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Abstract

This thesis presents an approach to modelling dynamic mass capture which is applied to a
number of system models. The models range from a simple 2D Euler-Bernoulli beam with
point masses for the end-effector and target to a 3D Timoshenko beam model (including
torsion) with rigid bodies for the end-effector and target. In addition, new models for torsion,
as well as software to derive the finite element equations from first principles were developed
to support the modelling. Results of the models are compared to a simple experiment as
done by Ben Rhody. Investigations of offset capture are done by simulation to show why one
would consider using a 3D model that includes torsion.

These problems have relevance to both terrestrial robots and to space based robotic
systems such as the manipulators on the International Space Station capturing payloads such
as the SpaceX Dragon capsule. One could increase production in an industrial environment
if industrial robots could pick up items without having to establish a zero relative velocity
between the end effector and the item. To have a robot acquire its payload in this way would
introduce system dynamics that could lead to the necessity of modelling a previously ‘rigid’
robot as flexible.
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CHAPTER

Introduction

This thesis details a project to model the dynamics of mass capture by a robotic link. Con-
tained in this thesis is an overview of previous related work and a discussion of the theory and
implementation various models of mass capture. In particular, this thesis contains models
where the end effector and target are modelled as a particle mass as well as models where
they are modelled as rigid bodies. The robot is modelled as a single flexible link driven by a
motor at its base (see Figure 1.1). The flexible link is modelled alternatively by a 2D Euler-
Bernoulli beam, a 2D Timoshenko beam, and a 3D Timoshenko beam (including torsion).
The simplified model of a particle mass target/end-effector (and a 2D Euler-Bernoulli beam)
is consistent with the model analysed by Kovecses et al. [3, 4] and the models from this thesis

are compared with their simplified model.

Figure 1.1: Simplified Model of Mass Capture



CHAPTER 1. INTRODUCTION

1.1 Previous Work

The problem of having a flexible robot linkage acquire a moving payload, shall be referred to
as “dynamic mass capture”, and can be broken down into several sub-classes as follows.
Class I: a stationary linkage with a payload attached subjected to a non-plastic impact;
Class II: a stationary linkage with an end effector that captures a moving mass particle (plastic
impact);

Class III: a moving linkage with an end effector that captures a moving mass particle (known
trajectories);

Class IV: a stationary linkage with an end effector that captures a translating rigid body
(plastic impact);

Class V: a moving linkage with an end effector that captures a translating rigid body (plastic
impact);

Class VI: a stationary linkage with an end effector that captures a translating and spinning
rigid body (plastic impact);

Class VII: a moving linkage with an end effector that captures a translating and spinning rigid
body (plastic impact);

Class VIII: the capture of a translating and spinning rigid body which has moving internal

parts (e.g., momentum wheels).

These problems have relevance to both terrestrial robots and to space based robotic
systems such as the manipulators on the International Space Station. While the space
applications are relatively high profile the terrestrial applications have significant economic
implications. If industrial robots could pick up items without having to establish a zero
relative velocity between the end effector and the item, cycle time could be reduced. To have
arobot acquire its payload in this way would introduce system dynamics that could lead to
the necessity of modelling a previously ‘rigid’ robot as flexible.

The flexibility in robotic members has long been a topic of interest and the problem
that is the focus of this thesis has received attention [5]-[6]. It has most frequently been
modelled by using Bernoulli-Euler beam theory [7], but the Timoshenko beam theory has
better modelling fidelity in vibrations problems, especially for the higher modes [8].

To model the various cases of dynamic mass capture the impact dynamics of flexible
beams must be examined. Many dynamicists have investigated the flexible beam impact
problem for simply supported beams impacted in the centre [9, 10], but the proposed
research requires that the tip impact of a chain of flexible beams, connected by flexible joints
which also have friction and inertia must be studied. There has been work on the transverse
elastic impact at the tip of a two link rigid-flexible configuration [11], on the axial impact of a
single link [12, 13, 14], on the elastic impact on general rigid multibody systems [15, 16], on

2



1.2. LAYOUT OF THIS DOCUMENT

the transverse elastic impact of single links [17, 18], and on the transverse plastic impact of
single links [19]. None of the cited references consider structural damping or anything but
ideal frictionless joints. Additional work related directly to spacecraft has also been reported
(5, 20, 6].

Chapnik et al. [21, 22] examined the impact of a sphere and a rotating flexible beam with
a tip mass, where the impact occurs at the tip mass (Class I). Of all the sphere-beam impact
research, these papers are closest to the work done in this thesis.

To date, there has been little work specifically on the dynamics of mass capture for classes
II and III. Rhody [1] has done some work on the dynamics and control of class II problems
using a modal analysis approach and modelling the capture as a instantaneous impulsive
force. A series of papers done by Kovecses, Fenton, and Cleghorn [23, 24, 25, 3, 26, 27, 4]
cover class II and class III problems. They consistently use Jourdain’s Variational Principle
[28] in the form Bahar [29] outlines for use in impulsive problems. Kévecses et al.’s initial
papers [23, 24] focus on geometric performance metrics to illustrate the effect of the impact
on a robotic manipulator. Their next paper [25] presented the basic form of the dynamic
equations before and after capture as well as presenting a set of equations to relate the two
systems. In 1998, they presented a paper [3] that illustrates some of the details of constructing
the set of equations relating the pre- and post-capture systems for a single flexible link with a
tip mass. As mentioned earlier, this is the same system that is analysed in this thesis. They
also present simulation studies for their method for this case in a later paper [26] in addition
to a two-link flexible manipulator. Their paper [27] extends their earlier work on performance
metrics using results from their later papers. In 2003, Kévecses and Cleghorn [4] published a
new paper which created a larger framework for their analysis which allowed them to get the
constraint impulses due to the capture process.

Note that while one might use a system identification approach to tackle this problem for
an existing system, that lacks the flexibility of an analytical approach which allows one to
predict the effect of different changes. This is useful in the design of the system (e.g., a motor
controller) and in testing different capture scenarios.

1.2 Layout of this document

Chapter 2 discusses the modelling of torsion in the beam, including a new model that uses
fewer assumptions than existing models. Chapter 3 presents the work, kinetic and potential
energy of the system for different models of the beam, target and end-effector. Chapter 4
presents a new mixed symbolic-numeric method to derive and solve equations of motion.
Chapter 5 develops the theory and relations that link the pre-capture and post-capture
systems. Chapter 6 discusses the method used to determine the system damping matrix.

3



CHAPTER 1. INTRODUCTION

Chapter 7 contains the discussion of the experimental apparatus, setup, and the experimental
and simulation results. Lastly, Chapter 8 presents a summary of the results, conclusions and

suggestions for future work.



CHAPTER

Beam Torsion Modelling

To completely model the dynamics of the beam, we need to take into account the fact that
the beam can twist about its axis, which we refer to as torsion. For the purposes of the thesis,

we will confine ourselves to beams of constant cross-section.

2.1 Overview

To justify the inclusion of torsion, let us look at the different possible ways torsion can
arise for the beams studied herein. We will look at torsion due to an eccentric end-effector,
eccentric target, or simply non-zero angular momentum. The first two are very similar and
the eccentricity can arise from either an offset centre of mass or a non-principal inertia

matrix.

Eccentric End-Effector

Consider a frame located with its origin at the end of the beam (x = L) on the neutral axis,
and when the beam is undeformed is aligned with the origin frame .%;,. We will refer to
this as frame C, and denote it as %.. The frame of reference located at the centre of mass
of the end-effector is frame D, and is denoted as %;. These are shown in Figure 2.1. To
determine the effect of the end-effector on the beam, we need to transform the inertia from
about the end-effector centre of mass frame %, to the beam-fixed frame %.. Note that
no transformation of the momentum is needed since the velocity of end-effector in the
beam-fixed frame is simply the velocity of the end of the beam. The vector from %, to &%, we
denote as

Tdx
1a=Z, |ray .1
Tdz
5



CHAPTER 2. BEAM TORSION MODELLING

b

Fo
dy
dy
Figure 2.1: End-Effector Reference Frames
where gc is defined as,
O
F.= | (2.2)
&
The general parallel axis theorem [30] gives,
(rczly_'_rcziz) —FaxTay —TdxTdz
Ie=1g+me | —raxray (r§x+rcziz) —Tayldz (2.3)
—faxTaz  —Tayfaz (rg,+13)

where m, is the mass of the end-effector, 1 is the inertia matrix about the centre of mass in
Z4. This assumes that &, and %, are not rotated with respect to each other. The case where
they are is effectively the same as the eccentric capture case dealt with below.

Now that the inertia is known, it is straightforward to calculate the angular momentum.

Ll: IC (;Qe (2.4)

where his the angular momentum vector, and g, is the angular velocity of the beam at x = L
(also the angular velocity of the end-effector),

éxL
we=Z, VL (2.5)
sz

where 0 is the rotation about the x-axis in the %, frame, ¥y the rotation about the y-axis
in %, and ¥ ;1 the rotation about the z-axis in %,. Therefore, the % x-coordinate angular

6



2.1. OVERVIEW

Figure 2.2: Post-Capture Target and End-Effector Reference Frames

momentum is,

hyxr = gxx+ me(rcziy + réz))éxL — Uaxy+ rdxrdy)u./yL ~Ugxz + TaxTaz)¥zL (2.6)

The centre of mass of the end-effector will be some distance past the end of the beam, so
rax # 0. If the centre of mass is not on the neutral axis at least one of r;), and r;, will be
non-zero. In that case, even if xL = 0, there will be a non-zero torsional angular momentum.
Alternatively, if the inertia of the end-effector about its centre of mass is non-principal (z.e.,
Igxy or Iy, # 0) the centre of mass could be on the neutral axis and still create non-zero
torsional angular momentum.

Eccentric Capture

In addition to the frames previously mentioned now we introduce an additional frame
E, denoted as %,, located at the centre of mass of the target. Once captured, the target
contributes its mass and inertia to the system so the same effects as the end-effector can
be caused by the target in the post-capture case. This situation is shown in Figure 2.2.
Transforming the target velocities from the target frame %, to the beam fixed frame & , we
use the vector from Z _to &,

Tex
_ ol
Ice—gc Tey 2.7)
Tez
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As before, we have the general parallel axis theorem for the translation to g‘b.

2 2
(rey+rez) —TexTey —TexTez
— 2 2
Iee=Te+me | —rextey (rgx+7g)  —Teylez (2.8)
2 2
—TexTez —Teylez (Fgx+ rey)

In general, the capture may have the two frames rotated with respect to one another. So, after

the translation we need to perform a rotational transformation on the matrix [30],
_ T
IC - RceIetRce (29)

where R, is the rotation matrix needed to rotate &, to & . This is dependent upon the
orientation at capture, so in general the target’s inertia matrix will be non-principal.

Since in the post-capture case, the target is part of the same rigid-body system as the
end-effector, we can consider that the target’s velocity at the end of the beam is the same as
the end-effector, we have the same situation as Equation (2.6), just with the inertia as given
in Equation (2.9). In this case, unless both the target and end-effector are specially designed,
the target’s centre of mass will be offset in at least one of the y or z directions. Therefore,
even without rotation of the frames, there will be some torsional angular momentum due to

the target’s capture.

2.2 Traditional Torsion Models

Pure torsion models of beams can be broken into two kinds, uniform torsion where the
beam in unrestrained, (where the same rate of twist occurs throughout the beam [31]) and

non-uniform torsion where an end is restrained.

Uniform Torsion

For uniform torsion, the two most prevalent models are those of St. Venant [31] and Timo-
shenko [32, 33]. Timoshenko’s model derives the equations of motion through differential
forces and moments acting on a section of the beam. This approach isn't suitable for use with
variational principles. Since both the capture equations and finite element models herein
are derived using these, Timoshenko’s model isn’t useful for our purposes.

St. Venant’s model is based on assuming the form of the displacements. Consider the
cross-section shown in Figure 2.3. Let point P be located by a vector 1p,

X
w=Z, |y (2.10)
z
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and is moved to point P’ due to a rotation of the cross-section through an angle 6. The vector

to P', rps is therefore,

X
=, |y+v (2.11)
z+w
The resulting displacement vector y is,
0
u=rp-rp=7 v 2.12)
w

Assuming the angle of rotation is small, we can write the displacements as

v = -0z (2.13)
0y (2.14)

w

For a beam of constant cross-section, we have 6 = ax, where «a is the angle of twist per unit
length of the beam and x is the distance along the beam axis. We assume the displacements
due to warping (1.e., axial displacements) are of the form u = a¢(y, z) where ¢ is a function
of y and z and is called the warping function. This leads to the following formulas for the

displacements of the beam.

u = ad(y,2 (2.15)
vV = —axz (2.16)
w = axy (2.17)

St. Venant further assumes that all the normal stresses are zero. This combined with the dis-
placement assumptions are used to derive the equations of motion/equilibrium. Complete

details are described in Appendix A.1.

Non-Uniform Torsion

While there is an extension to Timoshenko’s model for torsion that allows for non-uniform
torsion [32], for our purposes it suffers from the same difficulty that the uniform model
does. This also excludes the various coupled bending-torsion models that are based upon
Timoshenko’s torsion model [34, 35, 36, 37, 38, 39].

Reissner proposed models for non-uniform torsion [40] which are modifications to the
uniform torsion St. Venant model (see [31]) in that he assumes the in-plane deflections are
strictly due to rotation and he modifies how the warping is handled. In the first model, he

9



CHAPTER 2. BEAM TORSION MODELLING

Figure 2.3: Arbitrary Cross-Section

assumes a form for the axial deflection. In the second model, he instead assumes a form for
the axial stress. The axial stress form is mainly useful if one uses Reissner’s Variational Princi-
ple which uses a variation with respect to stresses and strains, but poses some difficulties if
one is to take variations with respect to other quantities.

Note that in both models, he assumes that the in-plane normal stresses (0, and 0 ;)
on a cross-section are zero which implicitly assumes that Poisson effects are negligible. In
addition by assuming the in-plane deflections are strictly due to rotation the in-plane shear
Ty, 18 zero.

The notation used herein is slightly different from the notation in Reissner’s paper mainly
because while Reissner oriented the z axis along the length of the beam, here we align the x
axis along the length.

While Reissner’s original models were static, the model that assumes a form for the axial
deflection was extended for dynamic problems by Barr [41] and later Ritchie and Leevers
[42, 43]. For this reason, along with the problems of the axial stress form, we will consider
the dynamic version of Reissner’s axial deflection form.

In the dynamic version of Reissner’s axial deflection form, we assume the deflection takes

the form,

ulx,y,z,t) = ¢,y (2.18)
vix,y,z,t) = —0(x,1t)z (2.19)
wx,yz,t) = 0(x,1)y (2.20)

10



2.2. TRADITIONAL TORSION MODELS

So, the main difference to St. Venant torsion is the replacement of the rate of twist with the
independent variable ¥ (x, £). If we follow Barr’s approach [41], we find that the equations of

motion are,

pPy EPY xx — G(Ky + L0 x) (2.21)
plgh = GUgb xx+Lew,y) (2.22)

where the constants are (see Appendix C for their calculation),

P = fA O(y,2)%dA (2.23)
K = fA (0 (12 +¢2(1,2°)dA (2.24)
L. = fA (¢0,:(1,2)y—y(,2)2)dA (2.25)
Jg = fA (y* +z9)dA (2.26)

where dA = dydz, which is consistent with Ritchie and Leevers [42]. This is subject to the
boundary conditions on a constrained end,

y=0=0 2.27)

and using Ritchie and Leevers condition on a free end (since it is a simpler but equivalent

form to Barr) in a consistent notation,

Wi = 0 (2.28)
T = GUglx+Lcy)=0 (2.29)

where T is the transmitted torque at the free end. At this point, it’s possible to decouple the
equations, turning them into fourth order PDEs. However, both Barr and Ritchie and Leevers
oversimplify their solution for 8 (and don’t solve for ) by assuming that the time modes are
cosine functions. Barr compounds the problem by assuming the spatial modes are cosine
functions as well; This assumption violates his boundary conditions at the constrained end.

Martinez and Ségura [44] use a static torsion model that is an extension of Reissner
torsion. In it they add an additional warping term to u so it becomes (keeping notation
consistent with the chapter),

ulx,y,z2) =y x)p(y,2) +ni(x,y,2) (2.30)

where 1,(x, y, 2) is,
nx(x,y,2) = f(x)g(y, 2) (2.31)

This means we would need to solve for both warping functions ¢ and g.

11



CHAPTER 2. BEAM TORSION MODELLING

Other Torsion Models

There are some simplified torsion models for use in coupled bending-torsion models [45,
46,47, 48, 49, 50], but the models aren’t suitable for our particular problem because of their
modelling approach. The models [45, 47, 48, 50] start directly with a differential equation
which makes them unsuitable for use in a variational approach. Eslimy-Isfanany et al. [46]
uses a modal analysis approach which is also unsuitable for using in the variational equations.
Fischera et al. [49] also appear to use a modal analysis approach, but are vague on the specific
details of the system model. The coupled bending-torsion model by Klinkel and Govindjee
[51] is similar to traditional St. Venant/Reissner torsion models, but it assumes that the
warping doesn’'t depend upon the axial coordinate. Given the boundary conditions, this

would not properly model non-uniform torsion.

2.3 Torsion Model Analysis

In the traditional analysis of a beam in torsion (e.g., [31, 40]), the deflections are assumed to
be of the form

u = ulx,yzt) (2.32)
v = —-0(x,0z (2.33)
w = 0(x 0y (2.34)

(see Figure 2.3) where it is assumed that 8 (x, t) is small. The shear strains, given in Equations
(2.32)—-(2.34), are

_ v o, (2.35)
Yve = 5.8y T '
- OO a0+ YO D) (2.36)
YZX - aZ ax - yZ )y) ) y »X i) .
Ou O 2 0) = 2.4, 1 (2.37)
= - Y & —Z ) .
Yy oy ox 7 ¥ *
The corresponding shear stresses are,
Tyz = Gyyz=0 (2.38)
Tzx = Gy =G (u,z(x; V2, 1)+ y9,x(x, t)) (2.39)
Tyy = Gyxy=G(uy(x,y,2,1) —20 (x,1)) (2.40)

12



2.3. TORSION MODEL ANALYSIS

and the normal strains are given by,

€xx = a_u = u,x(xy yr Z} t) (241)
0x
w_y 2.42)
ow

€ZZ = E = O (2.43)

Note that the axial strain is non-zero. Assuming a linear elastic material, relating the normal
strains to the normal stresses yields

1

€xx = E(axx—v(ayy+azz)) (2.44)
1

€y = E(ayy—v(axx+crzz)) (2.45)
1

€ = E(Uzz—v(axx+0yy)) (2.46)

which, after substitution of the normal strains from Equations (2.41)—-(2.43) and solving, lead

to,
Ev—1)
T = Trmev_prrsY (247)
Ev
- e UVt 2.48
Tyy T R (2.48)
E
Oz = ———— U (5,92 ) (2.49)

S (1+v2v-1)
Note that the in-plane axial stresses are dependent upon the axial displacement map. The

standard assumptions made regarding the stresses are [31],

oyy = 0 (2.50)
0,z = 0 (2.51)
Ty, = 0 (2.52)

We can see that the assumption of Equation (2.52) is satisfied as shown in Equation (2.38). In

the uniform torsion case, we have

Ux(x,y,z,t) =p((y,2)0 xx(x, 1) (2.53)

In the static case (1.e., 0 xx(x, 1) = 0 xx(x)) all the normal stresses are zero since the angle
of twist varies linearly throughout the beam and the remaining assumptions are satisfied.
However, this is not true in the non-uniform case. For example, using the Reissner torsion

approximation given in Equation (2.18) we get,
u,X(x; _V, Z, t) = (/)(y) Z)'l//,x(x; t) (2-54)

13



CHAPTER 2. BEAM TORSION MODELLING

and v «(x, t) is not zero. So, the stress assumptions from Equations (2.50) and (2.51) and the
displacement assumptions as given in Equations (2.32)-(2.34) are inconsistent. For them to
be consistent, ¥ (x, ) would have to be linear in x.

It might be possible for the stress assumptions in Equations (2.50)- (2.52) to be satisfied
using Martinez and Ségura’s model, but that would impose the constraint,

Y xX)P(y,2) =—-fx(x)g(y, 2) (2.55)

It would likely not be satisfied without explicit application of the constraint.
Since the first model isn’t consistent with the assumptions for non-uniform torsion
and the second requires the application of the constraint from Equation (2.55), we need to

consider other possibilities.

2.4 New Models for Torsion

Since we have two contradictory sets of assumptions in the non-uniform torsion case, we

will consider two possible models, each only using one set of assumptions.

Assumed Displacement Model

For simplicity we will restrict ourselves to beams of constant cross-section. Therefore, we
assume that each cross-section is warped in the same way and we will use Reissner’s axial
displacement map as given in (2.18). The torsional strain energy of a beam can be represented

as (assuming Equations (2.32)—(2.34)),

U=— fv (0 xx€xx + TxyYxy + TaxYzx) AV (2.56)

and after substitution of the stresses (Equations (2.39), (2.40), and (2.47)) and strains (Equa-
tions (2.36), (2.37), and (2.41)), along with the definition of u , as given in Equation (2.54),

U:lf &(P(y Z)Zw (x t)2+G((/) (y Z)l,l/(x t)—ZQ (x t))z
2y A+v)iev-1 """ XA BANE ) x(x, .57

+G (.0, W (x, 0+ y0 5 (x, 0)* AV
which we can simplify by introducing the constants B, K, and L, from Barr’s analysis (Equa-
tions (2.23)—(2.24)) and the constant,

_ _ = (2.58)
o= A+v)2v-1) '

14



2.4. NEW MODELS FOR TORSION

This results in
1 L
U=; f EnPy (x,1)* + G (Kw(x, )% + 2Lc0 1 (x, DY (x, 1) + J¢0 1 (x, %) dx
0
The torsional kinetic energy is,
1 2 22 2
Ty==| p(a+0"+w)dv
2Jv
and after substitution of the assumed displacements we get,

Typ = %fvp (03, 224 (x, )* + (2 + yH)O(x, )*) AV

Then using the constants defined above this becomes

L
Tyt = % f p (Pyr(x, 1)* + JgO(x, %) dx
0

Hamilton’s action integral «f is [52],

t 153
o = ffdtzf T-Udt
5]

5]

(2.59)

(2.60)

(2.61)

(2.62)

(2.63)

where T is defined in Equation (2.62) (as Ty;) and U is defined in Equation (2.59) so the

action integral becomes,

1 2 pL ] X
o =3 1 fo [0 (Pyr(x, % + J0(x, ©)*) — EnPy »(x, )*
t
— G (Ky(x, * +2Lc0 5 (x, DY (x, ) + Jg0 1 (x, 1)) ] dxdt

Taking the variation of Equation (2.64) with respect to 8(x, ) gives,

2 pL
St = f f [0740(x, 060 — G (Lew(x, ) + Jg0 x(x, 1)) 860 ] dxde=0
t1 JO

Subsequent integration of Equation (2.65) by parts gives,

12 L

L 12
f pJg0(x, )60dx| - f G(Ley(x, 1) + Jg0 1 (x, 1)) 60dt
0 1

t1

2 pL
- [0740(x, 1) = G (Lo x(x, D) + JgB xx(x, D)) ] §0dxdr =0
1 JO
t

0

The variation of Equation (2.64) with respect to v (x, t) gives

2 L
Oty = f f [0 Py (x, )6 — EnPw x(x, )0Y x — G(Ky + L6 ) 5y ]| dxdt =0
n Jo

15
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CHAPTER 2. BEAM TORSION MODELLING

and integration of this by parts yields

L 12 2 L
f Py (x,)oypdx| - f EnPy «(x,)6ydt
0 a-Ju 0 (2.68)
©2 pL
- f f [pPU (x, 1) = ENPY xx(x, ) +G(Ky + L6 )] 6wdxdt =0
i1 Jo
From Equation (2.66) and (2.68) the equations of motion are found to be,
pJg0(x, 1) = G(Lew x(x, 1) + Jg0 xx(x,1)) = 0 (2.69)
PP (x, 1) — ENPY (X, ) +G(Kw+LH ) = 0 (2.70)
subject to the following initial and boundary conditions,
L t2
f PPy (x, D6wdx| = 0 2.71)
0 11
L ) 12
f pJg0(x, )60dx =0 (2.72)
0 11
12 L
f G(Lew(x, 1)+ Jg0 x(x,1))60dt| = 0 (2.73)
11 0
12 L
f EnPy . (x,Déwdt| = 0 (2.74)
11 0

Aside from the addition of  from Equation (2.58), these equations of motion (and boundary
conditions) are consistent with the Reissner model in Equations (2.21) and (2.22). If we set v
to zero in 7, the equations reduce to the dynamic Reissner equations.

Note that this model has the same problem as the Reissner model described in Appendix
A.2, in that we can’t consider that ¢ is independent. Therefore, we will use the St. Venant
warping function (as derived in Appendix A.1). For other cases, one could use a numerical
approximation to the St. Venant warping function [53] or use a different warping function

[54, 55, 56] that is simpler to calculate.

Assumed Stress Model

If instead of assuming the displacements, we use the stress assumptions given in Equations
(2.50) and (2.51) we can get a new model for torsion (see Appendix A.3 for details). The
governing equations for this model are,

pii—(E=2GVuxx—Guyy+Uz;) = 0 (2.75)
1

pi)—G(v,xx+ v,ZZ+(1——)v,yy) =0 (2.76)
v
1

plI}_G(w,xx'F w'yy+(1_;)wyzz) = 0 (2.77)

16



2.4. NEW MODELS FOR TORSION

The boundary conditions arising from the variations are,

1)
f f Eu b6udAdt
n A 0

L
fsz[(v,x+u,y) ny+(wy+uz)n,| Sudsde
31 S

L

15
f fG[(u,y+ vy + (v +wy)ndvdSdr
13} S
143
f fG[(u,z+ w)ny+ W+ wy)ny,)dwdSds
131 S

and the initial conditions are,

153

fpuéudv =0
\%4 f
5]

fp1)6vdV =0
v f
2

prb(?WdV =0
|4 f

with the additional constraints due to Poisson effects of,

U,y(xyyyzr t) -V u,x(xryyzy t)

-V u,x(x; » < t)

w,Z(x) yr 2 t)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)
(2.86)

The governing equations themselves aren’t difficult to solve for the general solution. However,

finding the solutions that meet both the boundary conditions and the Poisson constraints,

make an analytical solution extremely difficult. This would make working with it difficult

and as such won't be used in the rest of the thesis.
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CHAPTER

System Work, Kinetic, and Potential
Energy

In this chapter we examine the kinetic and potential energy of the system for different
beam and target models. Starting with the work and kinetic energy of the motor (since it is
independent of the beam model), then the target models, followed by the beam models, and
lastly, the end-effector models.

For the target and end-effector, we consider a point mass model, a 2D rigid body model,
and a 3D rigid body model. For the beam, we consider 2D Euler-Bernoulli and Timoshenko
beam models, as well as a 3D Timoshenko beam model including torsion. The 2D models

are based upon the system shown in Figure 3.1.

Gy
by
o My
N
me
dm
-’:x _I?x

O -

Figure 3.1: 2D System Model
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3.1. MOTOR WORK AND KINETIC ENERGY

3.1 Motor Work and Kinetic Energy
The kinetic energy of the motor is given by
1 .,
Tm=5Jmb 3.1)

where J,, is the rotary inertia of the motor. The work done by the motor due to the generated

moment is,

b
W:f M(©0)do (3.2)

where M (0) is the generated moment of the motor.

3.2 Target Energy

This is the pre-capture target model. In the post capture case, the target is treated the same

as the end-effector.

Point Mass Model
The kinetic energy of a particle is,
1
szimy-y (3.3)
and the inertial velocity of the target is given by
Xy
—gl|;
v=F |y (3.4)
0
Hence, the kinetic energy of the target is
1 2.
Ti=2m (i +757) (3.5)

where m; is the mass of the target.

