
593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 1PDF page: 1PDF page: 1PDF page: 1

Design Concepts and Strategies

for Precision Engineering



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 2PDF page: 2PDF page: 2PDF page: 2

Design Concepts and Strategies for Precision Engineering

First published in the Netherlands in 2020
Second edition
ISBN: 978-90-829711-2-5

PUBLISHED BY BERG PRECISION PUBLISHING

Copyright © 2021 ir. S.P. van den Berg MTD

Niets uit deze uitgave mag worden verveelvoudigd, door middel van druk, fotokopieën,
geautomatiseerde gegevensbestanden of op welke andere wijze ook zonder voorafgaande
schriftelijke toestemming van de uitgever. Contact informatie is te vinden op de website.

All rights reserved. No part of this publication may be reproduced, distributed, or
transmitted in any form or by any means, including photocopying, recording, or other
electronic or mechanical methods, without the prior written permission of the publisher,
except in the case of brief quotations embodied in critical reviews and certain other
noncommercial uses permitted by copyright law. For permission requests, write to the
publisher. Contact information can be found at the website.

WWW.BERGPRECISIONPUBLISHING.NL

April 2021



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 3PDF page: 3PDF page: 3PDF page: 3

Contents

I Challenges of a Precision Engineer

1 Speak the right language . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1 Translate requirements to specifications 3

1.2 Definitions 4

1.2.1 Degrees of freedom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.2 Target, true and observed value . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.3 Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.4 Tolerance and allowance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.5 Precision, repeatability, reproducibility, trueness and accuracy . . . . . 7

1.3 Schematic representation 8

1.3.1 Schematic representation of basic elements . . . . . . . . . . . . . . . . . . 8

2 Comprehend physical effects . . . . . . . . . . . . . . . . . . . 11

2.1 Compliance or lack of stiffness 11

2.2 Inertia 12

2.3 Thermal effect 13

2.4 Shortening effect 14

2.5 Play 15

2.6 Friction, stick, spin, slip and sliding 16

2.7 Vibrations 20



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 4PDF page: 4PDF page: 4PDF page: 4

2.8 Hysteresis, virtual play and micro-slip 23
2.8.1 Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.8.2 Virtual play . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.8.3 Micro-slip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.9 Other physical effects 28

3 Select optimal strategies . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Predict system behaviour . . . . . . . . . . . . . . . . . . . . . . . 35

II Toolbox of a Mechanical Engineer

5 System stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.1 Parallel and series 39

5.2 Effect of a spring at another location 41
5.2.1 Effect of a translational spring at the point of interest . . . . . . . . . . . 41
5.2.2 Effect of a rotational spring at the axis of interest . . . . . . . . . . . . . . 42
5.2.3 Effect of a translational spring at the axis of interest . . . . . . . . . . . . 44
5.2.4 Effect of a rotational spring at the point of interest . . . . . . . . . . . . . 45

5.3 Energy method 45
5.3.1 Example: stiffness of a truss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3.2 Example: stiffness of a shaft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3.3 Example: stiffness of multiple springs in a circular lay-out . . . . . . . . . 49

5.4 Systems with a preload 50

5.5 Centre of stiffness 51

6 Element stiffness and loadability . . . . . . . . . . . . . . . . . 53

6.1 Rotational stiffness for torsion 54
6.1.1 Twisting, warping and stiffening effect . . . . . . . . . . . . . . . . . . . . . . 54
6.1.2 Torsional and warping stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.2 Rotational stiffness for bending 61
6.2.1 Cantilever beam subjected to a bending moment . . . . . . . . . . . . 61
6.2.2 Simply supported beam subjected to a moment . . . . . . . . . . . . . . 62
6.2.3 Composed beam subjected to a moment . . . . . . . . . . . . . . . . . . 62

6.3 Translational stiffness for lateral deformation 66
6.3.1 Cantilever beam subjected to a transverse force . . . . . . . . . . . . . . 66
6.3.2 Simply supported beam subjected to a transverse force . . . . . . . . 68
6.3.3 Cantilever beam forced into a straight lateral displacement . . . . . . 69



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 5PDF page: 5PDF page: 5PDF page: 5

6.4 Translational stiffness for longitudinal deformation 71
6.4.1 Beam subjected to a longitudinal force . . . . . . . . . . . . . . . . . . . . 71
6.4.2 Composed beam subjected to a longitudinal force . . . . . . . . . . . . 72
6.4.3 Cantilever beam subjected to eccentric longitudinal force . . . . . . 72
6.4.4 Deformed composed beam subjected to longitudinal force . . . . . 74
6.4.5 Loadability for compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7 Contact stiffness and loadability . . . . . . . . . . . . . . . . . 81

