
Declaration of Rachel J. Watters on Authentication of Publication 

I, Rachel J. Watters, am a librarian, and the Head of Resource Sharing for the 

General Library System, Memorial Library, located at 728 State Street, Madison, 

Wisconsin, 53706. Part of my job responsibilities include oversight of Wisconsin 

TechSearch ("WTS"), an interlibrary loan department at the University of Wisconsin­

Madison. I have worked as a librarian at the University of Wisconsin library system 

since 1998, starting as a graduate student employee in the Kurt F. Wendt Engineering 

Libra1y and WTS, then as a librarian in Interlibrary Loan at Memorial Library. I began 

professional employment at WTS in 2002 and became WTS Director in 2011 . In 2019, 

I became of Head of Resource Sharing for UW-Madison's General Library System. I 

have a master's degree in Library and Information Studies from the University of 

Wisconsin-Madison. Through the course of my studies and employment, I have 

become well informed about the operations of the University of Wisconsin library 

system, which follows standard library practices. 

This Declaration relates to the dates of receipt and availabi lity of the following: 

Tam, L.C., Kong, T., and Du, R. (2008). Physical-based 
simulations of mechanical watches and clocks. Proceedings of the 
ASME International Mechanical Engineering Congress and 
Exposition, 2007, Volume 12, New Developments in Simulation 
Methods and Software for Engineering Applications, pp. 123-128. 

Standard operating procedures for materials at the University o(Wisconsin­

Madison Libraries. When a volume was received by the Library, it would be checked 
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in, added to library holdings records, and made available to readers as soon after its 

arrival as possible. The procedure normally took a few days or at most 2 to 3 weeks. 

Exhibit A to this Declaration is a true and accurate copy of the front cover, back 

cover, and front matter of the Proceedings of the ASME International Mechanical 

Engineering Congress and Exposition, 2007, Volume 12, New Developments in 

Simulation Methods and Software for Engineering Applications (2008) publication, 

whkh includes a stamp on the verso page showing that this book is the property of the 

General Library System at the University of Wisconsin-Madison. Exhibit A also 

includes an excerpt of pages 123 to 128 of that volume, showing the article entitled 

Physical-based simulations of mechanical watches and clocks (2008). 

Attached as Exhibit B is the cataloging system record of the University of 

Wisconsin-Madison Libraries for its copy of the Proceedings of the ASME International 

Mechanical Engineering Congress and ]!.,xposition, 2007, Volume 12, New 

Developments in Simulation Methods and Software for Engineering Applications (2008) 

publication. As shown in the "Receiving date" field of this Exhibit, the University of 

Wisconsin-Madison Libraries owned this volume and had it cataloged in the system as 

of July 10, 2008. 

Members of the interested public could locate the Proceedings of the ASME 

International Mechanical Engineering Congress and Exposition, 2007, Volume 12, New 

Developments in Simulation Methods and Software for Engineering Applications (2008) 
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publication after it was cataloged by searching the public library catalog or requesting a 

search through WTS. The search could be done by title and/or subject key words. 

Members of the interested public could access the publication by locating it on the 

library's shelves or requesting it from WTS. 

I declare that all statements made herein of my own knowledge are true and that 

all statements made on information and belief are believed to be true; and further that 

these statements were made with the knowledge that willful false statements and the like 

so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 

of the United States Code. 

Date: October 5, 2023 

Memorial Library 
728 State Street 
Madison, Wisconsin 53706 

of Resource Sharing 
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INFORMATION CONTAINED IN THIS WORK HAS BEEN OBTAINED BY ASME FROM 
SOURCES BELIEVED TO BE RELIABLE. HOWEVER, NEITHER ASME NOR ITS AUTHORS 
OR EDITORS GUARANTEE THE ACCURACY OR COMPLETENESS OF ANY INFORMATION 
PUBLISHED IN THIS WORK. NEITHER ASME NOR ITS AUTHORS A ND EDITORS SHALL 
BE RESPONSIBLE FOR ANY ERRORS, OMISSIONS, OR DAMAGES ARISING OUT OF THE 
USE OF THIS INFORMATION. THE WORK IS PUBLISHED WITH THE UNDERSTANDING • 
THAT ASME AND ITS AUTHORS AND EDITORS ARE SUPPLYING INFORMATION BUT 
ARE NOT ATTEMPTING TO RENDER ENGINEERING OR OTHER PROFESSIONAL SER­
VICES. IF SUCH ENGINEERING OR PROFESSIONAL SERVICES ARE REQUIRED, THE AS­
SISTANCE OF AN APPROPRIATE PROFESSIONAL SHOULD BE SOUGHT. 
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not falling within the fai r use provisions of the Copyright Act, contact the Copyright 
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WELCOME FROM THE CHAIRS 

-------------------------------------1/ • 1 ~ 
Welcome to the 2007 IMECE and the great city of Seattle! You will observe that Congress 2007 has 

been reorganized, and differs significantly from earlier Congresses. First of all, it is only 4 days in 
duration - Monday through Thursday. Focused primarily on research, Congress 2007 is organized into 
multidisciplinary Tracks, promoting inter-Divisional collaborations. The technical program covers more 
than 16 areas of interest to mechanical engineers, and includes bioengineering, design and 
manufacturing, electronics and photonics, energy systems, fluid power systems, fluid flow, heat 
transfer, micro and nano systems, safety engineering and transportation systems. Congress 2007 
offers nearly 450 technical sessions, panels, workshops and lectures, and numerous social events. 
The program will have several Award Lectures and five Plenary talks, providing a comprehensive 
overview of the technical topic as well as research needs and future directions. The program also 
offers special sessions and workshops on career development for young professionals, leadership and 
diversity in the workplace, and numerous sessions on education and student development. Please visit 
the Exhibition at the 2007 ASME Congress - you'll be able to meet with representatives from 
industries and leading companies showcasing the latest technology that engineering has to offer. 