2D Rigid Body Model

The translational kinetic energy is the same as the point mass model, so we only need to add

the rotational kinetic energy. The angular velocity is,

0
wm=Z | o (3.6)
y(1)
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CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

For both this model and the 3D rigid body model, it is assumed that the rotation is about an
axis that passes through the centre of mass. The rotational kinetic energy of a general rigid
body is,

1

Tror= zcyTIfy (3.7)

where J is the inertia matrix for the body. For the target in this case, we assume that J is prin-
cipal and only the (3,3) component (J;) contributes to the kinetic energy. After substitution

J: and of o (?) for win Equation (3.7), the rotational kinetic energy of the target is,

1,
Ty = Elt)/(t) (3.8)

Therefore, the kinetic energy a 2D rigid body target is,

1
T, = > (me (%2 + 72) + Ty (D7) (3.9)

3D Rigid Body Model

The translational kinetic energy has an additional component due to the additional of a

z-coordinate velocity, which results in,

1
Ty =Zm (3% + 37 + 2%) (3.10)
The angular velocity is,
a(r)
w ) =Z. | B (3.11)
y (1)

The rotational kinetic energy of a rigid body is as stated in Equation (3.7). For the target in

this case, we use the general inertia matrix,

Jexx Jexy Jixz
J: = ]txy ]tyy ]tyz 3.12)
Jixz Jtyz Jizz

Resulting in the rotational kinetic energy of the target as,
Tty = > (azftxx + ﬁzftyy + Yzftzz +2aP]ixy +2ay ] 1xz + ZﬁY]tyz) (3.13)

Therefore, the total kinetic energy of a 3D rigid body target is,

1 , 2 ; 3 y
T, =5 (Mg (%5 + 75+ 22) + A° T px + ﬁzftyy +7 iz (3.14)

+26BT 1y + 267 Jrxz + 2BV 1yz)
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3.3. BEAM ENERGY
3.3 Beam Energy

2D Euler-Bernoulli Beam

The position of a small differential element of the beam (see Figure 3.1) with a volume of

Adx is given by
x—yv
=7 | y+v (3.15)
0

where 7 = U(x, 1) is the transverse deflection of the beam neutral axis and 7' is the slope of
that deflection. In this model, we are neglecting the axial extension of the beam. Transform-

ing to the inertial frame
—/

X—yv
=F Ca| y+7 (3.16)
Z

where C, is,
cosf —sinf

Cup=|sin@ cosf 0O (3.17)
0 0

Therefore, the position vector in the inertial frame is,

(x—y7v')cosO — (y+7)sinf
[ngz +(x—yv')sinf + (y + 7) cosH (3.18)

Z

Differentiating equation (3.18) with respect to time, we get the velocity of a differential

element of the beam.
~ (v +6(x—yv"))sin6 - (é(y +7) + y?’) cosf
vw=7 | (V+0(x—y7))cosO - (9(y+ﬂ + yﬁ') sinf 3.19)
0
The kinetic energy of a flexible beam is given by

1
Tb:_f pv-vdV (3.20)
2Jv

where p is the volume mass density. This can be reduced to
1 rL
Ty = Ef pAv-vdx (3.21)
0

21



CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

substituting the differential beam element velocity derived in equation (3.19) we get the

following expression for the kinetic energy of the beam.
1t 242 4= =2 422 1k 92 oSy L A2(1 42
szz PAX“0“+2x0v+7V +0 v)dx+5 ply,, (V" +2v0+60°(1+v7))dx (3.22)
0 0

Since this is an Euler-Bernoulli beam, we will drop the 7’ terms (which arise from rotary

inertia), resulting in,
1 L 242 s 22 202 1 L )
Tb:E PA(X“0°+2x0v+71V +0°v )dx+§ ply,0°dx (3.23)
0 0
The strain energy of the beam is given by
_ 1 L —/II\N2
U= 3 El,,(v")"dx (3.24)
0

where 7" is the second derivative of 7 with respect to x.

2D Timoshenko Beam
The position of a differential element of the rotating beam is given by,

X+U=yy,
=% | y+v (3.25)
z
where u =u(x, 1), v, =vy.(x, 1), and v = v(x, t). In this formation, the axial extension of the

neutral axis is included via u(x, ¢). Transforming to the inertial frame
X+Uu-yy,
=F Cup| y+7 (3.26)

V4

where C,j, is as given in Equation (3.17). The position of the differential element in the

inertial frame is therefore,

(x+u-yw;)cosf—(y+7v)sin
_tx:gg (x+u—yw;)sinf + (y+7v)cosO (3.27)

V4

where 0 = 0(¢). Differentiating this with respect to time, we get the inertial velocity for a
differential element of the beam,
= Y, — 9(y +D)]cosO—[V+0(x+TU— YW ,)]sinf
w=F | [W+0(x+U-yy)lcosd+[uU—0(y+7v) - yy.lsind (3.28)
0
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3.3. BEAM ENERGY

substituting this into Equation (3.20) and integrating over the cross-section, we get the kinetic

energy of the beam,

L . . L . :
T) = %f pA((?+6(x+m)2+(ﬁ—03)2)dx+%f ply (0 +12)* +6%w%)dx  (3.29)
0 0

The strain energy of the beam is,

1 L
v= 5[ (ELyyy? +x*GAW ~y2)* + EAu®)dx (3.30)
0

3D Timoshenko Beam (with Torsion)
The position of a differential beam element in the rotating frame is given by,

X+UX, 1) = yupy(X, 1) — Z2Upyp (X, 1) + D(x, ¥, 2, 1)
=% YT )+ V(X )2, 1) (3.31)
z+wx, )+ W(x,yz,1)

where u, 7, and w are the deflections of the neutral axis, u,, is the slope of the in-plane
bending curve, u,,, is the slope of the out of plane bending curve, and the functions ®, V,
and W are general torsion functions. For Timoshenko beams, this becomes,

X+ulx, 1) =y (x, 1) —zyy(x, 1) + ©(x, y, 2, 1)
=2 y+0(x, 0+ V(X y, 20 (3.32)
z+wx, )+ W(x,y,z,1t)

Using the assumed displacement model from the last chapter, the torsion functions become,

(D(xy y’ Z; t) = (,b(yy Z)'l//x(x» t) (3-33)
Vx,y,2,t) = —z0,(1) (3.34)
W(x) J/y Z) t) = yex (x) t) (335)

where 0y is the torsion angle (about the x-axis) and vy, is used to prevent confusion with the

bending angles. This results in the differential beam element position as,

X+ulx, 0)—yyp(x, 1) —zyy(x, 1) + Py, 2)wx(x, 1)
=% Y+T(x, 1) — 205 (x, 1) (3.36)
z+w(x, )+ y04(x,1)

In order to get the kinetic and strain energy of the beam, we will split the deflection into two

contributions (in addition to the original position),

= k+dy+d,) (3.37)
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CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

where r (the original position of the differential beam element) is,

V4

and dj, (the deflection due to extension and bending) is,

a(x; t) - J/'(,Uz(x; t) - Zwy(x) t)
dy = v(x,t)
w(x, 1)

and d; (the deflection due to torsion) is,

Oy, 2p«(x, 1)
dt = —Zex(x, t)

yex(x, t)

(3.38)

(3.39)

(3.40)

This split is done since we want Timoshenko’s shear correction factor applied only to the

shear contributions due to extension and bending. So, the inertial position for the extension

and bending contribution is,

X+ulx, 1) =y (x, 1) —zy@y(x, 1)
Ixb = ggcab y+v(x, 1)

z+w(x,t)
and the torsion contribution is,

Oy, 2yx(x, 1)
i =F Cap | —0:(x,0z
Ox(x,0)y

which upon expansion the former becomes,

(x+u—yw;+zyy)cost —(y+v)sinb
Inp = @Z (x+u+yy,+zy,)sinb + (y +v) cosb

z+w
and the latter becomes,
¢y cosO + z0,sinf
It = éfg ¢y, sinf — z0, cosO
V0x
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3.3. BEAM ENERGY

Differentiating with respect to time for the bending and extension contributions,

(U-0(y+7) - yyr,— z17,) cosO — (O(x + U~ 2y, — yw,) +V)sind
Ui = fg (O(x+U-zyy - yy,) +7)cosO + (u—0(y +7) - yyr, — z17,) sind (3.45)
w

and for the torsion contribution,

(¢ptirx +020,) cosO — (0w — z0,) sin
Uxt = ?Z (020 + i) sin + (O — z0,) cosd (3.46)
¥0x

which after substituting into the beam energy equation given in Equation (3.20) and integrat-

ing over the cross-section yields,

1 rL .. .. .
Top = Ef pA(@+9(x+ﬁ))2 + (1 - O7)? +w2) dx
. (3.47)
*+5 fo o (Iyy (@2 +60)* +0°y3) + L. (45 + ézwi)) dx
and the kinetic energy due to torsion is,
1 rt . .
Tyr = > fo p (02 (Pys + 1,,02) + Jg0% + Pyry) dx (3.48)

Note that P is the integral as given in Equation (2.23). The total kinetic energy of the beam is
the sum of these two,
Tp=Txp+ Txt (3.49)

For the strain energy of the beam due to torsion, we will use Equation (2.59), but with the
additional assumption that v = 0 to stay consistent with the Timoshenko beam assumptions.

This results in,
1 L
Uy = Ef EPy «(x, 0)* + G (K (x, )* + 2Lc0 1 (x, DY (x, 1) + Jg0 ¢ (x, 1)*) dx (3.50)
0

See Appendix C for the calculation of P, K, and L.. For the bending and extension contribu-

tion to strain energy, we have the following strains,

ou ou dy, Oy,
= —=—"_ 7L 51
Cxx 0x O0x y 0x “ 0x 8.51)

ou dv 0T Oy,

- 4 - _ 3.52

Yy 0y+6x ox Ox (8:52)
ou ow Jdw 0y,

Yaz = 5t oy Tox  ox (3.53)
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CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

The corresponding stresses are,

Oxx = Eeéxx (3.54)
Tyy = KZG)/xy (3.55)
Ty = K°GYxz (3.56)

where x? is the shear correction factor. The strain energy is,

1
Vo = 5 fv O x€rx + TxyYay + TreYxedV (3.57)
1
= 3 f Ee%, +Kx°Gyy + 1 Gy dV (3.58)
%4

Using the strain expressions, after integration over the cross-section, this becomes,

1

L
Un =3 fo (EAﬁ?x +ELy 2+ ELy’

+K2GA x —W,)* +K*GAW . —w,)*) dx

(3.59)

3.4 End-Effector Energy

—I?y M Cx

O =

Figure 3.2: 2D System Model (with end-effector offset)
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3.4. END-EFFECTOR ENERGY

Point Mass (Euler-Bernoulli Beam)

The position of the end effector in the rotating frame (see Figure 3.2) is given by

L del
=% || +Z | 0 (3.60)
0 0

where d,) is the offset of the point mass from the end of the beam. This assumes that the
centre of mass (CoM) of the end-effector is located along the neutral axis of the beam. This is
specified in a frame C fixed to the end of the beam. Note that in this particular case, we are

assuming no extension of the beam. Transforming to the inertial frame,

L del
Te=Z Cap| | UL +Cpc | O (3.61)
0 0

where Cy, is the rotation matrix from frame C to frame B. C;, is as before in Equation (3.17).
Restated again,
cosf —sinf 0

Cap=|sinf cosf O (3.62)
0 0 1

and Cy, is the matrix due to infinitesimal rotation as given in Meirovitch [57] (p. 107),

1 —-AO3; A6,
Che=| 005 1 -6 (3.63)
—AO, AO; 1

where A0; is the rotation of the frame C about axis i. In this case, only Af3 is non-zero giving,

1 -7, 0
Cpe=|7; 1 0 (3.64)
0 0 1

Therefore, the position vector of the end effector centre of mass in the inertial frame is

(L+de1)cosO — (U + Uy der) sind

re=Z. [(L+de)sind + (U + Uy de) cosd (3.65)
0
Differentiating this result with respect to time, we get the velocity of the end effector centre
of mass,
~0 (VU + V) de1) cosO — (;UL td T+ 0L+ del)) sinf
U= (*uL +dp T+ 0L+ del)) c0s6 — (T, + T, de1) sind (3.66)
0

27



CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

Using this result in the equation for particle kinetic energy, Equation (3.3), we get,

1 -y 21 — 2 22
T, = Eme (WL + V' 1der) + (L+ del)e) + Eme@L + V1 de1)"0 (3.67)

2D Rigid Body Model (Timoshenko Beam)

First, we define the position centre of mass of the end-effector in the beam frames as.

L+uy del
=% | v [+Z |0 (3.68)
0 0

Here d,; is the offset of the end-effector centre of mass from the end of the beam (as shown
in Figure 3.2). Note that this assumes that the centre of mass of the end-effector is located
along the neutral axis of the beam. If we model the end-effector as a rigid body we also need
the orientation of the body. Since this is easily defined in the inertial frame, it is stated in the

inertial frame.

0
G=Z, 0 (3.69)
0+,
Transforming the position vector to the inertial frame
Ie=ZF.Cap| | Vo |+Cpc| 0 (3.70)
0 0

where C,j, is as given in Equation (3.17) and Cy, is,

]. _wZL 0
Coe=|w, 1 O (3.71)
0 0 1

which results in,

(L+de1 +up)cosd— (vp+deay,r)sind
Te=F | (L+dey +Up)sind + (Vg + der 1) cosd (3.72)
0

Differentiating the end-effector position with respect to time, we get the end-effector velocity,

~ (UL + (L+ dey +Tp)0 + v 1der ) sind + (U — O (WL + ¥ ,1de1)) cos O
Vo=, | (Vo +L+der+U1)0 +4z1der) cosO+ (U —0(Tr +vz1der)) sind (3.73)
0
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3.4. END-EFFECTOR ENERGY

and its corresponding angular velocity is,

0
w=%1 0 (3.74)
9 + 17'UZL

Substituting the velocity into Equation (3.3), we get the translational kinetic energy,

1 - . N | . 12
Tte= zme(VL+(uL+L+ de1)0 + de1 1) +§me(uL_(VL+de11//zL)3) (3.75)

The inertia matrix for the end-effector is assumed to be of the form,

Ji 0 0
Je=10 J» O (3.76)
0 0 J.

Using this and the angular velocity from Equation (3.74) in Equation (3.7),

1 .
Tre=5Jo(0+ V.1)? 3.77)

Therefore, the kinetic energy of the end-effector is of the form,

Te =g me (VL + @+ L+den)6 + deﬂ//zL)2 +5Me (ur - @+ deﬂ//zL)Q)z + 516(9 +1r21)
(3.78)

3D Rigid Body Model (Timoshenko Beam with Torsion)

b.

Figure 3.3: 3D end-effector offset
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CHAPTER 3. SYSTEM WORK, KINETIC, AND POTENTIAL ENERGY

The frame of reference for the end-effector is located at the neutral axis of the beam
(see Figure 3.3). So, the position of the end-effector’s frame of reference can be found from

Equation (3.36) when x = L and both y and z are zero. This leads to,

L+ug de
=% | v |+Z |de (3.79)
wi das

In this case, the end-effector has an offset of the vector 4 from the end of the beam. Note
that torsion has no direct contribution to the position since the reference frame is at the
neutral axis. However, it does affect the angular velocity of the end-effector. The position

vector in the inertial frame is,

L+ ﬁL del
Ie=Z.Cap|| UL |+Coc|de (3.80)
wL de3
where Cy, is,
1 Vi YyL
Coe=| vz 1 —0xL (3.81)

-V yL exL 1

which results in,

(L+Up+de1 —Yzrder + 1//yLde3) cosO — (Vp +dex +W1de1 —Ox1.de3) sind
Te= ffg (EL + dez + WzLdel - Qdeeg) cosf + (L+ﬂL + del - u/zLdeZ + 'WyLdeI%) sin@ (3.82)
W+ de3 — WyLdel +0x1der

Differentiating with respect to time, we get the velocity of the end-effector in the inertial

frame,

U~ 0@+ dea + Waorder — Oxrdes) + V7 yr.des — Y 21.deo
Ve = F |- (vL + lpz[ﬁlel —O0x1de3+0(L+Up +de1 — lVzLdeZ + 1,[/yLdeS)) cosf
0

r;VL + szdel - ngdeE% + G(L +up+ del - 'WzLdeZ + 1//yLdeS)

+ F | U -0 +der+ W rder —Ox1des) + VW yrdes — Vo1 der | SinO
0
0

;WL - 1l'/yLdel + édeeZ
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3.4. END-EFFECTOR ENERGY

Which alternatively can be represented as,

Kye1 €080 — Kyypp sinf

Ve = QZ Kyexcos0 + K1 5in0o (3.84)
Kyes
where,
Kyer = ;UL - QWL +de2 + U/ZLdel —0x1de3) + 1pyLde3 - 1,l/zLdeZ (3.85)
Kyeo = ;UL + szdel - édeeg + Q(L +ﬁL + del - ’l//zLdeg + UfyLdeB) (3.86)
Kyes = ;wL - Unydel + édeeZ (3.87)
and the angular velocity is,
QxL
=% | yyu (3.88)
9 + 1;'UzL

In general, the end-effector has an inertia matrix of the form,

Jexx Jexy Jexz
Je= ]exy ]eyy ]eyz (3.89)
Jexz Jeyz Jezz

which we can transform from the body-centric reference frame to the end of the beam using
the formulas given in Chapter 2. Since the final product has the same form as given above,

we will use this form to determine the rotational kinetic energy from Equation (3.7) viz.,

Tre = 5 (]exxg)ch + ]eyyW?,L + Jezz ('WyL + 6)2) + HxL (]exyWyL + Jexz 0+ U/ZL)) + ]eyzWyL 0+ U/ZL)
(3.90)
Similarly, the translational kinetic energy is,

— 1 2 2 2
Tie = 5 Me(Kpr + Kipp + Kiog) (3.91)

Now that the work, kinetic and strain energy is defined for each component in the system
(and for each model) we can use these results in subsequent chapters in the variational
principles to define the motion of the system (via Hamilton’s Principle) and the capture
equations (via Jourdain’s Variational Principle).
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CHAPTER

Mixed Symbolic-Numeric Finite
Element Modelling

4.1 Introduction

In this chapter we are concerned with solving systems that can be derived through variational
principles (e.g., Hamilton’s Principle) [58]. Therefore, we have equations of the following

form to solve,

151
6| L(gq,ndr=0 (4.1)

fo
where L (the Lagrangian) is a function of the column matrix q, the variable # and possibly
partial derivatives of q. The solution to this problem is a system of Euler-Lagrange equations

which take the form (assuming L(q,q’, 1)),

Q(G_L)_i(a_L)_a_Lzo w2)
0t\dg;) 0x\0q;] 0q;

The difficulty with these partial differential equations (PDEs) is that they often have no
known analytical solution. The standard approach to solving these PDE:s is to use the Finite
Element Method (FEM) to approximate the solution. For common PDEs there are standard
finite element software packages that will solve these equations. However, for less common
problems we must derive the system of equations that result from using the finite element
method and then solve them (possibly with a standard package).

Symbolic techniques have been used in books [59, 60] to teach the finite element method
but their use has been limited calculation of the stiffness matrix for specific elements and
problems. Other work has been done on the derivation of optimized Fortran code using
Macsyma [61, 62, 63, 64] for evaluation of the element stiffness matrix.They symbolically
derive the strain-displacement relations and assume the stiffness matrix takes the form,

K= f B'DB AV (4.3)
1%
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4.2. OVERVIEW

where B is the strain-displacement matrix, D is the constitutive matrix, and the integral is
over the volume V. The work by Beltzer also assumes this form of the stiffness matrix. This
approach is fine if the forms of B and D for the specific problem are known but for more
complex problems these need to be derived.

More general work by Amberg [65] relates to the development of a software package,
“femLego”, built upon Maple and Fortran. Their software begins with the specification of the
weak form of the PDE and produces optimized Fortran code to solve the problem. However,
the weak form of the PDE can be difficult to derive. Also, their formulation handles time
domain solutions through finite differences and is limited in the types of elements and basis
functions that can be used. These requirements limit the types of problems that can be
solved.

Examining the previous work leads to the following goals for a new approach to the
problem,

1. All work deriving the system of equations can be done using the software;

2. that there is no inherent limitation to the types of elements and basis functions that
can be used;

3. static and dynamic problems are handled using the same approach.

4.2 Overview

The approach we are taking to derive and solve equations of the form given in Equation
(4.1) is to divide the problem into two stages. First, we derive the equations valid for a single
element in the finite element mesh using a symbolic computational approach. This is done
using a Symbolic Finite Element Method (SFEM) package in Maple that we have developed.
The second stage assembles the set of ODEs given these element matrices and a given mesh
then solves the resulting system numerically. While a number of programming languages
could be used for this task, Matlab is used because of its supporting facilities for numerical
computation and analysis. This two stage approach uses the strengths of both symbolic and
numeric computation.

An overview of the approach used to derive and solve the system equations is shown in
Figure 4.1. The first step, defining the Lagrangian, is problem specific and can typically be
handled using the standard Maple tools. The trial functions (i.e., the approximations) used
in the SFEM package are of the form,

fl,n=

1

bi(x)qi(1) (4.4)

n
=1
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CHAPTER 4. MIXED SYMBOLIC-NUMERIC FINITE ELEMENT MODELLING

) _ Symbolic
Lagrangian Define the St
Definition Approximations €ps
Approximated
Lagrangian
Euler-Lagrange
Equation
Problem-specific Basis Function Materials
Simplification Definition Definition
Evaluation of
Integrals
Formation of
Element
Matrices
Numerical
Definition of Matrix Steps
Element Mesh Assembly
ODE System
Solution

Figure 4.1: Element Matrix Calculation Process

34



4.3. ASSEMBLY OF FULL MATRICES

where ¢; (x) are the basis functions and ¢; () are the nodal degrees-of-freedom (or nodal vari-
ables). Once the trial functions and Lagrangian are defined we substitute the trial functions
into the Lagrangian L and calculate the Euler-Lagrange equations:

d(aL)_6L+Q 4.5)
dr\ag;) aq: " " '

where Qy are the generalized forces on the system. However, rather than calculating the
complete equation we instead calculate the individual terms and return them separately
since the left hand side leads to the mass matrix M while the right hand side leads to the
stiffness matrix K. Typically, after the Euler-Lagrange equation has been calculated there are
a number of simplifications that can be made.

The simplified results are combined with the definitions of the basis functions and the
materials (as they may vary spatially) to evaluate the integrals in the system. Lastly, the ele-
ment matrices are formed using the GenerateMatrix command from Maple’s LinearAlgebra
package.

Once the matrices are generated, we can use Maple’s code generation features to generate
optimized Matlab code which is output into separate functions for the mass and stiffness

element matrices to be used in the assembly process.

4.3 Assembly of Full Matrices

Application of Boundary Conditions

To apply a forced boundary condition, there are two main techniques:
1. Removal of the degrees of freedom from the system;
2. Modify the system of equations to enforce the constraint.

Since the first approach is more computationally efficient it is used. Since the system has
a pin joint at the hub, we will only consider the beam to be modelled as a cantilever beam
in a rotating frame. So our boundary conditions at x = 0 require us to remove the rows and

columns associate with the first node (for all element variables).
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CHAPTER 4. MIXED SYMBOLIC-NUMERIC FINITE ELEMENT MODELLING

Augmentation of Matrices with Rotational DOF

Note that the governing equations of the system can be written in matrix form as:

M{+Kq=F (4.6)
where,

. [0 0 j o7

M = + +M, 4.7)
0 M t 0

. [0 0

K = (4.8)
0 K
[ M(6)

. 0

P o= (4.9)
| 0

_ e (4.10)
q = a :

Therefore, the augmentation of the stiffness matrix can be performed by the addition of a
new row and column of all zeros. Augmentation of the mass matrix requires the calculation
of J (the effective inertia of the hub), t which is the contribution of the beam inertia to the
hub equation, and the matrix M, which is the contribution of the end-effector’s inertia to
the system. Note that the material mass and stiffness matrices M and K that are used in
these equations are the reduced DOF matrices resulting from the application of boundary

conditions.

4.4 Newmark-Beta Solver

Bathe and Wilson [66] present a version of the Newmark-Beta method that does not require
a prediction-correction step. The overview of the method as presented in Bathe and Wilson

[66] is presented below. Starting with the following equations,

Urrar = Ui+ (Q=p) U +yUrinr) At (4.11)
Ut+AL‘: U[+UtAt'F((%—ﬁ)U['FﬁUH_At)At (412)

where f and y are parameters that are chosen for accuracy and stability. Setting § = % and

Y = % results in the linear acceleration method. Choosing ff = i

unconditionally stable scheme [66, 67] which uses a constant average acceleration. Note that

and y = % results in an
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4.5. PURE TORSION CONVERGENCE TEST

Bathe and Wilson [66] recommend these settings for good accuracy and stability. We also

consider the equilibrium equations at time ¢ + At,
MU/ at+CUrinr +KUpiar = Frons (4.13)

In order to prevent the prediction-correction process, Bathe and Wilson [66] solve Equation
(4.11) for Uy a; in terms of Uy a7, and substitute the result into Equation (4.12). This results in
equations for Usinr and Usyp; in terms of Upyp; alone. These equations are then substituted
into Equation (4.13) to solve for U, ;. Then we can use the value of U, a; to calculate Uy, a;
and U;;a;.

According to Bathe and Wilson [66], to ensure unconditional stability for the damped

system, the following constraints on the parameters in Equations (4.11) and (4.12) hold:

Y= : (4.14)
f= iy+3)? (4.15)
In particular, we use the following values:
Y= 3 (4.16)
p= 1 (4.17)
This is also consistent with Heppler and Hansen [67] who state that
-1 g5l (4.18)
=5 =57 '

is unconditionally stable for the damped system. Note that in the system of equations that
we are solving, none of our matrices depend upon time.
With this approach we can factorise the effective stiffness matrix once and only the

effective load vector needs to change at each timestep.

4.5 Pure Torsion Convergence Test

To test whether this system properly represents a dynamic system, we consider the case of a
fixed-free beam in pure torsion [68]. The natural frequency characteristic equation is [68],

o = @2n—-1Drnc 4.19)
'Y '
G
c=4/— (4.20)
o

If we normalize the modes of the finite element model with respect to these equations,
we get Figures 4.2 and 4.3. The first mode is nearly converged with just one element, but we
can see that we converge to the analytical solutions to the first eight modes in less than 10

elements, so the finite element model can accurately represent this pure torsion model.
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Pure Torsion Finite Element Model - First Four Modes Convergence
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Figure 4.2: Pure Torsion Modes 1 through 4 Convergence
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4.5. PURE TORSION CONVERGENCE TEST

Pure Torsion Finite Element Model — Modes 5 through 8 Convergence
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Figure 4.3: Pure Torsion Modes 5 through 8 Convergence
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CHAPTER

Modelling the Capture Dynamics

This chapter presents the theory used in the analysis of the mass capture. First, the equations
relating the pre- and post-impact velocities of a two particle system are presented. This is
done to justify the modelling of a plastic impact as a set of constraints. Second, an overview
of the variational theory of impact as presented in Bahar [29] is given. Next, we present a
three step process to model the dynamics of mass capture. Finally, the variational theory of
impact is applied to the system of interest.

5.1 Plastic Impact of Two Masses

Considering the impact of two smooth particles (Figure 5.1), the normal velocities before
and after impact are related by [69]:

4 + — —
Lun—Un= _e(y.Zn - yln) (5.1)

where e is the coefficient of restitution. Given that these are particles, Brach [69] also states

that the tangential velocities are related by

_’!Irt = _’Z;t (5.2)

Note that this is also true for rigid bodies with no sliding between the bodies. In the event of

plastic impact, the coefficient of restitution is zero, therefore, Equation (5.1) becomes
Yy = Uy (5.3)

Therefore, for plastic impacts, we can model the impact as a constraint upon the velocities of
the particles. That is, after impact the velocities of the particles must be equal.
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0 %

Figure 5.1: Two Particle Impact

5.2 Variational Methods for Mass Capture

From Bahar [29] the Jourdain Variational Principle (JVP) [28] is:
Z ( oT ) oT
dt\dq;] 0q;

—Qilaé]i =0 (5.4)

where g; is the i-coordinate of the system, T is the kinetic energy of the system, and Q; is
applied impulsive force i. Note that this formulation requires that both 6g; and 6t be set
equal to zero. Integrating Equation (5.4) with respect to time [29] (see also Appendix E)
yields,

n
> [8pi—Qi]64i=0 (5.5)
i=1
where Ap; is the increment in the generalised momentum:
Api=(p)* = (pi)~ (5.6)

between the pre-impact and post-impact states with Q; being the generalised impulse. The

generalised momentum p; of the state is given by [29]:

oT
pi= a (5.7)
1
Therefore, Equation (5.5) can be written as
noT* OT~
— —=—— —0Q;|6g;=0 5.8
; 0gi  04; Qo >0
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CHAPTER 5. MODELLING THE CAPTURE DYNAMICS

The above analysis holds for "true" velocities. However, Bahar [29] shows that the above also
holds when velocities are mapped to quasi-velocities!. This form is presented in Equation
(5.9) below.

k foT*+ oT* ™ . :
Y - ~11;|62;=0 (5.9)
where 2 j are the quasi-velocities, —gg is the generalised quasi-momentum, and I jis the
7

generalised quasi-impulse associated with the quasi-velocity 2 j-

Note that any velocity constraint can be modelled as an additional quasi-velocity. A
plastic impact can be considered to be a set of velocity constraints as shown in Section 5.1.
Therefore, we can embed the constraints into the problem by converting to quasi-velocities.
This approach of constraint embedding differs from the approach done by Kévecses et al.
[3].

Since each of the quasi-velocity variations are independent, either the variation or the
term multiplying the variation must go to zero. The variations with respect to the constrained
quasi-velocities will be zero since the quasi-velocity values are fixed via the constraints after
impact and can be calculated before impact. Before, impact they will be defined by the initial
pre-impact conditions and after impact the quasi-velocities are set to satisfy the constraint.
However, the velocity variation with respect to the remaining quasi-velocities will not be
zero. Therefore, Equation (5.9) will result in a set of k — m (where m is the number of velocity
constraints) equations of the form,

oT** oT*" [1;=0,j€A (5.10)
09; a9, 17 '

where A is the set of unconstrained quasi-velocities. These equations relate the post-impact
velocities to the pre-impact velocities. It is important to note that this analysis assumes that
the capture process occurs instantaneously.

5.3 Analysis Process for Mass Capture Problems

The analysis process for mass capture problems is as follows:
1. Solve the pre-capture system of equations until time ¢, the instant of impact/capture.

2. Use the final velocities from step 1 to determine post-capture velocities. This is done

using the variational method presented above.

