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Preface 

The goal of web handling is simple: to 
move a web as quickly and as reliably as 
possible through a machine. Web 
handling seeks to preserve a web as 
contrasted to manufacturing which 
creates it and converting which modifies 
it. Preservation might include, for 
example, geometries so that the web 
remains free of breaks, cracks, wrinkles, 
and unintended size changes. 
Preservation also might include 
protecting the web's properties or even 
its passengers such as coatings and inks. 

The goal of preserving a web seems so 
modest that it has not always had the 
attention it deserves. This has led to 
machines which have been designed and 
operated as much by mythos or trial and 
error as by science. Training is scarce, 
literature is scattered, and fallacies 
abound. For example, many believe 
spiral grooving on a roller spreads when 
it in fact tends to contract the web. 
Similarly, rollers or drives are added to 
help "support" or "carry" the web 
through a machine when in fact they 
may burden the web. Draw or speed 
controlled drives are believed to control 
web tension when in fact they only 
modify tension. 

Components are added to a machine 
with the full expectation that they will 
perform their advertised role. However, 
a guide may not control edge position 
and may even wrinkle the web if 
appropriate span lerigths and motions are 
not used. Most spreaders will not spread 
unless there is sufficient or complete 
web to roller traction. Finally, while any 
winder will make a roll, only those that 
attend to certain details and constraints 
will make a consistently good roll. 

Fortunately, web handling can provide 
the guidelines and rules for successful 
movement of a web through the machine 
to avoid these and many other problems. 
These rules are based on mechanics or 
science which underlies the behavior of 
webs. In some cases, such as winding, 
the science was developed uniquely for 
web handling. In other cases, such as 
avoiding web breaks, tools were 
borrowed from many disciplines and 
industries. 

With attention to web handling, some 
machines have obtained truly impressive 
productivities. For example, paper is 
manufactured and coated at speeds in 
excess of 5,000 ft/min and wound at 
speeds in excess of 10,000 ft/min. 
Printing presses have run 100 
consecutive rolls of paper of 5 miles 
long each without an interruption from a 
web break. Routinely, people handle 
films thinner than 1/10th of the thickness 
of a human hair without distortion, or 
materials as delicate as tissue without 
tearing. Many can hold geometries and 
positions to 1 part in 1,000 and a few to 
1 part in 10,000. 

As might be expected, these 
achievements might be easier for some 
materials than others. The difference, 
however, is due to physical proper.ties 
rather than chemistry. This is why fluffy 
nonwovens tend to behave similarly to 
paper tissue though one is made from 
petroleum and the other is made from 
trees. This is why film and paper have 
difficulty with air entrainment problems. 
Knowing certain easily measured 
physical properties of the web gives 
clues as to possible difficulties and is 
necessary for optimizing a machine for a 
particular web. 



0005

The Mechanics of Web Handling ~ 

---------------
ii 

Acknowledgments 

This book completes my trilogy which My sincerest thanks to: 
began with the The Mechanics of Winding 
(1994) and The Mechanics of Rollers 
(1996). Those who enjoy my writings will Dr. William Qualls - 3M 
note that I have already begun a book on 
Critical Thinking in Converting which I Matt Giachetto - A very Dennison 
expect to finish by 2000. Here, I will 
teach problem solving tools and Pete Werner - Allen-Bradley 
techniques using examples from the web 
industries. I am most enthusiastic about Robert Lucas - Beloit 
this new project. 

Duane Smith - Black Clawson 
First, I would like to reiterate my 
appreciation for T APPi. If it were not for Joe LeMin - Cameron 
TAPPI, our knowledge of web handling 
would be more limited and less accessible. John Hartley - Faustel 
All one has to do is to look at the 
bibliography listings at the ends of the Karl Oberjohn - Horton 
chapters to see the major role that T APPi 
has played. Specificall:y, I would like to Al Hadlock - International Paper 
thank Karen Daniel for making the 
publication of my books as painless as Dirk Swinehart - Mead Paper 
possible. 

Second, I again owe a debt to the Web 
Handling Research Center at Oklahoma 
State University. Their theoretical and 
experimental studies have laid the 
foundations for much of the science of 
web handling. On a more personal level, I 
played a small role in helping start the 
WHRC and at the same time was one of 
their first products. 

Third, I would like to express my gratitude 
to the following individuals and their 
companies who have provided technical 
information and technical review of one or 
more of the chapters in this book. It is my 
belief that it is always wise to have a 
"sanity check" by others, especially when 
presenting new, controversial, or 
subjective material. 

Joe Vosters - O&E Machine 

Larry Mikulsky - PCMC 

Jack Zitzer - Remmele Engineering 

Jim Ginter - Spencer Johnston 

Larry Breitbach - Valmet 

Finally, a special thanks to Kiyoshi Wada 
of Hitachi Zosen Tomioka Machinery who 
has been my most meticulous reviewer as 
he translates my books into Japanese. 

} 

I 



0006

~ 
Table of Contents iii 

Table of Contents 

1 Introduction to Web Handling 44 Measuring Waste and Efficiency 
47 Bibliography 

1 What is a Web? 

2 Web Materials and Industries 4 Tension and Tension Control 

3 Web Converting 

4 Web Handling 49 Why Web Tension Is Important 

5 Web Mechanics 50 Choosing a Process Tension 

6 Web Handling Opportunities S t Tension Exceptions 

7 Other Web Handling Resources 52 How Close Must Tension Be Held 

8 Bibliograpy 53 Load Cell Tension 
54 Load Cell Sizing Example 

2 Material Mechanics 55 Other Load Cell Considerations 
56 Dancer Controlled Tension 

9 Material Matters 57 Dancer Design 

IO Tensile Test 58 Dancer Dynamics 

11 Stress-Strain Curve 59 Draw Control 

12 Brittle and Ductile Materials 60 Tension Variations in a Draw Zqne 

13 Poisson's Ratio 61 Catenary (Loop) Control 

14 Hygro-Them1at Expansion 62 Tension from Motor Readings 

15 Anis.otropy .63 Current Control 

16 Hooke's Law 63 Torque Control 

17 Creep and Stress Relaxation 64 Bibliography 

18 Hysteresis, Memory and Set 
19 Static Coefficient of Friction 5 Downweb Tension Variations 
20 Friction Complications 
21 Test Frequency 65 Tension Down Through a Machine 
22 Units 66 Roller Drag 
23 Bibliography 66 Measuring Drag 

68 Inertial Tension 
3 Dimensional Control 70 Band Brake and Tension Difference 

71 Load Cell or Dancer Sections 
25 Product Geometry 72 Draw or Speed Controlled Sections 
26 Basis Weight 73 Downweb Tension Summary 
27 Caliper 74 Bibliography 
28 Length 
29 Width 6 Crossweb Tension Variations 
30 Bulk and Density 
31 Roll-Bulk 75 Tension Variations Across the Width 
31 Roll Stresses and Bulk Loss 77 In-plane Misalignment and Bending 
32 Roll Finnness 78 In-plane Example Problem 
33 Roll Bulk and Firmness 79 High In-plane Misalignments 
34 Roll Weight 80 Out-of-Plane Twisting 
35 Registration 81 Diagonal Shear Wrinkles 
38 Wound Roll Width Variations 82 Manual Alignment Checks 
39 Wound Roll Offsets 83 Roller Diametral Variations 
40 Telescoping and Dishing 85 Partial Drive 
41 Length and Speed Measurement 85 Path Length Variations 
42 Incremental Encoder Applications 86 Baggy Webs 
43 Resolving Length Differences 89 Bibliography 



0007

IV TI1c Mechanics of Web Handling cP"" 
Temporal Tension Variations 131 Laser Slitting 7 131 Razor Slitting 
Time Varying Tension 132 Score Slitting 91 
Drive Sensor Resolution 133 Shear Slitting 92 
Drive Actuator Resolution 136 Waterjet Slitting 94 

94 Steady State vs. Transient Response 137 Trim Removal 
95 Speed Changes 138 Other Cutting Methods 
95 Speed Reference 139 Bibliography 
96 Multiple Drive Sections 
97 Web Time Constants and Transport 11 Spreading 
97 Drive Time Constants 
98 Selected Bibliography 141 Introduction 

142 Spreading Principles 8 Guiding 143 Concave Spreader Roller 
144 Bowed Spreader Roller 

99 Guicling Introduction 147 Bent Pipe and D-Bar Spreaders 
100 Camber 148 Dual Bowed Roller Spreader 
IOI Acceleration Offset 149 Pos-Z1 M Spreader 
102 Passive Guides 150 Expander Rollers 
103 Unwind Guide 150 Edge Pull Web Stretchers 
103 Rewind Guide 151 Compliant Cover Rollers 104 Steering Guide 152 Grooving 
106 Displacement Guide 153 Spreading ls Temporary 107 Endless Loops 154 Flatlening 
107 Oscillation 155 Is My Spreader Working? 
108 Bibliography 156 Bibliography 