7.1 Approximating stiffness and loadability 83
7.1.1 Transferring variables to a set of parameters . . . . . . . . . . . . . . . . . 83
7.1.2 Stresses, deformation and stiffness for elliptical contact areas . . . . . 85
7.1.3 Stresses, deformation and stiffness for rectangular contact areas . . 87

8 Parasitic displacement . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.1 Parasitic displacement due to shortening 89

9 Static behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

9.1 Static characteristics 91
9.1.1 Static characteristics of basic elements . . . . . . . . . . . . . . . . . . . . 91
9.1.2 Static characteristics of some basic systems . . . . . . . . . . . . . . . . . 92
9.1.3 Total play in systems with multiple springs . . . . . . . . . . . . . . . . . . . 100
9.1.4 Example of static characteristic . . . . . . . . . . . . . . . . . . . . . . . . . 101

9.2 Systems with micro-slip 105
9.2.1 Micro-slip in a clamp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
9.2.2 Micro-slip in a bolted joint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
9.2.3 Micro-slip in a belt drive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

10 Dynamic behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

10.1 Free vibration in the time domain 113
10.1.1 Free vibration without damping . . . . . . . . . . . . . . . . . . . . . . . . . 113
10.1.2 Free vibration with viscous damping . . . . . . . . . . . . . . . . . . . . . . 114

10.2 Forced vibration in the time domain 117
10.2.1 Forced vibration without damping . . . . . . . . . . . . . . . . . . . . . . . 117
10.2.2 Forced vibration with viscous damping . . . . . . . . . . . . . . . . . . . . 119

10.3 Force vibration in the frequency domain 121

10.4 Analysis of damping 123
10.4.1 Relation between damping ratio and specific damping capacity . 123
10.4.2 Relation between damping ratio and decrement for free vibration 124
10.4.3 Relation between damping ratio and 3dB-bandwidth . . . . . . . . . 125



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 6PDF page: 6PDF page: 6PDF page: 6

10.4.4 Graphical represenation of ζ in a root locus plot . . . . . . . . . . . . . 125

11 Thermal behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

11.1 Temperature change 127

11.1.1 Effect of change in temperature on homogeneous object . . . . . . 127

11.1.2 Effect of change in temperature on bimaterial object . . . . . . . . . 129

11.1.3 Effect of change in energy on temperature . . . . . . . . . . . . . . . . . 130

11.2 Energy transfer by heat 131

11.2.1 Thermal radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

11.2.2 Conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

11.2.3 Radiation versus conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

III Design strategies for precision engineering

12 Low stress relationships . . . . . . . . . . . . . . . . . . . . . . . . . 135

12.1 Intoduction to degrees of freedom 135

12.2 Design exact-constraint 139

12.2.1 Why design exact-constraint . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

12.2.2 Basic elements for constraining . . . . . . . . . . . . . . . . . . . . . . . . . 142

12.2.3 Elements in parallel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

12.2.4 Elements in series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

12.2.5 Analysing degrees of freedom . . . . . . . . . . . . . . . . . . . . . . . . . . 149

12.2.6 Designing degrees of freedom . . . . . . . . . . . . . . . . . . . . . . . . . . 150

12.2.7 Degrees of freedom exercises . . . . . . . . . . . . . . . . . . . . . . . . . . 151

12.2.8 Adding redundant constraints . . . . . . . . . . . . . . . . . . . . . . . . . . 151

12.2.9 Methods for analysing degrees of freedom . . . . . . . . . . . . . . . . . 153

12.3 Use elastic averaging 153

12.4 Avoid a step in the stiffness 154

13 Minimise deviation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

13.1 Minimise load on the system 157

13.1.1 Use a force-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

13.1.2 Strive for a constant temperature . . . . . . . . . . . . . . . . . . . . . . . . 158

13.1.3 Neutralise acceleration forces . . . . . . . . . . . . . . . . . . . . . . . . . . 159

13.1.4 Reduce impact forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

13.1.5 Isolate vibrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 7PDF page: 7PDF page: 7PDF page: 7

13.2 Strive for a high stiffness 161
13.2.1 Aim for a favourable transmission ratio . . . . . . . . . . . . . . . . . . . . 161
13.2.2 Design in parallel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
13.2.3 Optimise stiffnesses of compliant elements in series . . . . . . . . . . . 163
13.2.4 Choose a short force path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
13.2.5 Apply loads in stiff directions . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
13.2.6 Strive for a high element stiffness . . . . . . . . . . . . . . . . . . . . . . . . 167
13.2.7 Strive for a high contact stiffness . . . . . . . . . . . . . . . . . . . . . . . . . 167

13.3 Strive for a low mass 170
13.3.1 Aim for lightweigt and stiff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
13.3.2 Use two-stage systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

