5. Appendix A: Completed DD Form 298

Form Approved

REPORT DOCUMENTATION PAGE OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this collection
of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
July 31, 2007 Final Progress Report, Oct 1 2006 — June 30 2007
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Experimental Verification of a Systematic Method for Identifying Contact-
Dynamics Model Parameters W911NF-06-1-0492
6. AUTHOR(S)
Ou Ma
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
New Mexico State University, College of Engineering
P.O. Box 30001, Las Cruces, NM 88003

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

U. S. Army Research Office
P.O. Box 12211

Research Triangle Park, NC 27709-2211 50388.2-EG-II

11. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This project is aimed at conducting an experimental test of a new and systematic method for identifying the key
parameters of a general multiple-point contact dynamics model using a robotics-based experimental testbed. The
hypothesis verified in this project is that the identification method is capable of identifying the stiffness, damping, and
friction parameters all together from a same hardware test. Such an identification capability is very appealing to physical
simulation practice because the existing technologies allow identify these parameters from hardware test only one at a
time using special equipment. Therefore, the new method can significantly increase the efficiency and convenience of
simulation practice. The theoretical part of the method was developed earlier and it had also been tested using computer
simulations. In this short-term project, the method was experimentally investigated using a specially designed hardware
setup. Because of the time limitations of the STIR program, the test could only be done with one- and two-point contact
cases. Nevertheless, these tests have experimentally demonstrated the feasibility of the method.

14. SUBJECT TERMS 15. NUMBER OF PAGES
9 — the main report
Contact dynamics, parameter identification, experiment, verification, simulation 41 — including appendices

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89)

Prescribed by ANSI Std. 239-18
298-102




FINAL PROGRESS REPORT

for
ARO Research Contract #W911NF-06-1-0492 (Project #50388-EG-II)

Project Title: Experimental Verification of a Systematic Method for
Identifying Contact-Dynamics Model Parameters

Ou Ma

Department of Mechanical Engineering, New Mexico State University
P.O. Box 30001, MSC 3450, Las Cruces, NM 88003
Tel.: (505)646-6534, Email: oma@nmsu.edu



1.
2.

Table of Contents

STATEMENT OF THE PROBLEM STUDIED 3
SUMMARY OF THE RESULTS 3
2.1 AAPPROACH ...tttk bttt b b bk £ e E AR R R E e e e e e e Rt Rt b ke e e e n R R b e 3
2.2 AACCOMPLISHMENTS ...tttk sttt ettt h ekt h s e e e b bt e b bt b b e e e e e Rt Rt e b b e e e e e e e en e bt eb e et e e e ennenneas 4
2.3 SIGNIFICANCE ...ttt sttt b bbbk he s et bt e R R R ek e et E AR e ARt e b e b e e e e et n e bt e bt n bt e en e e nn s 6
2.4 INNOVATION. ..ottt bbbt e bbb Rt e b e e bR b e R e ekt e b b e r b e bt st 6
2.5 ENHANCEMENT TO EDUCATION ...ciitiiiiiiiiiieieiie ittt s bbb 7
2.6 ENHANCEMENT TO OTHER RESEARCH .....cuviiiiiiiiiitiitiiieie e 7
2.7 TECHNOLOGY TRANSFER ....etiitiitiitietie ittt st sttt e s b e bbb e bbbt s 7
PARTICIPATING SCIENTIFIC PERSONNEL 8
LIST OF PUBLICATIONS 8
APPENDIX A: COMPLETED DD FORM 298 10
APPENDIX B: FINAL TECHNICAL REPORT 11




1. Statement of the Problem Studied

This project is aimed at conducting an experimental verification of a new and systematic method
for identifying contact dynamics model parameters using a robotics-based experimental testbed.

The hypothesis verified by the project is that the identification method is capable of identifying
the stiffness, damping, and friction parameters all together from the same hardware test.

Simultaneously identify multiple contact parameters directly from a physical test of a dynamical
system is desirable in practice because the existing technology allows to identify the same
parameters only one at a time using special equipment and skilled labors, which is very
inconvenient and costly. Therefore, the new method, if experimentally proven working, can
significantly increase the efficiency and convenience of modeling and simulation tasks. The
theoretical part of the identification method was developed earlier but had not been
experimentally verified prior to this project. In this short-term project, the method is
experimentally tested using a specially designed experiment setup. Because of the funding and
time limitations of the ARO’s STIR program, the test could only be limited to a basic level with
one- and two-point contact cases. Nevertheless, these tests can still demonstrate the feasibility of
the method.

2. Summary of the Results

2.1 Approach

The basic approach of the identification method is to use the linear estimation technology to
identify the stiffness, friction, and damping parameters from the relative pose (both position and
orientation) and velocity as well as the resultant contact force and moment between two arbitrary
contacting bodies. The key is that the method estimates the locations of all individual contact
points by combining the measured motion data and the known geometry data of the two contact
bodies. In such a manner the very difficult problem of measuring all simultaneous and
unperceived contact locations and forces is converted to a much less difficult problem of
measuring the rigid-body motion and resultant contact force-moment of a contact body. This is a
breakthrough in dealing with the general multi-point contact problem in the identification
procedure. (Detailed information about the approach is presented in Section 2.2 of the attached
technical report in Appendix B.)

In this project, we tested the method using a specially designed, robotics-based experimental
testbed as shown in Figs. 1 and 2. The robotic arm is used to generate controlled and repeatable
contact motion in 3-D space, so that general contact scenarios can be tested. The 3-D motion
tracking system is used to measure the 3D pose and velocity of the moving contact body and a 6-
axis force-moment sensor is used to measure the resultant contact force and moment. This
testbed was designed and built based on the special requirements for the verification of the
identification method. (More detailed information about the testbed is presented in Section 3 of
the attached technical report in Appendix B.)
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Figure 2. The instrumented contact interfaces of the testbed

2.2 Accomplishments
The accomplishments of the project are briefly summarized as follows:



(1) Completed the hardware-software integration of the test system so that the entire
experimental system is up and running.

(2) Tested the single-point contact case.

Various tests indicated that the stiffness, damping and friction parameters can be
simultaneously identified within a relative error of 2%, 6% and 4%, respectively. In
modeling and simulation practice for contact dynamics systems, such an accuracy level is
usually acceptable.

(3) Tested the two-point contact case.

Various tests indicated that the two sets of stiffness, damping and friction parameters can be
simultaneously identified within error ranges of 2~3%, 15~25% and 5~7%, respectively.
Again, such an accuracy level for the stiffness and friction parameters is usually acceptable
but that for the damping parameters is too low.

(4) Investigated the error sources.

It was found that the above-mentioned errors were mainly caused by imperfect design and
fabrication of the test hardware. Part of the errors was caused by without considering the
static friction in the approach’. The latter cause is related to the identification method and
thus, should be corrected in the future research.

(Detailed test results and discussions about identification errors can be found in Sections 4 and 5
of the attached technical report in Appendix B.)

3D Motion track system

!.