9 Nips 12 Winding 

109 Nipped Rollers for Web Transport 157 Why Wind? 
llO Nipped Rollers for Web Processing 158 Winder Classes and Arrangements 111 Hertzian Contact 159 The TNT of Winding 
112 Detennining Peak ZD Nip Stress 160 Roll Structuring 
113 A Rubber Covered Roller Model 161 Roll Structure Measurement 114 Complex Nip Models 162 Wound Roll Stresses 
115 Interior Contact Stresses 163 Interlayer Slippage 
116 Nip Loading Mechanisms 164 Roll Edge Quality 
I 17 Nip Load System Friction 165 Roll Quality 
118 Load Versus Gap Control 166 Bibliography 
119 Roller Deflection in a Nip 
120 Crowning 13 Wrinkling 
121 Load Crown Match 
122 Deflection Compensatjng Techniques 167 Wrinkling Introduction 123 Roller Geometrical Errors 168 Compressive Buckling of Webs 124 Nip Impressions 169 Constrained Expansion 
125 Static Nip Impressions 171 Other MD Trough Wrinkling Causes 126 Dynamic Nip Impressions 172 Diagonal Shear Wrinkles 
127 Bibliography 172 Roller Misalignment 

173 Shear Wrinkling Regimes 
174 Other Diagonal Wrinkling 10 Slitting 175 CD Wrinkles and Winding 
176 The Baggy Web 

129 Slitting Issues 178 Baggy Web Troubleshooting 
130 Slitting System Options 179 Bibliography 

} 



0008

V --0 Table of Contents 
Ou.------------

1 g.o Bibliography - Selected Tension Measure 

14 Web Breaks 

181 Importance of Runnability 
182 Defining Runnability 
182 Environmental Considerations 
183 Load-Strength Distributions 
184 Can Lab Tests Predict Runnability? 
185 Pilot Machine Testing of Runnability 
186 Flaws and Fracture 
187 Runnability Troubleshooting 
l 88 Break Prone Processes 
189 Proof Testing and Overload Protection 
189 Web Break Troubleshooting Checklist 
190 Bibliography 

Appendices 

191 A 
192 Bl 
198 B2 
199 C 

Units and Conversions 
Selected Bibliography 
Some Web Handling Resources 
Calculations and Formulae 

205 Glossary 

217 Index 



0009

The Mechanics of Web Handling 0-------------d-
vi 

List of Illustrations 

1 Introduction to Web Handling 3.15 CD Position Error 36 
3.16 Width Error 36 NQ. Page 3.17 MD Offset and Width Change 37 

1.1 A Web is a l 3.18 Registration Variation Example 37 1.2 Axes ofa Web 2 3.19 Wound Roll Width Variations 38 1.3 Web Handling Objective 4 3.20 Stress Distribution in a Wound Roll 38 1.4 Web Handling Areas 4 3.21 Widths and Offsets 39 
3.22 Rough Roll Edge Diagnostic Tree 39 2 Material Mechanics 3.23 Telescoping 40 
3.24 Type I Dishing During Handling 40 

NQ, ~ 3.25 Type I Dishing During Winding 40 2.1 Tensile Test 10 3.26 Type II Dishing by Core Movement 40 2.2 Strenglh, Stretch, and Stress-Strain 11 3.27 Type Ill Dishing by Misalignment 40 2:3 Modulus and Yield Strength 11 3.28 Length by Counting Roller Revolutions 41 
2.4 TEA (Total Energy Absorption) -I1 
2.5 Brittle and Ductile Stress-Strain Curves 12 4 Tension and Tension Control 
2.6 Britlle and Ductile Failures 12 
2.7 Poisson Ratio Measurement 13 N2. Page 2.8 Thennal Expansion 14 4.1 10-25% Ruic for Tension Settings 50 2.9 Moisture or Solvent Expansion 14 4.2 Roller Force from Web Tension 53 2.10 Constrained Expansion and MD Wrinkles 14 4.3 Forces Acting on a Load Cell 53 
2.11 Polar Plot of Material Properly Variation 15 4.4 Calibrating a Load Cell with a Rope 55 2.12 Material Skew and Wr.inkling 15 4.5 A Pivoting Dancer 56 2.13 Creep is Defonnation Versus Time 17 4.6 A Festoon Dancer 56 2.14 Anelastic Affects Versus Log Time 17 4.7 Tension (Im)Prccision of a Dancer 56 2.15 Hysteretic Stress-Strain Curve 18 4.8 Dancer Configurations 57 
2.16 Memory and Set 18 4.9 Dancer Damping of Tension Fluctuations 58 2.17 Four Parameter Material Model 18 4.10 Draw Control in Roll-to-roll Converting 59 2.18 Friction - Inclined Plane Method 19 4.11 Draw Control in a Manufacturing Line 59 2.19 Friction - Horizontal Plane Method 19 4.12 Time Constants and Draw Control 60 2.20 Optimum Test Frequency 21 4.13 A Catenary Sag 61 

4.14 Rollers arc Tangent to Catenary Sag 61 3 Dimensional Control 4.15 Parameters of the Catenary 61 

No. ~ s Downweb Tension Variations 3.1 Caliper Measured in the Lab 27 
3.2 Caliper Versus Probe Pressure 27 No. Page 
3.3 In-roll Web WidUt 29 5.1 Web Tension Changes Over a Roller 65 
3.4 Package Height versus Packaging Force 30 5.2 Tension Buildup to Accelerate Idlers 68 
3.5 Stresses in a Wound Roll 31 5.3 Tension Distribution Load Cell Section 71 
3.6 Bulk or Caliper in a Wound Roll 31 5.4 Tension Variations in Speed Control 72 
3.7 Roll Finnness - Band Method 32 
3.8 Roll Fimmess - Probe Method 32 6 Crossweb Tension Variations 
3.9 Roll Product Design 33 
3.10 Roll Product Winder 33 No. ~ 3.11 Two-color Registration Error 35 6.1 Idealized Crossweb Tension Variations 75 
3.12 MD Position or Time Error 35 6.2 Tension Distributions from Misalignment 76 
3.13 MD Registration with a Compensator 35 6.3 Inplane Bending at a Misaligned Roller 77 
3.14 Length Error 36 6.4 Moment Transfer on Upstream Roller 79 



0010

~ 
List of Illustrations vii 

6.5 Bending Stresses Beyond Critical Angle 79 9.7 Contact Stresses Interior of the Nip 115 

6.6 Out-of-plane Misalignment and Twisting 80 9.8 A Nip Loading System 116 

6.7 Diagonal Shear Wrinkle 81 9.9 Effect of Hysteresis on Nip Load 117 

6.8 Wrinkles and Inplane Misalignment 81 9.10 Gap Control Schematic 118 

6.9 Parallelism Check Using Tape 82 9.11 Nip Load Versus Nip Deflection 118 

6.10 Parallelism with Dual Dial Indicators 82 9.12 Nip Roller Misalignment 119 

6.11 Web Entering a Roller with a Large End 83 9.13 Nip Roller Deflection 119 

6.12 Mechanics of Diametral Variation 83 9.14 Shell Oil-canning 119 

6.13 Web Entering a Roller with Large Ends 84 9.15 A Crowned Roller Is Barrel Shaped 120 

6.14 Web Entering a Roller with a Bulge 84 9.16 Deflected Shape Is Similar to a Cosine 120 

6.15 Partial Drive Examples 85 9.17 Deflection Versus Load-Crown Match 121 

6.16 Path Length Differences 85 9.18 Nip Profiles Versus Load Crown Match 121 

6.17 Baggy Web Stress-Strain Curve 86 9.19 Deflection Compensating Techniques 122 

6.18 Baggy Web Tension and Length Profiles 87 9.20 Roller Geometrical Errors 123 

6.19 Baggy Web Measure for Narrow Webs 88 9.21 Static Nip Impression Procedure 125 

6.20 Baggy Web Measure for Wide Webs 88 9.22 Readfog a Static Nip Impression 125 
9.23 Nip Width Actual Versus Measured 125 

7 Temporal Tension Variations 9.24 Dynamic Nip Impression Procedure 126 
9.25 Reading a Dynamic Nip Impression 126 

NQ,. Page 

7.1 Drive Response to a Step Input 94 10 Slitting 
7.2 Controlled Acceleration and Deceleration 95 
7.3 Drive Sections in Roll-to-roll Converting 96 ~ Page 