1A quasi-velocity is a “linear combination of the generalized velocities, but they are not necessarily deriva-
tives of any coordinates and thus cannot always be integrated to generalized coordinates.” [30] Examples of
quasi-velocities are Euler angles and nonholonmic constraints. Since the capture contraints are nonholonomic
we can model them as quasi-velocities.
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5.4. CAPTURE PROCESS MODELS

3. Solve the post-capture system of equations using the post-capture velocity results
from step 2 as initial conditions. Note that the position initial conditions are the same
as the final position of step 1, since the analysis in step 2 assumes that the impact is

instantaneous.

where the pre-capture and post-capture system of equations can be derived through tra-
ditional means (e.g., Hamilton’s Principle). This analysis process is consistent with the
approach taken by Kovecses et al. [27].

5.4 Capture Process Models

We will use the analysis process for different system models. The different models are:

1. A 2D Euler-Bernoulli beam (with no extension) and point masses for the target and the
end-effector;

2. A 2D Timoshenko beam (including extension) and 2D rigid bodies for the target and
the end-effector. It is assumed that the capture happens along the neutral axis of the

beam,;

3. A 3D Timoshenko beam and 3D rigid bodies for the target and the end-effector. The

capture can happen anywhere.

Note that the 2D Euler-Bernoulli beam model included as a based of comparison with the
work done by Kévecses et al. [3, 4]. This chapter will show the complete process for the last
two cases and the results of the other first case. The details of the analysis for the first case
are shown in Appendix F.

5.5 2D Euler-Bernoulli Beam (with Point Masses) System

Considering a 2D Euler-Bernoulli beam (as in section 3.3 and point mass end-effector (section
3.4) and target (section 3.2), we get the following capture equations (complete details of the
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CHAPTER 5. MODELLING THE CAPTURE DYNAMICS
derivation are in Appendix F).

o e[+ L4 de)d + ¥ )+ me (7 coso - ; sinfo) = (me + mo) L+ den)*
UL =

2(m;+ mg)
(5.11)
T
-7 _ _L
L= (5.12)
70T =) —x@O -0h (5.13)

6" =

(Jm + me@ioder +T10)? + fi p (ATo(x) + 1) dx) 0 = me (T der + Tio) (7 0500 + ¥ sino)

T + (Mg +m) @der +T10)? + fif 0 (AT()% + I,y) dx
(5.14)

Note that in contrast to the work of Kovecses et al. [3, 4], this 2D Euler-Bernoulli beam
model does not assume the end-effector is coincident with the end of the beam. Instead, we
allow for an offset so the point mass can be placed at the centre of mass of the end-effector.
Therefore, we have additional terms with E'LO d.1 and 7 1. Also, our model includes beam

inertia (Iy,) which is missing in theirs because their definition of an element of the beam is,
X

k= |v (5.15)
0

which is missing the y term in the second component as compared to Equation (3.15). The 7/
terms in Equation (3.15) are ignored in the kinetic energy of an Euler-Bernoulli beam so they
don't affect the capture equations along the length. The only appear in the capture equations
at the end of the beam due to the offset of the end-effector.

5.6 2D Timoshenko Beam (with Rigid Bodies) System

Now we will consider a model in between the other two models set out in section 5.4. Here,
we have a 2D Timoshenko beam (as in section 3.3) and 2D rigid body end-effector (section
3.4) and target (section 3.2).

Post-capture velocity constraint

Since the capture is assumed to happen instantaneously, the position variables won’t change.
So, replacing the position variables (but not the velocities) with their values at the instant of
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capture (time fp),

'(;UL ~ 010+ Wzr0de1)) c080g — (VL + (L + dey + Uro)6 +1721.de1) sinby
Ve = L?,Z (UL + (L+ de1 +Tip0)0 + 4,1 de1) 080 + (U, — O (VUro + W r0der) ) sinbp | (5.16)
0
0
W) = F. 0 (5.17)
|0(1) +72.(1)
—J'Ct(lf)
w) = Z |70 (5.18)
i 0
[0
w@® = F| o (5.19)
(0
'[;u—yt'pz+9(y+30)]cost90—[;v—é(x+ﬁ0—y1//z0)]sin90
v = Z|[V-0(x+TU— yyz0)l cosOo + [t — yir, +0(y + Vo)l sinby (5.20)
0

Modelling the capture process as a plastic collision, we get that the velocities before and
after impact must be equivalent. Since we are modelling the end-effector and target as rigid
bodies we equate both the translational and rotational velocities respectively. First, equating
the translational velocities yields,

X (1) (ﬁL - é(vLo + WZLOdel)) cosfy— (EL + (L+de +ﬁL0)9 + szdel) sinf (5.21)

Ve (1)

(UL + (L+ dey +T10)0 + 11 de1) cosOg + (U, — O (Wpo + W rode)) sinby (5.22)

and equating the rotational velocities gives,
70 =000 +9rr(1) (5.23)
Rearraging these equations so that all terms are on the left-hand side, leads to

% () + (U + (L+ dey +U10)0 + 1 de ) sinBg — (1, — 0 (V10 + W 2r0de1)) 086 = 0 (5.24)
ye(t) — (ﬁL + (L+dg; +ﬂL())9. + '(/./zLdel) cosfy + (ﬂL - é(vL() + WzLOdel)) sinfy =0 (5.25)
V(@) =600 =y ()=0 (5.26)
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Quasi-velocities

We now convert each of the beam and end-effector velocity variables to quasi-velocities.

210 = yox0) (5.27)
Do(1) = ror(D) (5.28)
23(x,0) = 009 (5.29)
D, t) = U1 (5.30)
5(x, 1) = uL(d (5.31)
(1) = V(x,1) (5.32)
() = V(D) (5.33)

There are three remaining quasi-velocities necessary to completely define the system. The
three constraint equations (Equations (5.21) - (5.23)) are chosen to be the these three re-
maining quasi-velocities. So, substituting the quasi-velocity relations into the constraint
equations, yields

T (£) + (L7 + (L+ der +T10) 23 + ader) sinbo — (25— 2310 + Y z10der)) c0s0p =0 (5.34)
Ji(0) = (27 + (L+ de1 +Ur0) 23 + Loder) cosby + (25 — 23 (V10 + W zr0de1)) sinfy = 0 (5.35)
7(1) = 23(1) - 2,(1) =0 (5.36)

Now we equate the left-hand side of each equation to a quasi-velocity variable according to,
Qg = 3,(0) + (27 + (L+ de1 + o) 23 + 2de1) sinlg — (25 — 2310 + Yzr0de1)) cosOy (5.37)
Dy =y (1) = (27 + (L+ de1 + o) 23 + Lader) 080 + (25 — L3 (Vro + W zr0der) ) sinbo (5.38)
D= -D3- 2D, (5.39)

Quasi-kinetic energy

To calculate the kinetic energy of the target it is necessary to rearrage the quasi-velocity
expressions in terms of the original target velocity variables (x:(t), y:(f), y(t)). So, the new

translational velocity expression is,

Qg - (Q7 + (L+de +ﬁL0)Q3 + deel) sinfy + (325 - Qg(iLo + 'WzLOdel)) cosby
v(t) = %‘Z Qg+ (27 + (L+de1 + o) 23 + 2de1) c0s0y — (25 — 23(V10 + W z10de1) ) sinby

0
(5.40)
and the new angular velocity is,
we(1) = F. 0 (5.41)
Qlo(lf) + 93 + Qz
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The translational kinetic energy of a rigid body is,

1
Ttrans = Eml('_l,/ (5.42)

For the target, this results in (for simplicity of form the variable dependence is left out),

1 . .
T = oM ((328 — K11 5in600 + Ko cosHO)2 +(Q9 + K¢r1 c0800 — Kir2 sinBo)z) (5.43)
where,
Kin = Q74 (L+de+10)93+2ode (5.44)
Kip = Q5-23U10+Wzr0de1) (5.45)

Similarly, the rotational kinetic energy of a rigid body is,

Tror= %Q)I w (5.46)
where J is the inertia matrix for the body. For the target in this case, the inertia matrix can be
stated as,

Jn 0 0
J=10 Jp O (5.47)
0 0 J;

Resulting in the rotational quasi-kinetic energy of the target as,
. 1. L
Tiy = 5J1( @10+ 25+ 9,)° (5.48)
The end-effector velocity using quasi-velocities is,

((25 - 2310+ Yzr0de1)) €080 — 27 + (L+ de1 + Ur0) 23 + 22de1 ) sinby
e(2) = gz (27 + (L+de1 +UL0) 23 + 22de1) cosOg + (25 — 23(V1o + W 210de1)) Sinby

0
(5.49)
and its corresponding angular velocity is,
0
we(1) = F. 0 (5.50)
D3(1) + 22(1)
The inertia matrix for the end effector in this case is,
7 el 0 0
J={0 Jeo O (5.51)
0 0 J
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This results in the following expressions for the translational and rotational quasi-kinetic

energies.

1 . L L
T, = 2 Me ((97 +(L+de1 +Uro) 25+ deel)2 + (25— 23 (Vo + WzLodel))z) (5.52)

e

. 1. ..
Tey=5Je(@s+ Dp)° (5.53)
The quasi-kinetic energy due to the flexibility of the beam is in general,
1
Ty = —f P (W - vp)dV (5.54)
2Jv

where p is the volume mass density. In this case, y, is given by,

[94 - le + Qg(y +?0)] COSQO - [QB - Qg (x+ ﬁ() - y’(pzo)] sin90
(D6 — 23(x + Ty — YW 20)] c0sOp + [24 — Y21 + 23(y + V)] sinby (5.55)
0

w(x, 1) =F

a

Resulting in the following expression for the kinetic energy of the beam,

1 . . . _ . . —
T; = Efvp([o@él—ygl +23(y+ U0)12 + (D6 — Ds(x + uo—ywzo)])dv (5.56)

The kinetic energy of the motor is,
* 1 52

where J,, is the inertia of the motor. The total quasi-kinetic energy of the system is given by
the sum of Equations (5.43), (5.48), (5.52), (5.53), (5.56), and (5.57).
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Generalised Quasi-momenta

The quasi-momenta for the system can be found by differentiating the total quasi-kinetic

energy of the system, as per

oT* . ) .
5 = f P (yZ (2;+23) - y(Q4 — l)oQg)) dv (5.58)
6@1 |4
oT* . i 3 .
PN (Me + M) der (de1 (22 + 23) + 27 + (L +ULo) 23)
2
+(Jr+Je) (.Qg + Qg) +midea (—98 sinf, + 99 cosBy) + ]tQIO (5.59)
oT* _ i .
35, (Ue+Te)+(me+ mp)der (L+uro+de1)) 22+ Um+Je+ J1) 23
3
+(me+my) (L+Tpo + de)? + Wro + de1¥ 210)%) D3 + (L + Tigo + de1) 7
+(Vro + de1¥ 200)25) — My (1o + de1 W z10) (25 €080 + Ly sin Bp) (5.60)
- (L+up+ del)(—gg sinfy + Qg COSQ())) + ];910 + ﬁ/ p (—(y +50)Q4
(X +To— YY) Qe + (¥ +T0) 21 + ((x +Tp — yw)* + (y + Tp)?) Q3) dV
oT* . . . )
n = f p(—0093+94—y(33+c@1)) dv (5.61)
094 v
oT* L . o
6Q = (Me+mp(25—-23(vo+ deleLO) + m(2g COSH() + Qg smHo) (5.62)
5
oT* ) _ .
n = f [ (QG +(x+uy— yl/lz())Qg) dv (5.63)
GQG |4
oT* . . 3 . .
aQ = Me+mp)(27+23(L+TUry+de1) + de1 25) + mi(—L2gsinby + 29 cosGp)5.64)
7

Note that we don’t need to calculate the quasi-momenta for the constraint quasi-variables

since the variation associated with these quasi-momenta is zero (as stated in section 5.2).

Velocity Relations

The results from the previous section are used in the Jourdain Variational Principle (JVP) [29],

i ( oT * 0T ~
Dlo2; 02
where the superscript + indicates the post-capture quasi-momentum, superscript — indi-

)591' =0 (5.65)

cates the pre-capture quasi-momentum, and §.2; is the variation with respect to quasi-
velocity i. The variation for i = 8,9, 10 is zero since these quasi-velocities are constrained.
Therefore, we have velocity relations for i = 1..7 as stated in the following equations. First,

there is the velocity relation for the bending slope rate along the beam, v/, (x, 1),
fvpy((y+vo)9+ ~U) + yi (0 HdV = fvpy((yﬁo)é‘ —u(x) "+ Yy (0)7)dV  (5.66)
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Next, the velocity relation for the bending slope of the end of the beam v, (1),

(M + mo)der (V] +dertiyy + (L+Tino + den)0* ) + U+ T i, +0) =
(Me+ mo)der (V] + derzy + L+ o+ den)8”) + Ur + )Wz +67) (5.67)

+ m;del(—Qg sinf, + Qg_ cosO) + ];Q{O
The velocity relation for the angular velocity of the beam ().
(me + my) (((L + Lo+ de1)* + (Vo + de1Wz10)?) 0" — (Wro + deleLo)ﬂz
+(L+Tig0+de) (W) + delu'/;L)) + Ue+ TV, + Um+Jo+ 100"
+ f o (((x +To— YW )2+ (y+T0)2) 0" — Y+ T U + (x+Tho— yw )T +y(y +50)1,i/§) dv

= (Mme+my) (L+TUro+de)* + Wi+ derw 210)%) 0™ + Ue + T W, +07) + I~

— (M +my) (V1o + der W 210) Uiy, + (Me + M) der (L+TUro + de) W) + (Mo + my) (L+Tiro + de)) Uy,
+fp(((x+ﬁ0 — YU+ (Y+ TN — (Y + T U + (X +Tho— yw)U + y(y +To)i,)dV

—my(Uo+ WZLOdel)(Qg_ cosOy + Qg_ sinfg) + my(L+urg + del)(Qg_ cosOy — Qg sinfg) + ]te@.fo
(5.68)

The velocity relation for the extension of the beam %(x, 1),
f p (U -yt —(y+79)07) dV = fvp (Ux)” =y - (y+70)07) dV (5.69)
v
The velocity relation for the extension of the end of the beam % (£),

(me+my) (ﬂz - (o + WzLode1)9+) =(me+my) (Ur — Wro + der1w ,10)0”) + m (D cosby
+ 94 sinf)
(5.70)

The velocity relation for the transverse deflection of the beam U(x, £),
f p((x+To— yy )0 +77)dV = f p((x+To— yw20)0~ +V(x)))dV (5.71)

and finally, the velocity relation for the transverse deflection of the end of the beam v, (1),

(Mo + M)Wy +dertirt, + (L+Tipo+ de1)0™) =(me + my) Uy, + der 5, + (L+Tigg + der)07)
+ m (-2 sinfy + 24 cosby)
(5.72)
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Now, we substitute the constraint equations in for Qg, Qg and Qm into Equations (5.66)—

(5.72). The bending slope along the beam is unchanged,

fvpy((ywo)é* ~ U+ Y (0 N)dV = fvpy((y+?o)é_ —4(X) "+ Yy (0)7)dV  (5.73)
and the bending slope at the end of the beam becomes,

(me+mo)der (V7 + (L+Tpo+ den)0* +deatirly )+ Ue+ T Wl +0)

= Mede1 (V] + dertr;; + (L+Tipo + de)07) + Jo W, +07) + myder (77 cosB — i sinfp) + J,j~
(5.74)

The velocity relation for the angular velocity of the beam becomes,
(me + my) (((L + L0+ de)* + (VLo + derW210)?) 0 + (W0 + deleLO);uz
~(L+Targ + der) T + den i) + Ue+ TS+ U + Jo+ J00*
+fp (T = yya)? + (+ 70?0 + (v + Tl = (x4 Tho - yy )V = y(y+ o)t |dV

= me ((L+ T+ de)* + W10+ derW210)?) 0™ + Jo(r s, +07) + J 10~

+me(Vio+ deleLO);uz —me(L+upp+ del);U[j —Mede1 (L+uro+ del)T,'V;L
+fp(((x+ﬁ0 — YU )P+ (Y +T0)NO + (Y +T0) U — (X +To— yw )V — y(y +To)r,)dV

+m(Vro+ de1¥ z10) (X; cosOg — y; sin@y) — m;(L+Uro+ de1) (X, sinBy + y; cosOo) + Jry~

(5.75)

The velocity relation for the extension of the beam is unchanged as,
fvp (U - yi* - (y+700)0%) dV = fvp (Ux)™ =y — (y+70)07) dV (5.76)
and the velocity relation for the extension of the end of the beam is,

(me + my) (ﬁz — (Vo + deleL0)9+) = me (U — (o + de1 W 210)0”) + m,(x] cosBy + y; sinfy)
(5.77)
The transverse deflection velocity relation is unchanged,

fp((x + Uy — YWL0)0t +7)dAV = fp((x + Ty — Y200~ +V(x)7)dV (5.78)
but the transverse deflection velocity relation for the end of the beam becomes,

(Me+ M)W +deirt, + (L+Tigo +de))0) =meW;, +derti;, + (L+Tiro + de)07) 579
+m(y; cosOy— x; sinfp) '
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Under the assumption that the x-axis corresponds to the centroidal axis of the beam we can

simplify the integrals using,

ffdydz = A(x) (5.80)
ffydydz:o (5.81)
f f yAdydz = I, (x) (5.82)

which means the equations (5.73)-(5.79) become, respectively,

L . L .
fo plyy(x) (1/'/;“+9+)dx:f0 plyy(x) (v +67)dx (5.83)

(me+ mt)del (?Z - (L+ﬁLO + de1)9+ + dellp:L) +Ue+ 1) (w-z‘—L + 9+)

= Mede1 (V] +derir;; — (L+Tipo + de1)07) + Jo (W, +07) + myde (X7 sinf + y; coso) + I~
(5.84)

(me+ my) (((L + 10+ de)? + (VLo + derW210)?) 0 + (W0 + deIU/zLO);uZ
L+ T+ o)) T + 2D ) + Ue+ JOWEL+ U+ Jo+ 100"

L =2, =2+ _— =T — =7t 2 \AF o a0t
+f0 p(A(((x+ Up)” +Ug)0" —Tou + (x+Up)v )+Iyy((1 +w)0" + ))dx

=me ((L+ T+ de)* + W10+ derW210)?) 0™ + Jo(r;; +07) + J1n0~

+ Mo (UL + derW 210Uy — Me(L+ g + de1) Uy, + Meder (L+Tigo + de))Vr;
L . . .
+f p(A(((x+Tp)2 +T5)0 —Tou +(x+Up)V )+ Iy (1 + w20 +1r7))dx
0

—m;(o+ delszo)(xt_ cosfy + y; sinfg) + my(L+urg + del)(y; cosfy — x; sinfg) + ]t’}'/_
(5.85)

L . . L . .
f PAX) (UX)" —Tp(x)67)dx :f pAX) (u(x)” —p(x)67)dx (5.86)
0 0

(Me+my) (EZ — (o + delszo)9+] =me (U — W10+ deaz10)0”) + m,(x; cosBy — j; sinfy)
(5.87)

L . . L . .
f PA) (V)" + (x+Up(x)0F)dx = f PAX) (V)™ + (X +TUp(x)0~) dx (5.88)
0 0
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(me + mt)(;vz +de it + (L+ T+ de))0") =me(U;, + detir; + (L+TUro+de)07) (5.89)
+ m(y; cosOy— x; sinfp) .

Leaving aside Equation (5.85) for the moment, we will simplify the remaining equations.
Note that because the integrals are over the same domain and range, we will simply equate

the integrands where appropriate,

Pt = )T -0T+0 (5.90)
it Meder (U, + deryy 5, — (L+Tigo + de1)07) + Je Wy, +07) + Ty~
zL

(Me+m)dZ +Ue+ 1)
. M de1 (X, sinfg + y; cosBp) — (Je + J)ot
(Me+m)d2 +Ue+ 1)

(M + M) doy (*uz +(L+Tig+ de1)9+)

_ (5.91)
(Me+mp)d2 +Ue+ )
U0 = U@ -Tex) O -0 (5.92)
Z Me (Uy — Vo + de1 ¥ 210)07) + my (X cosBy + J7 sinfp)
Me + My
+(WLo + der ¥ z10)0* (5.93)
0T = V)T + (x+ (X))@ —8) (5.94)
s _ me (V] + de1y;; + (L+Tiro + de1)07) + my(j; cosfp — %7 sinfp)
b (me +my)
~(dea W}, + L+ + de1)0™) (5.95)
After substituting these results into Equation (5.85) and simplifying, we find that
0" =0 (5.96)
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which means the final set of equations (5.90)-(5.96) can be written as,

Y0 = (0)” (5.97)
, TG~ =07+ Tevr,
o= z 5.98
Vel Je+Je ( )
ux)T = ux)” (5.99)
ﬁZ _ my (%7 cos® + y7 sin@ + (Vg + dery21)07) + mel; (5.100)
mg+ me
707 = V)" (5.101)
=+ mevy, +my (y; cos@ — x7 sin@ — 0~ (g + L+ de1))
L - mt+me
+de1]t(9_ —)7_) N delng(me]t_ meJe) (5.102)
Je+ e (my+me)(Js+ Je) '
0" = 6 (5.103)

From these we can note that only the tip velocities (Equations (5.98), (5.100), and (5.102)) are
directly affected by the capture event. Also of importance is that the angular velocity changes
are taken strictly by the rotation of the end-effector, not the beam. So in this case, we see the
tip velocities updated and then the changes will propagate down the beam.

5.7 General Beam Capture

In this case, we are considering a 3D beam model (including torsion) and general rigid
bodies for both the end-effector and target. The capture can happen at any point on the end-
effector and target. Because of the torsion model, we do assume that the beam cross-section

is constant along the beam.

Post-Capture Velocity Constraint

Modelling the capture process as a plastic collision, from Section 5.1 we get that the velocities
atimpact must be equivalent. Therefore, our velocity constraint is that after capture the target
velocity and end effector velocities have to match. Since both the target and end-effector are
rigid bodies, we assume that they contact at a minimum of one point post-capture and that

the target and end-effector have the same velocity at that point.

The target velocity given in Equation (3.4) is for the centre of mass, not the point of

contact. So, assuming a vector 1. from the centre of mass to the point of contact, we need to
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d.
d,
7 /‘Fd dac
f)et
Figure 5.2: 3D Target Capture
add the additional velocity (see Figure 5.2),
VUre(t) = @ XIze (5.104)
r tc3ﬁ.
= F| -rea (5.105)
T2 —Ttcl ,6
Therefore, the translational velocity at the point of contact is,
Xe+r tc3/3
vW=Z |  Ji-riad (5.106)

Zr+ Treo® — rtcl,B
The end-effector velocity is given in Equation (3.83), but we need the velocity at the point of

contact. The velocity at the point of contact has an additional component from the offset of
the contact point from the centre of mass, given by vector r.; (see Figure 5.2),

Vet (1)

We X Tey (5.107)
—(8 + 1) ((retl —WzLler2+YyLTer3) SINO + (=W rTer1 — Ter2 +OxrTer3) COSG)
= %’?Z; O +v21) (_Weretl —Ter2 +0x1Ter3)SINO + (Fes1 —WarTer2 + 1//yLreti%) COSH)
_1/'/yL ((retl —WzLTer2 T WyLTer3) COSO + (WerTer1 + Ter2 —OxLTer3) Sine)
_wyL (U/yLretl —OxrTer2— ret3)
+ Ox1 (WyLretl —Ox1Ter2 — retS) (5.108)
OxL ((V/ZLretl + Ter2 —Ox1Ter3) COSO + (Tesy — YzLler2 + WyLretS) Sine)
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which we can write as,

(0 + 1 21) (—Ker1 SINO + Ker2 c080) — Koz ry
Uer(t) = (0 + 1 21) (KerosinB + Koz c0s0) + Kor30x1 (5.109)
0,1 (—Kppcos0 + K,p1 Sin6) — ¥y (Ker1 €050 — Kepp8in0)

where K,;1, Kes2, and K,;3 are defined as,

Ketv = Ten—WzLlerz +YyLTer3 (5.110)
Kerp = —WzrTern —Ter2 +0xrTer3 (6.111)
Kets = YyLTen — OxLler2 — Ter3 (5.112)

Note that during capture all of these are considered to be constant. The velocity at the point
of contact is defined by,

Vec = Vet Ver (5.113)

where v, is as defined in Equation (3.84). Therefore, The velocity of the end-effector at the
contact point is,

(Kvel + Ker2 (9 + sz)) cosO — (KveZ + Ket1 (9 + ’l/./ZL)) sinf — KetS'(p.UyL
(Kvez + Ke1 (0 + 1p'UzL)) cosfO + (Kuel + Ker2(0 + sz)) sinf + K301, (5.114)
Kye3 + 011 (—Kop2 c0SO + Kppy sinb) — ¥ y1(Ker1 €080 + Kerp8in0)

Yec(1) :;gT

a

In this equation, Ky.1, Kye2, and K3 contain velocities and as such are not constant during
capture which means we will need to redefine them in terms of quasi-velocities later. The
velocities of the target and the end-effector at the point of contact are given in the inertial
frame so we can subtract components to get the following constraints,

i+ 11e3P + KegWyr — (Kyer + Kero (0 +1721)) cos @

+ (Kpez + Ker1 (0 +421)) sin = 0 (5.115)
V1= Teesl — Ker3Oxr — (Kvez + Ker1 (0 + 1 21)) cosO

— (Kye1 + Ker2(0 +4r21)) sinf =0 (5.116)
2t + Treo@ + T're1 = Kyeg — 01 (—Kor2 €080 + Koy sin6)

+1/ 1 (Ker1 €080 + Ko sinf) = 0 (5.117)

Since we are considering the impact duration to be infinitesimal, all position variables
can be replaced with their value at impact (0(¢) = 0(t1), u(L, t) =u(L, t), v(L, 1) = v(L, ty),
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w(L,t) =w(L, t;) ) which we will denote as 0y, uro, V1o and wyy respectively.

X1+ T1e3P + KersWyr — (Kyer + Ker2 (0 +121)) cos By

— (Kyez + Ker1 (0 +4r21)) sinfp = 0 (5.118)
Vi = Tresd — Kegsbxr — (Kyeo + Ker1 (6 +1r21)) cos g

— (Kpe1 + Ker2(0 + ;1)) sinfp = 0 (5.119)
Zt+ T2l + rtclﬁ — Kyez — 01.(—Kor2 080 + Kop1 Sin )

‘H/./yL(Ketl C0590+Ket2 sinQO) =0 (5.120)

where Ker1, Ker2, Kers, Kye1, Kye2, and K3 become,

Ket1 = Tenn —WzroTer2 +YyLoTer3 (5.121)
Kerz = —WzroTer1 —Ter2 +0x10Ters (5.122)
Kers = WyroTer1 —OxLTer2 —Ter3 (5.123)
Kyer = Up—0Wro+des+Wz10der — Oxrodes) +yrdes — Y z1.deo (5.124)
Kyer = Vp+Wrder —Oxrdes+O(L+T10+det —Waroder +Wyrodes)  (5.125)
Kpes = Wi—yrder+0r1der (5.126)

Similarly, for the angular velocities,

a(t) —0,.(1) (5.127)
B —yy() = 0 (5.128)
Y(£) = O(t) =1 (1) (5.129)

Il
=]

Il
o
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Quasi-Velocities

Representing each of the beam and end-effector velocity variables as quasi-velocities,

21(x,1) = Pilx, 1)
D(x, 1) = yyx0)
230 = Yy
2(x, 1) = Y(x,0)
Ds5(0) = YD)

21 = 61
D7(x,1) = Ox(x,1)
Dg(x, 1) = ulx,1

Do(t) = uLn)
Qlo(x,t) = ;v(x,t)
() = LD
D%, = W1

D13(t) = WD
Q1) = 0D

(5.130)
(5.131)
(5.132)
(5.133)
(5.134)
(5.135)
(5.136)
(5.137)
(5.138)
(5.139)
(5.140)
(5.141)
(5.142)
(5.143)

There are six remaining quasi-velocities to completely define the system corresponding to

the translation and rotation constraints. Starting with the translation constraints,

D5 = ¢+ e3P+ Koz D3 — (Kper + Ker2 (D6 + D5)) cos Oy

- (KU@Z + Keor1 (26 + .925)) sinfy

D16 = Ye—Tte30— Ker3214 — (KveZ + Kor1 (D + 95)) cosfy

— (Kye1 + Ker2(26 + 25)) sin by

917 =Zr+ TG+ rtcl,B —Kyes — 914(_Ket2 cosOy + K, sinfy)

+Qg (Kgp1 cosOg + Koo Sil’leo)
where Ky.1, Kye2, and K3 are now as follows,

Kpei = 29-26(V10+dez +Wzr0de1 — Ox10des) + 3de3 — Dsder
Kper = 211+25de1 — 21ades + D6(L+Tiro + der — Y zr0de2 + ¥ yrodes)
Kpes = 213—Q3de1 + 14den
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and the rotation constraints,

Dig() = @) —0,r(t) (5.150)
D9(0) = PO - yL(0) (5.151)
Doo(t) = YO —0() =4 (D) (5.152)

Substituting the quasi-velocities into the rotation constraints,

D1(t) = a()-2u(D (5.153)
Dig(t) = ,B(L‘)—Qs(t) (5.154)
Do) = (1) —D(1) —Ds(1) (5.155)

which can be re-arranged for the angular velocities gives,

a(t) = 218(0)+214(0) (5.156)
B(t) = 219(0)+23(0 (5.157)
Y(E) = Do) +Ls(1) + 5(1) (5.158)

Substituting these into Equations (5.144)—(5.146) we get the quasi-velocities for the transla-

tional constraints,

D15 = X+ 11e3(D19 + D3) + Kotz 23 — (Kper — Ker2 (26 + 25)) cos by

— (Kyez + Ker1 (26 + 25)) sin by (5.159)
216 = Ji — 11e3(218 + 214) — Kers 214 — (Kye + Ker1 (26 + 25)) cos by

— (Kye1 = Kera (26 + 25)) sinby (5.160)
D17 = 2+ 11c2(D1g + D14) + 1101 (219 + 23) — Koz — 214(— Ker2 080 — Kpy1 5in6y)
+23(Ker1 €080 + Kz 5in ) (5.161)

and re-arranging for the target velocities,

Xt = 215 — T1e3(219 + 23) — Kers 23 + (Kyer + Ker2 (26 + 25)) cos 0

+ (Kvez +Ket1(96+95)) sinfy (5.162)
Vi =216+ r1e3(218 + 214) + Ker3 214 + (Kpez + Ker1 (6 + 25)) cos by
+(Kype1 — Ker2 (26 + 25)) sin g (5.163)

Zr = D17~ I1ea (D18 + 214) — T'161(219 + 23) + Kpes + 214(— Ker2 €050y — K1 5in6y)
—93 (K1 €080 + Kopp sinby) (5.164)
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Quasi-Kinetic Energy

Starting with the kinetic energy of the motor, the kinetic energy in quasi-velocities (which we

refer to as quasi-kinetic energy) is,
* 1 52
Ty =5 m2s (5.165)
The quasi-kinetic energy of the beam due to bending is,
, 1L i ) i ) _ _
T?, = ifo PAQ] + 25+ D%, + D2((x +Up)* + Ty))dx
1 (L ) ) . : )
+5 f Py (DA +y2)) + 2f —2969y) + 1,,(25 + Q5w 9))dx (5.166)
0
L
—f P AQg((x +Tp) D19 + Ly TVp)dx
0

and the quasi-kinetic energy due to torsion is,

., 1L . .