A few of the special events and activities to take place at Congress 2007 are: 
• Bernard Amadei, Founder of Engineers Without Borders - USA, and co-founder of the 

Engineers Without Borders-International Network, will deliver the keynote address on Sunday, 
November 11, 5:30- 7:00 p.m. He is the recipient of several awards including the 2005 AAES 
Norm Augustine Award, the 2006 Ralph Coats Roe Medal from ASME, and the 2007 Hoover 
Medal from ASCE, ASME, IEEE, AIME. and AIChE. 

• The Annual Student Design Competition, Sponsored by Boeing, will be on Sunday, 
November 11 , 1 :30-3:00 p.m. 

• Hewlett-Packard has sponsored a Best Paper Award for papers focusing on topics in heat 
transfer, fluids engineering, and thermal systems. The winners will be recognized at the Heat 
Transfer Division Awards Banquet on Tuesday, 7:00-9:00 p.m. 

• The Honors Assembly will be at 5:30-7:00 p.m.; and will be followed by the Honors Reception 
7-7:45 p.m., on Monday, November 12. 

• A Photogallery, sponsored by K-22 Heat Transfer Visualization Committee, is scheduled for 
Tuesday, November 13, 3:45-5:15 p.m. This session contains photographic displays of both 
experimental and numerical visualizations, which illustrate phenomena widely relevant to 
thermal and mass transfer applications. 

• A Micro & Nanotechnology Society Wide Forum, organized by the Nanotechnology Institute, 
will be held Wednesday, November 14, 5:00-8:00 p.m. 

• Panelists from the National Science Foundation will discuss NSF funding opportunities at a 
special session on Wednesday, November 14, 6:00-7:30 p.m. 

Our meeting is headquartered at the luxurious Sheraton Seattle nestled in the Seattle's vibrant core. 
We have organized tours of exciting technical and cultural sites in Seattle. The technical tours include 
the Boeing Factory in Everett, Washington (Monday and Wednesday). The University of Washington's 
Applied Physics Laboratory (Tuesday), and Hiram .M. Chittenden Locks and Seattle's "Green" Building 
Project which is one of the nation's most unique transportation facilities. 

In addition, you can attend the many other events, lectures, socials and dinners hosted by the 
ASME Divisions and Committees, and numerous business meetings that we hope encourage you to 
attend future meetings of the International Mechanical Engineers Congress and Exhibition. Please 
consult your 2007 Congress Program so you can maximize your participation in the multitude of 
opportunities for exchange of technical and professional information offered at Congress. The Society, 
in essence, is you; so take the opportunity to get involved in it thorough its various committees. 
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Welcometo the 2007 IMECEand the greatcity of Seattle! You will observe that Congress 2007 has
been reorganized, and differs significantly from earlier Congresses. First of all, it is only 4 days in
duration — Monday through Thursday. Focused primarily on research, Congress 2007is organized into
multidisciplinary Tracks, promoting inter-Divisional collaborations. The technical program covers more
than 16 areas of interest to mechanical engineers, and includes bioengineering, design and
manufacturing, electronics and photonics, energy systems, fluid power systems, fluid flow, heat
transfer, micro and nano systems, safety engineering and transportation systems. Congress 2007
offers nearly 450 technical sessions, panels, workshops and lectures, and numerous social events.
The program will have several Award Lectures and five Plenary talks, providing a comprehensive
overview of the technical topic as well as research needs and future directions. The program also
offers special sessions and workshops on career development for young professionals, leadership and
diversity in the workplace, and numerous sessions on education and student development. Please visit
the Exhibition at the 2007 ASME Congress — you'll be able to meet with representatives from
industries and leading companies showcasingthe latest technology that engineering hasto offer.

A few of the special events and activities to take place at Congress 2007are:
* Bernard Amadei, Founder of Engineers Without Borders — USA, and co-founderof the

Engineers Without Borders-International Network,will deliver the keynote address on Sunday,
November 11, 5:30-7:00 p.m. Heis the recipient of several awards including the 2005 AAES
Norm Augustine Award, the 2006 Ralph Coats Roe Medal from ASME, and the 2007 Hoover
Medal from ASCE, ASME, IEEE, AIME, and AIChE.

® The Annual Student Design Competition, Sponsored by Boeing, will be on Sunday,
November 11, 1:30-3:00 p.m.

e Hewlett-Packard has sponsored a Best Paper Award for papers focusing on topics in heat
transfer, fluids engineering, and thermal systems, The winners will be recognized at the Heat
Transfer Division Awards Banquet on Tuesday, 7:00-9:00 p.m.

« The Honors Assembly will be at 5:30-7:00 p.m.; and will be followed by the Honors Reception
7-7:45 p.m., on Monday, November 12.

« A Photogallery, sponsored by K-22 Heat Transfer Visualization Committee, is scheduled for
Tuesday, November 13, 3:45-5:15 p.m. This session contains photographic displays of both
experimental and numerical visualizations, whichillustrate phenomena widely relevant to
thermal and masstransfer applications.

