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This paper presents an efficient semi-analytical technique for modeling two-dimensional, linearly
elastic, inextensible frames undergoing large displacement and rotation. A system of ordinary
differential equations governing an element is first converted into a system of nonlinear algebraic
equations via appropriate enforcement of boundary conditions. Taylor’s series expansion is then
employed along with the co-rotational approach to derive the best linear approximation of
such system and the corresponding exact element tangent stiffness matrix. A standard assembly
procedure is applied, next, to obtain the best linear approximation of governing nonlinear
equations for the structure. This final system is exploited in the solution search by Newton-
Ralphson iteration. Key features of the proposed technique include that (i) exact load residuals are
evaluated from governing nonlinear algebraic equations, (ii) an exact form of the tangent stiffness
matrix is utilized, and (iii) all elements are treated in a systematic way via direct stiffness strategy.
The first two features enhance the performance of the technique to yield results comparable
to analytical solutions and independent of mesh refinement whereas the last feature allows
structures of general geometries and loading conditions be modeled in a straightforward fashion.
The implemented algorithm is tested for various structures not only to verify its underlying
formulation but also to demonstrate its capability and robustness.

1. Introduction

It is well known that a small-deformation analysis of flexure-dominating structures (e.g.,
beams and frames) based primarily on linearized kinematics and fully decoupled axial-
bending interactions (e.g., [1,2]) can lead to results that are of insufficient accuracy, especially
when the displacement and rotation of a structure are relatively large and the axial-bending
coupling becomes significant (e.g., [3]). In addition, such so-called linear analysis provides
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limited information about either the stability of the structure (e.g., bifurcation loads and
identification of the stability status of structures) or the behavior beyond a point of bifurcation
(i.e., postbuckling behavior). Besides mathematical curiosity and computational challenge,
the necessity to incorporate proper nonlinear kinematics in the mathematical model is
obligatory and arises naturally in numerous practical applications, for example, modeling
of beam-columns where the axial-bending interaction is crucial, analysis and design of
flexible components of machines and systems vulnerable to postbuckling, collapse analysis
of structures under severe loading conditions, and modeling of very slender and flexible
structures where the displacement and rotation are substantial under service conditions.

One simple approach that has been widely used to model geometric nonlinearity of
structures is known as the second-order analysis (e.g., [3-7]). The key improvement of this
approach from the linear analysis stems from the use of simplified nonlinear kinematics
along with forming equilibrium equations based on a deformed state. The integration of
this level of geometric nonlinearity enables the mathematical model to explore additional
structural responses such as critical or bifurcation loads (e.g., [3, 4, 6]) and the interaction
between the bending and axial effects (e.g., [3, 5, 7]). Nevertheless, the second-order analysis
still possesses limited capabilities due to the use of low-order approximate kinematics. For
instance, it still provides limited information on behavior of the structure beyond points of
bifurcation (i.e., postbuckling behavior) and provides results of insufficient accuracy when
the structure undergoes very large displacement and rotation relative to its dimensions.
As a result, modeling of geometric nonlinearity based on exact kinematics has become an
attractive alternative to circumvent all those limitations.

A more sophisticated mathematical model incorporating exact kinematics (i.e., exact
relationship between the displacement, rotation, and curvature) was introduced more than
two centuries ago by Euler (1774) and Lagrange (1770-1773) in their study of finding an
exact, elastic, or deformed curve of beams, known as an elastica problem (see also [8]
for an extensive historical discussion). Later, Kirchhoff [9] made a significant progress by
establishing an analogy between a problem of finding elastica of a cantilever column and
a problem associated with the oscillation of a pendulum. With such simple analogy, a
closed-form solution could be constructed using a so-called, elliptic integral method. Due
to complexity posed by the exact kinematics, solutions of elastica problems in its toddler age,
based purely on analytical techniques, were very limited to structures of simple geometries
and loading conditions.