=1 [ 0@+ 1)+ B A 8 516
0

The rotational quasi-kinetic energy of the end-effector is,

Tre = E(]exxeov)i; +]eny§ +Jezz(23 +QG)2) +Ql4(]exyg3 + Jexz(Z6+25)) +]eyzQB (26+25)

(5.168)
and the translational quasi-kinetic energy of the end-effector is,
»_ 1 2 2 2
T;, = Zrne(Kye1 + Koo + K p3) (5.169)

where K1, Kye2, and K3 are as given in Equations (5.147)—(5.149). As stated in Equation
(3.14), the kinetic energy of the target is,

1 .
TF == (my (27 + 97+ 22) + @ Jrxx + BT 1yy + 72
t 2( t( t TVt t) Jrxx ﬁ ]tyy Y Jtzz (5.170)

+20 BT xy + 207 Tixz + 207 T 1yz)
but we use that %, y;, and z; are as given in Equations (5.162)—(5.164) and the angular
velocities «, ,3, and y are as given in (5.156)—(5.158). The resulting equation is long and is

omitted for brevity.

Derivation of System of Capture Equations

Since we have 14 independent quasi-velocities, upon applying the capture equation as given
in Equation (5.9), we arrive at a set of 14 equations. However, the number of terms in a
number of the equations makes writing them down difficult and unproductive. As a result,
we derive a set of equations that we can solve numerically once the system parameters are

known. This is done as follows,
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5.7. GENERAL BEAM CAPTURE

1. Calculate the quasi-momenta terms as given in Equation (5.9) for the 14 independent

quasi-velocities.

2. Evaluate the quasi-momenta at the times pre- and post-capture and substitute the

results into Equation (5.9).

3. Evaluate the quasi-momenta for the constrained quasi-velocities associated with the
target and substitute that into the results from step 2.

4. For equations with only integral terms, since both the domain and range of the integral
is equal, one can equate the integrands and solve for g; in each equation. These

equations arise from beam deflection velocities along the beam (but not the tip).

5. Substitute the known g; into the remaining equations as needed (which is just the hub

angular velocity relation).

6. Convert the system of equations into a matrix system of the form,

ay ay
+ +
42 =K, 42 +Kym (5.171)
dn dn

where K, is a n x n matrix and Ky, is a n x 1 column matrix of known terms (arising mostly
from the pre-capture velocities). Converting to this form is possible since the system is linear
in ;. Thave unfortunately not been able to solve this system symbolically, but since both
K, and K, can be computed once the system parameters are known, this can be solved

numerically.
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CHAPTER

Determination of System Damping

Using the exact viscous damping parameters as determined by Rhody [1] in our simulations
results in an underestimation of the damping when simulations are compared to experi-
ment. To improve the damping model, the damping parameters can be reset for the system
requiring the same damping ratio of the first two elastic modes.

One way to calculate the damping ratios is to use the proportional damping relationship
between the Rayleigh damping parameters, damping ratios, and natural frequencies as
presented in Bathe and Wilson [66],

b, +w?bg
i 5

0; (6.1)

where w; is the frequency of the ith mode, b; is the mass damping coefficient, b, is the
stiffness damping coefficent, and ¢; is the damping ratio of the ith mode.

Once the damping ratios (¢1,¢2) have been calculated we can then calculate the damping
coefficents for our discretisation by calculating the natural frequencies of our system, and
solving the linear system to calculate the new damping coefficients. However, there is a more
general approach which we will discuss in the rest of this chapter.

The natural frequencies of the first two modes for the experiment and Rhody’s simulation
are presented in Table 6.

’ Mode \ Experiment \ Rhody Simulation ‘

1 11.9 12.4
2 38.3 35.6

Table 6.1: Natural Frequencies (Hz) [1]

One of the things we would like for the best model possible for a given system, is to have
an accurate representation of the damping in a given system. To that end, we would like to
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determine the damping matrix directly from experimental data. Adhikari [70, 71] describes
techniques for fitting viscous damping models as well as non-viscous damping models to
experimental data. This is effectively a generalization of Rayleigh damping. He notes that
[70], “... any damping model can be fitted to reconstruct the measured set of poles and
residues.” This means that we can use a simple viscous damping model to represent what
may be non-viscous damping.

The basic steps in this process are as follows [71]:

1. Determine Transfer Function(s) for the system. Ideally, one would determine the N
transfer functions due to impulse excitations applied in a grid pattern to the system.

2. Obtain the undamped natural frequencies w; and modal damping factors (, for
example, using the circle-fitting method [2]. See section 6.2 for details of the procedure.

3. Fitafunction { = f (w) which represents the variation of  ; with respect to w; for the

range of frequency considered in the study.
4. Calculate the matrix T= vVM~!K.
5. Obtain the damping matrix using C = 2MT £ (T).

If one has multiple transfer functions, we obtain a damping sub-matrix for each mode
following this approach and then assemble in the traditional finite element fashion.

From Rhody [1], we have experimental data for the rotation of the beam and the tip
deflection, so we have two transfer functions excited by the same impulse (the capture of the
target mass).

If we look at the structure of our matrices in block form we have,

0 0
0 K4

, K= (6.2)

M, M
M= 1 2
M; M,

where M, is a scalar quantity that multiplies §, My and K, are the traditional beam mass
and stiffness matrices (augmented for the addition of the end-effector) and M, is a 1 x n row
matrix that couples the beam rotation to the elements. Also, we have,

M; =M., (6.3)

So, there is no stiffness matrix for the hub equation (since 8 doesn’t appear in the strain
energy). This poses a problem in applying the approach advocated by Adhikari [71] given
above, since the T matrix for that case can’t be calculated (since the sub-matrix for the 0
variable has no stiffness contribution). As such we will propose an alternate approach to

determining the damping matrix.
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CHAPTER 6. DETERMINATION OF SYSTEM DAMPING

6.1 A Coupled System Approach to Damping Modelling

Using the block matrices as given above along with the vector q,

T
a=|0 d| (6.4)
where d is of the form,
d=|d .. dy (6.5)
we have the general system of,
MG+Cq+Kq=F (6.6)

where F is a vector of zeros for a freely rotating beam. We assume that the damping matrix
takes the form,

C1 C2
C C4

(6.7)

where C; is a scalar, C, is a 1 x n matrix, Cz = C2T and Cy is a n x n matrix. Breaking this system

into two separate (but coupled) systems,

M; 6 +C;0 = —M,d - Cod (6.8)
Myd + Cyqd + Kqd = —M36 — C30 (6.9)

So, we can think of the the right-hand side of each equation as the applied force to that
system. For the second system, we can solve for C4 using Adhikari’s approach and we can
estimate C3 and C; from the viscous damping model.

6.2 Determining Transfer Functions

To this end, we first determine the transfer function for the system. Consider the input-output

relation in the time domain as,
y(®) = H(@Qu(t) + v(r) (6.10)

where y(t) is the system output, H(q) the model of system plant, u(¢) is the system input, and
v(t) is the noise in the measurement. The transfer function H(w) can be estimated given u(¢)
and y(¢) using an Empirical Transfer Function Estimate (ETFE) [72] which is implemented in
the System Identification Toolbox in MATLAB with the etfe function. In particular, we leave
the data unsmoothed and tell the function to estimate the transfer function at 50 000 points.
The default is to use only 128 data points which provides poor resolution around the natural
frequencies which is necessary for step 2 of the process.
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6.2. DETERMINING TRANSFER FUNCTIONS

If the input is due to the capture of a point mass, we can represent u(¢) as [1],
u(t) = myy6a(1) (6.11)

where m; is the mass of the target, y, is the velocity of the target at capture, and d(?) is the
Dirac delta function. The system output y(t) is the measured response of the system.

The Bode plot of the magnitude of the ETFE for the beam’s tip deflection during one of
the capture experiments is shown in Figure 6.1. We can note that there are prominent peaks
near 0 Hz, just past 10 Hz and just short of 40 Hz. The first is the rigid body mode while the
others are the first two elastic modes of the beam.

Bode Diagram

From: Capture Impulse To: Tip Deflection
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Figure 6.1: Empirical Transfer Function Estimate

Finding the Natural Frequency from a Transfer Function

We will use a fitting technique in the neighbourhood of a resonance known as a “circle-fit” as
described by Ewins [2]. If the modes are weakly coupled, in the vicinity of of a resonance, we
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CHAPTER 6. DETERMINATION OF SYSTEM DAMPING

assume that the behaviour of the system is dominated by a single mode. This means that we
can write the magnitude of the response in the vicinity of the resonance as,

Ar

a(w) = + B, (6.12)

w? — w? +in,w?
where a(w) is the magnitude of the transfer function response at frequency w, w; is the
natural frequency of mode r, 17, is the damping constant of mode r, A, is what Ewins calls
the “modal constant” and B; is the contribution of the other modes to the transfer function
response. It is assumed that this is only weakly dependent or independent of frequency.
Ewins states that the effect or A; is to scale the size of the circle and rotate it, so for the

basic formula he gives is,

1
a(w) = 6.13
@) 0? - w? +in,w? (6.1
Examining Ewins’ modal circle (Figure 6.2), from geometry he gets,
anfp = —1 (6.14)
1= (&)
2
: o _1-(2)
tan(90° - B) = tanE =— (6.15)
r
which leads to,
2_ 2 6
W =w; (l—nrtang) (6.16)

where 0 is the angle between w and w, on the modal circle. If we differentiate this with

respect to 6,

do® 1(1+t (9)2) (6.17)
TRl an| > .
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6.2. DETERMINING TRANSFER FUNCTIONS

Using the formula for tang from earlier,

d_wz__wz 1 1+(1—((U/a)r)2)2 (6.18)
ag ¢ n, '

The reciprocal quantity % is a measure of the rate at which the modal circle is swept out.
This goes to a maximum at the natural frequency. We can see this by differentiating this
expression with respect to w and noticing that it goes to zero when w? = w?. This gives us a
means of locating the natural frequency once the modal circle is fit to the data.

Ewins [2] gives the following steps to calculate the natural frequency of the system.

1. Select the points to be used;
2. fit the circle to the data;
3. locate the natural frequency.
Once the natural frequency has been located we can estimate the damping constant 77, from,

do -2

- (6.19)
dw? w=w, w%nr
Once we have 7, we can get the standard damping ratio, ¢ from,
=1 6.20)

2

Ewins [2] gives a few recommendations on selecting the data points. The points chosen
should not be largely influenced by other modes in the system, and should cover 270° of the
circle, but less than 180° is common. But, no less than 6 points should be used.

So, to select the data points, we first find the frequency that gives the maximum amplitude.
Next, we select all the data points within a window of A, /2 around the resonant frequency
this can be done using the fselect routine of the System Identification MATLAB toolbox,
where A, is a user selectable window width. Typically, this is some number much less than 1
Hz but will be dependent upon the resolution of H(w). In our case, we choose the number
of points based upon the quality of the fit. We choose the largest number of points that still
gives a high quality fit.

The transfer function response will be in general a complex number, so we can generate a
Nyquist plot of the transfer function using the System ID toolbox routine nyquist. We would
like to generate a “best” fit circle to this data. To this end, we use the technique of Rorres and
Romano [73] by defining the error of the fit as,

N 2
E(x¢, Yo, 1) =) (\/(xi—xc)2+ Yi=ye)?*—r (6.21)

i=1
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In our case, the x; points are the real values of our response and the y; points are the
imaginary values of response. Differentiating this expression with respect to r and setting it

equal to zero, we get this expression for the radius,

1 2 2
r=y z=zl \/ (X = xc)*+ (Vi = ye) (6.22)

This means that the optimal radius can be found using an average of the distances to the

center. We can substitute this into the error expression to get this function of two variables,

N 1 N 2
E(xe,yo) = Y. | /(i 2 + (i = ye)2 - 23 V= x02 + (v = ye)? (6.23)
i=1

i=1

This can be solved numerically in MATLAB using the function fminsearch that employs a
Nelder-Mead simplex search which is how Rorres and Romano [73] minimize this equation.
The only caveat is that an initial guess is needed. An initial guess of (x., y.) = (0,0) appears to
be adequate. Now that the center point is known we can calculate the radius.

We would like to numerically approximate the sweep rate %. Since the frequencies are
only known at the individual data points we will only work with them. First, begin by finding
the angle of the data points using a polar coordinate system with its’ origin at the center of
the fitted circle.

Yi—Yc

91' = tan_l (ﬁ) (624)
17 Ac

Care must be taken in evaluating the arctangent as it is quadrant dependent. The sweep rate
can now be evaluated using finite differences. Once we have calculated the differences, the
frequency at which the maximum sweep rate occurs is the natural frequency.

We can see the result of this process for the first mode is shown in Figure 6.3. The
corresponding plot for the second mode is shown in Figure 6.4 and the rigid body mode
is shown in Figure 6.5. The centre frequency shown in these figures is the centre of the
frequency window A,,.

Performing a Nyquist plot, we can see that for the first mode (Figure 6.3), we have an
excellent fit between the circle and the experimental response. Similarly, the second mode
(Figure 6.4) doesn't fit quite as well over the entire frequency window, but it does still fit well
near the natural frequency.

Note that the rigid body mode (Figure 6.5) is a poor fit (likely because this method isn’t
designed for rigid body modes), but we will use the damping estimate from this procedure to
determine an initial estimate { = f(w) for the beam.
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Nyquist Diagram
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Figure 6.3: Circle Fit Approximation for the first mode
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Nyquist Diagram
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Figure 6.4: Circle Fit Approximation for the second mode
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6.2. DETERMINING TRANSFER FUNCTIONS

Nyquist Diagram
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Figure 6.5: Circle Fit Approximation for the rigid body mode

71



CHAPTER 6. DETERMINATION OF SYSTEM DAMPING

6.3 Estimating { = f(w)

Following the procedure outlined in section 6.2, we have three data points, whereas we need
a function f(w) that works for all w. To that end, we fit functions to the data using non-linear
least squares (implemented in MATLAB using Isqcurvefit). It solves the problem

min || F(a,x) —yllzzmainZ(F(a, x)—yi) (6.25)

Based upon the shape of the data, we consider a couple of candidate functions f, (w). The

first is a sum of decaying exponentials (with an offset),
A N
h =ag+) ae " (6.26)
i=1

The offset is to allow for the function to decay to a non-zero value. The second is an rational

polynomial of the form,
ap

_ (6.27)
1+ Zﬁl a;w'

flw) =

Considering two terms in each sum, we get the plot shown in Figure 6.6. The parameters for
the functions f; and f> for this plot are shown in Table 6.3.

| Approximation | ag a a | by | by |
fi 0.0026 | 0.1200 | 0.1200 | 0.3444 | 0.3444
f 0.3834 | 5.2381 | -0.0365 | N/A N/A

Table 6.2: Damping Model Parameters

We can see that both models provide good fits to the experimental damping calculated,
although the polynomial continues well past the damping approximation to the rigid body
mode as it approaches 0 Hz from above. The exponential approximation also allows for a
more gradual changes between the rigid body mode and the first elastic mode. As a result,
we will use the exponential approximation f; (w) for our system.
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6.3. ESTIMATING ( = F(w)

Damping Ratio vs. Frequency (Various Approximations)
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Figure 6.6: Damping vs. Frequency (Various Approximations)

73



CHAPTER 6. DETERMINATION OF SYSTEM DAMPING

6.4 Determining C through parameter identification

Recalling Equations (6.8) and (6.9),

M;6 +C;0 = —-M,d - Cod (6.28)
M.d + C,d + Kyd = —M50 — C30 (6.29)

we can use a form of C in place of C4, which gives us,

M;6 +C10 = —M,d - Cod (6.30)
M,d + E,4 f(T)d + K4d = —M30 — C36 (6.31)
where,
R N
A =ag+ Y ae b (6.32)
i=1
T=/M;'K, (6.33)
E, =2M,T (6.34)

which gives us an unknown scalar C;, a vector of unknowns Cs and a set of unknown pa-
rameters in f. We use the estimate of f(w) we determined earlier as the initial guess and
initially assume Rayleigh viscous damping for C3 using the same damping ratios as Rhody
[1]. This is sufficient for an initial guess. We then consider scaling the resulting sub-matrices

for inclusion in the final damping matrix C.

Evaluation of T and f(T)

While both M, and K, are symmetric matrices, the product,

T=1/M;'K, (6.35)

in general will not be symmetric. As a result, there is no easy way to diagonalize T (which
is a first step in the simplest method for evaluating functions of a matrix). As such other
methods must be used. For calculating the square root of a matrix, we use the MATLAB
function sqrtm [74, 75] for calculation of f(T). Because of our choice of f we have two
different approaches to its evaluation. We can calculate the matrix function directly using the
Davies and Higham’s method [76] (implemented in MATLAB using funm) or we can calculate
the matrix exponential [77, 78] for each exponential term (using expm in MATLAB). Since
the latter allows us to easily add terms to the sum in f , we will evaluate using expm. Note
that matrix square root and matrix exponential functions in MATLAB do not support sparse
matrices so the M;1K4 product must be converted to a full matrix.
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It is left for future work to determine which of using expm or funm is more accurate
and/or faster. In addition, since only the scalar in the exponential terms of fl changes it may

be possible to modify the algorithms to reuse results to speed computation. This is also left

for future work.
For all models, given sufficient numbers of elements, the size of T (and therefore functions

of it) will be too large to show in a reasonable manner in this thesis.
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6.5 Summary

So, we have a modified version of Adhikari’s approach [71] presented at the beginning of this

chapter,

1.

2.

Determine Transfer Function(s) for the system using ETFE [72].

Obtain the undamped natural frequencies w ; and modal damping factors (;, using the

circle-fitting method [2].

Fit a function { = f (w) (in our case this is a sum of decaying exponentials).

Calculate the matrix T = /M, 'Ky.

. Obtain the damping matrix using C, = 2M,T f (T).

Estimate C; and C3 based upon Rayleigh viscous damping.

Scale C;, C3, and C, appropriately to match the experimental data.
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CHAPTER

Experiment, Results, and Discussion

7.1 Overview of Experiment

To validate the model, we compare the results to experimental results obtained by Rhody [1].
One of his experiments consisted of a capture of a steel block by a beam initially at rest. This
experimental setup is used to check our simulations.

The target mass was placed on a model railway car set on an inclined track. The car was
released from rest, and the capture was performed by an electromagnet end effector at a
specified distance down the track and the railway car continues under the beam until it hits

the foam bumper. See Figure 7.1 for an overview of the experimental setup.

The experimental parameters related to the beam (including the motor and end-effector)

are in Table 7.1 and the parameters of the target are in Table 7.1.

Parameter \ Value ‘
A, Cross-sectional Area of Beam 3.175x 10~* m?
E, Young's Modulus 6.5 x 1010 Pa

I, Beam Moment of Inertia

J., End-Effector Inertia

Jm, Motor Inertia

L, Effective Beam Length

b, Mass Damping Constant

b,, Stiffness Damping Constant
d.1, End-effector offset

m., End Effector Mass

m, Linear Mass Density of Beam

2.67x10719m*

1.6 x 1073 kg-m?
1.3233 x 10~* kg - m?
0.725m
-2.85x1073s7!
2.54x107%s

5.175x 1072 m
0.55kg

0.874kg/m

Table 7.1: Beam Experimental Parameters [1]

There are a few parameters are needed that are not given in this table, but can be derived

77



CHAPTER 7. EXPERIMENT, RESULITS, AND DISCUSSION
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Figure 7.1: Experimental Setup - Side View [1]
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end effector
. \ _ [\~
® I |_|<‘ payload

Figure 7.2: Experimental Setup - Beam Top View (Target Captured)
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from this data, these are shown in Table 7.1.

’ Parameter \ Calculation \ Value ‘
p, Mass Density of Beam m/A | 2.753 x 10% kg/m3
a, Width of Beam V12(I7TA) 3.18x103m
b, Height of Beam Ala 1.00x 10 ' m
alb, Width/Height ratio alb 3.18x107?m

Table 7.2: Derived Experimental Parameters

’ Target Mass (kg) \ Dimensions, x x y x z (cm) \ Inertia (kg-m?) ‘
| 0.5 | 2.54x3.81x6.67 |  1.72x107° |

Table 7.3: Target Parameters [1]

7.2 Finite Element Models

For all of the models discussed in this chapter, a 20 element finite element approximation is
used. The 2D Euler-Bernoulli Beam uses C! cubics to approximate 7 whereas the 2D and 3D
Timoshenko beams use C° cubics for each system variable. This is done to prevent locking
[79]. The element mesh is a 1D line with equally spaced elements with a single shared node
between elements. See Figure 7.3 for an example 7 element mesh for the 2D Euler-Bernoulli
beam. The mesh for the 3D cases is similar but each element contains two interior nodes as
shown in Figure 7.5. Note that in all cases, since the beam itself is modelled as clamped at
the hub, node 1 is fixed so those degrees of freedom (DoF) are removed from the system after
the element assembly is complete.

The total number of degrees of freedom for each model is given in Table 7.2. Note that
the first node is fixed and we have an additional degree of freedom from the rotation of the

hub (0) which is why there is an odd number of degrees of freedom.

| Model | Nodes/Element | DoF/Node | Total Degrees of Freedom |
2D Euler-Bernoulli 2 2 41
2D Timoshenko 4 3 181
3D Timoshenko 4 7 421

Table 7.4: System Degrees of Freedom

The C! cubic elements have two nodes and two degrees of freedom per node, as shown
in Figure 7.4. The C° cubic elements have four nodes and three DoF per node (for the 2D
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Node 1 2 3 4 5 6 7 8
oo o o

Element 1 2 3 4 5 6 7

Figure 7.3: 2D Euler-Bernoulli Beam 7 Element Mesh

Figure 7.4: 2D Euler-Bernoulli C' Cubic Beam Element

Timoshenko case) and seven DoF per node (for the 3D Timoshenko case). See Figure 7.5 for
an example of the structure of the C° cubic element in the 3D Timoshenko beam case.
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Figure 7.5: 3D Timoshenko C° Cubic Beam Element
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7.3 Comparison of Natural Frequencies

’ Mode \ 2D Euler-Bernoulli Beam \ 2D Timoshenko Beam \ 3D Timoshenko Beam ‘

1 12.26 11.20 11.20
2 46.74 36.38 13.06
3 103.06 77.57 36.38
4 178.03 142.13 57.65
5 266.10 225.02 77.57
6 368.71 321.06 138.94
7 497.72 438.73 142.13
8 657.86 587.57 225.02
9 847.87 753.91 280.07

Table 7.5: Mode Frequency Comparison (Hz)

Examining the 2D Euler-Bernoulli beam’s elastic modes (all in-plane bending) shown in
Table 7.3 they overestimate the natural frequencies shown in Table 6. The first mode is only
slightly high, whereas the second mode is much higher than the experiment. In contrast, the
Timoshenko beam models consistently underestimate the natural frequencies, but provide a
better estimate of the second experimental mode. All of the 2D Timoshenko beam modes
are in-plane bending except the final mode which is extension. The 3D Timoshenko beam
modes not found in the experimental data are all out-of-plane modes (see Table 7.3).

’ Mode \ Frequency Hz \ Mode Type ‘
1 11.20 In-Plane Bending
2 13.06 Torsion
3 36.38 In-Plane Bending
4 57.65 | Out-of-Plane Bending
5 77.57 In-Plane Bending
6 138.94 Torsion
7 142.13 In-Plane Bending
8 225.02 In-Plane Bending
9 280.07 Torsion

Table 7.6: 3D Timoshenko Mode Types

If we normalize the frequencies based upon the frequencies for a 40 element beam, we
can see that the first three modes of the 2D Euler-Bernoulli beam all converge within the first
10 elements as shown in Figure 7.6. The higher modes also converge quickly, but since the
experimental data is all less than 100 Hz, only the first two modes are of interest.
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Now, normalizing the frequencies for the 2D Timoshenko beam (with respect to the 40
element beam), we get Figures 7.7 and 7.8. For this beam, convergence occurs in roughly 5
elements.

Lastly, normalizing the frequencies for the 3D Timoshenko beam (with respect to the 40
element beam), we get Figures 7.9 and 7.10 which show convergence within 10 elements.

The fourth elastic mode is not visible in Figure 7.9 because it converges very quickly and has
nearly converged to start.

2D Euler-Bernoulli Finite Element Model - Elastic Mode Convergence
1.18 \ \

T T T | |

— First Elastic Mode

— — — Second Elastic Mode
1.16} ! — - — Third Elastic Mode H

1.14F

112F

11

1.08

Normalized Frequency

1.06

1.04

1.02

N
'\
=5 = . 1 | |
5

| | |
10 15 20 25 30 35 40
Number of Elements

Figure 7.6: 2D Euler-Bernoulli Beam Elastic Mode Convergence
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2D Timoshenko Finite Element Model — First Two Elastic Modes Convergence
1.18 T T

First Elastic Mode
— — — Second Elastic Mode

116}
1.14F

|
112
|

[EEY
[EY
T

Normalized Frequency
=
o !
(7]
T

1.06

1.04

1.02

L | | | |

0 5 10 15 20 25 30 35
Number of Elements

Figure 7.7: 2D Timoshenko Beam - First Two Elastic Mode Convergence
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7.3. COMPARISON OF NATURAL FREQUENCIES

2D Timoshenko Finite Element Model — Elastic Modes 3 through 6 Convergence

T T T T T T T
Third Elastic Mode
— — — Fourth Elastic Mode
— - — Fifth Elastic Mode
Sixth Elastic Mode

| | | | | | |

5 10 15 20 25 30 35 40
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Figure 7.8: 2D Timoshenko Beam Elastic Modes 3 through 6 Convergence
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3D Timoshenko Finite Element Model — First 4 Elastic Modes Convergence
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Figure 7.9: 3D Timoshenko Beam - First Four Elastic Modes Convergence
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3D Timoshenko Finite Element Model — Elastic Modes 5 through 7 Convergence
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Figure 7.10: 3D Timoshenko Beam Elastic Modes 5 through 7 Convergence
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7.4 2D Euler-Bernoulli Beam Results

As one can see from the tip deflection (Figures 7.11 and 7.12) the initial peak from the
simulation is smaller (0.9 x 1072 m vs. 1.55 x 10~2 m). Examining Figure 7.12 we can see the

harmonic behaviour around 0.5s-1.0s is captured in the simulation.

Tip Deflection vs. Experimental Results — Euler-Bernoulli Beam

0.02 T T T T T T I I
Simulation
Experiment
0.015F B
g _
c
2
©
Q
©
[a)
~0.005 (i HTT i
~0.01f: -
_0015 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 7.11: 2D Euler-Bernoulli Beam Tip Deflection vs. Experiment

Examining the FFTs of the simulation as compared to the experiment (Figure 7.13), we
see that the simulation has a rigid body mode at 0 Hz and the first two elastic modes given in
Table 7.3. As stated before, the first elastic mode is very close to experiment, but the second
mode is quite a bit higher than the experimental mode.