* A Micro & Nanotechnology Society Wide Forum, organized by the NanotechnologyInstitute,
will be held Wednesday, November 14, 5:00-8:00 p.m.

« Panelists from the National Science Foundation will discuss NSF funding opportunities at a
special session on Wednesday, November14, 6:00-7:30 p.m.

Our meeting is headquartered at the luxurious Sheraton Seattle nestled in the Seaitle’s vibrant core.
We have organized tours of exciting technical and cultural sites in Seattle. The technical tours include
the Boeing Factory in Everett, Washington (Monday and Wednesday). The University of Washinglon’s
Applied Physics Laboratory (Tuesday), and Hiram M, Chittenden Locks and Seattle's "Green" Building
Project whichis one ofthe nation's most unique transportation facilities.

In addition, you can attend the many other events, lectures, socials and dinners hosted by the
ASME Divisions and Committees, and numerous business meetings that we hope encourage you to
attend future meetings of the International Mechanical Engineers Congress and Exhibition. Please
consult your 2007 Congress Program so you can maximize your participation in the multitude of
opportunities for exchange of technical and professional information offered at Congress. The Society,
in essence, is you; so take the opportunity to get involvedin it thorough its various committees.
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Many individuals and organizations contributed to IMECE07. The organizational support of the 
ASME is sincerely appreciated. Our thanks go to the Track and Symposium organizers for putting 
together an outstanding technical program. Special thanks go to all the reviewers for assuring the high 
quality of the technical papers. Finally, we recognize and honor all the session chairs, authors, 
panelists, plenary and keynote speakers, and workshop participants as they are the major contributors 
to the success of the Conference. 

We look forward to seeing you at IMECE07 in Seattle, WA, November 12- 15, 2007, and hope you 
will enjoy the 2007 Congress. 

Urmila Ghia 
University of Cincinnati 
2007 Congress Technical 
Program Chair 

Said Jahanmir 
Miti Heart Corp. 
2007 Congress Technical Program 
Committee Chair 

iv 

Daniel C. Davis 
Texas A&M University 
2007 Congress General 
Chair 
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2007 CONGRESS TECHNICAL PROGRAM COMMITTEE 

Chair 
Said Jahanmir 
MiTi Heart Corporation 
Email: sjahanmir@mitiheart.com 

General Chair 
Daniel Davis 
Texas A&M University 
Email: davis@aero.tamu.edu 

Technical Program Chair 
Urmila Ghia 
University of Cincinnati 
Email : Urmila.Ghia @uc.edu 

Track Programming Advisor 
Greg Kowalski 
Northeastern University 
E-mail: gkowal @coe.neu.edu 
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TRACK ORGANIZERS 

Track 1 Advances in Aerospace Technology 
Track Chair: Ashley Emery, University of Washington 
Email: emery@u.wash ington.edu 
Track Co-Chair: Robert Tomko, Bechtel Bettis, Inc 
Email: tomkorp@yahoo.com 
Track 2 Biomedical and Biotechnology Engineering 
Track Chair: Gerald Miller, Virginia Commonwealth University 
Email: gemi ller@vcu.edu 
Track Co-Chair: Xiaopeng Zhao, University of Tennessee 
Email: xzhao9@utk.edu 
Track Co-Chair: Michael Murphy, Louisiana State University 
Email : murphy@me.lsu.edu 
Track Co-Chair: Roy Hogan, Sandia National Labs 
Email: rehogan@sandia.gov 
Track Co-Chair: Arthur Erdman 
Track 3 Design and Manufacturing 
Track Chair: Ramakrishna Koganti, Ford Motor Company 
Email: rkoganti @ford.com 
Track Co-Chair: Stephen Hambnic, ARUPenn State 
Email: sah19@only.arl.psu.edu 
Track Co-Chair: Dennis Siginer, Wichita State University 
Email: dennis.siginer@wichita.edu 
Track Co-Chair: Endel larve, University of Dayton Reserch Institute 
Email: Endel.larve@WPAFB.AF.MIL 
Track Co-Chair: Dr. J. Cecil, New Mexico State University 
Email: jcecil @nmsu.edu 
Track 4 Design, Analysis, Control and Diagnosis of Fluid Power Systems 
Track Chair: Nariman Sepehri, University of Manitoba 
Email: nariman@cc.umanitoba.ca 
Track Co-Chair: Bin Yao, Purdue University 
Email: byao@purdue.edu 
Track Co-Chair: Dean Kim, Bradley University 
Email: deankim@bradley.edu 
Track Co-Chair: Greg Kowalski, Northeastern University 
Email: gkowal@coe.neu.edu 
Track Co-Chair: Beshah Ayalew, Clemson University 
Email: beshah @clemson.edu 
Track 5 Electronics and Photonics 
Track Chai r: Seri Lee, Nextreme Thermal Solutior.is, Inc. 
Email: slee@nextreme.com 
Track Co-Chair: Erol Sancaktar, University of Akron 
Email: erol@uakron.edu 
Track Co-Chair: Rui Huang, University of Texas 
Email: ruihuang@mail.utexas.edu 
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Track 6 Energy Systems: Analysis, Thermodynamics and Sustainability 
Track Chair: Abdi Zaltash, Oak Ridge National Laboratory 
Email: zaltasha@ornl.gov 
Track Co-Chair: Andreas Neumann, German Aerospace Center 
Email: A.Neumann@dlr.de 
Track Co-Chair: Agami Reddy 
Track Co-Chair: Enrico Sciubba, u. of roma 1 
Email: enrico.sciubba@uniroma1.it 
Track Co-Chair: Raj M. Manglik, University of Cincinnati 
Email: Raj .Mangl ik@uc.edu 
Track Co-Chair: Chang Oh, Idaho National Laboratory 
Email: Chang.Oh @inl.gov • 
Track Co-Chair: Chenn Zhou, Purdue University Calumet 
Email: czhou@purdue.edu 
Track 7 Engineering Education and Professional Development 
Track Chair: Ahmad Fakheri, Bradley University 
Email: ahmad@bradley.edu 
Track Co-Chair: Dr. J. Cecil, New Mexico State University 
Email: jcecil @nmsu.edu 
Track Co-Chair: Sanjeev Khanna, University of Missouri - Columbia 
Email: khannas@missouri.edu 
Track 8 Heat Transfer, Fluid Flows, and Thermal Systems 
Track Chair: Chang Oh, Idaho National Laboratory 
Email: Chang.Oh @inl.gov 
Track Co-Chair: Dennis Siginer, Wichita State Un!versity 
Email: dennis.siginer@wich ita.edu 
Track Co-Chair: Jim Liburdy, Oregon State University 
Email: james.liburdy@oregonstate.edu 
Track Co-Chair: Michael Murphy, Louisiana State University 
Email: murphy@me.lsu.edu 
Track Co-Chair: S. A. Sherif, University of Florida 
Email: sasherif@ufl.edu 
Track Co-Chair: B. G. Shiva Prasad, Emerson Climate Technologies, Inc. 
Email: BG.ShivaPrasad @EmersonCl imate.com 
Track Co-Chair: Brent Paul, Alion Science and Technology 
Email: bpaul@alionscience.com 
Track 9 Mechanical Systems and Control 
Track Chair: Albert Luo 
Track Co-Chair: Jeffrey Vipperman, Univ. of Pittsburgh 
Email: jsv@pitt.edu 
Track Co-Chair: Ali Erdemir 
Track Co-Chair: Bin Yao, Purdue University 
Email: byao@purdue.edu 
Track Co-Chair: Bala Balachandran, University of Maryland 
Email: balab@eng.umd.edu 