7.4 Laminator Drive Layout 96 10.1 Slitting Methods 130 

7.5 Feedforward on Multiple Drive Sections 96 10.2 Magnified View of a Score Blade Tip 132 

7.6 Time Constants and Draw Control 97 10.3 Shear Slitter Mounting Styles 133 

7.7 DC Motor Control Loops and Response 97 10.4 Shear Slitter Styles 133 
10.5 Blade Grinding Angles 134 

8 Guiding 10.6 Shear Slitter Overlap 135 
10.7 Shear Slitter Cant Angle 135 

NQ. Page 10.8 Shear Slitter Rake Angle 135 
8.1 Idealized Tension Distributions 100 10.9 Waterjet Slitter Schematic 136 
8.2 MD Stress Distributions 100 10.10 Pneumatic Trim Removal Systems 137 
8.3 Web Path and Traction 101 
8.4 Spool Edge Guide 102 11 Spreading 
8.5 Crowned Roller Guide (Traction) 102 
8.6 Convex Guide (Slippage) 102 NQ. Page 
8.7 Unwind Guide 103 11.1 The Normal Entry Law 142 
8.8 Rewind Guide 103 11.2 Spreading Principles 142 
8.9 Steering Guide Movement 104 I l.3 Concave Spreader Roller 143 
8.10 Steering Guide Geometries 104 l l.4 Principles of the Concave Spreader 143 
8.11 Required Guide Responsiveness 105 11.5 Bowed Roll Spreader 144 
8.12 Displacement Guide 106 11.6 Principles of the Bowed Roller 145 
8.13 Displacment Guide Arrangements 106 11.7 Bowed Roller Streamlines 145 

11.8 Bow Magnitude Affects Spreading 146 
9 Nips 11.9 Bow Orientation 146 

11.10 D-bar Spreader 147 
l':fu ~ 11.11 Principle of the D-b ar Spreader 147 
9.1 Nipped Pull Roller 109 11.12 Dual Bowed Roller Setup 148 
9.2 Nip Rollers in Winding 109 11.13 Principle of the Dual Bow Roll Spreader 148 
9.3 Contact Stresses at the Nip's Surface 111 11.14 Pos-Z Spreader Setup 149 
9.4 Nip Components 114 l l.15 Principles of the Pos-Z Spreader 149 
9.5 Hysteretic but Elastic Stress-Strain 114 11.16 Expander Spreader Roller 150 
9.6 Elasto-plastic Stress-Strain 114 11.1? Edge Pull Stretchers 150 



0011

The Mechanics of Web Handling rr-
------------------
viii 

11.18 Compliant Cover Spreader 151 
11.19 Principle of the Compliant Spreader 151 
11.20 Contraction of the Compliant Spreader 151 
11.21 Contraction Caused by Grooving 152 
11.22 Why Spreading Is Temporary 153 
11.23 Principle of Web Flattening 154 

12 Winding 

No. Page 
12.1 Winder Classifications 158 
12.2 Winder Arrangement Examples 158 
12.3 The TNTs of Winding 159 
12.4 Roll Structuring 160 
12.5 Roll Structure Idealisms 160 
12.6 Roll Structure Measurement Criteria 161 
12.7 Stress Distribution in a Wound Roll 162 
12.8 Slippage Cases for Bulky Materials 163 
12.9 Slippage Shape Versus Grade 163 
12.10 Widths and Offsets of Cores and Wraps 164 
12.11 Roll Edge Diagnostic Tree (Partial) 164 
12.12 Other Roll Edge Defects 164 

13 Wrinkling 

No. P~ge 
13.l Mohr's Circles for a Web 168 
13.2 MD Trough Wrinkle 170 
13.3 Excessive Roller Deflection Wrinkling 171 
13.4 Wrinkling at Roller Grooves 171 
13.5 Roller Misalignment Wrinkle 172 
13.6 Misalignment Wrinkle' Relationships 173 
13.7 Other Diagonal Wrinkling Cases 174 
13.8 Air Entrainment and Wrinkling 175 
13.9 Interlayer Slippage of Wound Rolls 175 
13.10 Residua[ Stresses in a Baggy Web 176 
13.11 Baggy Web Tension and Length 176 
13.12 Narrow Web Measures of Bagginess 177 
13.13 Wide Web Measure of Bagginess 177 

14 Web Breaks 

No. 
14.1 
14.2 
14.3 
14.4 
14.5 
14.6 
14.7 
14.8 

Seasonal Printing Press Defects 
Seasonal Unwinder Defects 
Load-Strength for a Small Sample 
Load-Strength and Sample Size 
Strength Does Not Imply Runnability 
Runnability Testing Pilot Machine 
Runnability Relationship with Tension 
Brittle and Ductile Failures 

Page 
182 
182 
183 
183 
184 
185 
185 
186 



0012

-0 List of Tables 
Ou..----------------

ix 

List of Tables 

1 Introduction to Web Handling 11.2 Traction and Spreading Increase With: 142 
11.3 Web Flattening Can Increase With: 154 

NQ., ~ 11.4 Spreading Truth Table 155 

1J Web Material Classes l 

1.2 Web Material and Product Examples 2 

1.3 Converting Process Examples 3 12 Winding 

2 Material Mechanics No. ~ 
12.1 Wound Roll Measurements 161 

Ng_. Page 12.2 Wound Roll Specifications 165 

2.1 Static Friction of Paper Examples 19 12.3 Wound Roll Defects 165 

2.2 Kinetic Friction Over a Roller 20 
2.3 Common Units for Web Properties 22 

3 Dimensional Control 

NQ. ~ 
3.l Wound Roll Structure Measures 32 
3.2 Length Measurement 41 
3.3 Length Discrepancy Factors 43 

8 Guiding 

No. Page 
8.1 Tracking Disturbances 99 
8.2 Unwind Guide Guidelines 103 
8.3 Winder Guide Guidelines 103 
8.4 Steering Guide Guidelines 105 
8.5 Displacement Guide Guidelines 106 

9 Nips 

NQ. ~ 
9.1 Process Nips in Converting 110 
9.2 Examples of Nip Impression Papers 124 
9.3 Nip Impression Documentation 124 

H) Slitting 

NQ. ~ 
10.1 Difficult Slitting Factors 130 
10.2 Razor Cuttability Factors 131 
10.3 Score Life Factors 132 
10.4 Trim Removal Methods 137 

11 Spreading 

HQ. 
~ 

11.1 Types of Spreading 141 



0013

The Mechanics of Web Handling 0-,. ____________ _...o-48 

25. Brandenburg, G. New Mathematical, Models for 

Web Tension and Register Error. Proc. 3rd Int') 

IFAC Conf. on Instrumentation, 1976. 

26. Puckhaber, Charles F. Pri11t Registration 

Control in a Rotogravure Printing Press 

Combined with Extrusion Coating or Lamination 

Processes. Tappi J. , vol 78, no 3, pp 144-154, 
March 1995. 

27. Tasch, J.J. Improved Quality through High-

Precision Register Controls. Newspaper 

Technology, January 1990. 

28. Weiss, Herbert L. Consistent Web Print Length 

Requires Tension Controls. -Paper, Film & Foil 
Converter, vol 66, no 12, pp 68-69, December 
1992. 

29. Roisum, David R. The Mecha11ics of Winding .. 

TAPP! PRESS, #0101 R-236, 1994. 

30. Lucas, Robert G. Dishing in Winding Rolls of 

Paper. Tappi J., vol 60, no 7, pp 121-125, July 

1977. 

31. Roisum, David R. Nip Induced Defects of 

Wound Rolls. TAPPI Finishing and Converting 

Conf. Proc., Chicago, pp 89-98, October 2-5, 

1994. 

32. Roisum, David R. What causes a roll to 

telescope? Converting Magazine, Web Works 
Column, pp 30, November 1997. 

33. Schulze, Peter. The Multi-Ply Effect (Stair Cut): 

A Sheeting Problem. Tappi J., vol 54, no 8, pp 

1305-1308, August 1971. 

34. Stack, K. D. and LaFleche, J.E. and Benson, R. 
C. The Effects of Nip Parameters on Media 

Transport. Proc. 3rd Int'! Conf. on Web 

Handling, Oklahoma State Univ., June 18-21, 

1995. 

35. Roisum, David R. How ca11 I Reduce Waste? 

Converting Magazine, Web Works column, pp 

20, September 1994. 

36. Roisum, David R. How can I Improve 

Productivity? Converting Magazine, Web 

Works column, pp 22, July 1994 and pp 24, 
August I 994. 

37. Roisum, David R. Waste is 1101 a dirty word 

Converting Magazine, pp 64-66. August 1997. • 

38. Roisum, David R. Should I Ques1io11 the Value 

of Process Controls? Converting Magazine 
Web Works column, pp 20 & 64, January 1997. ' 

39. Smith, R. Duane. Roll and Web Defee, 

Terminology. TAPP! PRESS, 0101R234 

Atlanta GA, 1995. ' 



0014

Y word, 
1997. 

ie Value 
agazine 
{ 1997, I 

Defee 
llR234 

Chapter4 

Tension and Tension Control 

h
. chapter, we discuss why tension is 

In t is • • l • l -~ . ortant, what 1s an appropriate eve oJ 
,mp. and how can it be controlled. Covered 
tension, - " ll d • 

d 
.. ,,J.speed dancer, louu ce , rive torque, are ra... ' 

and other means of tension control. 

WhY Web Tension Is Important 

More often than not, web handling requires 
knowledge and control of web stresses at every 
point in a machine, as well as at all times. The 
auesses imposed upon a web could be in the MD 
(machine direction), CD (cross _direction), and 
zo (z direction), as well as rn three shear 
directions. Of these six, the MD stresses set by 
rmsion control is the best understood and most 
frequently considered direction. 