13.4 Strive for a high damping 180
13.4.1 Viscous damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
13.4.2 Coulomb damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
13.4.3 Hysteretic damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
13.4.4 Eddy current damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
13.4.5 Tuned mass damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

13.5 Strive for thermal stability 190
13.5.1 Aim for zero or equal deformation . . . . . . . . . . . . . . . . . . . . . . . 190
13.5.2 Choose the optimal location for the centre of thermal expansion . 191

13.6 Eliminate or minimise position errors 192
13.6.1 Prevent warping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
13.6.2 Use symmetric designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
13.6.3 Average errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
13.6.4 Compensate for undesirable displacement . . . . . . . . . . . . . . . . . 196

13.7 Optimise measurement and control 197
13.7.1 Use a metro-frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
13.7.2 Aim for an optimal measurement . . . . . . . . . . . . . . . . . . . . . . . . 197
13.7.3 Choose optimal position for actuator and sensor . . . . . . . . . . . . . 198
13.7.4 Correct the control value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

14 Prevent relative movement . . . . . . . . . . . . . . . . . . . . . 201

14.1 Avoid (micro-)slip 201
14.1.1 Design monolithic systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
14.1.2 Use screwing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
14.1.3 Use adhesives or welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
14.1.4 Avoid difference in strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

14.2 Minimise difference in strain 204
14.2.1 Align neutral lines for bending . . . . . . . . . . . . . . . . . . . . . . . . . . 204
14.2.2 Optimise clamping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 8PDF page: 8PDF page: 8PDF page: 8

14.3 Add preload 206

14.3.1 Avoid play . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

14.3.2 Provide preload force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

14.4 Prevent movement in one direction 208

15 Facilitate relative movement . . . . . . . . . . . . . . . . . . . 209

15.1 Avoid all mechanical contact 210

15.1.1 Avoid physical contact using ferrofluid bearings . . . . . . . . . . . . . . 210

15.1.2 Avoid physical contact using hydrostatic bearings . . . . . . . . . . . . 211

15.1.3 Avoid physical contact using aerostatic bearings . . . . . . . . . . . . 211

15.1.4 Avoid physical contact using magnetic bearings . . . . . . . . . . . . . 212

15.2 Use flexure mechanisms 212

15.2.1 Use sheet flexure as hinge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

15.2.2 Use cross flexures as hinge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

15.2.3 Use parallel flexures as linear guide . . . . . . . . . . . . . . . . . . . . . . . 216

15.2.4 Reinforced flexures with mid-section . . . . . . . . . . . . . . . . . . . . . . 218

15.2.5 Use notch hinges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

15.2.6 Aim for low or zero stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

15.3 Optimise sliding 223

15.3.1 Minimise friction force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

15.3.2 Minimise the effects of wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

15.4 Optimise rolling 226

15.4.1 Rolling bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

15.4.2 Strive for pure rolling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

15.4.3 Rolling in a hinge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

16 Manage energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

16.1 Store energy 231

16.1.1 Store kinetic energy by using a balance mass . . . . . . . . . . . . . . . 231

16.1.2 Store elastic potential energy by using springs . . . . . . . . . . . . . . . 232

16.1.3 Store potential energy by using a mass and a spring . . . . . . . . . . 233

16.2 Dissipate energy 235

16.2.1 Use friction for braking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

16.2.2 Use eddy current braking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

16.2.3 Use plastic deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 9PDF page: 9PDF page: 9PDF page: 9

IV Design concepts for precision designs

17 Linear guiding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

17.1 Parallel sheet flexures as linear guide 239

17.2 Carriage with V-groove on rail with spindel drive 241

17.3 Carriage with V-groove with magnetic drive, AAE 243

17.4 Slide with ball screw, University of Twente 245

17.5 Conveyor belt for linear motion 246

17.6 Conveyor belt for positioning, Sioux-CCM 249

18 Manipulating and adjusting . . . . . . . . . . . . . . . . . . . . 253

18.1 Manipulators with a high transmission ratio 253

18.2 Mechanisms with notch hinges 254

18.3 Manipulator for six degrees of freedom 255

18.4 Adjustment in two DOF in a printhead, NTS 256

19 High dynamic positioning . . . . . . . . . . . . . . . . . . . . . . 259

19.1 Positioning of crystals, MI Partners 259

19.2 High dynamic manipulating of optical stage, JPE 264

20 Torque transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

20.1 Coupling of suspended shafts with one rod 267

20.2 Coupling of suspended shafts using four flexures 268

20.3 Coupling of suspended shafts with a hollow tie rod 269

20.4 Helical coupling in a printer, Canon 269

20.5 Self centring couplings 270

V Appendices

A Efficiency of beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

B Answers to exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

C Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295



593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP593094-L-bw-BPP
Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023Processed on: 28-3-2023 PDF page: 11PDF page: 11PDF page: 11PDF page: 11