viii 
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Track 10 Mechanics of Solids and Structures 
Track Chair: Erol Sancaktar, University of Akron 
Email: erol@uakron .edu 
Track Co-Chair: Dennis Siginer, Wichita State University 
Email: dennis.siginer@wichita.edu 
Track Co-Chair: Ali Erdemir 
Track Co-Chair: Zhigang Suo, Harvard 
Email: suo@deas.harvard.edu 
Track Co-Chair: Bin Yao, Purdue University 
Email: byao@purdue.edu 
Track 11 Micro and Nano Systems 
Track Chair: Wing-Kam Liu, Northwestern University 
Email: w-liu @northwestern.edu 
Track Co-Chair: Laxman Saggere, University of Illinois at Chicago 
Email: saggere@uic.edu 
Track Co-Chair: Eliot Fang, Sandia National Laboratories 
Email: hefang @sandia.gov 
Track Co-Chair: Dennis Siginer, Wichita State University 
Email: dennis.siginer@wichita.edu 
Track Co-Chair: Jim Liburdy, Oregon State University 
Email: james.liburdy@oregonstate.edu 
Track Co-Chair: Michael Murphy, Louisiana State University 
Email: murphy@me.lsu.edu 
Track Co-Chair: Chang Oh, Idaho National Laboratory 
Email: Chang.Oh @inl.gov 
Track Co-Chair: Al i Erdemir 
Track Co-Chair: Bin Yao, Purdue University 
Email: byao@purdue.edu 
Track Co-Chair: James Allen, Sandia National Laboratories 
Email : jjallen @sandia.gov 
Track Co-Chair: Dean Ho, Northwestern University 
Email: d-ho@northwestern.edu 
Track Co-Chair: Seunghyun Baik, Sungkyunkwan University 
Email: sbaik@me.skku.ac.kr 
Track Co-Chair: Aman Haque 
Tr11ck 12 New Developments in Simulation Methods and Software for Engineering 
Applications 
Track Chair: Chang Oh, Idaho National Laboratory 
Email: Chang.Oh@inl.gov 
Track Co-Chair: Jiun-Shyan (JS) Chen, UCLA 
Email: jschen @seas.ucla.edu 
Track 13 Processing and Engineering Applications of Novel Materials 
Track Chair: Erol Sancaktar, University of Akron 
Email: erol @uakron.edu 
Track Co-Chair: Dennis Siginer, Wichita State University 
Email : dennis.siginer@wich ita.edu 
Track Co-Chair: Jim Liburdy, Oregon State University 
Email: james.liburdy@oregonstate.edu 
Track Co-Chair: Ramakrishna Koganti, Ford Motor Company 
Email: rkoganti@ford.com 