Tension is a very important web manufacturing 
ll)d process setting. If the tension is too low, the 
web will tend to flop and flutter and will tend to 
lliift and the path will wander sideways going 
ltin,ugh the machine and may lose traction on 
IOllors. Conversely, if the tension is too high, 

=
. ns of-the web may be damaged due to local 

g, or web breaks! may increase if the 
is brittle. 

also is important because it affects 
such as changes in length,2 width 3 and 

·on,4 curl, 5 and layflat.6,7 For example, 
ing the web line tension will increase the 
nt length and decrease the apparent width 
web as measured at that point. Ironically, 
eb will then appear shorter and wider as 
red by the customer. If tension is 
. on only one ply of a laminate, the 
lie web will tend to curl toward that side. 

al:o can affect the tendency toward 
• For example, increasing the line 
~ decrease the wrinkling resulting from 
nusalignm t H . . . en . owever, rncreasrng 
can increase • kl· . wnn mg on very thin or 
nun1fonn b 

the . we s, as well as on machines 
re 1s exc • essive roller deflection. 

Web tension also determines in part how much 
air is pumped in between the web and roller9 
which can cause a loss of traction, or into a 
winding roll IO which can cause roll defects. At 
higher speeds, a low tension web will tend to lift 
off a large diameter roller. This results in ever 
decreasing web/roller traction as speeds increase 
beyond as little as a few hundred FPM (ft/min). 
At speeds beyond a few thousand FPM, rollers 
often will need to be grooved or heavily textured 
to provide a passage for the air to improve 
traction. This is similar to the tread on car tires 
which is needed to reduce hydroplaning when 
braking on a wet surface. 

Finally, web tension affects rollers, which are 
the foundation of web machines. I I First, web 
tension indirectly affects the required roller 
diameter due to deflection. Second, web tension 
(as well as wrap angle and coefficient of 
web/roller friction) determines how much torque 
can be transmitted into the roller to overcome 
drag, windage, and inertia for web driven idler 
rollers or how much torque can be applied by an 
externally driven roller before the web breaks 
loose from its roller. Third, a required change in 
tension from one section of machine to another 
requires a drive. Fourth, the required precision 
of tension control determines how many 
undriven rollers can be used in a section. 

As we see from these few examples, tension 
control is fundamental to many aspects of web 
handling. Thus, we must ensure that the tension 
stay within appropriate bounds as the web 
progresses through a machine. Web tension 
must be considered carefully at the machine 
specification and design stages, as well as during 
process troubleshooting. 

In this chapter, we will primarily consider the 
nominal web tension and how it varies down 
through a machine due to drive points as well as 
roller drag and inertia. We will consider 
dynamics only briefly here. Variations of 
tension across the width of the web will be 
covered in other chapters. 
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Choosing a Process Tension 

Web tension is expressed as a lineal force per 
unit of web width, instead of total tension or 
other arbitrary values. The appropriate units of 
tension in the Metric system is kN/m and in the 
English system is lb/in. MD stress can be 
calculated from lineal tension simply by dividing 
by web caliper. 

There are several means of determining a process 
tension setting for a particular web material. 
These include previous experiences with similar 
materials, generic charts, an,d the 10-25% rule. 
Whal is most important here is the material 
rather than the process. In other words, for a 
given material the optimum tensions for 
calendering, printing, and winding will be quite 
similar. 

The best guide for tension settings are based on 
experiences with similar materials. If these 
operations were successful, they will have struck 
a good balance between running too loose with 
the attendant difficulties of keeping the web flat 
and stable throughout the machine, and too tight 
with the attendant difficulties of web yielding or 
breaks. 

However, the experience need not necessarily be 
with the same caliper, gauge, thickness, or 
weight. A good estimate of a running tension 
based on a similar material but of a different 
thickness would be 

t2 
(4.1) T 2 = T -

1 1i 
where 
T1 = old tension 

T2 = new tension 

t1 = old thickness 

t2 = new thickness 

Lacking any previous experience with a similar 
material, one can tum to guidelines suggested by 
machine builders, technical organizations (such 
as TAPPI for paper), or published in the 
literature.12,13 These guidelines will typically be 
a chart or family of curves, of tensions versus 
thickness/weight for several nominal classes of 
materials. 

Previous experience and generic guidelines worl 
quite well provided that your material has 
similar MD strength (load to failure), MD stretch 
(strain at failure), or better yet yield point. 

However, even if you've found no similar 
tabulation for the material you've developed, the 
10-25% tension rule will serve well as a starting 
point for most web materials.14 

Tension 
Run a tension of l0-25% of the MD strength (or, 
better yet, yield strength) of the material. 

Speed 
Run a speed differential (often called draw) of no 
more than 10-25% of the MD stretch (or, better 
yet, yield strain) of the material. 

Figure 4.1 shows a generic stress-strain diagram 
for a ductile material. By web convention, 
we've plotted strength in force/length instead of 
the mechanics units of force/area. The initial 
part of the stress-strain curve is linear and elastic 
(web returns to previous geometry when 
unloaded) for many materials. This is the section 
of the curve where most webs are tensioned as 
seen in the shaded area. At higher stresses, the 
ductile webs will yield and brittle webs will 
break. The near horizontal section of the curve 
is typical of many polymers which extend 
without further increases in load. Notice that t 
yield strength is only slightly lower than th 
failure strength as measured ubiquitously in test 
labs. However, the yield strain is much less !hall 
the failure strain for ductile materials. 

Figure 4.1 
10-25% Rule for Tension Settings 

-----'-- 0.25 X 
- - ---,-- 0.10 X 

Strain (in/in or % ) 
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-tb...----------------

Tension E"ceptions 

fgbtweigbt or low caliper ( <0.001 ") webs 
Ver/ ~ e tensioned at only a few percent of their 
0!t;; This lower tension helps avoid a particular 
y,e • f MD trough wrinkling or tunneling caused 
LY~ 

0
perfections in the machine and/or material. 

by Jlll 

V heavy and strong webs are also often 
eryi·oned at only a few percent of their yield. 

tens . . H" her tensions simply are not effective or not 
:!ied to keep a thick web flat. Also, even at a 

~ower percentage of strength, there is ~till usually 
lenty of t~nsion for web/roller traction. Thus, 

~hile a more conventional (10-25%) tension 
would not hurt, a lower tension often is used to 
keep the equipment _costs down (rol!er diameter 
for deflection and dnve torque capacity). 

Very nonuniform webs or machines are often 
best run at low tension. For example, high 
tensions might induce wrinkling of a puckered 
web on a crooked roller. Low tension allows the 
web/roller interface to act like a slip clutch when 
tension variations exceed available traction. 

Low modulus or very ductile (stretchy) 
materials often are tensioned more than 25% of 
yield, sometimes even exceeding 60% of yield. 
The reason they can be tensioned higher is that 
the very elastic and ductile nature of the 
materials makes them more forgiving of machine 
geometry errors and tension control variations. 
The reason that they are more highly tensioned is 
often because the machine is too crude to safely 
run low tensions without risk of the tension 
momentarily dropping below zero. However, 
other reasons include to reduce web flutter 
(tissue) or to decrease the volume of a wound 
roll to reduce shipping costs. 

True d_rawing (permanent stretching or 
elongation) will require the tension capacity of 
the machine and drive to be equal to the 
lllax.imum web strength. However, the process 
:: be controlled by speed differential as 
cba ~ed _by process/product requirements. If 
OD ::g t8 ~ttempt~d using tension type controls 
1'111 P astic portion of the curve, the machine 
..... run away and the web will pull apart. While 
0&1.1e drawin . llatn 1 . g operations are uncommon, 
Ille:! :/is 1n~lude some metals, food processing, 

onning end of many machines. 

However, we may not always be able to achieve 
good web handling conditions over a wide 
tension range as implied, for example, by the 10-
25% rule. This is because one might have low 
tension problems as high as 15% and high 
tension problems as low as 20%. In this case, 
the working tension range would be only 15-
20%. Indeed, it is not uncommon for there to be 
no sweet spot for the tension setting which 
avoids all problems. 

Often, a reduced web handling tension range is 
an indicator of poor process health, such as 
nonunifonnities of material and/or machine. For 
example, a severely misaligned roller can cause 
one side of the web to be floppy while the other 
is near breaking. Another example is where a 
high drag roller is near the onset of slippage, 
even when web tension is near breaking. 

One may have process considerations that also 
further constrain what tensions must be run. For 
example, tension may need to be altered to 
achieve a registration target. Similarly, a 
specific tension ratio might be needed on both 
plies of a laminate to reduce curl. Finally, 
tension might need to be as low as possible Lo 
reduce the width variation of the winding of 
nonwoven products, or winding tension might 
need to be tapered to avoid roll starring. In 
these examples, we could handle the web (move 
it through the machine) under a wide variety of 
tensions, but product and process requirements 
further restrain the acceptable range of web 
tensions. 