List of symbols

Quantity Unit Description
α

1
K coefficient of thermal expansion

α
rad
s2 angular acceleration

ε − strain

ε − emissivity

εrr − ratio of out of roundness of elliptical contact area

δ m total displacement of a system

δc m deformation due to compliance

δdecr m decrement of amplitude

δp m play

δsh m displacement due to shortening

δst m static displacement due to dynamic force amplitude F0

δth m deformation due to thermal effects

δvp m virtual play

ζ − damping ratio

η Pa · s dynamic viscosity

η − loss coefficient

θ rad angle of deflection

λ
W

m·K thermal conductivity

µ − coefficient of friction

ν − Poisson’s ratio

ξ − correction factor for stress in notch hinge
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xii

Quantity Unit Description
ρ

kg
m3 density

σ Pa normal stress

τ Pa shear stress

φ rad phase angle

ϕ rad rotational angle

ω
rad
s angular velocity

ωd
rad
s damped frequency

ωn
rad
s natural frequency

A m2 area

a m
s2 acceleration

a − ratio of distance of pole to length of flexure

a m2

s thermal diffusivity

aAB m half-width of rectangular contact for objects A and B

b m width of cross section

Cw m6 warping constant

Cp
J

kg·K specific heat capacity

c N·s
m damping constant

cc
N·s
m critical damping constant

D − specific damping capacity

d m diameter

dA m depth of point of interest in cylinder A

dB m depth of point of interest in cylinder B

E Pa modulus of elasticity

E∗ Pa combined modulus of elasticity

Er Pa reduced modulus of elasticity

F N force

F0 N amplitude of dynamic force

f Hz frequency

f2(εrr) − correction factor as function of out of roundness

f3(εrr) − correction factor as function of out of roundness

fs − form factor for shear in short beams

G Pa shear modulus

h m height of cross section

h m width of the neck of a notch hinge

I m4 second moment of inertia
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xiii

Quantity Unit Description
J m4 polar moment of inertia

K m4 torsional stiffness factor

K − wear coefficient

k N
m translational stiffness

k′ N
m reduced translational stiffness of element at application point

kr
N·m
rad rotational stiffness

k′r
N·m
rad reduced rotational stiffness of element about application axis

krsys
N·m
rad system stiffness for rotation

ksys
N
m system stiffness for translation

ki
m2

N specific wear rate

L m length

L∗ m length of reinforced flexure between pivot points

Leff m effective length for buckling

Lsf m length of material from end to slip-front

M N ·m bending moment

m kg mass

n − number of elements

p − ratio of rigid part to length of reinforced flexure

p Pa contact pressure

pmax Pa highest contact pressure in rolls

Q J heat energy

Q̇e W heat transfer

q N
m force per length

Rgyr m radius of gyration

Rc m reduced radius for rectangular contact

Re m effective radius for elliptical contact

Rx rad orientation with respect to x-axis

Ry rad orientation with respect to y-axis

Rz rad orientation with respect to z-axis

r m radius

T N ·m torque

T K temperature

t m thickness

U J energy

u m axis in additional coordinate system perpendicular to v
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xiv

Quantity Unit Description
u J

m3 energy density

V m3 volume

v m
s speed or velocity

v m axis in additional coordinate system perpendicular to u

W J work

X m amplitude of motion of dynamic system

x m location of x coordinate

y m location of y coordinate

z m location of z coordinate
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Foreword

Mechanical design has many aspects; teaching it has many more.
The recognition of a need for a design, the translation of that need into a question,
translating the question into a mechanical specification and to come up with one or more
ideas that could offer a solution to a problem. It is an extensive struggle with an often
unclear list of requirements that must be met. Also available space and money often
play a very prominent role. The physical laws play their part and often put a damper on
the celebrations.

When educating designers, it is important to teach them how to find all the boundary
conditions of the design and to minimise their impact without underestimating them and
to take them into account in the designs. Although making design mistakes is the most
functional learning experience, it is often possible to learn by studying the mistakes of
others.

As a lecturer at Fontys University of Applied Sciences, Susan van den Berg discovered
that striving for good didactics is very important. With this book, she makes a successful
attempt to present a collection of the important principles in mechanical engineering, in
an accessible manner. It encourages the reader to think about chosen design principles
and offers a guide to assess and qualify a mechanical design. The book invites you to
think for yourself and take a step to explore and understand the complex work field of a
mechanical engineer. It gives simple experiments that provide insights into a number of
important physical effects and proposes to apply relevant strategies.

Piet van Rens, May 2020
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