6-axis force sensor

Motion-tracked
contacting surfaces

—

Figure 3 Instrumented contact interface for testing multiple-point contact dynamics

! Identification of static friction parameters was not planned in the first place. Since static friction is very nonlinear, the linear-estimation
based identification approach has to be significantly modified in order to deal the problem. Hence, further research is needed.
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2.3 Significance
The significance of this research can be summarized as follows:

(@) Uniqueness: The method of simultaneously identifying all the three major contact
parameters (i.e., the stiffness, damping and friction parameters) from a single hardware test is
unique. The experimental verification of such a method is also unique. To our best
knowledge, it has never been done elsewhere.

(b) Efficiency: using the proposed parameter identification method, multiple stiffness, damping,
and friction parameters of a complicated contact case can be identified all together. On the
contrary, all the other available methods have to identify these parameters one by one
separately using special measurement equipment. Therefore, the new method is obviously
more efficient and convenient.

(c) Effectiveness: This research project has demonstrated that the new identification method
works robustly (at least in the lab environment) although some further research may be
needed in order to improve the accuracy level.

(d) Army Applications: With the fast advancement of general computation and simulation
technology, physical simulation will be playing more and more roles in the design,
verification and even operation of future military systems. More accurate model parameters
are always required for better simulation-based prediction. The studied parameter
identification method is a more convenient, efficient, and cost-saving tool than any other
existing parameter identification tools to enhance physical simulations.

2.4 Innovation

The proposed research addresses a challenging parameter identification problem which is
encountered by industry nowadays because simulation models are increasingly becoming more
complex and essential in a product development cycle while the traditional methods of



measuring individual parameters separately become very inefficient. The tested method solves
this problem by allowing simultaneous identification of multiple contact-dynamics parameters
directly from routine hardware test and thus, it improves efficiency and quality of modeling and
simulation. This will have a broader impact on industry (especially the defense and aerospace
industries) where simulation plays critical roles in design, verification, and even operation
phases. The key innovative parts of the approach are:

(1) avoided sensing all simultaneous but unperceived local contact points and forces by just
sensing the overall rigid-body motion and resultant contact force information;

(2) incorporated known geometric model into identification process so that the contact
bodies can be as complicated as a geometric model can describe;

(3) used a robotics-based testbed to perform the most general 3-D verification testing.

In short, the identification method is new, the experimental study has not been done elsewhere,
and the research output is relevant to the Army. Therefore, this research effort is in line with
AROQO’s basic research goal — develop new and better technology to support national defense.

2.5 Enhancement to Education

Two graduate students were trained in the project. One of them, Jong Kim, just completed his
M.Sc. degree in May 2007. This research project is exactly the topic of his master’s thesis.
Another master’s student, Lucas Martinez, also worked on the project. He will be graduating in
fall 2007. Although this short project finished, the research will go on and thus more students
will be trained in the lab in the future.

Moreover, the experiment system developed and used in this project can always be used as a
teaching tool for class demonstrations and course projects.

2.6 Enhancement to Other Research

The hardware testbed has become part of the experimental infrastructure supporting research in
multibody dynamics, robotics and controls in the Robotics Lab of NMSU. Dr. Ma and his
research group are currently using the lab facility for research in:

(1) contact-impact dynamics model parameters identification
(2) hardware-in-the-loop contact dynamics simulation

(3) automatic identification of inertia properties

(4) development of compliance control technology

2.7 Technology Transfer

It is difficult for such a short-term basic research to have led to a materialized technology
transfer. However, Dr. Ma has been making efforts to inform the ARL and industry about this
research and other related research for potential technology transfer and further research
collaboration. For example,



— Dr. Ma continues to communicate with Dr. David Lamb of ARL/TACOM about the research
on contact dynamics modeling and simulation for dynamical systems. From Dr. Lamb, he
learned that ARL/TACOM is still interested in developing contact-dynamics simulation
capabilities but with more focus on real-time simulation. Dr. Ma responded this updated need
by proposing a research on the topic of model order reduction for contact dynamics
simulations. Such a research is aimed at significantly improving the simulation speed, so that
real-time simulation can become possible. Dr. Ma is planning to visit ARL/TACOM in the
near future.

— Dr. Ma visited the ARL/APG (invited by Dr. Raju Namburu) in Aberdeen, MD, on May 15,
2007, and gave a presentation about his contact dynamics research including some highlights
of this project. From the visit, Dr. Ma gets connected with some of the researchers in APG,
which will help develop potential future research collaboration.

— Dr. Ma participated the 17°th Army Symposium on Solid Mechanics in Baltimore, MD, April
2-5, 2007 and presented some of the research results of this project. Through the symposium,
he learned various ARO funded research activities and see a bigger picture of the current
Army research needs. This will help him to orient his research to better in line with the
Army’s research priorities.

— Dr. Ma also talked with some peers in defense industry. For example, he discussed the
identification technology with Dr. Pejmun Motaghedi of Boeing in Huntington Beach, CA.
Due to his industrial experience, Dr. Motaghedi fully understood and appreciated this
research. He wrote an official support letter for Dr. Ma. Another industrial expert, Dr. James
Turner of Dynacs Inc. in Houston, TX, also realized the importance of this research and also
wrote a support letter.

3. Participating Scientific Personnel

Dr. Ou Ma, the PI of the project, is the co-developer of the identification method tested by the
project and the designer of the experimental verification system. He managed the project and
provided scientific guidance for the other participants on daily basis. Dr. Ma is specialized in
multibody dynamics and controls for the applications of robotic systems. He has over ten years’
industrial experience and five years’ academic experience in developing and verifying contact
dynamics modeling and simulation technology for complicated dynamical systems. He has over
sixty peer-reviewed publications and over 200 ISI journal citations.

Mr. Jong Kim is a graduate student who just received his M.Sc. degree in May 2007 from
NMSU. He has been the main participant of the project responsible for the most part of the
experimental work.

Mr. Lucas Martinez is a graduate student who is pursuing M.Sc degree at NMSU. He helped
with some of the hardware integration. Lucas will continue to work in the lab until graduation
scheduled in the end of 2007. He will then join the Air Force Research Lab in Florida.

4. List of Publications

To disseminate the new technology, the findings of this research have been documented in a

M.Sc. thesis and several technical papers to be published, as listed below:



[1] Jong Hwan Kim, “Experimental Investigation of a Systematic Method for Identifying
Multiple Contact Model Parameters”, M.Sc. Thesis, Department of Mechanical Engineering,
New Mexico State University, May 2007.

[2] O. Ma, “Test of a Systematic Method of Identifying Multiple Contact-Dynamics
Parameters”, a presentation at the 17°th US Army Symposium on Solid Mechanics,
Baltimore, MD, April 2-5, 2007.

[3] O. Ma and J. Kim “A robotics-based testbed for verifying a systematic method of
identifying contact-dynamics model parameters”, to be published in the ASME International
Design Engineering Technical Conferences and Computers and Information Conference
(IDETC), Sept.4-7, 2007, Las Vegas, NV, Paper #DETC2007-35092.
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EXECUTIVE SUMMARY

This technical report describes the results of a 9-month research project conducted by Dr. Ou Ma and
his graduate students at the New Mexico State University under the ARO grant Research Grant #50388-
EG-II starting on September 30, 2006 and ending on June 30, 2007.