Looking at the initial hub rotation (Figure 7.14) we can see that the hub is initially still
for 0.015 s which is far longer than in the simulation. The wave speed for an Euler-Bernoulli

beam is,

c=1/— (7.1)
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T T T T T T I I
— Simulation
Experiment

x 1072 Tip Deflection vs. Experimental Results — Euler-Bernoulli Beam

105*,

Deflection (m)

L ] | | | | | | | |
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time (s)

Figure 7.12: 2D Euler-Bernoulli Beam Tip Deflection vs. Experiment (initial 5s)

which leads to a time from the beam tip to the hub of 1.492 x 10™*s. This is smaller than
simulation step size and also the experimental sampling rate. So, the initial delay before the
hub begins moving in the experiment is not due to the wave speed and is therefore likely
due to static friction. The hub starts moving in the simulation immediately (in the negative
direction) but the magnitudes are small enough that this is not apparent. Note that the
simulation time step is smaller than the experiment’s sampling rate so higher frequency
behaviour can be seen in the simulation.

The hub rotation (Figure 7.15) levels off around 6. This is likely due to both friction
and damping. Since the system model doesn't include friction, damping is increased to give
similar behaviour, but it cannot reproduce it exactly. Looking at the initial 2.5 s, we see that
while it drifts, we see that the simulation is reproducing the oscillatory behaviour of rotation.

If we consider minimal damping for the hub, we get behaviour as shown in Figures 7.17
and 7.18. We can see that we get relatively good correspondence for the first 3 s. This leads
one to conclude that with smaller damping and the inclusion of friction, we would be able to
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Figure 7.13: 2D Euler-Bernoulli Beam FFT Simulation vs. Experiment

improve the accuracy of the model.
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7.4. 2D EULER-BERNOULLI BEAM RESULTS

Hub Rotation vs. Experimental Results — Euler—Bernoulli Beam
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Figure 7.14: 2D Euler-Bernoulli Beam Hub Rotation vs. Experiment (initial 0.15s)
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Hub Rotation vs. Experimental Results — Euler—Bernoulli Beam
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Figure 7.15: 2D Euler-Bernoulli Beam Hub Rotation vs. Experiment
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Hub Rotation vs. Experimental Results — Euler-Bernoulli Beam
T T T T

Simulation |
— - — Experiment

Rotation (rad)
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Figure 7.16: 2D Euler-Bernoulli Beam Hub Rotation vs. Experiment (initial 2.5s)
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Hub Rotation vs. Experimental Results — Euler—Bernoulli Beam
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Figure 7.17: 2D Euler-Bernoulli Beam Hub Rotation (Minimal Damping)
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Hub Rotation vs. Experimental Results — Euler—Bernoulli Beam
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Figure 7.18: 2D Euler-Bernoulli Beam Hub Rotation (Minimal Damping - Initial 1.2s)
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7.5 2D Timoshenko Beam Model Results

As with the Euler-Bernoulli beam model, the tip deflection (Figures 7.19 and 7.20) the initial
peak from the simulation is smaller (0.85 x 1072 m vs. 1.55 x 102 m). While this is smaller
than in the Euler-Bernoulli model, that may be due to the choice of damping parameters.

Examining Figure 7.20 we can see the harmonic behaviour around 0.5s-1.0s is in the

simulation, but with the chosen damping, it is nearly damped out. This is reflected in the
FFT of the system as given in Figure 7.21, as the second elastic mode is nearly damped out,
while the first elastic mode is close and we have a larger third elastic mode at 77 Hz.

Tip Deflection vs. Experimental Results — Timoshenko Beam

0.02 T T T T T T T T
Simulation
Experiment
0.015 -
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i) [
a ol .
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~0.01F .
_0015 | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 7.19: 2D Timoshenko Beam Tip Deflection vs. Experiment

The initial hub rotation (Figure 7.22) is very similar to the Euler-Bernoulli model. We

see higher frequency behaviour in the simulation since the time step is higher than the

experimental sampling rate.
The 2D Timoshenko beam model also can'’t reproduce the levelling off as shown in the
experimental results (Figure 7.23), but it does fit the initial behaviour (once the initial still
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-3 Tip Deflection vs. Experimental Results — Timoshenko Beam
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Figure 7.20: 2D Timoshenko Beam Tip Deflection vs. Experiment (initial 5s)

period is past). The initial 2.5 s (Figure 7.24) is reproduced fairly well aside from the drift (due
to the increased damping).

If we consider minimal damping for the hub, we get behaviour as shown in Figures
7.25 and 7.26. The behaviour is reasonably accurate for the first 4 s. This also supports the
conclusions from the 2D Euler-Bernoulli model that friction is necessary.

The axial deflection of the beam (Figure 7.27) is extremely small which lends one to
conclude that axial deflection is not important to include in the model.

The rotation of the tip of the beam vy, (Figure 7.28) is on the same order of magnitude as

the tip deflection. However, rotation of the tip is in the Euler-Bernoulli as 7’ (but it is directly

coupled to v).
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Figure 7.21: 2D Timoshenko Beam FFT Simulation vs. Experiment
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Hub Rotation vs. Experimental Results — Timoshenko Beam
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Figure 7.22: 2D Timoshenko Beam Hub Rotation vs. Experiment (initial 0.15s)
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Hub Rotation vs. Experimental Results — Timoshenko Beam
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Figure 7.23: 2D Timoshenko Beam Hub Rotation vs. Experiment
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Hub Rotation vs. Experimental Results — Timoshenko Beam
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Figure 7.24: 2D Timoshenko Beam Hub Rotation vs. Experiment (initial 2.5s)
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Hub Rotation vs. Experimental Results — Timoshenko Beam
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Figure 7.25: 2D Timoshenko Beam Hub Rotation (Minimal Damping)
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Hub Rotation vs. Experimental Results — Timoshenko Beam
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Figure 7.26: 2D Timoshenko Beam Hub Rotation (Minimal Damping - Initial 1.2s)

103




CHAPTER 7. EXPERIMENT, RESULITS, AND DISCUSSION

x 10718 Tip Axial Deflection vs. Time — Timoshenko Beam
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Figure 7.27: 2D Timoshenko Beam Tip Axial Deflection vs. Time
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Figure 7.28: 2D Timoshenko Beam Tip Rotation vs. Time
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7.6 3D Timoshenko Beam Model Results

The tip deflection for the 3D Timoshenko beam model (Figures 7.29 and 7.30) is essentially

the same as the 2D case. The only difference is due to differences in the system damping.

Tip Deflection vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.29: 3D Timoshenko Beam Tip Deflection vs. Experiment

Only the first elastic mode of the system (along with the rigid body mode) is significant,
since most of the elastic modes are either damped out or very small (see Figure 7.31). Only
the modes 36 Hz and 77 Hz are at all visible aside from the rigid body mode and the first
elastic mode.

The hub rotation behaviour (Figures 7.32-7.36) is consistent with the 2D Timoshenko
model, as is the tip axial deflection (Figure 7.27) and the tip in-plane rotation (Figure 7.38).

The out-of-plane deflection of the tip (Figure 7.39) is extremely small as is the out-of-
plane rotation (Figure 7.40). The angle of twist of the tip (Figure 7.41) is a couple of orders
of magnitude larger than than the out-of-plane rotation/deflection, but is still very small.
Also, Rhody [1] did not full document the design of the end-effector so it was not possible
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x 107 Tip Deflection vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.30: 3D Timoshenko Beam Tip Deflection vs. Experiment (initial 5s)

to determine the inertia terms Jexy, Jeyy, OF Jexy. As such, their contribution to the out-
of-plane deflection/rotation and the angle of twist is missing. That said, it is unlikely that
the addition of those would scale the results to the same order of magnitude as the other

deflection/rotations.
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Figure 7.31: 3D Timoshenko Beam FFT Simulation vs. Experiment
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Hub Rotation vs. Experimental Results — 3D Timoshenko Beam
T < T N T
\/ : V —— Simulation ||
\ / — - — Experiment
\ /
\ /

N
N

0.035

0.03

0.025

0.02

0.015

0.01

0.005

-0.005

-0.01 N/

0 0.05 0.1 0.15
Time (s)

Figure 7.32: 3D Timoshenko Beam Hub Rotation vs. Experiment (initial 0.15s)
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Hub Rotation vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.33: 3D Timoshenko Beam Hub Rotation vs. Experiment
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Hub Rotation vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.34: 3D Timoshenko Beam Hub Rotation vs. Experiment (initial 2.5s)
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Hub Rotation vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.35: 3D Timoshenko Beam Hub Rotation (Minimal Damping)
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Hub Rotation vs. Experimental Results — 3D Timoshenko Beam
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Figure 7.36: 3D Timoshenko Beam Hub Rotation (Minimal Damping - Initial 1.2s)
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x 1078 Tip Axial Deflection vs. Time — 3D Timoshenko Beam
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Figure 7.37: 3D Timoshenko Beam Tip Axial Deflection vs. Time
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Tip In—plane rotation vs. Time — 3D Timoshenko Beam
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Figure 7.38: 3D Timoshenko Beam Tip In-Plane Rotation vs. Time
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Figure 7.39: 3D Timoshenko Beam Tip Out-of-Plane Deflection vs. Time
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Figure 7.40: 3D Timoshenko Beam Tip Out-of-Plane Rotation vs. Time
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Figure 7.41: 3D Timoshenko Beam Tip Angle of Twist vs.
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7.7 Investigation Of An Offset Capture

Here we only consider the 3D Timoshenko beam since both the 2D models assume that the
captures are coincident. If we consider that the capture of the target mass did not occur
directly at the centre of mass of the end-effector, it could be off in the x-direction (which is
along the neutral axis) or it could be off in the z-direction (out of the plane of the neutral
axis). A capture offset in the y-direction would only occur if the location of either centre of
mass is incorrect, since an increase in y would be into the end-effector (which is rigid) and a
negative change in y would mean that the target is not touching the end-effector.

Adding a positive 1 mm x-offset makes only minor changes to the final results and as such
are not shown, but a positive 1 mm z-offset increases the angle of twist from the order 10712
to 10™* as shown in Figure 7.42. However, the hub rotation and the in-plane tip deflection
show only minor changes. The measurement of the tip deflection in this experiment was
with an infrared sensor on the beam tip. If the beam is twisting in addition to deflecting, this
will lead to some measurement error. For a 1 mm offset this is not significant, but it might
be for larger offsets. Also note that this is with Jexx, Jeyy, O Jexy all zero since Rhody did not
provide the necessary information to compute this. These terms are all more significant in
both the capture equations and in simulation for an offset capture.

Note that an x-offset capture results in a change to ;vz and gives a small value to 4/}, . A
z-offset capture gives a negative value to Q;L and no change to ;vz.
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x 1074 Tip Angle of Twist vs. Time — 3D Timoshenko Beam

5 T T T T T T T T T

Angle of Twist (rad)
o

_5 | | | | | | | | |

0 1 2 3 4 5 6 7 8 9
Time (s)

Figure 7.42: 3D Timoshenko Beam Tip Angle of Twist vs. Time (1 mm z-offset)
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7.8 Discussion

The experiment that Ben Rhody designed [1] (and is used in this chapter) was designed to
examine the control of a beam during capture. His beam model was a simple 2D Euler-
Bernoulli beam and as such, he tried to minimize the other possible contributions (e.g.,
torsion). So, he designed his end-effector such that it would not undergo torsion as a result.
Also, the capture occurs such that the centre of mass of the end-effector and the target are
coincident. Since the experiment was designed with a 2D Euler-Bernoulli beam in mind, it is
not surprising that the 2D or 3D Timoshenko models do not yield better results, or that the
ignored terms (i.e., out-of-plane effects, torsion, and extension) are small.

By having the capture occur at the centre of mass, many of the terms in the capture
equations (and mass matrix) are eliminated (in addition to eliminating torsional effects). For
this experiment, the capture equations mostly were of the form,

-+ mtyt_

=—" 2
UL (mt + me) (7 )

which is just a simple transfer of linear momentum.
If friction could be properly characterized, the system damping used here could be
reduced which would properly allow one to see the effects of the higher modes in the

Timoshenko models since they are nearly all damped out of the system.
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CHAPTER

Discussion, Summary, Conclusions,
and Future Work

This chapter presents a comparison to previous work, summary of the work done in the

thesis, conclusions, and suggestions for directions of future work.

8.1 Discussion

The work of Chapnik ez al. [21, 22] was used to verify terms in the 2D Euler-Bernoulli beam
kinetic energy derived in Chapter 3. However, Chapnik et al. neglect the centripetal and
Coriolis effects. Specifically, they define the position of a point on the beam in inertial space

as (converting to consistent notation):
r=x0+v(x,1) (8.1)

which leads to a velocity of
§=x0+70(x, 1) (8.2)

which gives a kinetic energy for the beam of
1 (L 242 e 22
Tb:Ef PA(x“0°+2x0v+ 7 )dx (8.3)
0
comparing this to the beam kinetic energy derived in Chapter 3 (Equation (3.23)):
1t 242 1= =2 22 1t 32
Tb:E[ PA(x“0°+2x0v+71V +0 v)dx+§f ply,0°dx (8.4)
0 0

we see that we have additional terms that are not present in Chapnik’s derivation. Similarly,
for the end effector (i.e., tip mass), Chapnik presents the kinetic energy (once again in a
consistent notation) as

T, = %me(LZ@2 +200TL+T) (8.5)

122



8.1. DISCUSSION

where our kinetic energy from Equation (3.67) is given as

T, = %me (@1 + V' rden) + (L+ del)é)z - %me(ﬁ + V1 de1)*0? (8.6)
Once again, we have additional terms that are not in Chapnik’s analysis. However, the strain
energy and the kinetic energy due to the motor inertia are equivalent.

Chapnik et al. do model an additional factor that is not included in the model in this
thesis. Friction was not included in the models used in this thesis because the experiment
used [1] did not provide enough data to properly characterize the friction model.

The work of Rhody [1] covers modelling the dynamics and control of Class II problems
(See Chapter 1 for details on the classes). His approach includes a simple stick-slip friction
model of the motor friction but the approach is limited in its application as pre-determination
of the impact force is required. For the type of problems in Class II this may be appropriate
but the difficulty will increase for the remaining classes. His approach does achieve better
agreement with experiment (likely due to inclusion of a simple friction model), but the
models presented in this thesis cover Classes II through VII.

Kovecses et al. [3, 4] present specifics on the equations describing the transition between
the pre- and post-capture systems, but neglect to provide the details on the equations of
motion for those systems, whereas this thesis presents the equations of motion for the pre-
and post-capture regions, as well as the equations that describe the transition. In another
paper, Kovecses et al.[26] presents the form of all of the equations, but not the specific details.

The approach taken in Kévecses et al. [3, 4] is to take the variation of the constraint equa-
tions and substitute the resulting velocity variation equations into the Jourdain variational
equations to eliminate the variations relating to the constraints. It is not clear that this is a
mathematically rigorous method for handling the problem. The constraint equations derived
are only valid for the post-capture system, where the variations apply to the transition region
between the pre- and post-capture systems. In this particular case, the approaches may be
equivalent but it is unclear.

The constraint embedding approach used in this thesis has an additional advantage over
the velocity variation approach. Bahar [29] outlines a method to derive the impulses due to
the impact when the constraint embedding approach is used to solve impact problems. Note
that Kévecses and Fenton [4] extended their approach to calculate the constraint impulses.

Lastly, comparing the results derived in Chapter 5 relating the pre- and post-capture
velocities to the results from Kovecses ef al. [3] we see that while our equation relating the
beam deflection velocities matches, the results for the tip deflection velocities and angular
velocities do not. Comparing the results, the angular velocity relation in Kovecses et al. [3]
is incorrect as a there are some problems with consistency of units on terms that are to be
added together. That is, some terms that add together have different units. However, the
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results derived herein do concur with the results from Kévecses and Cleghorn’s newer paper

[4] (if one ignores the additional effects included in our model).

All the previous work discussed here that relates to dynamic mass capture are system
models that only use 2D Euler-Bernoulli beam models whereas this thesis includes system
models that support both 2D and 3D Timoshenko beam models (including out-of-plane
effects and torsion). This allows for the capture equations to be extended to include classes
VI and VII in addition to edge cases of classes IV and V (where the capture may induce torsion
or the target is not translating in the plane of the beam).

8.2 Summary of Work

Using the classification system proposed in the Introduction, investigations into dynamic
mass capture to date have been restricted to classes I through III. This thesis includes a more
complete model for classes II and III (that includes the end-effector offset from the end of
the beam). It also includes centripedal and Coriolis effects. A 2D Timoshenko beam model
supports classes IV and V, while a 3D Timoshenko model is used for classes IV through VII
(Chapter 5 and Appendix F). Only class VIII is not covered by the models in this thesis.

To support this work, two new models for torsion have been derived (Chapter 2 and
section A.3) and new results on difficulties with some existing torsion models (section A.2).
Software has been developed to derive Finite Element models from first principles and solve
the resulting system of equations (Chapter 4 and Appendix D). The system was verified by
examining the convergence of a fixed-free beam in pure torsion (Section 4.5). Finally, a
method for determining the system damping has been presented (Chapter 6).

Models of 2D Euler-Bernoulli beam (with point mass end-effector and target), a 2D
Timoshenko beam (with rigid body end-effector and target moving in the plane of the beam),
and a complete 3D Timoshenko beam that includes torsion and rigid bodies for the end-
effector and target that support a full range of motion were done. This last model also
supports an eccentric end-effector as well as eccentric capture of the target. Comparisons of
these models was done with respect to an experiment by Rhody [1]. In addition, simulations
of eccentric capture were done by considering an offset of the capture of the payload in the x
and z directions (the y case was not done because of the nature of the capture). It was shown
that even a small offset (1 mm) in the z-direction leads to an increase by several orders of
magnitude in the angle of twist, to the point where it is close to being significant.
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8.3 Conclusions

While none of the three models accurately modelled the chosen experiment [1], as previously
stated, this is likely due to the omission of a friction model. Unfortunately, the experiment
did not provide enough information to properly characterize a friction model. The design
of the experiment is such that it is unable to show the effect of many different terms in the
capture equations and Lagrangians.

This thesis presents a variety of different models based upon the situation. For the
experiment examined, it is clear that a 2D Euler-Bernoulli model is sufficient, but for other
situations one of the Timoshenko models may be more appropriate. For 2D cases, it’s
likely that the Timoshenko model is more appropriate for the capture equations since the
momentum transferred by the capture is localized to the end-effector whereas the Euler-
Bernoulli beam model has the possibility of transferring momentum directly to the hub.

If the capture of the target and end-effector is not at the centre of mass of each of the
bodies, even a small offset can introduce a significant in the angle of twist of the beam and
in that case, the 3D Timoshenko model becomes important. So, if the point of capture is
uncertain, a shift to the 3D model should be considered even for what appears to be plane
motion (and capture).

For a general end-effector and target, the 3D Timoshenko beam model would be most
appropriate since a general end-effector and target may lead to the eccentric capture case as
shown in Chapter 2 and torsion results as shown in 7.7.

The inclusion of friction in the system would likely not affect the capture equations
since the capture happens instantaneously and as such the frictional impulse will be zero.
While there is no change in the capture equations, the inclusion of friction would affect the

simulations.

8.4 Future Work

While not modelled, one model of friction that could possibly be implemented is that of
Bliman and Sorine [80, 81, 82, 83] which provides a differential equation model of both
dynamic and static friction. This has the advantage of only a few parameters to identify.
However, if one is spending the time to properly characterize the hub/motor the LuGre
model is preferable [84, 85, 86, 87].

Since the assumed displacement torsion model discussed in Chapter 2 suffers from
the same problem as the Reissner torsion model (see section A.2) some comparison of the
assumed stress model (section A.3) to the assumed displacement model should be done.
Since the assumed stress model is more complex, the assumed displacement model is
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preferred if its accuracy can be shown. In addition to comparisons between the models,
experiments to compare both models can be done. This is viewed as a second step after
direct comparisons between the models is done. How does the comparison change based
upon the the cross-section of the beam? If the assumed displacement model is sufficient, are
there other approaches to modelling the warping function? Can either work be extended to
handle a varying cross-section?

Since the experiment used in this thesis only covered classes II and IV, more experiments
are necessary to cover classes III, V, VI, and VII. This requires a beam with strain gauges
along the length attached to a motor. This would allow one to move the beam prior to
capture and to find the shape of the beam. The end-effector can be simplified to use rare
earth magnets instead of an electromagnet. Some method of launching the target that could
possibly impart spin would be necessary to handle classes VI and VII. That said, if the target
is only translating, classes IV and V would be covered and would show most of the effects
from the 2D and 3D Timoshenko capture equations.

Now that the basic model exists, we can start to look at applying to to design a controller
for a flexible beam that captures a target. It could also be used in the design of a flexible beam
itself. In addition, the model can be used for prediction purposes for existing beams/targets.
If a manipulator on the International space station is going to be used to grab a particular
payload (e.g., the SpaceX Dragon capsule), what will happen to be beam? Can the motor and

controller properly compensate for various situations?
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APPENDIX

Torsion of Uniform Cross-section

Beams

This appendix discusses modelling of torsion of constant cross-section beams. The first
section presents the derivation of uniform torsion, the second illustrates problems with

Reissner torsion and the third derivation of a new model non-uniform torsion.

A.1 Derivation of St. Venant Warping Function

This section discusses the uniform torsion of constant cross-section beams, in particular
torsion of rectangular beams. It is divided into 5 subsections. The first subsection begins
the derivation of the general uniform torsion problem for beams of an arbitrary cross-
section. The second continues the derivation for a rectangular cross-section. These two
subsections are based upon the work of Sokolnikoff [31] but omit unnecessary details and add
additional explanations. The third subsection derives the torsional inertia of a rectangular
beam while the fourth derives the torsional kinetic energy of a rectangular beam. Lastly, the
final subsection does a convergence analysis of the torsional inertia expression to discover an
adequate approximation and compares this result to some other expressions for the torsional
inertia.

General Cross-Section Problem Definition

Restating Equations (2.15)-(2.17),

u = adp(y 2 (A.1)
VvV = —axz (A.2)
w = axy (A.3)
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The warping function ¢(y, z) has to be determined to satisfy the differential equations of

equilibrium,
0 0 0
aO’xy(X;y;Z)‘i'&sz(x,y,z)+a0'xx(x,y,z) = —F,
0 0 o
@(Tyy(x)y»Z)'F&Uyz(x,y,2)+aa'xy(x,y,z) = _Fy
0 0
@Uyz(x'y’z)"‘&Uzz(x’%z)‘“affzx(x;y,z) - —F,

and the boundary equations,

Uyy(X,y,Z)rly+0yz(X,y,Z)nz =0
0yz(X,y,2)ny +0z(x,y,2)n; = 0
ny(x; y) Z) ny + sz(x) _V, Z) nZ = 0

where 7 is the outward normal unit vector at the boundary,

All normal stresses in this situation will be zero since for this case,

ou 1
e 0 = 7 (0xx—V(0yy+022))
ov 1
@:0 = E(Uyy_‘/(‘fxx+‘7yy))
0_w_0 = l(U —V(Oxx+03z)
az_ - E zZZ P ZZ

(A.4)

(A.5)

(A.6)

(A7)
(A.8)
(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

and the only way for these equations to be satisfied is when all the normal stresses are zero.

Note that E is Young’s modulus for the material, v is Poisson’s ratio and both are assumed to

be constant throughout the beam. The shear stresses in terms of the displacements are,

o -G 6v+6w)
v ox Oy
ow Ov
Oyxz; = G E+a
ov Ou

130

(A.14)

(A.15)

(A.16)



A.1. DERIVATION OF ST. VENANT WARPING FUNCTION

where G is the shear modulus of the material and is also constant in the beam. Substituting

the assumed displacements (given in Equations (A.1)-(A.3)) into these equations we get,

0
Oxy = —Ga(z—@(p(y,z)) (A.17)
Oxz = Ga(i¢(y,z)+y) (A.18)
0z
oy, = 0 (A.19)

Note that there are no applied forces to the system so Fy, F), and F, are all zero. Substituting
this and the stresses given in Equations (A.17)-(A.19) into Equations (A.4)-(A.6), only Equation

(A.4) remains,
2 2

0 0
Ga a—yzd)(y, z)+ ﬁcp(y, z)|=0 (A.20)

Now that we are reduced to the single partial differential equation, simplify it by dividing out
G which cannot be zero since it is a material property and a which should not be zero at the

cross-section of interest, to obtain

0° 9>
a—yz([)(y, z)+ ﬁ(b(y, z)=0 (A.21)

Similarly, for the boundary conditions, we have only Equation (A.9) remaining, which be-

comes

0 0
nyz—ny@(,b(y,z)—nz&(p(y,z)—nzyzo (A.22)

But, we can collect the ¢(y, z) terms using,

0 0 0
%db(% z)= nya—yd)(y, z)+ nzad)(y, z) (A.23)

which is the derivative of the warping function in the direction of the boundary normal 7 on
the boundary C (See Figure A.1). Substituting that result into the boundary condition (A.22)

gives a new form of the boundary condition as

0
%4)(3/, zZ)=nyz—ngy (A.24)

Since the boundary condition for this problem is complicated, let us reformulate this
problem as a simpler one. It follows from Equation (A.21) that ¢(y, z) must be a harmonic
function throughout the region bounded by the curve C (which is the boundary of our cross-
section) with the normal derivative of this function satisfying the boundary condition given
in Equation (A.24). Since the warping function is harmonic throughout the cross-section of
the beam, we can construct an analytic function ¢(y, z) +jw(y, z) of the complex variable
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Figure A.1: General Cross-Section Boundary Relations

y+jz [88]. For the derivative of the analytic function to be continuous, ¥ (y, z) must be related

to ¢(y, z) by the Cauchy-Riemann equations,
0 (y,2) 0 (¥, 2)
A ) & = = ) &
3 ycb Y ppAts

9 a2 = 9 (3, 2)

Differentiating the first Cauchy-Riemann equation with respect to z,

0> 0>
ayazd)(y, z) = @w(y, )

and the second with respect to y,

02 0?
ayazf,b(y; Z) = _a_J/ZW(yr Z)

and then subtracting Equation (A.27) from Equation (A.28), yields

2 02
O_yzw(y’ z) + 6—221,11(3/, z2)=0

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

which means that y(y, z) must be a harmonic function as well. To find the boundary condi-

tions for this new PDE, let us first return to Equation (A.23), and redefine ny, and n, in terms

of an element of boundary arclength ds (See Figure A.1) as,

_dz
ny—_

Substituting these results into Equation (A.23),

dz\ o0

)2 g0 (22) Lt - S
ds Oy(/) »e ds Oz('b »a= On('b »e
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A
’N

Figure A.2: Rectangular Cross-section

and making use of the Cauchy-Riemann equations,

dz) o0

(—)— ( z)+(ﬂ)i ( z)—i (v, 2) (A.33)
as) 32"V 45 5y YA = 50 '

Note that the left-hand side of this equation is the definition of the derivative of v (y, z) with

respect to s, so this equation becomes,

4 vomn=Lom 2 (A.34)
asVE _dn(p ne '

Substituting this result as well as Equations (A.30) and (A.31) into the original boundary
condition Equation (A.24),
dy

4 =324 (A.35)
J— ’Z = —2 _ .
P P P

and solving, we get the following relation for any arbitrary boundary C,

1
Y =3 (2% +y7) (A.36)

which is only true for y and z on the boundary.