In conclusion, tension must be considered 
carefully for all web processes. At the design 
step, one might specify the tension range of the 
machine to span from 10% of the strength of the 
weakest web to 25% of the strength of the 
strongest web unless previous experience 
indicated otherwise. Then, one would select a 
midpoint tension for an initial startup value. 
Finally, a process capability study would 
determine the actual range of allowable tensions, 
as well as the problems that are encountered on 
each end of the tension range. Hopefully, the 
process is very tolerant of web tension, 
indicating a true web and machine, as well as a 
robust process. In the next section, we will 
discuss tension control precision. 
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How Close Must Tension Be Held 

Since web tension is an important process 
parameter, it must not be allowed to vary 
excessively. Certainly, the tension must not be 
allowed to fall below zero even momentarily or 
the web might entangle itself on a roller or other 
part of a machine. Similarly, we could not allow 
tension to climb uncontrollably above the 
strength of the web or it would break. 

However, as indicated in the previous section, 
web handling requirements might restrict 
acceptable tensions to 10-25% of yield. Thus, 
for example, a nominal tension setpoint might be 
selected at 15% of yield and allowed to vary 
between l 0 and 20% of yitld. This means a 
tension variation of± 33% of the setpoint would 
be acceptable. However, many processes require 
a tighter control and many machines are easily 
capable of better tension control precisions. 

A common tension control precision guideline is 
that tension should not vary more than 5% of 
setpoint during steady state and 10% of setpoint 
during transients (speed change or toggle of 
condition). Thus, for example, a machine set at 
1.00 pli should hold tensions between 0.95 and 
1.05 pli during steady state and between 0.90 and 
I. IO pli during a speed change. This tension 
guideline is based on measurements from fast 
acting load cells (as opposed to the highly 
damped readings that arc displayed digitally or 
used by drives). 

The tension control precision guideline can be 
used to size the precision of the mechanical and 
electrical components of a machine. For 
example, a load cell or dancer must resolve much 
less than 5% of the lowest web tension (which 
may be 0.5% of the lowest web strength) if the 
system is to achieve a maximum 5% variation. 
Tension precision guidelines will determine 
acceptable resolutions and wrap angles for load 
cells, friction of dancers, and many other aspects 
of machine design. For example, as we will see 
in a later section of this chapter, speed control 
pr~cision must be held to within 1 part in 10,000 
for many webs in order to meet the above 
guideline. This tension control guideline also 
makes it more challenging to size unwind brakes 
and motors. 

In a few cases, we can give more concrete desi&Jt 
rules for MD tension control precision than tl:ie 
general 5% and 10% guidelines given earlier 
For example, we could calculate the allowab1~ 
tension excursion given a width tolerance for a 
product, MD modulus, and Poisson ratio at 
indicated in Chapter 3. Similarly, we could 
calculate the allowable tension excursion to 
avoid a certain magnitude of curl. 

All the tension precision rules given thus far 
determine how close the average tension across 
the width of the web must be held at a certain 
roller position with respect to time. These rules 
say nothing about how much tension could be 
allowed to vary llilli!l. through the machine 01 
~ the width. 

To address downweb tension variations, a 
guideline states that tension down through a 
drive section should not span more than 10% of 
the setpoint during run and 25% of the setpoint 
during speed changes. As will be explained 
later, this detennines how many undriven rollers 
can be used in a section. A section is defined as 
a series of undriven or slaved rollers bounded on 
each end by a driven and controlled roller. 

Finally, to address cross web variation, a 
guideline states that tension should not vary 
more than ± l 0% across the width of any roller. 
This guideline effectively determines maximum 
permissible roller misalignment and roller 
diametral variations. 

Web bagginess also causes a variation of stresses 
across and sometimes down a web, even on a 
perfect machine. Web bagginess is a variation of 
natural length that will be discussed in a later 
chapter. 

In conclusion, web tension control is an 
important aspect of web machinery and web 
processes. Thus, the permissible degree of 
tension variation must be sized or selected as a 
kind of quality parameter for the machine. If this 
value is too loose, the product and process will 
be excessively variable. If this value is too tight, 
machine costs will be unnecessarily high. The 
starting point guidelines given here will be 
adequate and easily achievable for most web 
processes. 
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~----------------
d Cell Tension 1,oa 

e rnost direct measurement of web tension is 
Th the use of rollers mounted on load 
:,s. 15,16,17 A load cell is scale which measures 

f rce component produced when a web wraps a 
3 

1
°1 r under tension as seen in Figure 4.2. Most 

ro e d II • I • • monly, the Joa ce 1s an e ectromc stram 
cornge However, L VDTs (linear variable 
gau • 
displacement transformer), spring loaded 
pneumatic regulators and other force sensors 

have been used. 

In addition to the web tension force, the load cell 
also must oear the weight of the roller, bearings 
and mountings as seen in Figure 4.3. Thus, the 
first rule of load cell sizing is that the gross 
(vector sum of tension and weight) must not 
exceed the capacity of the cell. Note that some 
cells have different ratings in the sensing and 
cross sensing directions. The second rule of load 
cell sizing is that the net force (tension 
component in the direction of the sensing) 
should be at least 10 times the accuracy of the 
cell for the lowest tension product to be run. For 
example, if we have a l 00 lb cell with a 1 % 
accuracy, then we would want the web tension 
force component in the sensing direction (+2 for 
a two cell roller) to be at least 10 lb . To avoid · 
the proverbial problem of trying to "weigh a pea 
in a dump truck," the following steps will give 
an improved sensitivity by increasing the ratio of 
net to load cell capacity. 

1. Select the smallest load cell capacity that 
meets the first rule of gross weight sizing. 

2. Wrap the load cell roller as much as 
possible. 

3. Orient the wrap (or cell) to generate a 
tension force acting as closely as possible to 
lhe sensing direction of the cell. 

4• F~r cells with a vertical sensing direction, 
on~nt the wrap so that it pulls upward to 
rehcve roll weight and thus not increase the 
&ross load. 
Use r h Co 1_g t rollers and mountings. 
In mposites can be very helpful here. 

g~neral, the load cell roller must be an 
utndnven idler so that drive forces and 
orqucs ar signal,, e not superposed onto the tension 

'l'hetensio on . n must produce sufficient moment 
a pivoting cell. 

Figure4.2 
Roller Force from Web Tension 

Web 
Tension, 
T 

90-cx /2 

Web 
Tension, 
T 

Web tension induces a force on a wrapped 
roller, bar, or other element. The direction of 
the force is oriented with the bisector of the wrap 
angle. The magnitude of the force is 

(4.2) Ft . = 2TWsin (a/2) ens10n 
where 
F1ension = web force (kN) or (lb) 
T = web tension (kN/m) or (lb/in or pli) 
W = web width (m) or (in) 
ex = wrap angle (degrees) 

For a load cell on each end of a roller, the cell 
will see a gross load that is the vector sum of 

(4,3) 

F =J.. (F + F load cell 2 tension wgt (roller, brgs, mtgs, etc.) 

Figure 4.3 
Forces Acting on a Load Cell 

Web 
Tension, 
T 

90 - <JJ2 

Load Cell 

Sensing 
Direction 

Web 
Tension, 
T 

Cross 
Sensitivity 
Direction 
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Load Cell Sizing Example English Version 

Metric Version Given a 2 load cell system with the orientation of 
Figure 4.3 with a 45 degree wrap angle and 

Given a 2 load cell system with the orientation of 
Figure 4.3 with a 45 degree wrap angle and 

Fwgt = 50 kg = weight of roller etc. 

T = 0.2-0.5 kN/m = web tension range 
W = 1.5-1.8 m = web width range 

Then, 

F . =2 TWsin(a/2) 
tension max 

F 
le vert max 

= 2 x 0.5 kN x 1.8m x sin (45/2) 
m 

= 0.689 kN I02.0 gf = 70.3 kgf 
N 

= 1
(F +F 2 tens max vert wgt vert / 

= .!. (70.3cos(45/2) + 50)kgf 
2 

= 57.5 kgf 

Given mechanically overload protected cells 
available in 20, 50, and 100 kg capacities, the 
100 kg cell would be required. Now let's check 
sensitivity assuming the cells are accurate to 1 % 
of full load. 

Then the accuracy of the 100 kg cell would be 
0.0l x 100 = 1 kg. Then the tension component 
in the sensing direction for even a crude 
application must be at least 10 x 1 = IO kg. 

F . . = 2 T W sin (a/2) 1ens10n mm 

= 2 x 0.2 kN x I.Sm x sin (45/2) 
m 

= 0.230 kN 102•0 gf = 23.4 kgf 
N 

F . = .!. (23.4cos(45/2))kgf 
tens sense mm 2 

= 10.81 kgf 

This load cell system just meets the crude 
sensitivity requirements, but would probably 
compromise the tension control accuracy of a 
nice drive. 

F wgt = 100 lb = weight of roller etc 

T = 1-3 lb/in = web tension range 
W = 60-70 in = web width range 

Then, 

F . =2 TWsin(a/2) 
tension max 

F 
le vert max 

= 2 x 3~ x 70in x sin (45/2) 
m 

= 160.7 lb 

= 1 (F 
2 tens max vert + F ) 

wgt vert 

= _!_ (160.7cos(45/2) + lO0)lb 
2 

= 124.2 lb 

Given mechanically overload protected cells 
available in 50, 100, and 200 lb capacities, the 
200 lb ceU would be required. Now let's chec 
sensitivity assuming the cells are accurate to 2 
of full load. 