This project is aimed at conducting an experimental test of a new and systematic method for
identifying the key parameters of a general multiple-point contact dynamics model using a robot-based
experimental testbed. The hypothesis to be verified is that the identification method is capable of
identifying the stiffness, damping, and friction parameters all together from a same hardware test. Such a
capability is appealing in practice because the existing technology allows to identify these parameters
from experiment only one at a time using special equipment. Therefore, the new technology, if
experimentally proven working, can significantly increase the efficiency and convenience of modeling
and simulation tasks. The theoretical part of the method was developed earlier and it had also been tested
using computer simulations. In this short-term project, the method was experimentally tested using a
specially designed hardware setup. Because of the funding and time limitations of the STIR program, the
test could only be limited to basic level with one- and two-point contact cases. Nevertheless, such tests
are sufficient to demonstrate the feasibility of the method.

This technical report describes:

1) the theory and procedure of the parameters identification method,;

2) the basic requirements of the intended experiment and how they are met by the design of the
experiment testbed.

3) the results of the experimental testing of the identification method obtained so far.

4) aconclusion drawn from the test results and discussion about further research in this direction

In conclusion, the test results demonstrated that the method can identify all the three unknown contact
parameters simultaneously with small errors. Investigation indicates that the errors are mainly caused by
the imperfect design and hardware implementation of the test system as opposed to the identification
method itself.
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1. INTRODUCTION

Physical contact (including nondestructive impact) with environment or external objects for a military
vehicle is not only very possible but sometimes also a part of an operation in an urban battlefield. Here,
among many, are several examples of contact scenarios,

A land vehicle pinned and struggling between obstacles, a ditch, or other vehicles.

A land vehicle hitting obstacles such as barriers, building debris, walls, trees, etc.

A land or aerial vehicle being hit by flying or falling objects.

An aerial vehicle landing or accidentally colliding with a tree, a tower, a building, etc.

Contact may cause severe damage to crew, onboard equipment, or the structure of a dynamic system.
In addition, contact phenomena are also among the most difficult operational scenarios for the operators
and control systems to handle. In order to predict the consequence and minimize the negative impact of
physical contact, engineers need to thoroughly study various contact scenarios and their effects on the
associated dynamic systems. Obviously, computer simulation is the safest and effective means for
investigating such scenarios. Contact dynamics simulation has been playing and will be increasingly
playing an essential role in the development and operation of robotic and vehicular systems operating in
extreme environments such as space, under sea, and battle field. Based on a decade-long hands-on
experience in conducting high-fidelity contact dynamics modeling and simulations for robotic systems in
industry, we have seen many limitations on the current technologies affecting the efficiency, fidelity, and
performance of contact dynamics simulations of complex systems. One of such limitations is lack of a
systematic and practical methodology for identifying different model parameters all together efficiently
from the system-level test of a physical prototype or the final physical system. This project is part of the
effort that our research group is currently making to addresses this problem.

Hit by falling or
flying objects

Distroyed
vehicle

Battlefield re-fueling

Building block Falling tree

Collapsing
building

o>

Negotiating its way
through obstacles
Road barriers

R

Stuck in a ditch Landing from a jump

s

Hitting an obstacle - Aerial vehicle landing
Impact from weapon firing
at fast speed

Gy o2

Figure 1. Examples of possible contact scenarios in army operations

Impact \§
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The accuracy of a dynamic simulation depends not only on the mathematical model (i.e., formulation,
algorithms, and computer code) but also on the values of model parameters. A contact-dynamics model of
a dynamical system for military applications, such as the ones shown in Fig.1, can have many different
model parameters. Determination of these parameters for such a large and complex system is a large
challenge. Similar examples exist across the aerospace, defense, and automobile industries, where high
fidelity contact-dynamics simulations are essential in support of the design, verification, and even
operations but there are no systematic and easy-to-use techniques available to identify model parameters
directly from system level hardware tests. Researchers have usually focused their efforts of contact-
dynamics research on developing solution methods/algorithms and verifying their algorithms by
experiments. Much less focus has been placed on developing systematic methods of measuring model
parameters for multiple-point contact scenarios. Similarly, most of the commercial software packages for
dynamic simulations nowadays, such as ADAMS, DADS, SIMPACK, Working Model, etc., are offering
contact-dynamics modeling and simulation capabilities. However, to the best knowledge of the authors,
none of them provides supplementary software tools to assist the users identifying or tuning their model
parameters using experiment data. In reality, some of the contact-dynamics model parameters used in
industry are not directly measured from the real hardware in representative operation conditions due to
lack of adequate measurement techniques. Instead, those parameters were assumed based on the design
data or engineers’ best guess. Such a practice will add uncertainties to the fidelity of the corresponding
simulation model. As a result, a system designed or a mission planned based on such a simulation practice
would have to bare extra safety margins and thus is not optimized. Therefore, there exists a strong desire
in industry for a practical means of systematically identifying multiple model parameters. The P1 of this
research project, while he was employed in industry a few years ago, initiated a university-industry
collaborative research project on this topic. As a result, a method of identifying multiple contact-dynamics
parameters was developed and demonstrated by simulation study (Weber, Patel, Ma and Sharf 2006). This
project is aimed at experimental investigation of this method. Because of the small scope of this STIR
project, the investigation can only be limited to a preliminary level.

The basic approach of the identification method experimentally investigated on this project has been
described in (Weber, Patel, Ma, and Sharf 2006). It uses the linear estimation technology to identify the
stiffness, friction, and damping parameters from the relative pose (both position and orientation) and
velocity as well as the resultant contact force between two arbitrary contacting bodies. The key is that the
method estimates the locations of all individual contact points by combining the measured motion data
and the known geometry data of the two contact bodies. In such a manner the very difficult problem of
measuring all simultaneous and unperceived contact locations and forces is converted to a much less
difficult problem of measuring the rigid-body motion and resultant wrench (both force and moment) of
each of the two contact bodies. This is a breakthrough in dealing with the general multi-point contact
problem in the identification procedure. A simulation study of the method has shown promising results. In
this project, we tested the method using a specially designed, robotics-based experimental testbed.

2. THEORY

2.1 Contact Dynamics Modeling

To help describe the identification method, it is necessary to have a brief overview of the related
modeling approach of contact dynamics. In the approach, each contact region or area is assumed to be
much smaller than the size of the involved contact body and thus the contact region can be approximated
by a point called “contact point”. The contact is then modeled by a spring-damper model with a friction
component. The contact force at the contact point is the resultant of three individual forces, namely,

f, =f, +f4+1; (1)
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where f,, fy, and f; are the 3D vectors of normal, damping, and friction forces, respectively, all acting

at the same point, as shown in Fig.2. Details of the individual forces can be found from many references
such as (Brach 1991; Freeman and Orin 1991; Kraus and Kumar 1996; Ma et al 1997; Song et al 2001;
and Gonthier, McPhee, and Lange 2004). A highlight of the model is given below for quick reference.
The most commonly seen model of the normal force is the Hertz model

f, =—k.d"n 2)
where k. and d are the contact stiffness and contact-surface deformation (i.e., deflection of the “spring”);
exponent 4 depends on contact geometry (Gilardi and Sharf 2002); and n is an out-pointing effective

normal vector weighted from the normal vectors of all the surfaces (faces) involved in the associated
contacting region.