. Track Co-Chair: Somnath Ghosh, The Ohio State University 
Emai l: ghosh.5@osu.edu 
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Track 15 Safety Engineering, Risk Analysis and Reliability Methods 
Track Chair: Ward Baun, UTC Power 
Email: ward.baun @utcpower.com 
Track Co-Chair: Abhinav Gupta 
Track 16 Sustainable Products and Processes 
Track Chair: Abdi Zaltash, Oak Ridge National Laboratory 
Email: zaltasha@ornl.gov 
Track Co-Chair: Joel Park, Naval Surface Warfare Center Carderock Division 
Email: joel.park@navy.mil 
Track Co-Chair: Andreas Neumann, German Aerospace Center 
Email: A.Neumann @dlr.de 
Track Co-Chair: Agami Reddy 
Track Co-Chair: Raj M. Manglik, University of c·incinnati 
Email: Raj.Manglik@uc.edu 
Track Co-Chair: Ahmad Fakheri, Bradley University 
Email: ahmad@bradley.edu 
Track 17 Transportation Systems 
Track Chair: Khaled Zaazaa, ENSCO, Inc. 
Email: Zaazaa.Khaled@ensco.com 
Track Co-Chair: John Ferris, Virginia Tech 
Email: jbferris@vt.edu 
Track Co-Chair: Bin Yao, Purdue University 
Email: byao@purdue.edu 
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ABSTRACT 
Mechanical watches and clocks are intricate mechanical 

devices that fascinate millions of people around the world. In 
general, a mechanical watch is made of some I 00 components. 
Among these components, the escapement plays a vital role in 
controlling the timekeeping accuracy. An escapement usually 
consists of an escape wheel, which receives energy provided by 
the mainspring through the gear train, and a pallet fork, which 
controls the oscillation. Owing to its complex nature, few have 
built a mathematical model for the escapement. In this paper, 
we present a physical-based simulation model for the Graham 
Escapement (the oldest and the most common escapement for 
clocks), and a model for the Swiss Lever Escapement (the most 
popular escapement for mechanical watches). The models are 
developed based on a commercial software system RecurDyn• 
[ I]. The simulation helps to understand the kinetics as well as 
the dynamics of the escapements. 

KEYWORDS 
Mechanical watch, escapement, physical based modeling. 

1. INTRODUCTION 
Invented some four hundred years ago, mechanical 

watches / clocks are fascinating timepieces that still attract 
millions of people today. In fact, the mechanical watch / clock 
business is still a billion dollar business in this electronics / 
information age. The heart of a mechanical watch / clock is the 
escapement. It gives rhythms to the motions by converting the 
rotary motion of the gear train into osgllatory motion and 
controls the timekeeping accuracy by distributing the impulses 
with equal energy. In fact , as energy "escapes" each time when 
a gear tooth is released, it is called "escapement" [2, 3). 
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The development of escapements has a long history. 
Verge Escapement, which is believed to be the oldest 
escapement, appeared at around the 13•h century. This 
escapement is also called the crown-wheel-and-verge 
escapement. It is a simple type of escapement used by 
mechanical clocks. The escape wheel, in a crown shape, rotates 
about a horizontal axis. A vertical shaft, which is called a verge, 
is placed at the middle of another horizontal bar with two small 
weights one on each side. Around 1657, Robert Hooke ( 1635 
- 1703) designed the first Anchor Escapement. It consists of a 
pallet fork rotating about a pivot shaft and an escape wheel. 
This design allows a smaller swing angle than the Verge 
Escapement and so less energy is needed to maintain the 
movements. 

The Graham Escapement was invented by the English 
watchmaker George Graham (1673 -1751) in 17 15 [4]. George 
Graham was one of the most well-known horologists of the 
eighteenth century. I le was born in Hethersgill , Cumberland. 
George was the son of a farmer. In 1688, he became an 
apprentice to c lockmaker Henry Aske in London. Seven years 
later, he worked with another renowned horologist Thomas 
Tompion. The Graham Escapement is also called the deadbeat 
escapement. It is a modified design of the anchor escapement 
by eliminating recoil. Recoil interferes with the action of the 
pendulum. The amplitude of oscillation would also be reduced. 
A successful escapement design should be able to give 
maximum energy to the pendulum to keep it swinging with 
least interference. This is the intension of the Graham 
Escapement. Though, it is mainly used in pendulum clocks but 
not the wrist-type mechanical watches because the pendulum 
could only work well in the upright direction. Graham 
Escapement is still used today. 
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Nowadays, the Swiss Lever Escapement is the most 
common escapement utilized in mechanical watches. This 
design appeared in the middle of the nineteenth century in 
Switzerland. It is modified from the English Lever Escapement 
and is very popular because of its reliability and high accuracy 

(5, 6]. 

While there are a number of books and papers that 
describe the design of the escapements, according to our 
literature survey, however, few have developed physical-based 
models of escapement, which can simulate the kinetics and 
dynamics of the escapement. Lepschy first studied the 
escapement from the feedback control point of view [7]. Roup 
and his colleagues developed a model for the Verge escapement 
(8, 9]. In this paper, we present a study on the physical-based 
models of the Graham Escapement and the Swiss Lever 
Escapement. It can be used for educational purposes, by which 
students and the general public can learn the basics of 
mechanical watches / clocks. It can also be used for industry 
purpose, by which watchmakers can optimize their designs. 

The rest of the paper is organized as follows. Section 2 
presents the model of the Graham Escapement and the 
simulation results. Section 3 presents the Swiss Lever 
Escapement and the simulation results. Finally, Section 4 
contains conclusions. 

2. THE GRAHAM ESCAPEMENT 
It is interesting to note that the watch and clock 

escapements are similar in the way that they both have 
symmetrical designs: the impulses received by both sides of the 
pallet would be equal. On the other hand, the major difference 
between clock and watch escapements is that the clocks use a 
pendulum, while the watches use a balance wheel with a 
hairspring. 