Then the accuracy of the 200 lb cell would 
0.02 x 200 = 4 lb. Then the tension componenl 
in the sensing direction for even a cru 
application must be at [east 10 x 4 = 40 lb. 

F . . = 2 TW sin (a/2) 
tension mm 

= 2x I~ x60inxsin (45/2) 
1tl 

= 45.9 lb 

F . = l. (45.9cos(45/2)) lb 
tens sense mm 2 

= 21.2 lb 

Since the tension signal is too low, we wo 
need a l % accurate cell or would try wrappi 
the cell nearly 90 degrees, or would wrap pulli 
up, or could lighten the roller so that we coU 
drop down to the next lower capacity. Then 
would reiterate on both the capacity a 
sensitivity calculations. This typical exalJIP 
illustrates why load cell rollers usually need 
heavy wrap angle. 
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'%-----------------
other Load Cell Consideratit:ms 

.: .. g a Load Cell 5e1ee ... -

·t there are many considerations for load cell 
Wh~;ion b~yond those discussed earlier, we will 
sel on four that are most commonly 
foculs oked. First and most important, the cell 
0ver o h . 
sbOuld have a IOX or better_ mec ;:;1c:l \not

1 electrical) overload protection. ec amca 
t ction is an internal stop that keeps 

:~i:ental overloads from excessively deflecting 
d damaging cells. Unfortunately, some 

an dors do not provide this feature. Second, ::e spare cells because they will fail eventually. 

'11tird, high speed applications (> 1000 mpm) 
may require high mechanically damped load 
cells because roller/cell/framework system 
resonance is almost inevitable, causing high 
amplitude imbalance noise to compromise the 
signal. Unfortunately, I am aware of only one 
load cell yendor that provides this feature. 
Fourth, high speed load cell rollers must be 
balanced well as covered in rny roller book. 

Amplifier & Display 

Raw load cell signals are amplified and then sent 
to a display and/or controller. Among many 
other important electrical considerations, the 
black box should have the following features. 

L Be able to sum 2 or more cells for tension 
control use. 
Have a selector for front, back, and 
difference. Being able to select either a 
front or a back makes troubleshooting a bad 
cell much quicker. Being able to select a 
difference can be used to indicate how level 
the tension is across the web. This also 
CO~ld be used to automatically position an 
adjacent guide or squaring roller. 
~ave an adjustable filter to clean up noisy 
signals coming from web bounce or roller 
imbalance. 

Be_ able to scale the display to engineering 
units ~f kN/m or lb/in (pli). An analog 
=r is_ n_iuch easier for the operator to use 

B 
a digital display. 

ave an addi • to all ltonal 0-5 VDC signal terminal 
other ~w ~ookup of a strip chart recorder or 

evice for troubleshooting. 

6. Lastly, it sometimes is easier to work with a 
vendor who supplies both load cells and 
drives (electric motors or mechanical 
brakes). 

Calibrating Load Cells 

Calibrating load cells involves three steps: set 
zero, set gain, and recheck zero. The zero is 
adjusted without any load applied to the roller. 
The gain is calibrated by stringing a rope through 
the machine upon which weights are hung. The 
position of the rope is centered on the upstream, 
load cell, and downstream rollers following the 
same path as the web shown in Figure 4.4. 
Weights should be hung to give a load near the 
maximum of the cells to set gain and half that to 
crudely check linearity. 

Troubleshooting Load Cells 

l. See if the load cell display moves when you 
push on the roller. If not, consult the load 
cell manufac turer 's troubleshooting 
procedure. 

2. Check to see if the zero has moved since the 
last calibration. An unexplained movement 
of zero on a single cell is a symptom of the 
most common load cell problems: it has 
been mechanically damaged because it was 
overloaded or struck by something, or the 
electronics are drifting. 

3. Change out a cell with a spare: Did the new 
cell solve the problem? If not, it might be 
the amplifier box. Try changing it out. 

4. Noisy load cell readings come from two 
major sources. The first is mechanical 
vibration. The second is electrical noise. 
Systems where the amplifier is remote from 
the cell are most prone to electrical noise. 

5. A 4-20 mA signal is much more robust than 
a 0-5 V signal. 

Figure 4.4 
Calibrating a Load Cell 
with a Weighted Rope 

L.C. 
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Dancer Controlled Tension 

The most common design, arrangement of a 
dancer is shown in Figure 4.5. The dancer roller 
is connected to a pivoting arm whose position is 
measured by a rotary or linear pot 
(potentiometer). 18, 19 If the tension is high, the 
dancer is pulled upward and the pot sends a 
signal to the downstream drive to slow down ( or 
the upstream drive to speed up). If the tension 
drops, so does the dancer roller. 

A minimum tension is provided by the weight of 
the roller and a portion of the arm. To change 
tension, pneumatic cylinder pressure might be 
varied or weights might be added or removed. 

Dancers arc one of the oldest web tension 
sensors and are still commonly used today. 
Their primary advantage is that they can 
accommodate drives that are sloppy (as were 
most before digital drives) or for applications 
which have extremely fast tension transients 
(such as on flying splices). The dancer is 
tolerant of fast tension transients and slow drives 
because of the length of stored material in the 
loop that can be drawn from or fed into. A less 
common arrangement of dancer is a festoon as 
seen in Figure 4.6. This provides even more 
stored material and is used for zero speed 
splicing of unwinding or winding rolls. 

However, there are several disadvantages and 
misconceptions with dancers. The first 
disadvantage is that, while it does respond to 
changes in tension, it does not display tension as 
does a load cell. Thus, there is no output of 
average or instantaneous tension to be used for 
process design, quality control, or 
troubleshooting. The best that can be done is to 
calculate the (average) tension as a function of 
cylinder pressure or arm counterweight. Even 
then, however, one is not able to determine 
tension excursions to gauge the health of the 
drive control system. 

Another concern of the dancer is the common 
use of pots (variable potentiometers) for 
position sensing. An example of a pot is the 
volume knob on a radio. It is not durable to 
continuous turning. Also, the pot can fail in the 
worst manner possible due to occasional and 
erratic control glitches as the slider gets dirty. 

Figure4.S 
A Pivoting Dancer 

~--- Pivot Arm 

r Pivot & 
Rotary Pot. 

-1----- Cylinder or 
Counterweight 

Figure 4.6 
A Festoon Dancer 

cyl cyl 
top rollers are guided to 

move vertically in a track 

bottom rollers are fixed 

However, the best evaluation of dancer/drive 
performance is to measure tension excursions 
after the dancer with a load cell. As seen in 
Figure 4.7, tension is poorly held, especially 
during speed changes. Much of the poor 
performance of dancers is excessive mechanical 
friction of the pivot and cylinder assembly 
which should be much less than 1110th of tho 
force of the lightest tension to be run. It also is 
important to keep dancer mass to a minimum to 
improve response. 

Figure 4.7 
Tension (lm)Precision of a Dancer 

Time (minutes) 
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pancer Design 

fj t step in dancer design, as it is for load 
'{'he 1rs U A d' d • • to size the ro er. s 1scusse m more 
cells:/~y roller book, the nominal diameter is 
de~arily determined by deflection standards 
pri. h tend to yield slenderness ratios 
wtuc th/width) of around 15. Then, the minimum 
O~~g weight is largely detennined because wall 
:c~ness and shell material are smaller factors 
th diameter. Of course, the roller can be made 
:Vier by increasing wall thickness or adding 

weight. 

second, we must choos~ a danc~r configuration 
that minimizes the r~quired cylm~er size s_o_ ~al 
ylinder friction which compromises sensitivity 

~so is reduced. Indeed, the cylinder friction 
alone often will put a dancer out of spec without 
oven considering pivot/slide friction or regulator 
hysteresis. The two primary configurations are 
the horizontal and vertical arrangements as seen 
ill Figure ·4.8. The vertical arrangement is 
suggested for materials whose nominal running 
tmsion is similar to the already calculated roller 
weight. The horizontal dancer is more 
ilppn)priate for light webs whose tension is much 

than roller weight. Note that accumulators 
toons should never be used as tension 

because of the friction penalty. 

, we need to size and position an air 
er to provide coverage of the required 

range so that the minimum tension is 
ed with no less than IO psi, and the 

tension is achieved with no more than 
• Often, we may need to weight or 

eight the dancer mechanically to get the 
Y to balance at about the midpoint of the 
tension range. If the tension range is 

ge, then we may need to provide 
e counterweights. 

!11ust choose a position sensor. Since 
15 in near constant motion, contacting 
has rotary pots don't tend to hold up 

can add additional friction of their own. 
ntacting sensors such as servo-pots 

ultr • ' 'Illa asorucs may be preferred. Optical 
y not work well if the dancer doesn't 
enough to make the read. 

