15*(1+Inputs!C18+Inputs!C19)*(Inputs!C20+Inputs!C21) 

*(Inputs!E26-Inputs!C26- Inputs!E25)+12*Inputs!C23*Inputs!C15* 
Inputs!E26+(12*Inputs!C22*Inputs!C27) 

Value:   $961,217 
Names: Optimistic Cash Flow year 1 
Note:  
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Cell:  C8 
Formula:  =12*Inputs!D15*(1+Inputs!D18+Inputs!D19)*(Inputs!D20+Inputs!D21) 

*(Inputs!E26-Inputs!C26-Inputs!E25)+12*Inputs!D23*Inputs!D15* 
Inputs!E26+(12*Inputs!D22*Inputs!C27) 

Value:   $667,260 
Names: Most Likely Cash Flow year 1 
Note:   
 
Cell:  C9 
Formula:  =12*Inputs!E15*(1+Inputs!E18+Inputs!E19)*(Inputs!E20+Inputs!E21) 

*(Inputs!E26-Inputs!C26-Inputs!E25)+12*Inputs!E23*Inputs!E15* 
Inputs!E26+(12*Inputs!E22*Inputs!C27) 

Value:   $426,885 
Names: Pessimistic Cash Flow year 1 
Note:    
 
Cell:  B11 
Formula:  =B7 
Value:   -$440,000 
Names: Optimistic NPV current year 
Note:  
 
Cell:  B12 
Formula:  =B8 
Value:   -$500,000 
Names: Most Likely NPV current year 
Note: 
 
Cell:  B13 
Formula:  =B9 
Value:   -$560,000 
Names: Pessimistic NPV current year 
Note:  
 
Cell:  C11 
Formula:  =NPV(Inputs!C12,C7)+B7 
Value:   $450,016 
Names: Optimistic NPV year 1 
Note:  
 
Cell:  C12 
Formula:  =NPV(Inputs!C12,C8)+B8 
Value:   $117,833 
Names: Most Likely NPV year 1 
Note:  
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Cell:  C13 
Formula:  =NPV(Inputs!C12,C9)+B9 
Value:   -$164,736 
Names: Pessimistic NPV year 1 
Note:  
 
Cell:  D11 
Formula:  =NPV(Inputs!C12,C7:D7)+B7 
Value:   $450,016 
Names: Optimistic NPV year 2 
Note:  
 
Cell:  D12 
Formula:  =NPV(Inputs!C12,C8:D8)+B8 
Value:   $117,833 
Names: Most Likely NPV year 2 
Note:  
 
Cell:  D13 
Formula:  =NPV(Inputs!C12,C9:D9)+B9 
Value:   -$164,736 
Names: Pessimistic NPV year 2 
Note:  
 
Cell:  C15 
Formula:  =IRR(B7:C7) 
Value:   0 
Names: Optimistic IRR year 1 
Note:  
 
Cell:  C16 
Formula:  =IRR(B8:C8) 
Value:   33.45% 
Names: Most Likely IRR year 1 
Note:  
 
Cell:  C17 
Formula:  =IRR(B9:C9) 
Value:   -23.77% 
Names: Pessimistic IRR year 1 
Note:  
  