The contact damping force accounts for energy loss during the contact. It is assumed to be
proportional to the rate of the surface deformation and always against the direction of the deformation
rate, namely,

fd = —Cdn (3)
where c is the contact damping coefficient and d is the time rate of the surface deformation (also called
indentation) d. A nonlinear damping model may be introduced to prevent the contact force f, from
becoming an attractive force when the impact speed is high (Marhefka and Orin 1999).

Body 1 (moving)

Another contact point
Figure 2. Local contact force components
The kinetic friction force is modeled using the following friction force model

v
fi=-u fnﬁ1 (vi #0) (4)
t

where x is the kinetic friction coefficient; f, is the magnitude of the normal force; and v, is the

tangential velocity between the two contact bodies at the contacting point. Basically, this is the Coulomb
friction model which works for sliding friction only. During a contact between two objects, the two
contact bodies may not have relative velocity at their contacting point, such as in a jamming or stick-slip
situation. In such a case, the static friction is in play. A more general friction model called 3D integrated
bristle friction model was introduced in (Ma et al. 1997) to represent both the sliding friction and static
friction. However, the model has not yet been considered in the parameters identification so far because
of its complexity.

The amount of the surface deformation of the contacting point is approximated by computing the 3D
geometric intersection (also called geometric interference or indentation) of the two contact bodies
assuming they are rigid bodies in the geometry computation. Two methods are available to compute the
variables of such a geometric intersection including the dimensions, surface areas, and volume. The first
method is called shrinking-body method which was introduced by Liu and Mayne (1990) and extended by

18



Nahon (1994). The method shrinks the two contact bodies along their surface normal directions until the
two intersecting bodies become just touch at a single point. The amount of the shrinking of each body is
considered as the deflection of that body and the resulting touching point is considered as the contact
point where all the contact forces defined in (1) are applied to. The second method uses the duality
technique and convex hull theory (Preparata and Shamos 1985; O’Rourke 1993) to calculate the
geometric intersection between the two bodies but it is applicable to bodies with linear bounding surfaces
only. The method has been widely used in computer graphics and CAD software tools. Recently, Luo and
Nahon (2005) used the method to approximate the surface deformation for contact-dynamics modeling. In
principle, both methods apply to convex bodies only. This is not a problem because, in practice, a non-
convex body can always be divided into or approximated by several convex sub-bodies (Ma et al, 1997).

2.2 Parameters Identification Method

The general method of contact-dynamics modeling outlined in Section 2.1 requires three principal
parameters for each pair of contact bodies or subbodies. They are contact stiffness, contact damping
coefficient, and sliding friction coefficient. In this section an algorithm for simultaneously identifying
these parameters from experiment data collected from hardware testing is presented. A contact must
involve at least two bodies and both of them may move during the contact activity. Without loss of
generality and for the convenience of conceptual description here, it is assumed that one of the two
contacting bodies is fixed and the other body moves with respect to the fixed body. Note that in the real
implementation and experiment, the absolute motions of both bodies can be measured by 3D motion
sensors, from which the relative motion between the two bodies can be easily obtained.

2.2.1 Relation between Contact Wrench and Model Parameters

It is assumed that there are n simultaneous contact points, as shown in Fig.3, and n varies over the
time depending on the relative motion between the two contact bodies. The resultant contact force and
moment with respect to a specific reference point and frame can be expressed in terms of the individual
local contact forces in the following form,

fC

fei ZZ [fni +1g +fﬁ]

)

n

roxf = x (g + B+ 1)
i=1

'L

m.

LN

1=
where f, and m, are the resultant contact force and moment resolved at a specific reference point
(usually defined for the convenience of the modeling procedure); f,;, fy, and f; are the local contact

normal force, damping force, and friction force applied at the ith contact point; and n is the total number
of simultaneous contact points. The application locations or points of these local contact forces depend on
the geometries and motion states of the two involved contact bodies.
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Figure 3. Individual local contact forces and their resultant force-moment resolved at a reference point

With the application of the force models defined in Section 2, equation (5) can be rewritten into the

following form 1
£ =Zn:[kidi’1ni v, + ki, ] y
i=1
= i[(diﬂni)(i +(dini):i)‘(" (diﬂti)ﬁﬂi]
! (6)
me = r < odin; +dim; + akidt

IR

[(diﬂri xni)q +(diri xni)Ci +(di}@®ﬁl)a61 poini 1

For the convenience of computing the unknown model parameters, the above equations can be
rewritten into the following linear equations in terms of model parameter{C ontact point 2

o

IR

i

f $ d’n. dn d*t:
|:IIIC}:Z|: i o i il c,

c -1 diﬂvri X1 diri X1 dilri Xti kl[j (7)
1~

n
=zAipi
i=1

or in a more compact form of

WIZAiPi =Ap 8

i=1

In the above equation,
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A=[A; A, - A] 9)
P:
p= P:z
P
and
A = din; d;n; dt;
b dir,xn; dir;xn; dir xt,
K; (10)
pi=| ¢ |, i=12--,n
ki 4

In relation (8), the 6-dimensional vector w is the resultant contact wrench (consisting of the resultant
contact force and moment) about a fixed reference point on the contact body and thus, can be measured
by a 6-axis force-moment sensor attached to this reference point. The 6x3n matrix A defines the
kinematic relations between the said reference point and the n individual contact points, which can be
computed based on the known geometry of the contact body and the measured relative motion between
the two contact bodies, namely, (x, 8) . The parameter vector p comprises the 3n model parameters

which are unknowns in the model identification problem.

It is clear from (9) and (10) that the resultant contact wrench w can be measured and the coefficient
matrix A can be computed if the kinematics and motion states of the two contact bodies are known.
However, relation (8) is insufficient for uniquely defining the unknown parameter vector p in terms of
the measured w and computed A, because the system has only 6 equations and 3n unknowns, even for
single-point contact case where N=1 because the coefficient matrix A is rank-deficient. To simplify the
problem, an assumption can be made as originally specified in (Weber, Ma, and Sharf 2006). This is to
assume that each contact body has the same contact parameters everywhere around its body, namely,
p1=-=p,=pP In (8). It should be emphasized that such an assumption is not unpractical because
engineers usually assume each contact body having the same contact stiffness, damping, and friction
properties everywhere around the body. If a body does have different parameter values in different
locations, say, for example, two different friction coefficients in two separate faces, this body can then be
partitioned into two sub-bodies with each different frictional face being inclusively included in one sub-
body. With the assumption of p; =---=p,, = p, equation (8) is reduced to

W=[Zn:Aijﬁ=Aﬁ 1)
i=1

where w remains unchanged as defined in (9) but A and p become
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n

n n
2dfm Ddim > dly
i i=1

A= i=1 i=1
n n n
Zdi}“ri X1 Zdiri X1 dilri Xti
i=1 i=1 i=1 (12)
k
p=|¢C
ks

Now the dimensions of the coefficient matrix A and parameter vector p are reduced to only 6x3 and
3x1, respectively. This latter relation will serve as the basic relation for the identification procedure.