Figure 4.8 
Dancer Configurations 

vertical dancer for 
heavier webs 

horizontal dancer for 
lighter webs 

Finally, we need to calibrate the dancer 
graphing tension versus cylinder pressure. This 
is done by a weighted rope following the web 
path much like already described for load cells. 
With a given weight, the cylinder pressure is 
raised until the dancer moves in one direction, 
and lowered until the dancer moves in the other. 
The average pressure is used to make the chart, 
while the difference is a good measure of sensor 
sensitivity. The hysteresis of the dancer should 
be <<10% of the minimum design tension. The 
process is repeated for several weights 
corresponding to the design tension range. 

The vacuum dancer is a design variation for 
tensions that are light but heavier than can be 
provided by a catenary. The vacuum dancer uses 
a light weight puck instead of a pivoting roller to 
hold loop geometry. The loop and puck are 
contained in a vacuum chamber to provide 
additional tension. Loop length feedback can be 
provided by photoeyes or ultrasonics. The most 
common application is for infeed/outfeeds of 
magnetic tape drives on some mainframe 
computers. 
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Dancer Dynamics 

A common misconception is that the dancer 
provides a damping of tension disturbances as 
might be generated by an out-of-round supply 
rolI, unstable drive, or vibrating roller. While 
this can happen, the realities show much more 
mixed results. 

Figure 4.9 shows the frequency response of a 
typical dancer system. This is a plot of the ratio 
of tension disturbances before and after the 
dancer as a function of the frequency of the 
disturbance. A value of one means that the 
tension disturbance passes through unaltered. A 
value less than one means the dancer is 
attenuating or reducing tension fluctuations, 
while a value greater than one means the dancer 
is exaggerating or increasing tension 
fluctuations. 

As seen in the figure, the dancer docs little to 
change web tension ex'cursions at low 
frequencies. However, at intermediate 
frequencies the dancer system goes into 
resonance and actually magnifies tension 
disturbances. The position and severity of the 
peak depends on the dancer's inertia and other 
dynamic factors. It is only at very high 
frequencies that the dancer provides a damping 
or reduction of tension disturbances. Thus, it 
might be helpful for shock loads coming from a 
flying splice or rotary die-culler where many of 
the frequency components are high. 

Those familiar with vibration will note the 
similarity of the graph to the response of a single 
spring mass system. Those who think in 
electrical terms will classify this system as a low 
pass filter. Though perhaps surprising to some, 
the dancer has the same frequency response 
character as an undriven idler roller. Thus, if 
damping is the only criteria, a high inertia roller 
may give similar results. 

There is an exception to the mixed benefits of the 
typical dancer. This is the inertia compensated 
dancer roller that was developed and patented20 
(expired) by Martin Automatic Inc. The 
frequency response shape is still similar but lies 
mostly on the attenuation side. 

Figure 4.9 
Dancer Damping of Tension Fluctuations 

Hi 

0------------.11 
0.1 1 10 100 

Disturbance Freq. (Hz) 

According to the patent, a complete attenuati 
of tension disturbances is achieved if 

(4.4) J=Mr2 

where 

J = polar inertia of the dancer roll(ers) 
M = dancer mass 
r = dancer roller outer radius 

For a typical single translating or pivoting dan 
roller, this will require the addition of a flywh 
(rotary inertia) to the ends of the roll 
Conversely, multiple roller festoon syste 
might require the addition of mass (translatio 
inertia) to the moveable carriage. 

While a desktop demo and the patent 
convincing, there were a few higher order te 
left out of the derivation, as was the case in 
early models.21.22 The realities of the ine 
compensated dancer roller generally 
beneficial, but short of the complete attenua 
sometimes claimed. This has been verified 
experimentally and analytically23,24 by sev 
independent researchers. While the ine 
compensated design might lay a serious clai~ 
smoothing out tension disturbances, the ques 
must be asked if it is necessary and suffici 
Indeed, even idler rollers can significantly red 
the transmission of tension disturban 
downstream. However, inertia of any kind 
cause tension upsets during speed changes. 
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'%----------------
. .., control pra" 

ntrol is the speed regulation of several 
DJ:8w co oJlers in a process line . While the 
dri~en :nt and controls are quite simple, draw or 
eqlllf ontrol is limited to very stretchy 
spee ~ such a tissue paper, stretch film, 
psate ens and some textiles. (True drawing 
nonwov , 

· ns wm permanently stretch the web.) 
operauo 

. 4 10 is an example of draw control on a 
Figure • · 1· H h • d roll-to-roll convertlng me. ereb, t e unwm 

1
,_ a 

erting process (calender, em oss, prmt, s 1t, 
con)v and a windup are all driven at a controlled 
etc.' h d surface speed. However, the tac or enco er 

nnected on the back end of a motor measures :ro (revolutions per minute), and must calculate 
IUJ(ace speed from the equation for rigid body 

Jll()lion, 

V = (l}r 

Metric Units 

0.031416 X DX rpm 

) English Units 

the speed V is in mpm (m/min) in the 
c system and in fpm (ft/min) in the English 

, and while D is the outer diameter of the 
) in (cm) for the metric system and 
) for the English system. The diameter 

ers will be measured by a caliper, while 
~anging diameter of unwinding and 

ng rolls may be measured by a variety 
sucli as ultrasonically. 

w between any two rollers is expressed 
nt speed change with respect to some 
which should be stated. For example, 

Conv rti e ng unit were the speed reference 
J}'Slem, the windup draw would be 

~~ (elongations) can be calculated from 
raws provided that a strain is known 
• For example, 

Figure 4.10 
Draw Control in Roll-to-Roll Converting 

Vl V2 

Unwind 
Convert 

Figure 4.11 

V3 

Wind 

Speed 

Web 
Strain 

Element 

Draw Control in a Manufacturing Line 

V2 

Mfg. 
Convert 

(4.7a) e2 = e 
I 

+ 

(4.7b) E3 = e 
2 

+ 

V3 

Wind 

%Draw211 

100 
%Draw312 

100 

Speed 

Web 
Strain 

Element 

and 

etc. 

Notice, however, that in the roll-to-roll 
converting line of Figure 4.10, we would 
generally not know the strain present in the 
unwind (e 1) . Similarly in the manufacturing line 

of Figure 4.11, we would generally not know the 
strain coming out of the maker (e 1). Thus, draw 
control is not closed loop on the web because 
there is no web sensor. This means it is, by 
itself, unable to measure or compensate for 
upstream web fluctuations. 

Finally, draw control precision needs to be 
sized appropriately. If, for example, a typical 
quality speed control can achieve a 0.1 % 
accuracy, then anything less than a 1 % draw 
setting would be imprecise (10% variation), 
which means the MD stretch (or, better yet, 
yield) should be greater than 10% (minimum 
tension 10% of breaking value). 
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Tension Variations in a Draw Zone 

Draw control is required in areas where the web 

is being yielded because the stress-strain curve is 

relatively flat there. In other words, small 

changes in tension can cause large changes and 

often unpredictable changes in anelastic strain 

(i.e., permanent length changes). Thus draw is 

more suitable than tension control in stretching 

and true drawing operations. Examples include 

the wet end of a paper machine, tenting of plastic 

film, and some oven applications. 

However, draw control also is used widely as a 

Bcheap but crude form of tension control in the 

elastic region of a material's response. Here, the 

objective is to control tension indirectly through 

draw. Unfortunately, the consistency with which 

the tension (or registration) is held in any 

particular draw zone is affected by a number of 

parameters. These factors vividly demonstrate 

the common fallacy of draw "tension isolation." 

One strong factor in the variable effects of draw 

is the pre-draw zone tension. In other words, as 

we discussed in the previous section, any 

changes in the upstream tension will be passed 

down through the next zone. 

Another factor is the percent draw, which is the 

nominal setpoint. Note that it is completely 

acceptable to run zero or slightly negative draws 

because that only means web tension is 

maintained or drops slightly in the zone. 

However, we also need to be concerned with 

how closely the drive system holds the target 

speed. Clearly, the speed increments and 

tolerances need to be <<l0% of the web's strain. 

Web modulus also affects tension so an increase 

in modulus will increase the tension at that point. 

However, if the modulus is increasing because 

the material is thicker, the average stress will be 

similar even though tension has changed. 

Any hygrothermal process that changes the 

length of the material also changes the tension. 

For example, if the moisture (paper and some 

polymers), solvent loading (if it causes the 

material to swell), or temperature (polymers) 

increases, the tension will drop and vice versa. 

This, of course, is in addition to any modulus 

changes that also will result as a consequence. 

Traction must be maintained on draw controlIC(J 

rollers. If the web slips on a positive draw zone 

the tension will not increase as much a' 
calculated and vice versa. s 

Covered nipping rollers will have an effective 

radius that increases with increasing nip as 
discussed in another chapter. Conversely 

lowering the nip loading on a soft pull roll~ 

drive section will effectively decrease the draw 
and hence tension on that zone. 