Rectangular Beam of Constant Cross-section

While the work in the previous section is for an arbitrary cross-section, we are concerned with
rectangular beams. So, now consider a cross-section as shown in Figure A.2. Considering a
boundary C that is a box of dimensions a x b where b = a, we get the following relation on
the top and bottom boundaries (y, +2),

b 1 1
L+ — :_bz 2 A.37
vl 2) 8 +2y ( )
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and similarly for the left and right boundaries (ig, 2),
@2 y=l2.1p (A.38)
+—,2)==-2z"4+— .
Vi3 27 '8

To simplify the boundary conditions, introduce a new function f(y, z) which is related to
¥(, ) in the following manner,
2
a—yzw(y, 2)+1=f(y 2 (A.39)

The function f(y, z) is a harmonic function since ¥ (y, z) satisfies Equation (A.29) and we can
also get the following relation for f(y, z),

02
fra=1-—y(2 (A.40)
0z
By differentiating Equation (A.37) we can get the second derivative of the boundary condition
with respect to y for the top and bottom boundaries,

2
— =1 A4l
ALK (A41)

£

We can also get the second derivative with respect to z of the boundary condition on the left
and right boundaries from Equation (A.38),

2
a—yzw(y, Alze=1 (A.42)

Therefore, the boundary condition for f(y, z) on the top and bottom boundaries is,
b
f(y,J_rE) =2 (A.43)
and for the left and right boundaries,
a
f (J_rg,z) =0 (A.44)

The function f(y, z) is harmonic so it satisfies the PDE,

02 02
a_ny(y’Z) +ﬁf(y,z) =0 (A.45)

Note that we have non-homogeneous boundary conditions on the z boundaries. This can be

solved by separation of variables in two steps. Separate f(y, z) according to

fwa) =L+ 1,2 (A.46)
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where
V2 (1,2)=0 and V2f3(3,2)=0 (A.47)

with the boundary conditions

Blgd=0 A(gd)=o

(gz) 0 fg(g,z):o
fz(y,—é) 2 fs(y,—§)=0
fz(y, )—0 fs(y,§)=2

So, we have a set of two PDEs where only one boundary condition is non-zero. First, solving
the equation for f>(y, z)

V2 f(y,2) =0 e[—f f] ze|-b 1—7] (A.48)
2 y) — Y y 2 ) 2 2) 2 .
subject to the boundary conditions
a
f2 (—5, z) =0 (A.49)
a
£ (E’ z) -0 (A.50)
b
f2 (y, —5) =2 (A.51)
b
f (y, 5) =0 (A.52)
This can be solved by separation of variables according to
L2(3,2) = Ya(y) Z2(2) (A.53)

Substitute (A.53) into (A.48) to find

YZ.yy _ 23,22
Y, V)

V2Y5(y)Zo(2) =0 which may be written as =-13 (A.54)
where A, is a constant to be determined. Equation (A.54) leads to two differential equations

Yoz +A5Y2 =0 (A.55)
Zo2z—A5Zp =0 (A.56)

Because of the homogeneous boundary conditions (A.49)-(A.50) only (A.55) is an eigenvalue

problem. The solution to (A.55) must be of the form
a ) a
Y>(y) = Az cos (Az (y+5)) +B231n(/12 (y+§)) (A.57)
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Note that incorporating the translation transformation to y does not change the validity of

proposed solution because it still satisfies (A.55). Evaluate (A.57) on the y-boundaries to find

1 0
cos(Ara) sin(Ara)

A
B,

which has the characteristic equation
Ay =sin(Aya) =0
which leads to the eigenvalues
nm )
A, = — naninteger
a
and the eigenfunctions
) a nm a
an(y):Bgsm(/lg (y+ 5)) Bgsm( (y+ ))

The solution to (A.56) is of the form

Zr(2) =Cy cosh (/12 (Z— Ig)) + D sinh (/12 (z— Ig))

(A.58)

(A.59)

(A.60)

(A.61)

(A.62)

As with y, incorporating the translation transformation to z does not change the validity of

proposed solution because it still satisfies (A.56). Evaluate (A.62) on the z-boundary z = g to

find
b
Zg (E) = Cg =0

Therefore, Equation (A.62) becomes

. nn b
Z5(z) =Dy smh(— (z— —))
a 2

and f>(y, z) is of the form

L2 =) FonYan(y) Zo(2)

n=1

=3 Favsin(Z2 -+ 5))sinn (2 [z~

a
From Equation (A.51)

fz(y 120) Z ansm(n (y+ ))sinh(nng):z

n=1

Noting that

SIS

f_% sln(”” (y+ a))sin(% (Y+§)]dy={2 min

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)
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take the inner product of Equation (A.67) with respect to
nm
sin ( v+ ))

b 2
_FZnESinh(I’lTL’—) = _a (1 + (_1)n+1)
2 al nn

to find

Which allows us to solve for F,,, as
4 (1+(=Dn"*)
Fon= =t
smh(mrz)

F,,, can also be written as,

then f>(y, z) is,

i 8 (nn (y+a))sinh(”7f(z_§))

f(y2) = ——sin 5 — ( )

n=135,- N7
& _(@j-Dn sin ((] D”( ‘b))
J'Z=l (2]_1)” n( a (y 2)) sinh ((2]—1)7ta)

Now, solving the equation for f3(y, z),

szg(y,z):o, ye[——,—] ZE€

subject to the boundary conditions

b
—=1=0

)=
, z) =0
f3 (y, - )
f (J/» ) =2
As before, this can be solved by separation of variables according to
f3(1,2) = Y3(y) Z3(2)
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Substitute (A.78) into (A.73) to find

YS,yy _ Z3,zz

V2Y3(y)Z3(z) =0 which may be written as
Y3 Z3

=-13 (A.79)
where A3 is a constant to be determined. Equation (A.79) leads to two differential equations

Y3, +A5Y3=0 (A.80)
73,2, A573=0 (A.81)

Because of the homogeneous boundary conditions (A.74)-(A.75) only (A.80) is an eigenvalue

problem. The solution to (A.80) must be of the form
a ) a
Y3(y) :Agcos(ﬂtg (y+ 5))+Bgsm(ﬂg (y+5)) (A.82)

The translation transformation to y does not change the validity of proposed solution because
it still satisfies (A.80). Evaluate (A.82) on the y-boundaries to find

1 0 As
i =0 (A.83)
cos(Aza) sin(Aza) B3
which has the characteristic equation
Az =sin(Aza) =0 (A.84)
which leads to the eigenvalues
nm )
A3 = — n an integer (A.85)
and the eigenfunctions
. a . (DT a
Y3,(y) :Bgsln(/lg (y+ 5)) —Bgsm(7 (y+5)) (A.86)
The solution to (A.81) is of the form
b ) b
Z3(z) = C3cosh|As3|z+ > + D3sinh| Az |z + > (A.87)

The translation transformation to z does not change the validity of proposed solution because
it still satisfies (A.81). Evaluate (A.87) on the z-boundary z = —g to find

b
Z3 (—5) =C3=0 (A.88)
Therefore Equation (A.81) becomes
. nmw b
Zg (=) = D3 sinh (7 (Z + E)) (A.89)
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and f3(y, z) is of the form,

fn2) =) F5pYan(y) Z3(2)

1 (A.90)
=
:’gpgnsm(”—;’ (v+ g))smh(naﬂ (z+ g)) (A91)
From (A.77)
( ) = ; ansm( (y+ ))sinh(nng) =2 (A.92)
Noting that

SIS

[

ol
<.
=

3
:1
~<
+
N
L
=
3
Q‘::
<
+
[N
Q
~<
Il
e e
[a]
S S

g m=n
take the inner product of (A.92) with respect to
nm a
sm( ( v+ ))
to find
a b 2a
an—sinh(nn—) = —(1+(—1)”+1) (A.93)
2 a nn
Which allows us to solve for F3;, as
(1 + (_ 1) n+1)
Fin=— (A.94)
NI o
sinh (I’lﬂa)
which can also be written as
0 n even
F3n=1 4 1 (A.95)
nm sinh(n %) nodd

then we get that f5(y, ) is,

0o 8 sinh(ﬂ(z+l—”))
o= 5, monl2 o) s
(

oo (@j-bm( a sinh Zj;l)”(z+§))
gzj_m ( a (y+_)) sinh (2~ D)

(A.97)
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Now, we combine the two solutions. Using Equations (A.72) and (A.97) to form f(y, z) we get

sinh((zj# (z— g))

x 8 _(@Rj-Dn
fa)=) —— sm( v+ = )
]; 2j-Dr a ( 2) sinh((2j—1)n§)

sinh ( (Zj;l)” (z + %7))

8 sin((zj_l)jI (y+g))

TR 5 (A.98)

sinh (2 - 1)r2)

8 sin((zj;l)n (y+g))x

;(2]—1)71 2

i
smh(w (z+ g)) sinh((zj% (z— g)))

+ (A.99)

smh((z Jj- 1)n§) sinh((ZJ' - Dﬂ%)

_°° 8 . (@j-Dm a
g(zj—l)nsm( a (y+2))"

(smh(w (2+2)) - sinh 21207 (z—%)))

sinh (2] - 72

(A.100)

However, we can simplify this further. The first hyperbolic term in the numerator expands to,

nh((zj - l)nz) cosh((zj - l)nb) +cosh((2] - l)nz) sinh((zj - l)nb)

a 2a a 2a

similarly, the second hyperbolic term in the numerator is,

Sinh(M) Cosh(w) ~ Cosh((Zj - l)nz) Sinh(@] - l)nb)
@ 2a a 2a

So, subtracting these two terms we get,

nh(—(zj o (z + g)) - sinh(—(zj i (z— g)) = 2cosh(—(2] — l)nz) sinh(—(zj _ l)nb)

a a a 2a
(A.101)
The half-angle expansion of the denominator is,
i h((2 i—1) b) 2si h((z i—1) b ) h((z i —1) b ) (A.102)
sin —1)n—|=2sin —1)m— | cos -1n— .
] a ] 2a ] 2a

When we combine Equations (A.101) and (A.102), the hyperbolic sine terms cancel. So, using
this in Equation (A.100),

- . (@j-br 1)71 2j-D)nz
_ fl)n(sm( (y+ ))cosh(—a )) AL03

fy2)=
]Zzl cosh (—(ngz)ﬂb)
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Now, letting j = n+ 1, we get,

~ g Sin((Zn;—l)n (y+ %)) cosh((2”+a1)”z)
fra=) (A.104)
n=o0 2n+1)m COSh((Zn-I-l)]l'%)
Examining just the sine term, we expand it to get
2n+1 2n+1
m(M (y+ﬁ)) :sin(M+nn+z) (A.105)
a 2 a 2
2n+1
= cos % + Jm) (A.106)

Now, expanding this,

((2n+ Dry )
CcoS| ———+mn|=cos
a

sin(nn) (A.107)

2n+ l)ny) (2n+1)ny)

cos(mn) — sin(

However, since sin(rn) = 0 the second term is zero, leading to,

cos(@ +7m) = COS (@)cos(nn) (A.108)
— (=1)""cos (@) (A.109)
since cos(nmn) = (—1)". Therefore, we have,
sin(M (v+ f)) = (—1)”cos(M) (A.110)
a 2 a

Using this in Equation (A.104) to replace the sine term we get the formal series solution for
2,

o 8(—1)"cos (—(Z'Hal)”y) cosh (—(2”+a1)”z)

f2)= ;;0 @2n+ l)ncosh(W) (A1
Using this formula for f(y, z) in Equation (A.39) we get,
pe oo 8(~1)" cos 2 | cosh 21z |
O_J’ZW(J/’ Axl= ,;0 (2n+1)mcosh (% (2n+a1)nb) (A.112)
and in Equation (A.40),
92 o 8(=1)"cos (@) cosh(@)
32V e = l_ng'o p— l)ncosh(%W) (A.113)
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Integrating Equation (A.112) with respect to y, yields

o 8(—1)"sin (_(2n+al)ny) cosh (—(2”+a1)”z)

il//(y HDEDY
Oy" """ 4% (2n+12r?cosh (%—(Z”“Lal)”b)

—y+k1(2) (A.114)

and integrating Equation (A.113) with respect to z, yields

g \- 8(_1)’%03(@)sinh(%)
&W(y, 2=z-)

n=0 2n+1)2n2 cosh(%@)

+ ko (y) (A.115)

Making use of the Cauchy-Riemann equations, we can rewrite these equations in terms of

the warping function function ¢(y, z). Using Equation (A.26) in Equation (A.114) we get,

. [ 2n+1)
i(l)(y 2= i 8a(-1)" sm(%) cosh(@)
oz’

n=0 2n+1)2n2 cosh(%@)

+y—ki(2) (A.116)

and using Equation (A.25) in Equation (A.115), gives

o 8a(-1)"cos (@) sinh (W)

)
@W’Z) =z- )

n=0 2n+1)2n2 cosh(%@)

+ ko (y) (A.117)

To find the integration functions k; (z) and k»(y), rewrite these equations in terms of the
shear stresses by using Equations (A.18) and (A.17) respectively. Since it will be easier to solve

for k(y), we will start by using Equation (A.17) in Equation (A.117) to find
Oxy o 8a(-1)"cos (@) Sinh((2n+1)nz)

a
ALY + ko () (A.118)
Ga n=0 2n+ 1)27.[2 cosh (% (2n+a1)n'b)

On either the left or the right boundary the shear stress o, should be zero. Making these
substitutions, we get,

1
z=z+k (iza) (A.119)

which means that k,(y) = 0is a simple solution that satisfies these conditions. Using Equation
(A.17) in Equation (A.116),

o0 8a(—h%m(@)msh(%)
L +y—ki(2) (A.120)

Ga n=0  (2n+1)%m? cosh(%—(zma””b)

Ozx

On the top and bottom boundaries (z = ig) the shear stress o, must be zero. This gives,

8(~1)" sin (222022 )

a
2n+1)2x2

b
—y ki) (A.121)

)

n=0
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. . b
and isolating k; (+7),

o 8a(-1)"sin

((2n+1)ny)
ki by gy ) i

A.122
2n+1)%7? ( )

Since ki (z) is constant with respect to y, the only way this can be satisfied is if the right hand
side is zero for all y. To prove this, let us make use of generalized Fourier series again by

finding a series expansion of 2y using sin (@) That is, we would like to find,
= 2n+1
2y=)_dy sin(M) (A.123)
n=0 a

Now taking the inner product of Equation (A.123) with its right-hand side sine terms leads to

a

Z a2ysi ((2m+1)ny)d _ Z Z E i ((Zm-;l)ﬂy)dnsin

m=0Y 5 m=0n=0

2n+ l)ny) dy

(A.124)
The integral on the right hand side is only non-zero if m = n. Therefore, after carrying out
the integration and equating terms,

-D™a* 1
2omrDE - 2ma (A.125)
and isolating d,,, produces
_ 8a(-1™"
"= Gm i PR (A.126)

Using this in Equation (A.123), Equation (A.122) becomes

. 2n+1)
b [ee) 86l( 1)m n((2m+1)ny) o) 861(—1)”3111( na ﬂY)

k(=)= si
13 Z o 2m+ 1)2n2 = 2n+1)?2n?

(A.127)

which means that k; (ig) = 0. As before, the simplest solution that satisfies this is if k; (z) =
0. However, before we make a decision on the values of k;(z) and k»(y) let us first integrate
Equations (A.116) and (A.117) to solve for ¢(y, 2).

B 00 8a2(—1)”sin(—(2”+a1)”y)sinh(—(z'”l)”z) . . \1os
(p(y,z)—yz—ngo (2n+1)3n3cosh( _(2n+a1)nb) —hi(@z+ k() (A.128)
B o 8a (—1)"sin(—(2"+a1)”y)sinh(—(zmal)”z) . . 12
<p(y,z)—yz—nX::0 (2n+1)3n3cosh(%_(2n+a1)nb) Ty +ka2) (A.129)

For these to be equivalent and satisfy the earlier boundary conditions on k; (z) and k»(y), it
is necessary that both k;(z) and k»(y) be zero. But for k3(y) and k4(z) all that is necessary is
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APPENDIXA. TORSION OF UNIFORM CROSS-SECTION BEAMS

that they are the same constant. The effect of this constant is to shift the warping function
such that the origin of the frame (i.e., the centre of the cross-section) is no longer in the
original plane. To keep the origin in the original plane, we choose to set this constant to zero.
Therefore, the warping function is,

o 8a*(-1)"sin (—(2"+al)ny) sinh (—(Z’Hal)”z)

¢12)=yz-},

(A.130)
n=0 @2n+1)3xn3 cosh(

1@2n+)mb
2 a

Derivation of Torsional Inertia

Using the warping function we can get a new definition for the torsional inertia of the beam,
commonly denoted as J. There are two different ways we can derive the formula for J. The
first, which is the technique used by Rivello [33] and Sokolnikoff [31], is to define it in terms
of the torsional couple created by the shear stresses. The second which is mentioned by
Baruh [30] (but only done for the non-warping case) derives J based upon the potential
energy. Both methods are shown here to illustrate that either method results in the same

definition of J.

Derivation of ] based upon the resultant moment
The torsional moment experienced at a cross-section is,
A

where o,y is as defined in Equation (A.18) and oy, is as defined in Equation (A.17). Substitut-
ing these definitions into M, we get,

0 0
M, = fA Ga (z2 B A YAy oW z)) da (A.132)
Since G and a don’t vary over the cross-section,
2 0 2 9
My=Ga | |z°—z—¢d(,2) +y "+ y—¢(y,2) | dA (A.133)
A oy 0z
Traditionally, the torsional moment is related to the twist rate through the formula,
M;=GJ]a (A.134)

Therefore, we can define J as,

]:fA(y2+zz)dA+fA

) )
y@(b(y, z) —zacp(y, z)|dA (A.135)
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which can be written as,

]:]g+]w

(A.136)

where J is the geometric torsional inertia and J;, is the warping correction factor. We have

already calculated the partial derivatives of the warping function in Equations (A.116) and

(A.117). Restating those equations,

P 0o 8a(—1)”cos((2"+l)”y)s ((2”“)’”)
6_¢(y’ 2 - L 1 @n+)rb
y n=0 2n+1)2x2 cosh(§ o )
5 Oi 8a(=1)"sin ( (2n+1)ny) co ((2n+1)ﬂz)
—¢(2) = y-
0z n=0 2n+1)%7? cosh(% 2n+a1)”b)
To facilitate the manipulations we will write these equations as,

0

—d(y, = y+85(,

aZ(l)(y ) y+81(y,2)

0

@d)(y, z) = z+8(y2)
Substituting these into the equation for J,, results in

]:L(2y2+y51(y,z)—ZSz(y,z))dA

which when combined with Jg leads to,

J= fnydydz+f

We will integrate just one term at a time. So, integrating the first term we get,

(SIS

uySI(y,z)dydz ffzSz(y,z)dydz
2

1, [3(% e
J==a b+fhf ySl(y,z)dydz—fbf zS2(y,2)dydz
6 7% Ekdy
Now expanding the second term,

;s V(= 1)"Cosh(M)sm(@)

1 b
J=-a° b—_ 2[
° K (2n+1)2cosh( w)

b a
—foizSz(y,z)dydz
22

and then carrying out the integration with respect to y, produces

dydz

(2n+1)
] 1 3b 16@3 [e) f% COSh(—na T[Z)
b

6 ED n=0J (2n+1)4cosh(%W)

b a
—f_i f_zzSZ(y,z)dydz
272
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Integrating the second term with respect to z, reduces this to

1 2n+)nb
1 3244 ® sinh |5 =—=—
e e [po5) ffzsg(y,z)dydz (A.146)
6 T = 0(2n+1)5cosh( (2”+1)”b

J=

which can be written as,

32a4 0o tanh(l (27’1+1)7Tb) b a

J=iap-2L % —fzfzzS( 2)dydz (A.147)
6 = 2n+1)d b J=e 2P By '

Considering the final term we have,

1, 324t @ tanh(l(zn‘;l)”b)
=—a’b-
7=% d ,,ZO @n+1)°
A.148
a z(— 1)”cos —(2”+a1)”y)sinh(—(z’”al)”z) ( )
f f dydz
2 J5 @n+ l)zcosh(l—(z’”””b)
Integrating with respect to y, gives
1, 324t tanh(l (2n+a1)nb) 162 © (L Zsinh((2n+al)nz)
J=-a’b-— - - f dz (A.149)
6 7 op= n+D) T =0 2n+ 1)%05h(%@)
and then integrating with respect to z, gives
1 @n+lmb 1@n+lmb
sl 32a* X tanh( @ )+16a3b i 1 32a* X taﬂh( a )
6 = 2n+1)° =2+t w0 (2n+1)°
(A.150)
which can be simplified to,
1 @n+Dnb
J=Lab- 64’ i tanh( " ) (A.151)
3 5 2 (2n+1)5 '

which cannot be simplified further since the series does not have a known closed form
expression.
Derivation of J using potential energy

Start with the definition of the shear strains,
ov Ou

Yyx = a + G_y (A.152)
ou oOw

Yzx = a2 + P (A.153)
ow Ov

Yyz = W + & (A.154)
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Substituting the displacements from Equations (A.1)-(A.3) into the shear strains, produces

0

Yyx = a(a(P(y,Z)—Z) (A.155)
0

Yzx = a(a—</)(y,Z)+y) (A.156)
<

Yy = 0 (A.157)

The potential energy due to shear is in general,

U= fv GV +7v2e+7ss) dV (A.158)
which after substituting the shear strains in terms of the warping function ¢(y, z) becomes,

2 0 0 ) )
+2y—d(y,2) —2z—¢p(y,2) |a“dV (A.159)
0z oy

U—fG(z2+ 2+(3¢( z))2+(i¢>( 2)
which we will write as,
U= f GJa®dx (A.160)
X

where J is defined as,

]:f (z2+y2+(i¢>(y 9
A ay "’

Note that this definition is different than our definition of J in the previous subsection.

2 0

0 2 0
+ (a—¢>(y, z)) +2y—¢(y,2) —2z2—P(y, z)) dA  (A.161)
z 0z ¥

ay

However, we will show that this definition results in the same final expression for J. As before,
we will use Equations (A.139) and (A.140) in Equation (A.161) to facilitate manipulation. After
substitution we have,

J= f (2% + Y2+ (13, 2) + 1)* + (S2(3,2) + 2)* +2y(S1(3,2) + )
A (A.162)
—22(S2(y,2) +2)) dA

which after simplifying becomes,

]:f (4y* + S2(y,2)* + S1(3,2)* +4yS1(y,2)) dA (A.163)
A

Of note that for each of the summations S;(y, z) and S»(y, z) because of the orthogonal nature
of the trigonmetric functions when we integrate the squared terms we can move the sum
outside the integral and square each term since the integral of mismatched terms will be
zero. Expanding the integral Equation (A.163) gives

bt 2 S 2
J= _b _a4y dydz+ _b _aSZ(y,z) dydz+ _b _asl(y,z) dydz
277 277 277

b a (A.164)
+f_i f_z 4yS:(y,2)dydz
2 Y%

147



APPENDIXA. TORSION OF UNIFORM CROSS-SECTION BEAMS

As before, we will consider one term at a time. Integrating the first term gives,

I
[Nl

1 4 z z ,
]:§a b+ | aSZ(y,z) dydz+ . S1(y,2)°dydz
B > oz (A.165)

+[i fz 4y81(y,z)dydz

25

Substituting for S»(y, z) from Equations (A.137) and (A.140) into the second term results in
dydz

@2n+ 1)4C05h(1—(2n+1)nb) (A.166)

2
cos (2n+1)7ry) sinh ( (2n+a1)nz)

1 s, 64a2°°ff
J=
3 -a
a

2 , 7 (3
+f_bf_a S1(y,2) dydz+f_bf_a4y81(y,z)dydz
2 Y7 2 Y7

and integrating the second term with respect to y, produces

2
1, 3200 & Sinh((mm)
]: 3 3 Z dZ
=095 (217 4 1)4cosh(1w) (A.167)

24 ) 73
+f_bf_a S1(y,2) dydz+f_bf_a4y81(y,z)dydz
2 Y7 2 Y7

and after integrating with respect to z, we get

asinh(@) —tbhb2n+1)

1 5 164 X
J=-a’b+ e >

2
’ n=0 2n+ 1)5cosh(§W)

beg £t
+f_bf_a S1(y,2) dydz+f_bf_a4y81(y,z)dydz
2 J7 2 v7

Substituting for S; (y, z) from Equations (A.138) and (A.139) in the third term we have,

(A.168)

1 1643 & asinh(@)—nb(2n+l)
J= §d3b+ 5 Z >
" n=0 2n+ 1)5cosh(%—(2”+al)”b)

2 2
642 = % Cosh((2n+al)nz) Sin((2n+1)ny)
T fo 3 dydz
ntoa=0d 5 1 @n+1)mb
n=072 "7 (2n+1)4cosh(§—)

a

(A.169)

b a
+f_z f_z 4yS1(y,2)dydz
2 Y%
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Integrating the third term with respect to y, yields

164° asinh(@)—nb(2n+l)

1
J= 5&3b+ 5 >
7 n=0 (2n+ 1)5cosh(%—(2”+al)”b)

2
2n+)nz
32a3 3 cosh (—) (A.170)

dz

n=09% (25 4 1) cosh(l—(2”+1)”b)

+f_z f_z 4y81(y,z)dydz
2 J7

and then integrating with respect to z, results in

asinh (W) ab(2n+1)

2
n=0 (21+1)5cosh (% (2”+a1)”b)
(A.171)

16 asinh(@) +ab(2n+1)

a 0 2 %4 S dvd
ng‘o 5 @n+l)mb)? +f_bf_a yS1(y,2)dydz
(2n+1)5 cosh|( ) 2 )=

1
2 a

which can be simplified to the form

) . 32a ~ sinh((2n+1)nb)

J=3ab Z

=0 2n + 1)5cosh ( 1 —(Z”H)”b)

a

+f_2 f_z 4y81(y,z)dydz
2 Y7

Substituting for S; (y, z) in the last term, leads to

(A.172)

) 324t sinh((2n+a1)nb)
J=-a’b+ >

5 2
3 = n=0 2p + 1)5cosh(%—(2”+al)”b)

(M) , M) (A.173)

32a f fa( 1)"ycosh - sm( - dyd
z
) (2n+1)zcosh(%—(2”+al)”b)

after carrying out the integration with respect to y, we have
1 32@4 le’e) Slnh (—(2n+a1)7'[b)
J=-ad’b+—— ) :
3 b/ Sl 5 1 2n+1)7h
(2n+1)°cosh|z=—=—

cosh ( (2n+1)7TZ)

64a’ & f
e (2n+1)4cosh(1—(2"+1)”b)

(A.174)

(SIS

a
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and then integrating with respect to z, produces

1 32(14 [e'e] Slnh (—(2n+al)nb)
J=-a’b+—— 3 5
3 20 5 1 2n+1)mb
(2n+1)5 cosh } 2hrb)
(A.175)
128g" sinh (% (2n+a1)nb)
7> 10 (2n+1)5 cosh (%—(Z”J’a””b)
Combining terms in Equation (A.175) allows us to write
. 324t sinh ( (2n+a1)nb)
J=za’h-—x) > (A.176)
3 b/ S 5 1 2n+l)mb
(2n+1)°cosh|3=——
which can be rewritten as,
1 6agt sinh (% (2n+a1)nb)
J=zah- (A.177)
3 7° n=0 (2n+1)5cosh (% (2”+a1)”b)
or alternatively as,
1 @2n+)nb
sl 64a i taﬂh(z—a ) 178
= —a — .
3 = 2n+1)°

which is the same as what we found in the previous section.

Torsional Kinetic Energy

Revisiting the displacements, now we consider that a is now a function of time. Therefore,

v = —-a(t)xz (A.179)
w = a(fxy (A.180)
u = aloey, =z (A.181)

The kinetic energy of the beam due to shear is in general,
1
T:Ef p (¢ + 0%+ w?) dV (A.182)
v
which after substitution of the displacements is,
1 1
T= Ef px* (2 +y*) a(n*dv + 5[ pp(y, 2)%a(t)*>dV (A.183)
14 v
Which can be written as,
1 1
T= —fp]gxzd(t)zdx+—f pp(y,2)%a(t)*>dv (A.184)
2 Jx 2Jv
using the definition of J; from Equation (A.136).
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Convergence Analysis of ]

The formula for J includes an infinite series with no closed form solution. So it is important
to know how many terms in the series are needed to get a “good” approximation to J. First,
let us perform a change of variables to facilitate the analysis. Let b = a8 where f is the ratio
of height to width of the cross-section. After substitution into J we get,

1 ,. 64a* & tanh(32n+1)np)

—a'p- > (A.185)

/=3 7 = @n+1)p

Factoring out the a?,

1 64 & tanh(32n+)np)
= — Z = (A.186)
5 = 2n+1)
Now, add and subtract 1 inside the sum giving,
1 64 X 1-1+tanh(i@n+1)7p)
4 2
= -b—-— A.187
/=a (3'6 7[5,;) 2n+1)° ( )
which can be re-written as,
J 1, 64[& 1 % 1-tanh(i@2n+17np)
J_1, 64 __ A.188
a* 3'6 m° (n;o 2n+1)° ,;0 2n+1)° ( )

Now, we can use the Riemann Zeta function to simplify the first sum. Using the identity [89],

Y ——— = (-1+27™)(={(m)) (A.189)
n=0

we get,

© ]1—tanh(i@2n+1
anh (3(2n+ )nﬁ)) (A190)

1 64 (31
ézgﬁ‘ﬁ(g—z“m‘é an+ 17
Therefore, the right hand side is now only a function of two variables, N which determines the
number of terms to use and f the ratio of height to width. Since the leading term won't affect
the convergence we will just consider the series when plotting. Note that our assumption
during the warping function derivation is that  is greater than or equal to 1. Since tanh in
the last sum rapidly approaches 1, each term quickly becomes zero. If we consider the worst
geometric case (f = 1), we see convergence of the series terms (including ¢) as in Figure A.3.
So, even in the worse case, the correction sum contributes little to the final result past the
first term.
To see the effectiveness of this approach consider an alternate approximation by letting
the original series in Equation (A.186) range up to N terms,

64 X tanh (32n+1)np)

~a A.191
/ ;0 @2n+1)5 (A-191)
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0.19275644

0.19275642

0.19275640

0.19275638

0.19275636

0.19275634

0.19275632
0 1 2 3 4 5 6 7

Figure A.3: Series Contribution to Jvs. N (f=1)

Dividing through by the a*,

J 1
a4~3ﬁ

64 &, tanh(32n+1)7np)
s ,,;0 @2n+1)5

(A.192)

Comparing the series contribution of this equation versus the zeta approximation (plus
correction series), we get Figure A.4.