2.2.2 ldentification Procedure

The identification method works, as formulated in Section 3.A, based on the following basic
conditions:

() the position and orientation of each contact body, namely, x and 0, can be measured;

(b) the linear and angular velocities of each contact body, namely, x and o, can be measured;

(c) the resultant contact wrench (i.e., both the force and moment), namely, w, can be measured; and
(d) the geometry of the contact bodies is known.

The data in above items (a) and (b), namely, the position and orientation, velocity of a contact body,
can be extracted from the measurement data collected by a 3D motion sensing system. The data in item
(c), namely, the resultant contact wrench of each body, can be measured by a 6-axis force-moment sensor.
The data in (d), namely, the geometry data, is described by the geometric parameters of the bounding
surfaces of the contact bodies. They are available either from the CAD design or from the geometric
measurement of the real hardware. These geometric parameters are assumed to be constant when they are
expressed in the coordinate frames attached to their associated contact bodies.

With a single measurement of contact resultant wrench w and contact body’s position-orientation X,
one still cannot find the parameter vector p from relation (11) although the linear system has more
equations than unknowns because matrix A is still rank-deficient in theory (the first two columns are
linearly dependent). However, this problem disappears if two or more measurements are made unless all
these measurements are obtained at the same pose without moving the contact body. In general, one can
perform a sequence of m measurements, i.e., (w){,(w),,---,(w),and (x, 0)1,(x, 0),,---,(x, 0),, along
a motion trajectory over a period of time. This will lead to a total of m sets of relation (11), which can be
assembled into the following regression form

(W1 (A)
we| Mz || Welg gy (13)
™) L),
where the augmented matrix B is defined as
B=[a] @] - @] (14)

Equation (13) is a system of linear equations having a total of 6m equations and only 3 unknowns. It
represents a standard linear identification problem, and thus, can be solved using least-square
approximation as follows
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p=B"B)'B'w (15)

After vector p is computed, the three individual contact parameters k, ¢, and # can be readily
obtained from the definition of p in (12). Pre-process of measured raw data can be performed to render

matrix A better-conditioned numerically and special factorization techniques like Household-reflection
method may be used to evaluate the right-hand side of equation (15) for better numerical results.
Alternatively, starting from the second measurements (i.e., m>2), equation (13) can be solved for p at

any instant along with the measurement by using the recursive least-square method to provide a time
history of the estimated results. This alternative will be very useful for real-time model update in the
application of adaptive control of contact motions.

The above-mentioned identification procedure is illustrated in a diagram shown below:

|dentification Software
Step 5 Step 6
Geomatric Parameters
Step 1 Step 2 Step 3 Step 4 . :
Measurement | [™| Data Filtering [ ™ |Transformation [ ™| Synchronization [ el P Calculation
T T d.d,mt,r k¢ i
Foroe- 3D
Moment | | motion
data data

3. EXPERIMENT TESTBED

In order to experimentally study and verify the parameter identification method described in Sections
2.2.2 and 2.2.3, one needs to design and build an experiment system which can generate multiple-point
contact in a predictable manner. Based upon the identification procedure, the experiment system must be
capable of measuring the 3D position, orientation, velocities and resultant contact wrench of each of the
two contact bodies. Obviously, a 6-DOF robotic arm is an ideal device for this purpose because a robot
can provide a controllable 3D motion to a rigid body. With this consideration, a robotics assisted
experiment testbed was designed. The system and its working principle are conceptually shown in Fig.4.

In order to conduct the intended experimental verification of the parameter identification method, the
test system must meet a number of basic requirements. These requirements and how they are met by this
test system are outlined below.

1) The system should be capable of providing general and also repeatable 3-D contact motions.

A 6-DOF Staubli RX90L robot is employed. The robot can be programmed to provide a repeatable 3-
D motion for the tested contact object at an accuracy level of 0.1 mm.

2) The system should be capable of measuring the resultant contact force and moment of at least one of
the two contact bodies in all three axes.

This requirement is met by installing a 6-axis force-moment sensor in the bottom of the fixed contact
body (see Figs. 5&6). The 6-axis ATI Omegal60 force-moment sensor has enough load capacity and
frequency bandwidth to catch the force signal of small impact (large impact is out of scope of this
research because of the assumption of low-speed impact) at a sampling rate of over 1000 Hz.

3) The system should be capable of accurately measuring the 3-D position and orientation of each of the
two contact bodies in all three axes.

Measuring the position and orientation of a contact body in 3-D is difficult because the body can
move arbitrarily in all axes during a contact motion. An NDI’s Optotrak infrared-based 3-D motion
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4)

5)

6)

7)

sensor is used to perform this task. This sensor can track the positions of up to 24 active marks
attached to the contact body at a resolution of 0.1 mm within a volume of 2x2x1 meters and a
sampling rate of 450~3500Hz depending on the number of markers used in the measurement. The
sensor system is shown in Fig.5 and some of the markers are shown in Fig.6.

The system should be capable of obtaining the 3-D linear and angular velocities of each contact body
due to the formulation related to the contact damping and friction.

Direct measurement of 3-D velocity is difficult. The required velocity data are derived from
differentiating and filtering the position and orientation data. It may also be obtained by integrating
the accelerometer data, which may generate smoother velocity data but accelerometers are required.
So far, velocities have been obtained from differentiation only. The result is satisfactory because the
tests involved only very slow contact motions.

The system should be capable of synchronizing the measurements specified from 2) to 4) because all
the motion and force data for each equation must measured at the same time.

The Labview software is used to trigger and coordinate the data acquisition processes of all the
individual sensor units in the system so that the same time will be stamped on all the sensors data.

The contact interfaces should be capable of producing multiple contacts in a predictable fashion
because the tested identification is for multi-point contact cases.

A basic prototype of an H-shaped peg and a square mating hole have been built, as shown in Fig.6.
The square hole actually consists of four separately adjustable side plates and a bottom plate. Such a
pair of contact bodies can generate from one to five simultaneous contact points by maneuvering the
pose of the peg with respect to the hole. The location of each contact point is predictable.

The geometry models of contact bodies should be known because the identification method requires
predicting the locations of all the contact points.

Due to their relatively simple geometries, the surfaces of the H-peg and the square hole (comprising
the inner surfaces of the five plates) can be accurately measured and modeled in the computer. With
such a geometry or kinematics model, the locations of all the contact points between the peg and the
hole can always be precisely computed as long as the relative position and orientation between the
peg and hole are known.