Finally, there is a time constant involved in 

draw control that makes tension react sluggishly 

to draw changes. For example, if the 

downstream roller is sped up immediately, tho 

tension does not increase immediately. Rather, it 

increases as an exponential as shown in 

Figure 4.12 with a time constant 

't = length/speed. Note that similar issues 

involved with registration (strain) using tension 

control. 

(4.8a) T2 
( 

t/'t I 
T +(E &c) 1-e- I 

I 

where 
V -V 

(4.8b) 
2 I 

Cl€ = 
VJ 

Figure 4.12 
Time Constants and Draw 

Tl 

Vl = 100 FPM V2 

c = 0.001", E = 10,000 lb/in"2 

101 

V2 

100 

► 

1.1 

T2 

1.0 

-----------------------~ 

t (roin) 

0.0 0.1 0.2 0.3 
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~----------------
catenarY (Loop) Control 

orne applications require such exceptionally 
S ht tensions that load cells or dancers may not 
::ve suitable resolution. If this material also had 

1 
ited stretch, then draw control also would 

~: be suitable. Fortunately, light tensions can 
be run using catenary control. 

The shape of ~e sag~ing arc of a telephone line, 
clothesline, kite stnng, or we~ be~ween two 
oilers are all the same as seen m Figure 4.13. 
~e shape goes by the fancy mathematical term 
of catenary. We can use the catenary for light 
tension applications as well as for a poor man's 
tension measurement on machines not equipped 
with load cells or other sensors. The catenary 
curve as seen below has a curve defined as: 

(4.9) 
a ( x/a -xla) y = - e - e 
2 

where x and y are the horizontal and vertical 
positions respectively and ''a" is called the 
parameter ?f the catenary. Mathematically, "a" 
is the distance from the lowest point in the curve 
to the directrix. Physically, "a" relates weight 
and tension. For webs, a is calculated as: 

. T 
h 

(4.10) a = - where 
w 

T11 = horiz'I component of tension (force/width) 
W = basis weight (weight/area) 

Both rollers on each end of a span must lie 
~ent to the curve defined above and shown in 

4.14. The application of the catenary to 
culate tension from the web sag, span, and 

~eight as seen in Figure 4.15. This can be 
hfied for the specific case of a shallow 

ntal curve as: 

Figure 4.14 
Rollers are Tangent to Catenary Sag 

(4.11) 
L2 w 

T = --where 
8s 

L = span length between roller tangents 
w = basis weight 
s = sag 

Example Problem 

X 

Given a 20 lb light paper grade sagging 0.25 in. 
on a horizontal span 50 in. long, what is the 
tension? 

(50 in)2 20 lb ft 
( 

2 ) 
T = L2

w = 3000ft
2

144 in
2 

8 s 8 (0.25 in) 
T = 0.0579 lb/in 

As an exercise, the reader can verify that this 
result when plugged into Equations 4.9 and 4.10 
will yield a legitimate catenary. 

The technique works well on lightly stressed 
webs with long spans. Sag can be measured with 
a ruler, optically, or ultrasonically. 

Figure 4.15 
Parameters of the Catenary 
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Tension from Motor Readings 

Tension is a byproduct of motor torque. This 
knowledge enables us to approximate web 
tension from electric motor drive readings. It 
can be applied to unwinds, windup sections, and 
rollers. For unwinds and windups, the value will 
be for absolute tension. If applied to a roller, the 
calculation is for a tension differential across the 
roller. However, either measuring or controlling 
tension via amperage neglects inertial effects due 
to speed changes. The mett:r amperage used is 
the different between values of running with and 
without web tension. 

English Units 

(4.12) 

PR = Pnameplate (Efficiency) ( Ampsme1er ) 
AmpSnamepla1e 

where 
PR = power during run (HP) 
Pnamcplate = motor nameplate power (HP) 
Efficiency = elect & mech efficiency "" 0.90 
Amps,nc1er = meter reading during run (amp) 
Ampsnamcplate = motor nameplate current (amp) 

(4.13) 

T = PR x 33,000 

WxS 
where 
T = tension (lb/in) 

PR = power during run (HP) 
W = web width (in) 
S = speed (ft/min) 

Example for two-drum winder given: 
front drum and rear drum motors 
rated at I 00 HP and I 60A each, 
front drum runs at lO0A, rear drum at 60A 
speed = 6000 fpm, width = 200 inch 

PR= (100+100)(0.90)( l00+
6
0) = 90HP 

160 + 160 

T = 90 x 33,000 = 2.4g lb/in 
200 X 6,000 

Note: From Equation 4.12 you can also size the 
tension power requirements (does not include 
accel/dccel or losses). Also, it is better to 
measure friction than Lo assume a 90% efficiency 
as shown here. 

Need lo know: 

Amperage from meter during run 
Motor amp and power nameplate values 
Web width 
Speed 

Efficiency can be assumed to be 90% for many 
systems (10% friction and other losses). 
However, friction can be high on some drive 
components and with some punky materials 
rolling on a drum. 

Metric Units 

(4.14) 

PR = P nameplate (Efficiency) ( AmpSmeter ) 
Amps nameplate 

where 
PR = power during run (kW) 
Pnameplate = motor nameplate power (kW) 
Efficiency = elect & mech efficiency "" 0.90 
Ampsme1er = meter reading during run (amp) 
Ampsnameplate = motor nameplate current (amp) 

(4.15) 

T = PR x 60 
WxS 

where 
T = tension (kN/m) 

PR = power during run (kW) 
W = web width (m) 
S = speed (m/min) 

Example for an unwind given: 
motor nameplate rating 150 kW 
motor nameplate current 300 amp 
motor running current 150 amp 
speed = 2000 mpm, width = 5 m 

PR = (150) (0.90) G:) = 67.5 kW 

T = 67.5 x 60 = 0.41 kN/m 
5 X 2,000 

Note: From Equation 4.14 you can also size 
tension power requirements (does not inclu 
accel/decel or losses). Also, it is better 
measure friction than to assume a 90% efficien 
as shown here. 
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~----------------
current Control 

. tension is a result of am1ature current in 
since . 

ubiquitous DC motor, we can use 1t to 
thed ly control web tension. All that need be 
cru e fr h • • th is to calculate om t e previous section e 
done b • 'f' d • ired current to o tam .a spec, 1e tension 
requ • d ) • d'f" • 1 wind or wm up or tension 1 1erent1a 
~:;errnediate roller). This technique is applied 
to constant diameter elements such as found on 

surface winders. 

An example usage of this technique is on some 
large paper machinery unwinds. Here, the 

nwind tension is provided by large (S0+hp) 
~generative motors. Normally, the tension is 
controlled via load cell feedback. However, if 
the load cells should fail, which happens 
occasionally in that rugged environment, current 
control is the fallback to keep the process 
running. The operator merely switches to 
current and the former tension rheostat becomes 
a current controller which he sets to a value 
similar to what normally was observed. 

Current control is open loop on the web and, as 
such, results in compromised tension control. 
F'IISt and foremost is the large inertia component 
of tension during speed changes. In current 
control, the tension will rise during accel and 
drop during decel for unwinds and vice versa for 
intennediate rollers and winders. While some of 
this variation can be reduced by adjusting current 
automatically, inertia can vary many orders of 
magnitude on winding and unwinding rolls. 

Other problems include drag, friction, and other 
lOSSes that are usually variable. Large losses will 
be seen on rolling nips, particularly if one of the 
elements is soft (covered roller or wound roll) 
IDd highly loaded. Other losses include bearing 
drag, sliding element drag (turnbars, stationary 
8Pleaders, etc.), and windage. Finally, there are 
IDllny motor complexities also that can increase 
tension uncertainties when using the open loop 
current control scheme. 

Torque Control 

Pneumatic brakes, magnetic particle brakes and 
clutches, slipped core winding shafts, and 
tendency drives are common converting 
components . These and similar devices are 
torque controlled actuators. 

For example, the air pressure set by a regulator 
primarily determines the output torque of a 
pneumatic brake. Similarly, the magnetic 
particle device has an output torque 
approximately proportional to current. The 
slipped core winding shaft torque is determined 
primarily by axial load. Finally, the tendency 
drive torque is a reflection of bearing torque. 

Unfortunately, none of these devices is very 
repeatable. For example, the pneumatic brake 
torque also can vary as a function of the friction 
coefficient of a particular pad, with rpm and with 
temperature (brakes fade at high temperature). 
Similar effects are found on the other torque 
devices as well. 

Many plants operate these torque devices in 
open loop on the web. Thus, for example, an 
operator will set brake torque, and thus indirectly 
tension, through an air regulator. Unfortunately, 
the results often will be tension excursions 
exceeding standards of decency. The solution 
for poor tension control in this case is quite 
simply to use load cell (or dancer) feedback to 
run the devices instead. 

Of even graver concern is the use of open loop 
torque devices on unwinds. The problem is 
compounded here because the torque must be 
reduced proportionally as the diameter of the 
unwind roll decreases. True, the operator can 
lower the setting manually as the roll is 
unwound, but what is the quality of the results? 
Also, there are diameter compensating devices 
that can reduce the error a bit, but why not 
simply install load cells instead? 

Good practice for web processes: 

No friction without feedback! 
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