Plotting the 5 vs. N for the standard approximation (since it converges more slowly) in a
three-dimensional plot we get Figure A.5. Note that the solution is insensitive to N since the
result does not change much due to N. Also, once f is not much greater than 1, there is also
very little change. Investigating the rapid convergence further for a cross-section where a =1
mm and b = 30 mm. Using just a single term (/N = 0) in the zeta approximation, Equation
(A.190) we get,

Jo = 9.7899 mm* (A.193)

If we ignore the correction sum term, we also get,

Jr ~9.7899 mm* (A.194)
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Figure A.4: Comparing Approximation of the Series Contribution to Jvs. N (f=1)

Therefore, we can safely use the approximation

1 62a*
]: gagb—

= ¢(5) (A.195)

for larger values of . Note that we had assumed that there was no warping in the cross-

section the formula for J would be,
1 2, 12
Jp=0 = Eab (a”+b7) (A.196)
which for the numerical example above would give,
Jp=0 =2,252 mm* (A.197)
and using a single term in Rivello’s series approximation to J [33],

Jr =7.9795739217 mm* (A.198)
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0.2

0.15

30

Figure A.5: Series Contribution to J for fvs. N

Therefore, a single term approximation using Rivello’s formula has an error of
Er=18.5% (A.199)

Although, it should converge to the correct solution. The error for the no-warping assumption
is,
Ep-0 =22,903% (A.200)

A.2 ¢ Dependence in Reissner Torsion

For simplicity’s sake, in this section we will focus on the original static model as proposed by
Reissner. Reissner’s assumptions for the deflection due to torsion are,

ulx,y,z2) = Yx)py,2) (A.201)
vix,y,2) = -0(x)z (A.202)
wx,y,z) = 0x)y (A.203)
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A.2. ¢ DEPENDENCE IN REISSNER TORSION
To ensure that there is no warping at the fixed end of the beam (x = 0),
w(0)=0 (A.204)

The differential equations he derives are as follows (using consistent constants with Chapter
2),

G(LcO x + Ky) — EPY xx
G(Jg0,x+ Ley)

0 (A.205)
M (A.206)

where M is the applied torque and the other constants are from Equations (2.23)-(2.26). To
understand the equations further, let us derive the equations using a different method than
that of Reissner. The potential strain energy is,

U: _\/;/(Uxxexx+rxy'}/xy+‘[xz’)/xz) dV (A.207)

since those are the only non-zero stress-strain combinations due to the displacement and

stress assumptions. In general, this becomes,
1
U= 5,[\/ (Eu?x +G(uy+ )" +G(u,+ w,x)z) dv (A.208)
and with our definitions for the deflections,

1
U= E j;/ (EU/,Zx<P2 +G (W(P,y - ZH_x)Z +G (W([),z + yQ,x)z) dv (A.209)

Note that we need to be concerned with variations with respect to ¢(y, z), w(x), and 6(x).
Carrying out the variation with respect to ¢,

fv (Epw8¢+ Gy (¢, 9 — 20,5) ¢,y + Gy (p,¢ + y0,5) ¢,2) AV = 0 (A.210)
and the variation with respect to v,
fv (E¢>2w,x5u/,x +G (cp?yu/ — 2 0 5+ Po + y¢>,ze,x) 61,0) dv =0 (A.211)
Finally, the variation with respect to 0,
fv G((ypz—zpy)w+ (2 +¥*)01) 60 xdV =0 (A.212)

Integrating Equation (A.210), by parts using Gauss’ Theorem,

fs Gy ((¢,yny + ¢ 2nz) W + (yn, — zny)0 ) 5HdS + fv (Edy? — Gy (¢,yy + P 22)) 5pdV =0
(A.213)
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where ny is the y component of the surface normal and n. is the z component of the surface

normal. Integrating Equation (A.211) by parts,

!
+ [ (B0 G0+ 02y + Gy 29,)0,0) 5y dv =0
0
(A.214)
Note that neither ¥ or 6w vary over the cross-section. Assuming that the material properties

f E¢*y, OypdA,
Ac

are constant for the cross-section and making use of Equations (2.23)-(2.26), this becomes,

L
EPy Syl + fo (~EPY «x+G(Ky +L0,)) 6y dx =0 (A.215)

Similarly, integrating Equation (A.212) by parts,

l
f G((ypz—2,y) W+ (2 +y*)0,x) 60d A,

C

- fv G((ypz—2¢,) V.x + (2 +¥*)0,1x) 60dV =0
(A.216)
Once again, using the same set of assumptions along with Equations (2.23) and (2.26),

0

l
G(Ly +Jg6,5) 56| - fo G(Ly ¢ + 40 1x) 50dx =0 (A.217)

This gives us the following equations of equilibrium,

Epy? —Gy? (pyy+dzz) = 0 (A.218)
G(Kw+Lbx)—EPyyxx = 0 (A.219)
JgOxx+Lewy = 0 (A.220)
and the boundary conditions,
fs v ((¢,yny + ¢, 2nz) v+ (yn; — zn,)0 ) 5pdS = 0 (A.221)
w.oyll = 0 (A.222)
(-D*w +J¢6,)66], = 0 (A.223)

If we consider x = 0 to be fixed and x = [ to be free, the boundary conditions become,

fs v ((¢yny +¢2n;) v+ (yn;—zny)0 ) 5¢dS = 0 (A.224)
w0 = 0 (A.225)

yx() = 0 (A.226)

00 = 0 (A.227)

Jg0x() = D*y() (A.228)
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We can re-arrange Equation (A.218) to get,

GY® (¢,yy +¢,2c) = Edpy’, (A.229)
which can be written as,

2
Goyytdzz _ (ﬂ) (A.230)

E ¢ v

We will assume that the each side is equal to a positive constant since the only way it could

be negative is if the ratio inside the square is a complex number. This gives,
% (Gyy+az)— 126 = 0 (A.231)
Vi -yt = 0 (A.232)
The second equation can be simplified to,
Wx—Apy=0 (A.233)

which gives us four differential equations to describe 3 variables. Also, when combined
with our boundary condition that y(0) = 0, this would mean that there is no warping of the

cross-section.

A.3 Modelling Torsion including Shear and Poisson Effects

In this model, we are only using the stress assumptions as given in Equations (2.50) and
(2.51). This means that Equations (2.44)—(2.46) become,

Oxx = Eexy (A.234)
€zz - _Vexx (A.236)

From Equations (A.235) and (A.236) one can see that the normal strains in the y and z
directions are now dependent upon the axial deformation. Therefore, assume displacements

of the form
u = ulx,yzt) (A.237)
v = v(x, 2zt (A.238)
w = wxyyzt) (A.239)

which means that Equations (A.234)-(A.236) become,

Uxx = E u,x (xr y) Z; t) (A240)
vylx,3,2,t) = —vuxx,yz1) (A.241)
w,Z(xy y) Z, t) = -V u,x(xy y; 2, t) (A-242)
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and the shear strains from Equations (2.35)-(2.37) become,

YyZ = U,Z(x! y) Z; t) + w,y(x) y) Z} t) (A-243)
Yex = Uz(%),2,0)+wx(x,y,2,1) (A.244)
Yxy = UyXx,yz0+vxx,)21) (A.245)
and the resulting shear stresses are,
Ty, = Glu(0pz0+wyx,yz21)] (A.246)
Tz = Gluz(6y20+wi(x, 2 0] (A.247)
Tyy = Gluy(x,y,z,0+vy(xy,21)] (A.248)

Note that we can combine Equations (A.241) and (A.242) to get,

Vy(x,¥,2,8) = wz(X,¥,2,1) (A.249)
The torsional strain energy has as an additional term not in Equation (2.56) which now has
the form

1
U: 5‘/‘\/(Uxxexx+Txy'}/xy+‘[zx/)/zx+‘[’yz’}/yz) dV (A.250)

which, after substitution from Equation (A.240) and Equations (A.243)—(A.248), yields

1
U= 5.[ [E U(X,¥,2 1)+ G(uy(x,y20+v(x 2 t))2
v

(A.251)
+G(uz(x, 3,2, 0+ wi(x, ¥, 2, z‘))2 +G(v(x,p,2,0) + wy(x, ), 2, t))z] dv
and the kinetic energy as given in Equation (2.60) becomes,
1 . 2 . 2 . 2
T = 5] P [i(x,y,2, 07+ 0(x,,2, 07+ Ww(x,y,2 1)°]dV (A.252)
1%

Using Hamilton’s Principle as given in Equation (2.63) and taking the variation with respect

to u(x, y, z, t), we get

123
0ot :f f[plft(Slft—du-V(Su]dth (A.253)
13} 1%

where d,, is given as,

T

dy,= [Eu,x Gvi+uy) Gwx+uy) (A.254)
Taking the variation with respect to v(x, y, z, t) yields
143
Sty :f f [pp6v—dy-Vév]dVdr (A.255)
131 14
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where dy is given as,

T
dv=[Gluy+vy) 0 G(ve+w,) (A.256)
and lastly, taking the variation with respect to w(x, y, z, t) gives
153
Sty = f f [pwéw—dy-Véw]dvdr (A.257)
131 1%
where dy, is given as,
T
dy = [G(u,z +wy) Gvz+w,y) 0] (A.258)

Each of these variations are independent so they must go to zero independently. We can
make use of the results in Appendix B to integrate these equations. First integrating Equation
(A.253),

193

t %]
fpuéudv —f fdu~n6ud8dt—f f [pii— (V-dy)]6udvdr=0 (A.259)
14 131 S 31 \%4

n

If we consider that n has the form,
T
n= [nx ny nz] (A.260)

then Equation (A.259) can be written as,

%]

5]
fpuéudv —f f[Eu,xnx +Gl(vx+uy)ny+ (wx+uz) n.l] dudSde
v o S (A.261)
_f f [pu_Eu,xx_G(U'xy+u,yy) _G(w,xz‘l'u,zz)] 6Udth:0
n 14
ny is perpendicular to the cross-section so this can be written as
5] t 1
fpu6udV - f féudAdt]
\%4 151 n JA 0
4]
—f ‘[G[(v,x+u,y) ny+(wy+uz)n;| dudSde (A.262)
n S
1)
—f f [pii— Euxx— G(Vxy+ Uyy) — G(Wxz+uzz)] SudVde=0
I3} |4
We can make use of Equations (A.241) and (A.242) to get,
153 t l
fpit5udV - f fEu,x(?udAdt]
14 h 5] A 0
1)
—f fG[(v,x+u,y) ny+(wy+uz)n;] 6udSde (A.263)
n S

123
—f fv[pil—(E—ZGv)u,xx—G(u,yy+u,zz)]5udth:0
5]
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Next, integrating Equation (A.255) leads to

153

f pvévdV
v

n
and similarly, integrating Equation (A.257) produces

4]

Substituting for dy and n in Equation (A.264) produces

15 5]
fpl)(?vdV —f fG[(u_y+ vy + (v +wy)n;1dvdSdr
14 h 131 S

123
—f f [PV —G(Uyx +Vxx+ Vzz+ W, y,)| dvdVde=0
h 14

and we can make use of Equations (A.241) and (A.249) in the above to get,

f pvovdV
v

5] t
—f fG[(u,y+ vy + (v +wy)n;dvdSdr
n n N

ovdVdr=0

1) 1
_‘/;1 j‘\/[pi)_G(U,xx‘l‘U,zz +(1_;)U,yy)

and similarly, for Equation (A.265), we get,

f pwoéwdV
v

7] 1)
—f fG[(u,Z+ w)ny+ v+ w,y)ny,)dwdSds
51 5] N

owdVdr=0

_f:fv [Pl — Gt + 1,5y +(1 — %)w,zz)

In summary, the governing equations are,
pii—(E=2GV) U xx—G(uyy+uz) = 0
PV =GV xx+ v,zz+(1—%)v,yy) =0
pL‘i}—G(w,xx+w,yy+(1—%)W,zz) =0

The boundary conditions arising from the variations are,

153 l
f fEu,x6udAdt
h A 0

15
fZfG[(v,x+u,y)ny+(w,x+u,z)nz]6udet =0
131 S

Il
(=]

1)
f fG[(u,y+v,x)nx+(v,z+w,y)nz]5vd8dt =0
n S
153
f fG[(u,z+w,x)nx+(v,z+w,y)ny](‘)‘wdet =0
131 S

160

%) 1)
—f fdv-n5vd8dt—f f [pi—(V-dy)] 6vdVdr=0
5] S 51 |4

153 %]
pri/(Sde} —f fdw-m?wdet—f f [p—(V-dw)] swdVdr=0
14 5] o JS n JV

(A.264)

(A.265)

(A.266)

(A.267)

(A.268)

(A.269)

(A.270)

(A.271)

(A.272)

(A.273)

(A.274)

(A.275)
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and the initial conditions are deduced from,

143

f pududV =0 (A.276)
v f
12

f pvovdV =0 (A.277)
%4 h
1)

f pwdwdV = 0 (A.278)
1% t
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APPENDIX

Volume Integration of Variational

Gradients

From Harris and Stocker [90], we have that
V-(sa)=(Vs)-a+s(V-a) (B.1)
where s is a scalar field and a is a vector field. If we consider the scalar field to be 6® we get,
V-(@dd) = (Vod)-a+ (V-a)od (B.2)
and integrating over the volume,
-[‘/V-(a(stb) dV:fV(V(?CD)-adV+fV(V-a)5<DdV (B.3)

Using the divergence theorem, we can replace the left hand side with an integration over the
surface S to get,

fa-n&DdS:f (V6<D)-adV+f (V-a)dodV (B.4)
S v 1%
where n is the normal to the surface. Re-arranging terms, we get,
f (V6CI>)-adV:fa-n6<I>dS—f (V-a)oodV (B.5)
1% S 1%
or alternatively,
f a- (Voo) dV:fa-n(?CDdS—f (V-a)60dV (B.6)
1% S 1%
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Integration of ¢ over the

Cross-section

Recall from chapter 2, there are a number of equations involving ¢ given in Equations
(2.23)-(2.25). These are,

P = f(,b(y,z)sz (C.1)
A

K = fA (¢, 2° + ¢ 2(y,2)?)dA (C.2)

Le = fA (¥9.2(y,2) = 2¢,,(y,2)) dA (C.3)

In this appendix, we look at the integration of these over a rectangular cross-section. For
a rectangular cross-section, if we assume a St. Venant warping function for ¢, we get the

equation given in Equation (A.130), which is restated below for convenience.

% 8a’(—1)"sin ( (2n+a1)”y) sinh ( (2’”“1)”2)

b,z =yz— ) (C.4)
n=0 @2n+1)373 cosh(%—(zng)”b)

Alternatively, this could be written as,

d(y2)=yz— )Y Cn)f(n,y)gn,2 (C.5)
n=0
where,
8a’(-1)"
Cn) = (C.6)
(2n+1)373 cosh (% —(2’”;)”1”)
2 1
finy) = sin(@) (€.7)
2 1

gn,z) = sinh (%) (C.8)
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Therefore, ¢ , and ¢ ; become,
o0
by(2) = z-)Y C)fy(n,y)gn,z
n=0

b2 = y-> Cn)f(n,yg:(nz)

n=0
and the derivatives of f(n, y) and g(n, z) are,

fy(ny = (2n+1)ncos((2n+al)ny)
8z(nz) = Mcosh(@)

C.1 Calculation of the P integral
Looking at the P integral in Equation (C.1) after substitution of Equation (C.5),

bi2 pal2 oo
:f f 2 2=} C(n)f(n,y)g(n,2)*dydz

b/2 =
bl2 pral2 0o

f f ( 22 =2yz ) Cmf(n,y)gn,2)
bl2J-al2 =0

+ Z Z C(m)C(m)f(n,y)f(m,y)gn, Z)g(m,Z))dydz

n=0m=0

We can pull the sums and C factors out of the integral giving,

b/2 pal2 00 b/2
:f f y*Z*dydz -2 Y C(n)f f yzf(n,y)g(n,z)dydz
—-al2 n=0 —-al2

~b/2 ~b/2
bl2 ral2
+ Z Z C(n)C(m) ” 2f(n V) f(m,y)g(n,z)g(m, z)dydz
n=0m=0 - —al

which can be written as,

b/2 b/2 al2

~b/2 —al
b/2

(&)

Z C(n)C(m) f

al?2
g(n,Z)g(m,Z)f /Zf(n,y)f(m,y)dydz

Note that,
al2

fn,fim,y)dy=0 Vm#n

—al2
which allows us to simplify the integral for P to,

bi2 00 bi2 a2
:f f y*dydz-2)" C(n)f zg(n, z) yf(n,y)dydz
—al2 n=0 -b/2 2

—b/2 —al

bl2 al2
+ Z C(n)sz g(n, z)zf /Zf(n,y)zdydz

n=0 a
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al2 00
zzf y*dydz-2) C(n)f zg(n, z) yf(n,y)dydz
—al2 n=0 -b/2 2

(C.9)

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)



C.1. CALCULATION OF THE P INTEGRAL

or alternatively (since f and g are independent of z and y respectively),

bi2 arz 0o bi2 a2
p :f zzdzf ydy-2Y C(n)f zg(n,z)dzf yf(n,ydy
_ - n=0 -b/2 —al2

bl2 al2 a
00 bl2 al2
+Y C(n)? g(n,z)*dz f(n,y)2dy (C.19)
n=0 -b/2 —al2

Since the individual integrals will reoccur in the other constants K and L., we will write this

as,

P=P;-2) C(n)Gxa(nFy(n)+ Y C(n)*Gy(n)Fx(n) (C.20)

n=0 n=0

where the individual constants/functions are,

bl2 al?2
P :f zzdzf yzdy (C.21)
-b/2 —al2
b/2
G, :f zg(n,z)dz (C.22)
-b/2
al2
Fyy = f yf(n,y)dy (C.23)
—-al2
bi2
G, = g(n,z)*dz (C.24)
-b/2
al2
F,= f(n,y)*dy (C.25)
—al2
The constant P is,
bi2 ) al? ) s
P :f z f dydz=—— (C.26)
e A VY
Calculating the integral G,
b/2
G,1(n) :f zg(n,z)dz (C.27)
-b/2
12 b 12 nb
:—((2n+1)ﬂbcosh(—M)—2asinh(—M)) (C.28)
2n+1)2x2 2 a 2 a
and the integral F),,
al2 2(_1)na2
F = ,)dy= —— C.29
y1(n) f_a/zyf(n ydy 2Cnt1)? (C.29)
The integral G, becomes,
b/2
G, = f g(n,z)*dz (C.30)
-b/2
12n+1Dnb 12n+1Dnb
= (Zacosh(—u) sinh(—u) —-nb2n+ 1)) (C.31)
2@2n+1)m 2 a 2 a
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and lastly, the integral F>(n) is,

al? a
F>(n) = f(n,y)*dy = 2 (C.32)

—al2

Fr=— C.33
273 ( )

which we note does not depend upon 7. Finally, calculating C(n)?,

4
Ccn)? = 6da (C.34)

(2n + 1)876 cosh? (%M)

a

Now that all the functions of n are known, we can start substitution of their values into the
individual terms of P. The second term of Equation (C.20) becomes,

n 3
—220( ) 24((21) e (2n+1)nbcosh(1w) 2asinh(1w)) (C.35)
and after substitution of C(n) from Equation (C.6),
—zicm)c (W Fy1(n) = Z 16(-1)*"a 5((2 + )b~ 2atanh(lw)) (C.36)
= al@n+1)7 2 a '

and since (-1)2 = 1, this becomes,

2 S CmGa P = -2 § L (
=0 & YR gt = 2n+1)7

2n+1)nb-2atan h(l M))
2 a

(C.37)

and the last term of Equation (C.20) is,

C(n)* ( acosh(l—(2n+Dﬂb)smh(l—(zn-'_l)ﬂb

— 2 ) —-nb2n+ 1)) (C.38)
42n+ 1) a a

Substituting C(n)? from Equation (C.34),

5
6a (2atanh(1(2n+ Drb

Z C()*Go(n)Fa(n) =

) b(2n+1)sech2(;w))

= 2n+1)7n’ a a
(C.39)
Therefore, Equation (C.20) becomes,
a3b3 16a° & 12n+1)nb
P= atanh|—— |- 2n+Dnb
144 Z(2n+1)7( ( a ) en )”)
1 12 Vb 12 b
+—(2atanh(—u) (2n+1)nbsech2( M)) (C.40)
2n+1)7 2 a 2 a
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after combining terms,

P=

3193 16a° & 12
a a (6at h(—( n+1Dnab

1@2n+1)nb
144 Z(Zn 1)7 a ) (2n+mb )))

2+ sech? (
2 a

(C41)

and expanding,

n=0

a3b3 % 6atanh(1W) oi - Sech2(1(2n+al)ﬂb)
2n+1)7 =0 2n+1)6 = @2n+1)8

(C.42)

C.2 Calculation of the K integral

After substitution of Equation (C.5) into Equation (C.2),
o0
K= fA(yZ +z25dA-2 | Y Cn)(zfy(n,y)g(n,2) +yf(n,y)g.(n,z))dA
An=0

Y. Y CmCm)(fy(n,y)fy(m,y)g(n,2)g(m,2) + f(n,y) f(m, )8 .(n,2)g .(m,z)) dA

An=0m=0
(C.43)
After factoring,

00 bl2 al?2 bl2 al2
K=Jg—2) C(n) (f zg(n, z) fy(n y)dydz+fb g.(n,z) / yf(n,y)dydz
n=0 —al2

oo 00 b/2 al2
+ Z Z C(n)C(m)( g(n z)g(m, z) fy(n Nfyim,y)dydz
n=0m=0
b2
gz(n 2)8z(m,2) f(rz ) f(m, y)dydz) (C.44)
—al2
Note that we have several integrals that have already been calculated. We can simplify this
because,
al2
2fy(n,y)f_y(m,y)dy:0 VYm#n (C.45)
—a

Along with Equation (C.17), this allows us to reduce the integral to,

00 bl2 al2 bl2 al2
K=]Jg-2 Z C(n) (f zg(n,z)dz ﬁy(n,y)dy+ g,z(n,z)dzf yf(n, y)dy)
n=0 -b/2 -b/2 —al2
00 bl2 al?2 bl2 al2
+ C(n)z( g(n,2)*dz fy(n,y)2dy+ g.(n,z)%dz f(n,y)zdy)
n=0 -bl/2 —-al2 -bl/2 —al2

(C.46)
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Using the functions from before, this becomes,

K=Jg-2) Cn)(Ga(nFya(n)+Go(mFpu(m)+ Y. C(n)*(G2(n)Fay(n) + Goz(M)F>)
n=0

n=0

where the other functions are as follows,

al2
Fyo(n) = ; fy(n, y)dy

—a
bl2
Gz(n) = g.(n,z)dz
bl2

al2
Foytm= | fy(n,y)?*dy
2

—a
bl2
Goy(n) = g.(n,z)%dz
bl2

Calculating the F),(n) integral we get,

al2
Fya(n) = /Zf,y(n,y)dy =2(-1)"

—a

and calculating G, (n) gives,

Gz2(n) = gz(n,z)dz =2sinh
/2

2 a
The Fy(n) integral is,

al2 2 2
2 n-(2n+1)
Fay(n) = /Zf,y(n,y) dsz

—a
and the Gy (n) integral is,

bl2
Gay(n) = g.(n,z)%dz
bl2

_ Cn+1n (Zacosh(l 2n+ l)nb) sinh(l @Cn+1nb

2a? a a

The first term in the first series of Equation (C.47) is,

2a(-1)"

G (M Fyz(n) = m

1 2n+ Db
(2n+1)bncosh( u)—z

2 a

and the second term of that series is,

4a*(—1)"sinh (%—(2”+a1)”b)

b/2 (1 @n+1nb

(C.47)

(C.48)
(C.49)
(C.50)

(C.51)
(C.52)
) (C.53)
(C.54)

(C.55)

)+ﬂb(2n+ 1)) (C.56)

. (1(2n+1)7tb))
asinh|—-———
2 a

(C.57)

Gz2 (M Fy(n) = 2n+ 1272
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Therefore, the first series is,

00 Zab(—l)”cosh(%—(znzl)”b)
-2 C(n)
=0 @2n+1rm

and after substitution of C(n) Equation (C.59) becomes,

32a3b§ 1
nt =2+t

The first term in the second series of Equation (C.47) is,

2n+1n (Zacosh(1 W) smh(1 W) ab(2n+ 1))
4a

Gz2(n)Fay(n) =
and the second term in that series is,

@2n+1rn (Zacosh (%W) sinh (%W) +7nb@2n+ 1))

4a

Goz(n)Fa(n) =

Therefore, the second series of Equation (C.47) is,

Z C(n)?@2n + )7 cosh

(1 (2n+1)nb) (1 (2n+1)nb)
——|sinh| —————
n=0

a a

and after substitution for C(n)?,

64q’ o tanh(1(2n+a1)nb)
T = 2n+1)°
Therefore, K is,
3243 . 64qt o tanh(l (2n+al)71b)

K=Jg—

+
w4 ,;O(Zn+1)4 7o ,;0 2n+1)°

C.3 Calculation of the L integral

Lastly, when we substitute Equation (C.5) into Equation (C.3) we get,

Le :L((yz -2 =) Cm) (yf(n,)8:(n,2) —Zf,y(n,y)g(n,Z)))dA
n=0

which upon expansion gives,

LC:fA(yz 2%)dA- ZC(n) (f yf(1n,y)g:(n,2)dA~ fzﬁy(n,y)g(n,z)dA)
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which can be expanded to,

bl2 pral2 00 bl2 al2
L, :f f (yz _ ZZ)dydz— Z C(n) (/ gz(n,z) yf(n,y)dydz
-bl/2Jd-al2 n=0 -b/2 —al2
b/2 al2
—f zg(n,z)dz f_y(n,y)dy) (C.68)
bl2 —al2
b/2

. al2 ) ) 00 bl2 al2
= f (y*—z%)dydz— Z C(n) (f g,z(n,z)dzf yf(n,y)dy
-b/2J-al2 n=0 ~b/2 /2

—a

b/2 al2
_f zg(n,z)dz fy(n,y)dy) (C.69)
-b/2 —-al2

using the functions as defined earlier this becomes,

Le=Lei— ), C(n) (Gz2(m)Fy1(n) — Gz1(n) Fya(n)) (C.70)
n=0
where L. is,
bl2 al2 2 12
L= f f (y* - z9)dydz = abta”=b7) (C.71)
-b/2J-al2 12

and all the functions inside the series have been previously calculated. Therefore, L. is,

(=" (4asinh (%W) —nb(2n+1)cosh (% (2n+1)nb))

ab(a®*-b% 2a X a
Li=————-—) C
¢ 12 2 ,;0 () @2n+1)2
(C.72)
and after substitution of C(n) and simplification,
ab(@-b?) 16a® © 4atanh(%@)—nb(2n+l)
L.= — (C.73)
12 = 2n+1)°
and expanding,
1 @n+1)nb
ab(@-b*) 16a3[ = 1 o tanh (} @nebr)
12 7 = 2n+1)* = (@2n+1)°
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C.4 Convergence analysis of the integrals

From Equations (C.42), (C.65), and (C.74) we have the following solutions to the integrals,

B 1645 [ = 6atanh(%—(2”+a””b) 0 1 0 sechz(%—(zma””b)
P= + -2 Z -
144 717 | /= 2n+1)7 =o2n+1)6 o 2n+1)58
(C.75)
1 @n+l)mb
K. 32ab g1 64a* 5 tanh (}2zrb) 76
8 gt Zen+)t nd 4 @2n+1)S '
1 @n+Dnb
ab(@-b) 16a°[ = 1 o tanh (}2eEbrb)
L= + nb) —————4a), (C.77)
12 P = @en+)* 2 @2n+1)S
Examining the tanh factor, we can write it as,
12n+1)nb 1
tanh(—%) = tanh(§(2n+ 1)71[3) (C.78)

where = % which is the ratio of the height to the width of the cross-section. When n =0
(part of the first term in the series) this becomes,
tanh (%) (C.79)

and plotting we get Figures C.1 and C.2. Note that even for fairly low values of f this ap-
proaches 1. From the dimensions in Table 7.1 we get that = 31.46 which leads to,

tanh(%ﬂ) =1 (C.80)

to a high degree of precision.
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0.994

0.98-

0.974

0.964

0.95+

0.94-

0.934

0.92+

Figure C.1: tanh vs. § (B from 1 to 5)
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0.9994

0.9984

0.9974

0.996-

C.4. CONVERGENCE ANALYSIS OF THE INTEGRALS

Figure C.2: tanh vs. § (8 from 2 to 4)
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0.35

0.25

0.20

0.15

0.10

0.05

Figure C.3: sech? vs. B (B from 1 to 5)

Examining the sech? term,

12 1 1
sech? (—M) = sech? (—(211 + l)nﬁ) (C.81)
2 a 2
and when n =0,
sech? (%ﬁ) (C.82)

and plotting we get Figures C.3 and C.4.
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0.0003
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Figure C.4: sech? vs. B (f from 5 to 10)
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We can see that it approaches 0 relatively quickly. For our given £, this becomes,
sech” (%ﬁ) ~0 (C.83)

also to a high degree of precision. Therefore, that term can be safely eliminated from the
series. So, making use of these results for tanh and sech?, the solutions become,

a’b® 16a° o0 1 o0
P=—+ R — C.84
144 a7 (“,;0(2%1)7 Z @n +1)6) (€80
32a%h & 1 64a* 2 1
K=J,— + C.85
Je = ,;0 @n+1)*  ab ,;0 @2n+1)5 (.85
b(@®>-b*) 16a° x 1 x 1
L =apla—b) | 16a ( Z——4aZ—) (C.86)
12 o = 2n+1)* = 2n+1)°
Recall from Equation (A.189) [89],
i—l (-1+27")(=¢{(m)) (C.87)
=(— —(\m .
o 2n+1m
where {(m) is the Riemann zeta function. Or alternatively,
i _ ((m)(1-2"") (C.88)
= m — .
n—o 2n+1)™

This allows us to get analytical solutions for all the series (for cases when S is sufficiently

large). Therefore, the solutions become,

ab’ 16a°

P= EYVi (6a¢(m(1-2"")-27b{6)1-27°) (C.89)
32a3b 64a*
K=Jg= "2 ()1 -27+ = (5)1-27) (€.90)
2 1.2 3
Le= abla -b) | 16a (Tb (@)1 -2%-4al(B)1-27") (C.91)
12 o
For all cases where,
tanh(nz—'ﬁ) ~ 1, sechz( 7P ) 0 (C.92)
Therefore, these become,
p &P 162 (6 127 vy —omp® ((6)) (C.93)
a2 T a7 "%128 T84 '
32a3b 15 64a 31
K=Jg- @+ (C.94)
ab(a® - b2) 16a° 31
Le= - +—3 (nbl—G ((4) - 4a3—2 5(5)) (C.95)
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and simplifying,

613 b3 5

3

K=+ Znis (31a {(5)— 157h { (4))

_ab@*-b*) a

L, o+ — (157b {(4) - 62a((5)

and for our particular values of a and b (from Table 7.1),

b(a? + b*
= abla +b7 646 x 10" m?
12
P —“3103+—5 (381a {(7) —1267b {(6)) ~2.212 x 10~ ¥ m*
- — =~ 2. X
144  4x7

2 3
K=Jg+ ﬂ—i (Bla{(5)—151b {(4)) = 2.635x 10~ ' m*

ab@®-1v%» a
=27
12

177

+— (157b {(4) —62a {(5)) ~ —2.635x 10" ' m*

(C.96)

(C.97)

(C.98)

(C.99)

(C.100)

(C.101)

(C.102)



APPENDIX

Example use of Symbolic-Numeric

Finite Element Package

D.1 A Rotating 3D Timoshenko beam with a rigid body

end-effector

Here we consider the specific case of the our system of interest which is a planar flexible
single link with an end-effector. The basic configuration of the system is shown in Figure 3.3.
The beam is modelled under the assumptions of Timoshenko beam theory, the torsion model

as described in section 2.4, small strains, small deflections, and linear elastic materials.