Computer Contact Bodies’
Model Geometry Model

Computed contact locations and interferences
fs X

A

Identification
Algorithm/Software

Identified model
parameters

4

-

Hardware

Measured force data

3D force
sensor

‘ Measured motion dat

3D Motion
sensor

Contact bodies

L]

3D force sensor

Figure 4. Concept of the experiment system for testing the identification method
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Figure 5. Integrated hardware system of the contact parameter identification experiment testbed

The H-shaped peg is made of aluminum and the contact plates are made of steel with special surface
treatments for having sustainable friction and anti-scratch properties. Each plate (or wall) of the square
hole is supported by a set of four linear bearings with springs so that the plate can linearly move along its
normal direction when it is subject to a contact force and restore its original position when the contact
force is gone. The stiffness’s and locations of the four springs (which are symmetrically distributed)
determine a compound stiffness at any given contact point on the plate. This compound stiffhess is used
to represent the contact stiffness of the peg-plate contact dynamics model. Similarly, the deflections of the
four springs can be used to determine the deflection at the contact point. Since the spring is much softer
than the materials of the peg and plate, the real material stiffness’s of the peg and plate can be ignored
(otherwise they are too difficult to deal with because their associated suffice deflections are too small to
be physically measured by the currently available sensors in the lab). It should be pointed out that the
compound stiffness varies nonlinearly with respect to the location of the contact point. This non-constant
stiffness value is undesirable for the purpose of the experiment. However, it can be shown that, if the
contact point moves within a small area around the center of the plate (say, in an area with a radius of no
more than 5% of the distance between two springs), the compound stiffness is approximately a constant
(with an error of less than 1%). The compound stiffness value can be calculated as

_ A(kokgky +kikgk, +kikoky +Kikoks)
) (ky +ka)(kz +kg)

wherek; is the stiffness of the ith spring (i=12,3,4). Obviously, if all the four springs have the same
stiffness value, then the compound stiffness is simply the sum of all the four stuffness values.

So far, no special damping devices have been installed in the contact hardware and thus, the identified
damping parameters reflect the real contact damping between the two contact objects.

It should be pointed out that the true stiffness value can be easily measured statically using a force
gauge and a potentiometer, which was what we did on the project. On the contrary, the true value of a
contact damping parameter is very difficult to measure. We have not done an independent measurement
of the true damping parameters but we are intended to do it in the future.

k

(16)
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Figure 6. The instrumented contact interfaces of the experiment testbed

In the system, one of the two contact bodies is attached to a grounded base through a 6-axis force-
moment sensor. In such a way, this body is fixed to the ground and thus, its absolute motion can be
assumed always zero. The other contact body is grasped and manipulated by a 6-DOF robotic arm. Thus,
the absolute motion of the second body is equal to the relative motion between the two contact bodies.
Using the robot, the 3D motion of the moving body (i.e., the relative motion between the two contact
bodies) can be precisely controlled in order to generate predictable multiple contacts between the two
contact bodies. Although the motion (i.e., the pose and velocities) of the movable contact body can be
computed by the forward kinematics of the robotic arm from its known joint trajectories, it is still
independently measured by an external motion sensor for better accuracy. The resultant contact wrench
exerted on the fixed contact body is measured by a 6-axis force-mention sensor installed in the bottom of
the body and that exerted on the moving contact body is measured by another 6-axis force-moment sensor
installed in the wrist of the robotic arm. The measured motion and force data are fed into the
identification software as the input data for identifying the contact parameters. The contact geometry
model in the computer is used to compute the detailed locations and geometric interferences (for
approximating the surface deflections) of all the simultaneous contact points. This geometric computation
is part of the identification procedure being carried out inside the identification software. The output of
the identification software is a set of identified contact model parameters.

All the hardware components and some of the software components had been designed and
developed prior to this project. The hardware integration had also been completed prior to this project.
The software implementation and integration were mostly done by this project. So far, the complete
hardware and software system has been tested only with single-point contact and two-point contact cases.
More software implementation work is still needed for handling more complicated multiple-point contact
cases and thus, this part of the work has to be done beyond this project in the near future. A few different
views of the integrated hardware system are shown in Figs.5&a86.
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4. TEST RESULTS

In order to facilitate the investigation, we planned to perform our tests incrementally from simple
cases to complicated cases. We started our test with a single-point contact case and then moved to a two-
point contact case. Due to the time limitations of this short-term project, we could only do the single-point
and two-point contact cases. The test results of these two basic cases are described in the next two
subsections.

4.1 Single-Point Contact Tests

The hardware setup of the single-point contact test is shown in Fig.7. In the test, the robotic arm is
commanded to move rod-like contact object along a predefined trajectory to make contact with the
bottom plate of the testbed. The position and contact force data are collected by the motion and force
sensors during the test for identification purpose. Such a test is done repeatedly for many times in order to
obtain better statistical results. A typical motion path of the contact object sensed for a test is shown in
Fig.8. The time histories of the measured contact force and moment for the same test are shown in Figs.9
and 10. The deflection of the contact point and its time rate which are computed from the time history of
the position data are shown in Fig.11. Matlab’s “filter” function has been used to smoothen the results in

the computation of d and d . Fig.12 shows the normal contact force versus the contact deflection where
we can clearly see the hysteresis caused by the contact damping.

As an example, the identified parameter values from a set of seven tests are listed in Table 1. In each
test, measurements are taken at about 150 points along the motion trajectory (within the contact period of
the trajectory only), namely, m =150 in equation (13). As one can see, the average value of the identified
contact stiffness is only 2.1% off its true value. The true stiffness values were obtained by separate
manual measurements. Unfortunately, the true values of the damping and friction parameters are very
difficult to obtain and thus, they were not available yet for measuring the absolute identification errors.
For now, we use the standard deviation (STD) of a series of tests to statistically measure the relative
identification errors. The standard deviations among the seven listed tests are 2.7%, 6.1% and 4.3%,
respectively, for the identified stiffness, damping, and sliding friction parameters. This kind of accuracy
level is indeed quite good from a practical point of view.

Fa-

Motion—tracked
contacting surfaces

—

Figure 7. Hardware setup for single-point contact test
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Note from Table 1 that the identification error of stiffness measurement is less than these of damping
and friction measurements. This is mainly because the relative motion speeds between the contact bodies
in these tests were relatively low. From the formulation presented in Section 3, one can easily understand
that stiffness parameters can be identified statically while damping and sliding friction parameters have to
be identified with nonzero velocity. When the relative speed between the contacting bodies is low, the
measured motion data will have low signal-to-noise ratio and thus leads to more errors in identified
damping and friction parameters. Also, the sliding friction model is no longer representative at very low

Deflection (m)
Figure 12. Contact force versus deflection at the contact point
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I
,
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0.0305

0.031

speed.
Table 1 Identified contact parameters and their errors
Parameters | k (N/m) ¢ (Ns/m) H
Error’ 2.1% N/A N/A
STD 2.7% 6.1% 4.3%
Average 8389.6 5299.6 0.0652
Test 1 8456.2 5461.60 0.0620
Test 2 8426.7 5871.20 0.0652
Test 3 8316.2 5537.10 0.0649
Test 4 8635.9 4838.90 0.0623
Test5 7889.5 5252.60 0.0711
Test 6 8391.5 5048.20 0.0658
Test 7 8611.3 5087.50 0.0649

2 Absolute error compared to the true value of the parameter.
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It has been observed in many different tests that increasing the contact motion speed can improve the
identification results for the damping and sliding-friction parameters but it also reduces the accuracy of
stiffness identification. Such a result is understandable because the damping and sliding-friction must be
measured in a dynamic condition but the stiffness is better measured in a static condition. This makes it
challenging to simultaneously identify all the three different types of parameters. We will be developing
techniques to deal with this problem as well as the problem of identifying the difficult static-friction
parameters in an on-going research.