As shown in Figure 1, the Graham Escapement mechanism 
consists of three main components: a pallet fork, a pendulum 
and an escape wheel. Note that the end of the pendulum is 
attached to the rotational axis of the pallet fork. The pallet fork 
swings under the driving force from the pendulum. 
Theoretically, once the pendulum starts moving by the first 
push, it would never stop under the frictionless condition. 
However, if recoil is present, the action of the pendulum would 
be interfered and slow down little by little until finally it 
completely stops. To achieve the best performance, minimum 
interference is desirable, and therefore recoil has to be 
minimized. 
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Fig. 1: Model of Graham Escapement in RecurDyn®. 

Figure 1 shows the model of Graham Escapement 
generated by a commercial software system RecurDyn®. In the 
Graham escapement, the teeth of the escape wheel points 
towards the direction of rotation. It is noted that the escape 
wheel would not be pushed backward during unlocking. 

The arm of the entry and exit pallet is specially design to 
put the gravitational center on the axis o f rotation of the pallet 
fork. The angle of the impulse faces of both pallets is set based 
on the direction of impulse force given by the tooth of escape 
wheel when it slides along the pallets. 

The Graham Escapement requires a push to jump start. The 
whole movement launches by a push on the pendulum. Once 
the pendulum swings, the cycle starts. The entry pallet unlocks 
the tooth of escape wheel and lets the escape wheel move freely 
until the pallet fork rotates at a certain angle with the exit pallet 
locking one of the teeth on the escape wheel. At the same time, 
the pendulum swings in phase with the pallet fork. When the 
pendulum reaches the farthest position, it stops and swings to 
the other direction due to the elasticity of the suspension spring 
and the gravitational force. The pallet fork also rotates to 
another direction at this time and unlocks the tooth of escape 
wheel from the exit pallet. In each cycle, the energy transfer 
from the escape wheel to the pallet fork is just enough to 
overcome the friction. 

Figures 2 - 4 show the displacement, velocity and 
acceleration versus time of the escape wheel. From F igure 2, it 
is seen that the angular displacement increases step by step in 
the negative direction. There are eight steps in one second, 
while two steps represent one moving cycle of the pendulum. 
Every complete cycle lasts for 0.25 second. From Figure 3, it is 
seen that two impulses are found within one cycle which 
correspond to the escape wheel colliding against the pallet fork 
twice in one cycle. The acceleration is more complex because it 
involves vibration. 
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Nowadays, the Swiss Lever Escapement is the most
common escapement utilized in mechanical watches. This
design appeared in the middle of the nineteenth century in
Switzerland. It is modified from the English Lever Escapement
and is very popular becauseofits reliability and high accuracy
[5, 6].

While there are a number of books and papers that
describe the design of the escapements, according to our
literature survey, however, few have developed physical-based
models of escapement, which can simulate the kinetics and
dynamics of the escapement, Lepschy first studied the
escapement from the feedback control point of view [7]. Roup
andhis colleagues developed a model for the Verge escapement
[8. 9]. In this paper, we present a study on the physical-based
models of the Graham Escapement and the Swiss Lever
Escapement. It can be used for educational purposes, by which
students and the general public can learn the basics of
mechanical watches / clocks. It can also be used for industry
purpose, by which watchmakers can optimize their designs.

The rest of the paper is organized as follows. Section 2
presents the model of the Graham Escapement and the
simulation results. Section 3 presents the Swiss Lever
Escapement and the simulation results. Finally, Section 4
contains conclusions.

2. THE GRAHAM ESCAPEMENT
lt is interesting to note that the watch and clock

escapements are similar in the way that they both have
symmetrical designs: the impulses received by both sides ofthe
pallet would be equal. On the other hand, the major difference
between clock and watch escapements is that the clocks use a
pendulum, while the watches use a balance wheel with a
hairspring.

As shownin Figure |, the Graham Escapement mechanism
consists of three main components: a pallet fork, a pendulum
and an escape wheel. Note that the end of the pendulum is
attached to the rotational axis ofthe pallet fork. The pallet fork
swings under the driving force from the pendulum,
Theoretically, once the pendulumstarts moving by the first
push, it would never stop under the frictionless condition.
However,ifrecoil is present, the action ofthe pendulum would
be interfered and slow downlittle by little until finally it
completely stops, To achieve the best performance, minimum
interference is desirable, and therefore recoil has to be
minimized.
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Fig, 1: Model of Graham Escapement in RecurDyn",

Figure | shows the model of Graham Escapement
generated by a commercial software system RecurDyn”. In the
Graham escapement, the teeth of the escape wheel points
towards the direction of rotation. It is noted that the escape
wheel would not be pushed backward during unlocking.

The armofthe entry and exit pallet is specially design to
put the gravitational center onthe axis ofrotation ofthe pallet
fork. The angle of the impulse faces of both pallets is set based
on the direction of impulse force given by the tooth of escape
wheel whenit slides along the pallets.

The Graham Escapement requires a pushto jump start. The
whole movement launches by a push on the pendulum, Once
the pendulum swings, the cycle starts. The entry pallet unlocks
the tooth of escape wheel andlets the escape wheel movefreely
until the pallet fork rotates at a certain angle with the exit pallet
locking one ofthe teeth on the escape wheel. At the same time.
the pendulum swings in phase with the pallet fork. When the
pendulumreaches the farthest position, it stops and swings to
the otherdirection due to the elasticity of the suspension spring
and the gravitational force. The pallet fork also rotates to
another direction at this time and unlocks the tooth of escape

wheel from the exit pallet. In each cycle, the energy transfer
from the escape wheel to the pallet fork is just enough to
overcome the friction.