Due to the rapid growth of powerful computing devices and robust numerical
techniques, the analysis capability has been significantly enhanced and a much broader class
of complex and more practical elastica problems can be solved. In past decades, the large
displacement and rotation analysis based on exact kinematics has gained significant attention
from various researchers and been used extensively to predict complex structural responses
such as the postbuckling behavior. Some of those relevant studies are briefly summarized
here not only to demonstrate the chronological progress and the recent advances in the
area but also to indicate the key contribution of the current study. B. N. Rao and G. V. Rao
[10] employed the fourth-order Runge-Kutta technique to solve for the large deflection of
a cantilever beam subjected to either a rotating distributed load or a rotating concentrated
load. Wang [11] applied a perturbation technique to investigate the postbuckling behavior of
a single column with one of its ends being clamped and the other end being simply supported
and subjected to an axial load. The postbuckling behavior of a prismatic cantilever column
under the combined action between a uniformly distributed load and a concentrated load at
the tip was later examined by Lee [12]. In such analysis, the numerical integration scheme
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based on Butcher’s fifth-order Runge-Kutta method was utilized to construct the numerical
solutions. In 2002, Phungpaingam and Chucheepsakul [13] applied both the elliptic integral
technique and the shooting method to analyze a simply supported beam of variable arc-
length and subjected to an inclined follower force at any location within the member. Later,
Vaz and Silva [14] utilized a two-parameter shooting method to generalize the work of
Wang [11] by replacing the clamped end of a column by a rotational spring. Results from
their study revealed that the rotational restraint at the end of the column significantly
influences the postbsuckling configuration. Madhusudan et al. [15] extended the work of Lee
[12] to explore the influence of a nonuniform cross-ssection on the postbuckling behavior
of a cantilever column. The problem was formulated within the dynamic context, and
the resulting nonlinear equations were solved by a fourth-order Runge-Kutta scheme. In
2007, Shvartsman [16] employed a technique of changing variables along with a solution
scheme requiring no iteration to examine the influence of a rotational spring at the base of
a cantilever beam and a tip-concentrated follower force on its deformed shape. Lacarbonara
[17] applied the higher-order perturbation technique to determine postbuckling solutions for
nonsprismatic nonlinearly elastic rods. Wang et al. [18] reexamined a cantilever beam for
an explicit solution of the displacement and rotation at the free end by using a homotopy
analytical method. Banerjee et al. [19] analyzed a cantilever beam subjected to arbitrary
loading conditions and containing an interior inflection point by using a nonlinear shooting
method and an adomain decomposition. Shvartsman [20] generalized the work of [16] to
explore the influence of a variable cross-section and two follower forces on the behavior of a
cantilever beam undergoing large displacement and rotation. Recently, Chen [21] proposed a
moment integral scheme to solve for a large deflection of a cantilever beam. It was found from
this study that the technique is computationally efficient, yields very accurate results, and
is applicable to beams under various loading conditions and varying material and member
properties. While there have been extensive studies related to large displacement and rotation
analysis, all those mentioned above [10-21] are restricted mainly to structures consisting of
only a single member.

A comprehensive literature survey reveals that work focusing on the large displace-
ment and rotation analysis or elastica of structures consisting of multiple members excluding
those based on finite element approximations is still very limited. Some of those studies are
summarized as follows. Ohtsuki and Ellyin [22] obtained an analytical solution in terms
of elliptic integrals for flexural quantities (e.g., displacements, curvature, bending moment,
etc.) of a square frame subjected to a pair of opposite nodal concentrated forces. Dado et
al. [23] studied the postbuckling behavior of a cantilever beam consisting of two segments
with different properties connected by an elastic rotational spring. Several methods including
a semi-analytical technique, a numerical integration scheme, and a finite element method
capable of modeling large displacement and rotation were employed and their performance
was compared. Suwansheewasiri and Chucheepsakul [24] utilized the elliptic integral
method to investigate both buckling and postbuckling of a two-member frame under nodal
loads at its apex. Both symmetric and nonsymmetric postbuckling shapes were examined
in their study. Dado and Al-Sadder [25] proposed a robust numerical technique based on
an approximation of an angular deflection along the beam axis by a polynomial function
to analyze a thombus frame consisting of nonprismatic members and subjected to a pair of
opposite nodal forces along its diagonal. Hu et al. [26] employed the differential quadrature
element method (DQEM) to perform large displacement analysis of frames containing
discontinuity conditions and initial displacements. While its computational efficiency and
applicability to structures with general geometries were concluded, the technique itself is
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still an approximate scheme, and, as a result, the accuracy of numerical solutions depends
primarily on the level of mesh refinement. Recently, Shatarat et al. [27] reinvestigated a
rhombus nonlinear elastic frame under a pair of opposite nodal forces along its diagonal.
In their study, a semi-analytical technique was utilized to obtain the relation between the
displacement and applied forces at its corners. Based on existing literatures in the area as
clearly indicated, the development of efficient and accurate techniques that are capable of
modeling large displacement and rotation of structures with general geometries and loading
conditions still deserves further investigations.