4.2 Two-Point Contact Tests

The hardware setup of a two-point contact case is shown in Fig.13. In the test, the H-peg was moved
by the robot to contact the side plate first (single-point contact) and then slide down until one corner of
the peg touches the bottom plate (two-point contact). The peg will then continue to move while peeking
contact in two points. As we can see from Fig.14, the two simultaneous contact points are located on two
different contact bodies (i.e., the two plates).

Figure 13. Contact interface hardware for two-point contact test
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Figure 14. The two contact points of the two-point contact case
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Since the two contact points are on two different bodies (one on the side plate and the other on the
bottom plate) and they have different contact properties, there are two sets of unknown contact parameters
to be identified in this case. The material properties of all springs and plates, such as the stiffness
coefficient , are assumed to be identical. However, in a pre-test, the spring constant of the vertical contact
wall (after assembly) was found higher than its manually-measured stiffness of the springs. Thus, the
model of the contact scenario had to be modified with stiffer spring constant for the vertical contact wall.
The source of stiffer spring constant is the additional friction force caused by the self weight of the
vertical contact surface. Thus, equation (13) has to be modified with two sets of different model
parameters, which yields the following force relations:

Frota=—Kithy _cldlﬁl _:Ulkldlfl —kydyh, —szdzﬁz —,Uzkzdzfz

A . . o A _ o~ (17
Mrota=—K0hf XNy —Cyth i XNy — 24kl Xty —KyoT, XNy —Colla Ty XN, — 1Ko, X1
This relation can be written into the following matrix form
Wl [ A
— |W Al
W= ?|=| ?[P=BP (18)
Wi ] | Am
where
i in l i kl )
I:yi Cl
W, = F, P Ky
M xi k2
M yi CZ
L ' _/Uzkz_ (19)
- dli - dli 0 0 0 d2i |
0 0 0 0 0 0
A = 0 0 d; d, dZi 0
0 ) 0 dli (ry )li d2i (ry )2i d2| (ry )Zi 0
—d,; (rz )1i _q1i (rz )li —dy (rx hi _dZi(rx)Zi _dZi(rx)Zi d2i(rz )Zi
L dli ry i dli ry i 0 0 0 M2 (ry)zi_ (20)
Equation (18) can be solved using least-square approximation as follows
— T -1 T
P=(8"B)'B'W 1)

Measured test data of the two-point contact case are plotted in Fig.15 though Fig.21.
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Fig. 17 Resultant contact moment measured from the two
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Fig. 21 Contact force versus deflection associated with the second contact point
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Based on a number of repeated tests of the two-point test case and using the modified identification
procedure described in equation (18), we identified the six unknown parameters, as listed in Table 2.

The standard deviations of the identified stiffness, damping, and friction parameters from different
test groups vary in the ranges of 2%~3%, 15%~25% and 5%~7%, respectively. The higher ends of the
error ranges are always associated with the parameters of the first contact point and the lower ends of the
error ranges are with the second contact point. The error levels for the stiffness and friction parameters

may be acceptable in practice but the error level for the damping parameter is too high.

Table 2 Identified contact parameters from two-point contact case

Parameters k,(N/m) ¢,(Ns/m) M k,(N/m) c,(Ns/m) H,
Error 2.9% N/A 1.9% 4.8% N/A 18.6%
o 3.1% 15.1% 5.7% 2.4% 25.2% 7.3%
Average 15109.25 5541.40 0.2086 7509.35 329.44 0.2613
Testl 15394.00 5691.30 0.2012 7385.20 238.09 0.2408
Test2 15406.00 5370.20 0.1826 7408.20 332.17 0.2995
Test3 15557.00 4084.10 0.2242 7872.20 452.85 0.2709
Test4 15374.00 4244.60 0.2074 7238.60 311.61 0.2383
TestS 15248.00 6106.00 0.2115 7475.40 242.24 0.2626
Test6 15295.00 5960.00 0.2080 7470.50 456.10 0.2437
Test7 14334.00 6453.80 0.2130 7654.90 382.48 0.2638
Test8 14266.00 6421.20 0.2206 7569.80 220.00 0.2710

An investigation of the error sources revealed that the unmodeled friction and backlash in the linear
bearings of the vertical plate are the major attributing factors to the errors. This problem can be solved by
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using a lighter plate and smoother linear bearings for the vertical plate but the testing hardware has to be
redesigned. It can also be compensated in the identification model but the unmodelled factors have to be
first identified. We have not done either of these two correction measures because: 1) we did not have
enough time for the short project and 2) these errors are caused by the imperfection of the testbed rather
than the identification method itself.

Another possible error source is the unmodelled static friction in contact testing. Since part of the
contact motion involves sticking and the static friction is not factored into the identification algorithm, the
effect of the static friction must have been reflected in the identified parameters. Because the static
friction is a nonlinear phenomenon, it is a very difficult task to identify the static friction parameter(s) in
the identification procedure. It requires further research work to include the static friction in the
identification method.

5. CONCLUSIONS AND DISCUSSIONS

5.1 Conclusion of the Project

A uniquely designed, robotics-based experimental testbed was used to test a systematic method of
identifying contact-dynamics model parameters. The tested identification method is capable of
simultaneously identifying the key stiffness, damping, and friction parameters of a general contact-
dynamics model directly from hardware test of a pair of contact objects which can have complicated
geometries and multi-point frictional contacts. The identification method can also be used to extract
contact-dynamics model parameters of a dynamic system from routine tests of its contact hardware.
Although having been proposed and studied earlier, the method had never been experimentally verified
before this project. The method cannot be accepted by the industry for practical use without being
experimentally verified. This project served this purpose.

In this project, single-point contact and two-point contact cases are tested. The results of the single-
point test demonstrated very good accuracy, whose identification errors are 2.7%, 6.1% and 4.3% for the
three identified parameters (i.e., the stiffness, damping and friction parameters), respectively. Considering
many inevitable errors and uncertainties in the complicated nonlinear system, such an error level is
acceptable in practice. However, the results of the two-point contact case showed higher errors than the
single-point contact case. The identification errors in the three identified parameters associated with the
first contact point are 3.1%, 15.6%, and 5.7% and these associated with the second contact point are
2.4%, 26.8%, and 7.3%, respectively. Obviously, the error in the damping parameter is high.

Investigation of the 2-point contact case revealed some of the possible error sources. Some of the
error sources were due to different contact properties in the two different contact locations. Others are due
to the design of the contact interface such that the parameters to be identified are affected by other factors
in the devices (such as the friction inside the support bearings). ldentification algorithm has been
modified (as described in Section 4.2 to account for different parameter values in different contact
locations. However, redesign of the contact interface hardware is impractical for this short-term project
and thus, no action was made so far to correct contact-interface design problem. We will attach this
problem in the future research.