Figures 2 - 4 show the displacement, velocity and
acceleration versus time of the escape wheel. From Figure 2, tt
is seen that the angular displacement increases step by step in
the negative direction. There are eight steps in one second,
while two steps represent one moving cycle of the pendulum.
Every complete cycle lasts for 0.25 second. FromFigure 3, itis
seen that two impulses are found within one cycle which
correspondto the escape wheel colliding against the pallet fork
twice in one cycle, The acceleration is more complex because It
involves vibration.
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Fig. 4: Acceleration versus time of the escape wheel. 

Figures 5 and 6 show the displacement of the pendulum 
and the pallet fork. It is found that the motion of the pendulum 
and the pallet fork are in phase with the same amplitude and 
frequency. This proves the synchronous behaviour of the 
pendulum and pallet fork. 
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3. THE SWISS LEVER ESCAPEMENT 
The Swiss Lever Escapement is a kind of detached lever 

escapements for mechanical watches. As shown in the Figure 7, 
the escapement is connected to the barrel through a series of 
gear train. The barrel is an energy storage providing power to 
the mechanical watch movements. Energy is then transferred 
from the barrel to the escape wheel and drive the whole device . 
It has the advantage of self-start by which if the balance is 
interrnpted by any mean, the operation would resume by a 
slight movement o f the watch. There are a few design features 
in the Swiss Lever Escapement to ensure the smooth 
movement. The rotation axes of the balance wheel, the pallet 
fork and the escape wheel of the Swiss Lever Escapement lie 
on a straight line so that this design is symmetric. The 
symmetric design has the advantage that balance wheel 
receives the same magnitude of energy in both direction. The 
club-tooth escape wheel is effective in reducing drop. The 
reduction in drop helps a better transfer of energy from escape 
wheel to balance wheel. Therefore, Swiss Lever Escapement is 
more reliable than other escapement designs. 
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Figures 5 and 6 show the displacement of the pendulum
and the pallet fork. [t is found that the motion of the pendulum
and the pallet fork are in phase with the same amplitude and
frequency. This proves the synchronous behaviour of the
pendulum and pallet fork,
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3. THE SWISS LEVER ESCAPEMENT

The Swiss Lever Escapement is a kind of detached lever
escapements for mechanical watches, As shownin the Figure 7,
the escapement is connected to the barrel through a series of
geartrain. The barrel is an energy storage providing power to
the mechanical watch movements. Energy is then transferred
fromthe barrel to the escape wheel and drive the whole device.
[t has the advantage of self-start by which if the balance is
interrupted by any mean, the operation would resume by a
slight movement of the watch. There are a few design features
in the Swiss Lever Escapement to ensure the smooth
movement, The rotation axes of the balance wheel, the pallet
fork and the escape wheel of the Swiss Lever Escapement lie
on a straight line so that this design is symmetric. The
symmetric design has the advantage that balance wheel
receives the same magnitude of energy in both direction. The
club-tooth escape wheel is effective in reducing drop. The
reduction in drop helps a better transfer of energy from escape
wheel to balance wheel. Therefore, Swiss Lever Escapementis
more reliable than other escapement designs.
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Fig. 7: The model of Swiss Lever Escapement connected to the 
gear train and the barrel. The escapement is on the left side 
while the barrel is on the right. 

Fig. 8: Model of Swiss Lever Escapement in RecurDyn®. 

Figure 8 shows the model drawn using a commercial 
software system RecurDyn®. In one period of movement, five 
shocks occur. The I st shock refers to the unlocking. At the very 
beginning, the pallet fork provides the first torque to the 
balance wheel by a push. The balance wheel swings to the 
highest position and then descends to hit the entry of the pallet 
fork by the impulse pin on the roller table. This action makes 
the pallet fork swings to the opposite direction and causes the 
entry pallet unlock the escape wheel. When unlocking occurs, 
the escape wheel recoils slightly. The 2nd shock is impulse 
situation. The escape wheel is driven forward by the gear train. 
One of the teeth on the escape wheel slides along the impulse 
plane of the entry pallet by which it pushes the pallet fork 
upward. The pallet fork gives an impulse to the impulse pin on 
the balance wheel. In the 3rd shock, the exit pallet of the pallet 
fork would lock a tooth of the escape wheel. At the same time, 
the pallet fork reaches its farthest position and lies on the 
banking pin. The 4•h shock is the situation that the exit pallet 
unlocks the escape wheel. When the balance wheel starts to 
rotate toward the other direction, the impulse pin on it hits the 
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entry of the pallet fork and unlocks the tooth of the escape 
wheel. The escape wheel recoils slightly. The last step. is the 5•h 
shock during which a tooth on the escape wheel slides along 
the impulse surface of the exit pallet and gives an upward force 
to the pallet fork. The impulse is transferred to the impulse pin 
on the balance wheel through the pallet fork. This completes 
the cycle [5]. 