Symbolic Computation Steps

We begin by loading the LinearAlgebra package, the SFEM package, and some utility func-
tions.

restart; interface (imaginaryunit=_j): with(LinearAlgebra): with (SFEM):
read("tjlTools.mpl");

Next, we define a number of variables as shortcuts for various functions of the beam. These
are used to simplify the writing of the kinetic and strain energies.

udot := diff(u(x,t),t):
vdot := diff(v(x,t),t):

wdot := diff(w(x,t),t):
dpsiz := diff(psi_z(x,t),t):
dpsix := diff(psi_x(x,t),t):

dpsiy := diff(psi_y(x,t),t):
dthetax := diff(theta x(x,t),t):}

Now, defining end-effector variables,
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ul := u(l,t):
vl = v(l,t):
wl = w(l,t):

psizl := psi_z(1l,t):

psiyl := psi_y(l,t):
thetaxl := theta_x(1,t):
dthetaxl := diff(thetaxl,t):
dul := diff(ul,t):

dvl := diff(vl,t):

dwl := diff(wl,t):

dpsiyl := diff(psiyl,t):
dpsizl := diff(psizl,t):

and the angular velocity of the beam,

dtheta := diff(theta(t),t):

Definition of Lagrangian

From the previous chapter, the kinetic and strain energies are known for all parts of the

system. Starting with the rotational kinetic energy of the end-effector,

Tre := 1/2x(JexxxdthetaxI”2 + Jeyy+*dpsiylr2 + Jezzx(dpsizl+dtheta)/2)
+dthetaxl+(Jexy+dpsiyl + Jexz=*(dtheta+dpsizl)) + Jeyz+dpsiyl(dtheta+dpsizl):

and the kinetic energy due to translation,

Kvel := dul — dthetax(vl+ de2 + psizl+del — thetaxl+de3) + dpsiyl+de3

— dpsizl+de2:

Kve2 := dvl + dpsizl+*del — dthetaxl+*de3 + dthetax(l + ul + del — psizlxde2
+ psiylxde3):

Kve3 := dwl — dpsiyl+*del + dthetaxl+de2:

Tte := 1/2x«(me+mt)* (Kvelr2+Kve2/2+Kve3A2):

Next, the kinetic energy of the beam due to extension, bending, and shear,

Txb := simplify (Int(1/2+(rhoA=*((vdot+dthetax*(x+u(x,t)))A2
+(udot—dthetax*v(x, t))A2+wdot/2)
+rholyy*((dtheta+dpsiz)~2+dthetar2+psi_z(x,t)A2)

+rholzz «(dpsiy~2+ dthetar2+psi_y(x,t))),x)):

and the kinetic energy due to torsion,
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Txt := simplify (1/2«Int(dthetar2+(rhoP*psi_x(x,t)A2 + rholzzxtheta(t)A2)
+rhoJg+dthetax/A2+rhoP+dpsix/2,x)):

The kinetic energy of the motor is given by,

Tm := 1/2+Jm+diff (theta(t),t)A2:

Thus, the total kinetic energy is the sum of all three,

T_total := simplify(Tte + Tre + Txb + Txt + Tm):

The strain energy of the beam due to torsion is given as,

Uxt := 1/2«Int(E+P+diff (psi_x(x,t),x)"2 + Gx(K«psi_x(x,t)N2
+2xLexdiff (theta_x(x,t) ,x)*psi_x(x,t) + Jgxdiff (theta_x(x,t),x)"2),x):

and the strain energy due to extension, bending, and shear,

Uxb := 1/2+Int(Ex(Axdiff (u(x,t),x)A2 + Iyy=diff(psi_z(x,t),x)"2
+ Izz+diff (psi_y(x,t),x)"2) +kGA=*((diff(v(x,t),x)—psi_z(x,t))"2
+ (diff (w(x,t),x)—psi_y(x,t))"2),x):

Approximation

The functions to be approximated are as follows, u(x, 1), v(x, 1), w(x, 1), Yx(x, 1), ¥y (x, 1),
v, (x,t) and O (x, ). We need C? functions for all functions. Since this is a beam, the variables
v, w and ¥ are best modelled with cubic basis functions and to prevent shear locking we will
use cubic basis functions for u and 6, as well.

approx_subs := map2(C0_Cubic_approx, phi,
[u(x,t),v(x,t),w(x,t), psi_x(x,t),psi_y(x,t),psi_z(x,t),theta_x(x,t)]):

The system variables for the approximations are,
approx_list := get_node_list (map(rhs,approx_subs)):

Defining the basis functions from x; to x;+/,, where [, is the length of the element.
phi_bases := CO0_Cubic_basis(phi,[x1,x1+1/3%]_e ,x1+2/3*]1_e,x1+]l_e]):

Since both the first derivative of the basis functions will appear in the Lagrangian, we will
calculate it.

dphi_bases := map(diff,phi_bases,x):
Therefore, the complete substitution list for the basis functions is,

full_phi_bases := [op(dphi_bases),op(phi_bases)]:

180



D.1. A ROTATING 3D TIMOSHENKO BEAM WITH A RIGID BODY END-EFFECTOR

Euler-Lagrange Calculations

It is necessary to define the complete list of variables used in the problem. The augmented
variables are the variables related to the coupling of the end effector and rotation. Since
the theta equation is coupled directly to the spatial degrees of freedom (the elements), we
place it last so we can easily separate the resulting mass and stiffness matrices into element

matrices and a matrix of variables that only contribute once to the overall matrices.
augment_variables := [ul, vl, wl, psiyl, psizl, thetaxl, theta(t)]:
The complete set of all system variables is,
variables := ListTools[FlattenOnce](augment_variables,approx_list]):
Substitute the approximations into the Lagrangian,
Lagrange_subs := subs(approx_subs, Lagrangian):
The system accelerations are,
accel_var := map(diff, variables,t$2):
now we calculate the terms in the Euler-Lagrange equation.

(M_contrib, K_contrib) := EulerLagrange (Lagrange_subs, variables):

Simplification Procedures
Begin by using the small deflection assumption to eliminate the non-linear terms,

M_eql := map(update_integral terms,M_contrib):
M_eql := map(update_integral terms,M eql):
M_eq2 := map(linearize_expr,M eql):

K_eql := map(update_integral_terms,6 K_contrib):
K_eql := map(update_integral_terms,K eql):

K eq2 := map(linearize_expr,K eql):

Note that update_integral_terms is called twice because sometimes new terms to be
linearized are only found after the expansion. This is because sometimes Maple will create
new integrals when expanding and sometimes not. Next, we eliminate all integrals with a

zero integrand (since Maple doesn’t eliminate inert integrals).

M_eq4 := map(replace_zero_integral ,M _eq3):
K_eq3 :

map(replace_zero_integral ,K eq2):
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Evaluation of Integrals

Setting the bounds on the integrals, substitute for the basis functions and calculate the
integrals. Note that material substitutions are an empty set. Since there are integrals that
don’t contain basis functions (e.g., inertia of the beam) so they span the entire domain from
0 to L where L is the length of the beam.

mat_subs := []:

(M_expr,K_expr) := calculate_MK(M_eq4, K_eq3, full_phi_subs, mat_subs,
[x1, x1+l_e], [0,1]):

Note that some integrals will be just 1, so we simplify things by replacing them with L.

M_expr2 := map2(algsubs,Int(1l, x)=1,M_expr):
K_expr2 := map2(algsubs,Int(1, x)=1,K_expr):

Formation of Element Matrices

Lastly, we can form the final element mass and stiffness matrices.

M, bl)
(K,b2)

GenerateMatrix (M_expr2, accel_var , outputoptions=[shape=symmetric]):

GenerateMatrix(—K_expr2, variables , outputoptions=[shape=symmetric]):

The bl and b2 vectors are all zero if the system is linear. These can be used to verify the
linearization steps.

The first rows of both M and K do not depend upon the basis functions and don’t need to
be calculated on a per-element basis because they correspond to the augmented variables of
the end-effector and the beam’s angular rotation. So, we can separate each M and K matrix
into two parts, one that only has to be calculated once and one that will be recalculated for
each element. First, we determine the number of augmented variables,

naug := nops(augment_variables):
and the total number of variables,

nvars := nops(variables):
Therefore, the element mass matrix is,

M_reduced := SubMatrix(M, [naug...nvars],[naug...nvars]):
M _reduced[1,1] := O:

and the contributions to the overall mass matrix due to the end-effector,

M_endconditions := SubMatrix(M, [1..naug] ,[1..naug]):
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Similarly, we perform the same operations on the stiffness matrix, splitting it into element

and global contributions.

K_reduced := SubMatrix(K, [naug...nvars],[naug...nvars]):
K reduced[1,1] := O:
K_endconditions := SubMatrix(K,[1..naug],[1..naug]):

We can now export the matrices to MATLAB, beginning with the element matrices.

matrix_to_MATLAB (M_reduced,M_elem, "M_elem.m");
matrix_to_MATLAB (K_reduced,K_elem, "K_elem.m");

Next, we export the auxiliary matrices,

matrix to MATLAB (M_endconditions,M _end, "M_end.m" ) ;
matrix_to_MATLAB (K _endconditions,K end, "K_end.m");

The exported functions can now be called in Matlab by a global matrix assembly routine.

Numerical Computation Steps

There are three main stages to the numerical computation. First, the element mesh is defined
and the software currently includes routines for setting up the necessary data structures
for beams. Next, the global matrices for M and K are assembled as sparse matrices. Any

boundary conditions are also applied at this stage. Lastly, the resulting ODE system is solved.

Definition of Element Mesh

We begin by setting up the basic data for the problem which means we need the number
of nodes per element (elem_nodes), the number of degrees of freedom (DOF) per node
(node_dof), the number of elements (num_elem), and the number of constrained nodes

(fixed_node).

elem_nodes = 4;
node_dof = 7;
num elem = 20;
fixed_node = 2;
Since we have an additional DOF (0) that isn’t directly associated with an individual element,

we have an an “auxiliary node”, that is associated with all elements. In our case, there is one

auxiliary node (aux_nodes) and one variable (aux_var) per node.

aux_var = 1;
aux_nodes = 1;

aux_data = [aux_var,aux_nodes];
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Now we can set up the element data structure (using beam_elem_1list), and the nodal data
(using beam_node_1list). The node_list is a matrix of the nodal x coordinates and the
number of DOF for that node. The dof_list is a column matrix containing the the starting
DOF for that node which will aid in the assembly process. Note that the beam_dimension
contains the starting and ending global x coordinates for the beam (0, L).

elem_list = beam_elem_list (num_elem, elem_nodes, aux_nodes);

beam_dimension = [0, 1];
[node_list,dof list] = beam_node_list(elem list, node_dof,
beam_dimension, aux_data);
Matrix Assembly

The functions K_elem and M_elem are the functions to create the element stiffness and
mass matrices respectively. They are the output of the symbolic steps. However, since the
parameters vary depending upon the particular problem, these two lines are particular to
that problem. They are called by the assembly routine for each element. Any parameters
that are unique to a particular element are part of elem_param and these are then evaluated

and passed to the element matrix routines during the assembly process.

Kfunc = ’K_elem(A, E, G, Iyy, Izz, Jg, Kt, Lc, P, kGA, 1_e)’;
Mfunc = ’M_elem(1l_e, rhoA, rholyy, rholzz, rhoJg, rhoP, x1)’;
elem_param = {’x1 = elem(2,1);’ ’1_e = elem(end,1)-x1;’};
[K,M] = fe_assembly(elem_list, node_list, dof_list,
aux_nodes, Kfunc, Mfunc, elem_param);

Next, we augment the K and M matrices with the contributions from the end-effector. In this
case, there are only contributions to the M matrix.

theta_dof 1;

last node = elem list(end,end);

psiy_dof = dof_list(last_node)+1;

psiz_dof = psiy_dof+1;

thetax_dof = psiz_dof+1;

u_dof = thetax_dof+1;

v_dof = u_dof+1;

w_dof = v_dof+1;

aug_list = [u_dof,v_dof,w_dof, psiy_dof, psiz_dof, thetax_dof, theta_dof];
M aug = M _end(Jexx, Jexy, Jexz, Jeyy, Jezz, Jm, Jtxx, Jtyy, Jtzz,
del, 1, me, mt, rhoA, rholyy);
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for i = 1l:length(aug_list)
f r = aug_list(i);
for j = 1l:length(aug_list)
f ¢ = aug_list(j);
M(f_r,f_c) =M(f_r,f_c) + M_aug(i,j);
end

end

Lastly, we apply any constraints to the system. In this case, we have that the beam is clamped
at the motor x = 0 which fixes the first two nodes. Then, we create a new node list without

these nodes.

[K,M] = constrain_node (fixed_node, dof_list ,node_list ,K,M);
node_list_new = node_list;

node_list new (fixed node,:) = [];

dof_list_ new = ones(length(dof_list)-1,1);

dof_list_new (2:end) = cumsum(node_list_new (:,end))+1;

ODE System Solution

Once the K and M matrices have been determined, we then need to find the damping matrix
(and the applied force vector). Since this is a second order system of ODEs and all the
matrices are constant in time, we can solve the resulting system by using a Newmark-Beta

method. This is considerably faster than using a solver like Matlab’s ode15s.

[t,u,v,a] = newmark_beta(M,K,C,R, beta,gamma, tstart , tstop,
u0,v0,accel0 ,h);

Full details on the determination of the damping matrix are in Chapter 6 and details on the

Newmark-Beta method are found in Chapter 4.
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APPENDIX

Jourdain’s Variational Principle and

Impact

Examining Jourdain’s Variational Principle (JVP) [28] for impact problems as done in Bahar
[29] we have,

o0T\ oT
) ]6q, =0 (E.1)

n
2 far o) a0
For impact problems, we are looking at an instant in time since this is an impulsive process.
We will denote ¢~ as the time right before impact and ¢* as the time right after impact. These

are assumed to be infinitesimally close to each other. Bahar [29] states,

“The integral with respect to time of the second term of equation (1) can be
shown to vanish through the use of the mean value theorem of integral calculus.
This result is also obvious on physical grounds, as the gradient of the kinetic
energy with respect to configurational coordinates that remain constant during

the impulsive process is zero.”

where equation (1) that Bahar refers to is Equation (E.1). However, for rotating frames it is
possible to have kinetic energy terms where a velocity (z.e., 0) is multiplied by a displacement
(e.g., V). For example, even in the simplest model of the end effector (2D Point Mass), we get

the kinetic energy as given in Equation (3.67),
1 =y 21 — 242
T, = 5 Me (@L +V de1) + (L+ del)e) + Eme@L +Vde1) 0 (E.2)

Note the last term includes %meézﬂi which will not have a zero gradient. Therefore, the
second sentence in the above quotation is incorrect. So, let us check Bahar’s work for the
first sentence of the quotation. Given Equation (E.1) and integrate it over an impulse interval
[t7,t"] to find

oT\ 0T

Z [dt(a—%)—a—%—(g,](mdr:o (E.3)

186



Taking each term separately,

Il
M=

oT
B[ (5 e[ e[ o @

L (p"-p7)ba (E.5)

I
~Ms= -

which is the change in momentum over [¢~, ¢*]. For the second term

Z

dt6q; (E.6)

t+
5q;de=— Z[

we note that under the assumptions of a Jourdain variation 6q; = 0 or the configuration

66]; 56/1

variables are assumed to be held constant so dg; = 0 and because 0T - oo the Mean Value
Theorem of integral calculus yields

n t
_Z )
i Jt

oT
— |dtdg; = t -t
constant

n
==Y (084; (E.8)
i

] 64qi (E.7)
To

l

where 1 is a point in the time interval [¢~, t*]. In the case of the last term it’s easiest to see if
A +

we re-write it using an impulse function and the total impulse Q; = |, Lf, Q;dt supplied by the

external force Q;

tt n n t*
- f Y Qi 6gidr=-Y [ Qidtsa (E.9)
[ | j JI~
n tt .
==Y | Qié(t—19)dr5g; (E.10)
i Ji-
- Qid4q; (E.11)
i

So, no assumption about the g; or ¢; dependence of T is necessary for the second term to
integrate to zero. Note that it also doesn't require that the gradient with respect to configura-
tional coordinates to be zero.
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APPENDIX

Capture Dynamics of a 2D

Euler-Bernoulli Beam

E1 Post-Capture Velocity Constraint

Modelling the capture process as a plastic collision, from Section 5.1, we get that the velocities
before and after impact must be equivalent. Therefore, our velocity constraint is that after
capture the target velocity and end effector velocities have to match. The target velocity is
given in equation (3.4) as

i
vu=Z, | (E1)
0

and the end effector velocity is given in equation (3.66) as

0@+ de1) 080 — (U1 + dex V1 + O (L + den) | sin
(;UL + deﬁ"L + H(L + del)) cosf — Q(EL + videl) sinf (E2)
0

UQ:ET

- =a

Since they are both defined in the same frame, we can equate components resulting in the

following constraints.
Sty + 0T, + ) dr) 0050 + (V1 + A V', + (L + dpy) | sin6 = 0 (E3)
V- (;UL +d T +OL+ del)) 080 + 0 (T, + T, de1)sin =0 (E4)

Since we are considering the impact duration to be infinitesimal, all position variables can be
replaced with their value at impact (0 = 0(n1), U, = D1(f1), Uy = U} (£;)) which we will denote

as 0y, V1o, and E'LO respectively. Hence, equations (E3) and (E4) become

ip+ 0T + V) gder) cosB + (T;L +dy T+ 0L+ del)) sinfy = 0 (E5)

Vi = (U1 + dex¥'s + O(L+ den) | 080 + 0 (W10 + Tder) sinfy = 0 (E6)
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E2. QUASI-VELOCITIES

E2 Quasi-Velocities

We convert the velocities (U LU, T(x, 1), X, Y1) to quasi-velocities 9;. The quasi-velocities

325 and Qﬁ are defined by the left hand side of Equations (E5) and (E6) respectively, i.e.,

95 =X;+ G(ELO +3’Lodel) COSQO + (iL + deﬁ"L + H(L + del)) sinHo

De=J,— (?}L td T+ 0L+ del)) cos 0y +0 (V1o + V) yder) sinfy

(E7)

(E8)

The remaining quasi-velocities are set equal to the Lagrangian velocities as shown in Equa-

tions (E9) through (E12).

9= 7p
9= 7
Q3= V(x, 1)
2,= 0

(E9)
(E10)
(E11)
(E12)

We then substitute these quasi-velocities into Equations (E7) and (E8) to get the constraint

quasi-velocties, 25 and Qg strictly in terms of X;, y;, and 2;-123.4.

95 =X;+ Q4(§L0 +vlLod91) cosfy + (Ql + delgz + Q4(L + del)) sinf

96 = _)7; — (Ql + delgg +Q4(L+ del)) COS@O +Q4@L0 +7/Lodel) sin@o

E3 Quasi-Kinetic Energy

Since we know that the velocity of the target mass is given by:

Xt

_ol |
w=Z, |
0

we need to rewrite Equations (E13) and (E14) to isolate X; and y;.

X, = 95 — 94(3140 +§'Lodel) COSQO - (Ql + delgg + Q4(L + del)) sinHo
_)'/t = Qﬁ + (Ql + delgg - Q4(L+ del)) cosfy — Q;}@LO +7,LOd91) sinf

The kinetic energy for the target becomes

1 . . . . .
Tt* = Emt (QS — Q4@LO +7,LOd31) COSQ() — (Ql + de192 + Q4(L+ del)) sinHo)z

(E13)
(E14)

(E15)

(E16)
(E17)

1 . . . . .
+ Emt (QG + (Ql +de1 Qs+ 24(L+ del)) cosOy— 24V +vlLod91) Sin60)2 (E18)
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The velocity of the end effector mass (in terms of quasi-velocities) is

—Q4 o +§’Lodel) cosBy — (.Ql + del.Qg + 94 (L+ del)) sinf
Ve = L_?Z (.,021 + delgz + .924(L + del)) COSQO — 94(3L0 +§’Lodel) sinHo
0

leading to the following for the kinetic energy of the end effector mass

1 . . . .
Te* = —Me (—34 (Vo +E’LOdel) COS@O - (Ql + delo@g +94(L+ del)) sin@o)z

2
1 . . 3 .
+ Eme ((.Ql + deIQZ —94(L+ del)) COSQO -4 +3'Lodel) sinHo)z

Calculating the kinetic energy due to flexibility of the beam,
1 L
T, =3 f PAWx - pr)dx
2Jo
where vy is given by,

— (23 +x24)sin0y — 24 (y + Vo) cosby
Uy = gg (23 + x24) cosOp — 24(y + V) sin g
0

(E19)

(E20)

(E21)

(E22)

which is simplified from Equation (3.19) since the 7' terms are ignored the kinetic energy of

an Euler-Bernoulli beam. Which, when substituted into equation (E21), results in

1 (L : . : ) 1 L :
Ty = fo pA(x292+2xQ4Q3+Q§+Q§vg)dx+E fo pl,,9idx

(E23)

The only remaining term in the kinetic energy of the system is due to the inertia of the motor:

r_zm 4

(E24)

Adding the kinetic energy contributions from Equations (E18), (E20), (E23), and (E24) leads

to the total kinetic energy of the system.
re el | CpAR G} 25,9y + 93 + DTy + L | " o1, 92dx
+%mt (25— 24 (V1o + Vigder) cosOg — (21 + de1 2o + 24(L+ de1)) sinHo)2
+%mt (D6 + (D1 + de1 D + D4 (L+ dey)) c080g — D4 (Tro + Ty g der) sinby)”
+%me (~24(W10+ T, gde1) 0800 — (D1 + de1 Do + Dy (L + dey)) sinby)”
+%me (21 + de1 D2 + D4(L+ de1)) cosOy — Dy (10 + V) g der) sin o)
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E4 Generalised Quasi-Momenta

To form the variational equation, we need the derivatives of the kinetic energy with respect
to each of the quasi-velocities. The derivative of the kinetic energy with respect to 2; (the
generalised quasi-momentum of 1) is

oT*

Y = (my + me) (21 + 24(L+ de1) + Dad,1) + m (26 cos Oy — 25 sinfy) (E26)
The 2, generalised quasi-momentum is
g;; = de1 (Mg + me) (21 + 24(L+de1) + Lode) + my (26 cosHy — s sinby) ) (E27)
and the 23 quasi-momentum is
Zeg; = fOLpA(Qg +x9,)dx (E28)
The 2, generalised quasi-momentum is given by
Zg = (my+me) (24 ((L+de1)?* + Wgder +V10)%) + 21 (L+ de1) + Do(Ldey + d2))

L L
+ T +f ,oA((x2 + Do)y + x93)dx +f pIyy324dx
0 0
+ my (96 ((L +d,1)cosOy— (vlLodel +7710) Sil’leo)
— 95((Wyde1 +V10) c0sOg + (L + dey) sinbp)) (E29)

The quasi-velocities 25 and 2 are constrained and as such, these quasi-momenta do not
need to be calculated.

E5 Velocity Relations

The results from Equations (E26) through (E29) are used in the equation
i( oT * 0T ~
02; 02

i=1
which relates the post-impact quasi-velocities to the pre-impact quasi-velocities. Note

)6Qi =0 (E30)

that no quasi-impulse is shown since the impulse due to the applied moment will be zero
(because the impact is instantaneous). As discussed in chapter 5, the variations with respect
to the constrained quasi-velocities will be zero whereas the other variations must be non-
zero. Therefore, we are left with equations for 91, 9,, 93, and 2,. The equation arising from
2 (tip deflection rate) is

(my+me) (27 +2F (L+de) + 25 de1) =(my+ me) (2 + 2 (L+de1) + 2, de1)

) . (E31)
+m; (¢ cosfy — 25 sinby)
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Note that Qg and Qg are calculated by evaluating Equations (E13) and (E14) at the time
instant before impact. The equation arising from 2, (tip rotation rate) is
de1 (Mg + me) (21 + 2F (L+de1) + 25 de1) =de1 (M + my) (27 + 24 (L+de1) + 25 de1)
+de1m (24 cosfy— 25 sinf)
(E32)

Note that these two equations are only different by a factor of d,;. Therefore, they are not

independent and we can find that,
»+

95 ==L (E33)
2 del
The equation arising from 23 (beam deflection rate) is
L L
f pA(2F +x2])dx :f pA(2; +x2;)dx (E34)
0 0

and the equation arising from 9, (beam rotation rate) is,
Im@7 + (my+me) (Vygder + Vo) + (L+ de1)?) 2 + (L+de) 27 + (d? + Lde)2))
+f0LpA((x2 +To(0)H Q] +x27)dx + fOLpInyde
= Jm @5 + (my+mp) ((Vder + Vo) + (L+ de1)?) Q5 + (L+de)) Q7 + (d2) + Lde) 25)

L L
+f pA((x2+vo(x)2)£2;+x£2g)dx+f ply,y 2y dx (E35)
0 0

+my (((L +d,1) cos 00 — (Vo + delilLo) sinHO) Qg — (@LO + deﬁ'Lo) cosBy+ (L+d,1) Sil’leo) .95_)

Substituting the pre-impact constraint relations into Equations (E31) through (E35) leads to
the following equations (after converting to true velocities).

-+ o4 _./+ = s —~ . — s —
(m;+ms) (UL +(L+d,)0" +d,v L) = me(vL +(L+d,)0 +d,v L)+m,;(yt cosfy — x; sinfy)

(E36)
S M
v, =L (E37)
L del
L . + . L CR— .
f A" +x0")dx :f pA(T +x07)dx (E38)
0 0
T+ (m, + my) (((v’wdel +T10)% + (L+ de1)?) 07 + (L+ de)) V) + (Ldey + dﬁl)ﬂ)
L . .
+f0 p(A(@o()?+xH0% +x") + 10" | dx
= J0" + m, (((v’mde1 +T10)2 + (L+de1)?) 0™ + (L+ de) Uy + (Ldey + dﬁl)v";) (E39)

L - .
+f p(A(*+ ()0 +xv )+ I,y07)dx
0
+my (((L + del) COSH() — (Vo + i’mdel) sin@o) yt_ — ((EL() +3’Lode1) COS@() +(L+ del) sinHO) x;)
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The integrals in Equation (E38) are both over the same domain so we can equate the inte-
grands and isolate 7(x)* to get the relation between the beam deflection rate before and
after impact.

10T =10 +x@0 -07) (E40)

Substituting this relation into the angular velocity relation (Equation (E39)) results in the

elimination of a number of terms inside the integrals,
Tn* + (my +my) (((i'mdel + U102+ (L+de))?)0F + (L+ doy) V) + (Ldey + dﬁl)v"Z)
+f0Lp (ATo(x)* + Iy) 0 dx
= 0 +m, (((v’mde1 +T10)2 + (L+ de1)?) 0™ + (L+ de)) T + (Ldey + dgl)v";) (E41)

L .
+f p (ADo(0)* + I,) 0~ dx + my (((L+ der) cosOo — (Uro + Vigder) sinbo) yy
0

— (@LQ + ElLodel) COSH() +(L+dg) sinHO) x;)

Isolating ;vz in Equation (E36) leads to the following equation.

I

Me (EZ +(L+d,)0 + deﬁ";) +my (Y7 cosBy— %; sinfp) — (me + my) (L+de1)0*
UL =

2(m¢+ me) (F42)

Since the angular velocity relation and the tip deflection relation are coupled, solve the linear
system of equations (E42) and (F41) to decouple 8. This yields

N ( T+ M@ yder +T10)? + [ p (ATo(x)2 + 1) dx) 0 — my (U gdoy + T10) (& cosB + 77 sinBy)
Ot =

Jm+ (me+my) (E’LOdEI +§L0)2 + fOLp (Aﬁ()(x)z + IJ’J’) dx
(E43)

The result of this equation can then be used in Equations (E42), (E37), and (E40) to solve for

the new system velocities.
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