In this paper, we propose a systematic and simple semi-analytical technique based on a
direct stiffness method for large displacement and rotation analysis of linearly elastic, flexure-
dominating skeleton structures of arbitrary geometries and subjected to general nodal loads.
The crucial feature of the current technique is the use of an exact element tangent stiffness
matrix to form the best linear approximation of the governing nonlinear equations. Such
local linear approximation along with the Newton-Ralphson iteration via the exact evaluation
of residuals allows a semi-analytical solution to be obtained. It is worth noting that while
the current approach and various existing techniques based on corotational finite element
formulations (e.g., [28-32]) are closely related, the present study offers an alternative in
which the exact form of governing equations is employed throughout the solution procedure,
and this, as a result, yields results comparable to analytical solutions without refining the
discretization. The accuracy and capability of the proposed technique are demonstrated via
extensive numerical experiments.

2. Basic Equations

Basic assumptions and key components used to form a mathematical model for an individual
member and to derive key differential equations governing its behavior include that (i)
the member is prismatic and made of a homogeneous, isotropic, linearly elastic material;
(ii) the curvature, displacement, and rotation are related by an exact kinematics; (iii) static
equilibrium equations are enforced in the deformed state; (iv) member loads are absent; (v)
the member is inextensible; (vi) shear deformation is negligible.

Let us consider a straight, prismatic member of length L and moment of inertia I
and made of an elastic material with Young’s modulus E. An undeformed configuration
of this member occupies a straight line y = 0, 0 < x < L, and its subsequent deformed
state (resulting from a particular motion) is shown in Figure 1(a). It is important to remark
first that the Lagrangion description is utilized throughout the following development, and,
by supplying simplified kinematics of the cross-section (e.g., plane section always remains
plane before and after undergoing deformation), the entire (three-dimensional) member can
be sufficiently and completely represented by a single line connecting the centroid of all cross-
sections (i.e., the neutral axis). From here to what follows, the phrases “cross-section at (S,0)”
and “point (S,0)” are often utilized for convenience in this paper to refer to a cross-section at
any state with its centroid located at a point (S, 0) in the undeformed state. During a particular
motion, the cross-section at (S, 0) in the undeformed state displaces to a point (S +u, v) in the
deformed state where u = u(S) and v = v(S) denote the x-component and the y-component
of the displacement at point (S, 0), respectively. Let f, = f(S), f, = f,(S), and m = m(S)
denote a resultant internal force in x-direction, a resultant internal force in y-direction, and a
resultant bending moment at the cross-section (S, 0), respectively.
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Figure 1: (a) Schematic of deformed and undeformed configurations of member and (b) free body diagram
of infinitesimal element dS.