Figures 9 - 17 show the displacement, the velocity, and the 
acceleration versus time of the balance wheel, pallet fork and 
escape wheel demonstrating how the Swiss Lever Escapement 
operates within one period. In this simulation model, a force 
input is added on the balance wheel to simulate the effect of 
hairspring. From Figures 9 - 11, it is seen that the balance 
wheel operates along a smooth sinusoidal curve. For the pallet 
fork, as shown in Figures 12, it experiences a gradual change in 
displacement within the range of 0° to 15.4°. As a result, two 
shape velocity I acceleration changes occur during the cycle. 
The simulation results of the escape wheel are shown in Figure 
15 - 17. In the figure of displacement of the escape wheel, two 
recoils occur during one complete cycle at 0.055 sec and 0. 187 
sec. The occurrences of recoils could be identified by the small 
triangles in the figure. This result fits our expectations that the 
escape wheel would recoil slightly during the unlocking of the 
pallet fork. The Figure 15 also shows the displacement of the 
escape wheel during one cycle is 18°. As there are 20 teeth on 
the escape wheel, it is reasonable that the wheel rotates 18° in 
each step. 
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Fig. 9: Displacement versus time of the balance wheel. 
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Fig, 7: The model of Swiss Lever Escapement connectedto the
gear train and the barrel. The escapementis ontheleft side
while the barrel is on the right.

 
Fig. 8: Model of Swiss Lever Escapement in RecurDyn’.

Figure & shows the model drawn using a commercial
software system RecurDyn”. In one period of movement, five
shocks occur. The 1* shock refers to the unlocking. At the very
beginning, the pallet fork provides the first torque to the
balance wheel by a push. The balance wheel swings to the
highest position and then descends to hit the entry ofthe pallet
fork by the impulse pin ontheroller table. This action makes
the pallet fork swings to the opposite direction and causes the
entry pallet unlock the escape wheel. When unlocking occurs,
the escape wheel recoils slightly. The 2™ shock is impulse
situation. The escape wheel is driven forward by the gear train.
Oneofthe teeth on the escape wheel slides along the impulse
plane of the entry pallet by which it pushes the pallet fork
upward. The pallet fork gives an impulse to the impulse pin on
the balance wheel. In the 3" shock, the exit pallet of the pallet
fork would lock a tooth of the escape wheel. At the same time,
the pallet fork reaches its farthest position and lies on the
banking pin. The 4" shock is the situation that the exit pallet
unlocks the escape wheel. When the balance wheel starts to
rotate toward the other direction, the impulse pin onit hits the
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entry of the pallet fork and unlocks the tooth of the escape
wheel. The escape wheelrecoils slightly. The last step.is the 5"
shock during which a tooth on the escape wheel slides along
the impulse surface of the exit pallet and gives an upward force
to the pallet fork. The impulse is transferred to the impulse pin
on the balance wheel through the pallet fork. This completes
the cycle [5].

Figures 9— 17 show the displacement,the velocity, and the
acceleration versus time of the balance wheel, pallet fork and
escape wheel demonstrating how the Swiss Lever Escapement
operates within one period. In this simulation model, a force
input is added on the balance wheel to simulate the effect of
hairspring. From Figures 9 — I1, it is seen that the balance
wheel operates along a smooth sinusoidal curve. For the pallet
fork, as shown in Figures 12, it experiences a gradual change in
displacement within the range of 0° to 15.4°. As a result, two
shape velocity / acceleration changes occur during the cycle.
The simulation results of the escape wheel are shownin Figure
15-17. In the figure of displacement of the escape wheel, two
recoils occur during one complete cycle at 0.055 sec and 0.187
sec. The occurrences of recoils could be identified by the small
triangles in the figure. This result fits our expectationsthat the
escape wheel would recoil slightly during the unlocking of the
pallet fork. The Figure 15 also shows the displacement ofthe
escape wheel during one cycle is 18°. As there are 20 teeth on
the escape wheel, it is reasonable that the wheel rotates 18° in
each step.
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Fig. 17: Acceleration versus time of the escape wheel. 

4. CONCLUSIONS 
Based on the discussions above, the following conclusions 

are drawn: 
(a) The design of clocks and watches are similar in that their 

structures are symmetrical. In both cases, the pallets 
receive equal numbers of impulses, while their major 
difference is that the pallet is driven by pendulums in 
clocks while it is driven by the balance wheel with a 
hairspring in watches. 

(b) The intricate motions of the Graham Escapement in clocks 
and of the Swiss Lever Escapement in watches can be 
modeled by RecurDyn®. This commercial software system 
can also be applied to other kinds of escapements. 

(c) From the s imulation results, the periodical behaviour of the 
escapement is shown. Once the first push is applied, the 
escapement starts its motion automatically and functions 
cyclically. Theoretically, it would never stop in the case of 
no externa l force or friction being added to the system. 

(d) The simulation results provide a way for watchmakers or 
anyone who are interested in mechanical watch, with an 

innovative insight. These results can be further used to 
optimize the design. 
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4. CONCLUSIONS

Based on the discussions above, the following conclusions
are drawn:

(a) The design of clocks and watches are similar in that their
structures are symmetrical. In both cases, the pallets
receive equal numbers of impulses, while their major
difference is that the pallet is driven by pendulums in
clocks while it is driven by the balance wheel with a
hairspring in watches.

(b) The intricate motions of the Graham Escapementin clocks
and of the Swiss Lever Escapement in watches can be
modeled by RecurDyn™. This commercial software system
can also beapplied to other kinds of escapements.

(c) From the simulation results, the periodical behaviour of the
escapement is shown, Once the first push is applied, the
escapementstarts its motion automatically and functions
cyclically. Theoretically, it would never stop in the case of
no external force or friction being addedto the system.

(d) The simulation results provide a way for watchmakers or
anyone who are interested in mechanical watch, with an

innovative insight. These results can be further used to
optimize the design.
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