Due to the time and funding limitations, testing of cases involving more than two contact points have
not been done in this short project. However, this will be done in the future research.

5.2 Further Research

The identification method having been investigated so far was derived based on the following
assumptions (conditions):
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1) only sliding friction is considered (i.e., sliding friction condition)
2) the inertial force on the contact body is ignored (i.e., quasi-static condition)

3) the model parameters for every contact point of the same contact body are the same (i.e., isotropy
condition)

These assumptions help focus the identification problem on a more understandable and fundamental
level, from which a feasible solution procedure can be derived and experimentally tested. As learned from
industrial practice, these assumptions are also reasonable approximations for modelling and simulation
practice in industry. Therefore, this proposed short-term research project will focus on experimental
verification of the identification method under these assumptions. This first step will pave the necessary
pace for more advanced research where the above mentioned assumptions are removed.

Understandably, the parameters being identified based on these assumptions may have non-negligible
errors for application cases violating these assumptions. Therefore, for more accurate modelling and
simulation of future dynamic systems with contact motions, it is desirable to study how to deal with the
situations without these assumptions. Since the removal of these assumptions will complicate the
identification problem in both theory and experiment, further research are needed in the future. Since the
research is quite fundamental and intensive, a research proposal will be submitted either to ARO or NSF
in the future. The main topics to be addressed in the proposal are briefly described below for information
purpose.

(1) Contact involving both Static and Kinetic Frictions

Many contact scenarios of a dynamic system in real life involve not only sliding friction but also
static friction. Some even have more complicated friction situations such as skip-slip and jamming. A
simulation model of such dynamic system must include not only sliding friction parameters but also static
friction parameters. Thus, one needs to identify static friction parameters. An idea of how to include the
static friction parameters in the method will be discussed here. Assume the bristle friction model
described in eq.(4) is used and also assume all the contact parameters are unchanged from one contact
point to another. Since static friction and sliding friction appear only one at a time for each contact point,
g

one can introduce a switch function“i to switch between the two in the friction model. With this,

equation (4) becomes

0  iffs|<spa  (sticking)
1 iffs{=sp,  (sliding)
The switch function depends on the friction status which will be determined as a part of the algorithm

computing the A matrix and the contact detection procedure as described in (Nahon 1994, Ma et al.
1997). Correspondingly, the coefficient matrix A and the parameter vector p in relation (12) are now

expanded to the following form

fﬁ = —(1—5i)kfsi —5ik/ldil where 5i 2{ (22)

n
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As one can see, the additional parameter k; for static friction is added to p in the equation for

identification. Now, one can use eq.(23) instead of eq.(12) in the identification procedure. The rest of the
identification algorithm and procedure will remain the same.

(2) Accounting for Inertia Forces (Transient Dynamics) in the Measurement

If the contact body moves at a very slow speed during contact, the force and moment measured by
each of the multi-axis force sensors as shown in Fig.4 may be considered as the resultant contact wrench
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w of the associate contact body (assuming the gravity loading has been zeroed out in the sensor).
However, when the relative speed between the two contacting bodies is not very low, the inertia force and
moment (due to linear and angular accelerations) become significant and will be reflected in the sensor
readings. This situation becomes significant during each impact period. In such a situation, the inertia
force and moment can no longer be ignored. In other words, the transient dynamics needs to be
considered.

To account for the inertia force in the identification formulation, one has to know the accelerations of
the contact body. There are two ways of obtaining the accelerations of a contact body, one being to
compute the accelerations from differentiating the measured position/orientation information and the
other being to directly measure the accelerations of the contact body. Direct measurement of the
accelerations is the better solution because differentiation of measured data will lead to poor numerical
results.

With this consideration, the resultant contact wrench applied to equation (11) or (13) should be
correspondingly modified to

W = Wneasued ~ Winertia (24)

where the inertia wrench Winertia (with respect to the same reference point and frame as ¥ measured ) can
be computed based one the known inertia properties, geometry information, and measured accelerations
of the contact body.

(3) Non-constant Contact Model Parameters

If the contact parameters to be identified are assumed to vary continuously from point to point on the
same contact body (e.g., p =p(x,Y,2)), the problem will become extremely difficult to deal with. In such

a case, eq.(13) alone is not enough to find even a discrete sets of p(x,y,z) values at the corresponding
contact points because matrix A is singular. Other conditions such as the known values of p along the

boundaries of each contact surface may have to be added for uniquely defined solution. Such a problem
may have theoretical interest but will have little practical interest because currently nobody is modeling
contact dynamics assuming its parameters being continuous functions of contact location.

Practically more interested case would be that the contact parameters are constant within each smooth
surface (or face) but they vary from surface to surface (as opposed to varying from point to point). Since
each contact body consists of a number of surfaces (e.g., a box-like body has 6 surfaces and a pyramid has
four surfaces), there will be several sets of parameters to be identified, namely, p;,p,,---,py, Where the

subscript represents surface number. The main formulation and procedure will remain the same as
described in Section 2.2. However, the lower level formulation (not included in the proposal) will have to
be extended to include a new layer to track the current contacting surfaces. This can be done because
every contact point has been fully tracked in the kinematics computations of its location, velocity, and
interference. Thus, the identification algorithm can switch parameter set from one to another when a
contact surface changes. The largest difficulty in this problem is how to handle a contact point touching
several surfaces (such as a contact occurs at a corner of a polyhedron) which involves different sets of
contact parameters. One idea is to introduce a weighing factor for each involved surface to account for its
contribution depending on the amount of the surface being involved in the contact region. Details of this
approach need to be worked out in the future research.

(4) Optimal Test Trajectories

During identification procedure, the contact body can undergo different motion trajectories.
Obviously, some of the trajectories will lead to more stable numerical process or more accurate parameter
values than the others. For example, increasing motion speed will help identify damping parameters
because damping parameters are sensitive to velocities. On the other hand, slowing down a contact
motion will make static-friction parameters more identifiable because static friction forces present only
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when the body is stationary or partially stationary. Moreover, since the kinematics matrix A depends on
the configuration and velocity of the contacting body, its numerical condition will vary along different
motion trajectories. As a result, the output of the numerical process of the identification procedure will
also have different errors from one motion trajectory to another. Therefore, it is desirable to optimize the
motion trajectories for experimental tests in order to get the best possible results. This is an interesting
research topic useful not only for this identification project but also for nonlinear robot controls and
operation optimizations.

(5) Software Toolkit

The real value of a new technology will not be realized until the technology is transferred to the end
user, i.e., the ARL (Army Research Laboratories) or industry in this case. The logical next step of the
research is to develop and validate an easy-to-use and reliable software tool for ARL. It is mostly
desirable if such a toolkit is standalone or plug-in software toolkit to an existing simulation system. We
envision that such an identification software toolkit can be developed in the future. Fig.22 illustrates how
such an identification toolkit interfaces with an existing dynamic simulation system.

Dynamic Simulator

with contact dynamics
A
Simulating Updating model
contact motion parameters
Y

Experimentdata ——»  Identification toolkit ——  Identified model parameters

Figure. 22 An identification toolkit working with a multibody dynamics simulator
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