By enforcing static equilibrium of an infinitesimal element dS in the deformed state
(see its free body diagram in Figure 1(b)), it leads to three differential equations

df
_dfs _o, (21)
df,
_dSy =0, (2.2)
dm .
E = fx sm@ + fy COSs 9, (23)

where 0 is the rotation of any cross-section. Clearly indicated by (2.1) and (2.2), the internal
forces f, and f, must be constant for the entire member. It is evident from geometry of the
element dS in the deformed state that the rotation 6 can be related to the two components of
the displacement u and v by

. dov du
sin 6 = a5 cosf =1+ IS (2.4)

From the kinematics assumption (ii), the curvature x and the rotation 6 are related through
x = d0/dS, and, by using assumptions (i) and (vi), we then obtain the linear moment-
curvature relationship: m = Elx. By using these two relations, (2.3) becomes

azo - . =
a = fxsin® + f, cos 6, (2.5)

where nondimensional parameters appearing in above equation are defined by ¢ = S/L,
fx = fxL?/El and f, = f,L?/EL By performing a direct integration of (2.5), it leads to

do\? - P
<d_§> =C-2fycos0+2f,sin0, (2.6)
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where C is a constant of integration that can be determined from boundary conditions. It is
worth noting that, from the moment-curvature relationship, sign of the normalized curvature
do/d¢ is uniquely dictated by that of the bending moment m. As a consequence, d¢/d6 can
readily be solved from (2.6) to obtain

s _ d(m)

- — — 7 (27)
49 \/C—foc059+2fysin9

where 8(rm) is a moment-dependent function defined such that 8(m) = 1 if m = mL/EI > 0
and d(m) = -1 if m < 0. By combining (2.4) and (2.7), it leads to following two relations:

dov _ O (m) sin 6
a9 \/C—fo0056+2fysin6

(2.8)
du _ O(m)(cosO —-1)

a0 \/C—2fxcose+2fysin6

where & = u/L and ¥ = v/L. The three differential relations (2.7)-(2.8) constitute a basis for
the development described below.

3. Governing Equations and Tangent Stiffness Matrix for Elements

In this section, we apply basic differential equations derived above to form a set of governing
nonlinear algebraic equations and the exact expression of the tangent stiffness matrix of a
two-dimensional member. To aid such development and attain anticipated outcomes, we first
establish some useful results for a simply supported member and then use them along with
the geometric consideration and the coordinate transformation.

3.1. Results for Simply Supported Member

Now, let us consider a simply-supported member (with a pinned support at its left end
(S = 0) and a roller support at its right end (S = L)) subjected to end loads {m, my, fx2}
as shown in Figure 2. By imposing the moment boundary condition at the right end, that is,
de/dé(0,) = my = myL/El, we obtain the constant C as

C= rﬁ% + fo cos 60, — ny sin 6,. (3.1)
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Figure 2: Schematic of simply supported member subjected to end loads {m;,m;, fr2}.

By inserting the constant C into the relations (2.7)-(2.8), it yields

% = 00m)F (0,0 o fy ),

do o
=5 = () sin0F (6,0x; fx, fy, a), (3.2)

di PP
5= (1) (cos 0 — 1)F<9, Gz,fx,fy,Tnz),

where the function F is defined by

1

F<9,62;fx1fyrﬁ12) = — ~ :
\/n%% +2fx(cos 0, — cos ) — 2, (sin B, — sin 0)

(3.3)

By imposing the remaining two natural boundary conditions at the left and right ends of a
member, we obtain

M3 — 3 + 2f(cos 6, — cos 0;) — ny(sin 0, —sin6q) =0, (3.4)

foo—fx=0, (3.5)

where m; = m;L/El and fxz = fxoL?/EL Normalized support reactions { fxl, fyl, fyz} can
readily be computed from equilibrium of the entire member, and final results are given by

1’lA’ll+1”lA12 -~ 1’lA’ll+1”lA12

fa=-fu  fa= = Ju=m (3.6)
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whered = 1 + Uy and i, = uy /L. Next, by integrating (3.2) from 6 = 6 to 6 = 0,, it leads to a
system of three nonlinear algebraic equations

fez O F (6,0 fr, foi2)d0 = 1, (3.7)

o1

fez &) sin 9F<9, 02 fr, fy,mz)de =0, (3.8)
o1

fﬂz (i) cos OF (6, 0; fr, fy, 12 )d6 = d. (3.9)
o1

For a given set of end loads { fxz,rﬁl,ﬁz}, the end displacement and rotations {iiy,01,6,}
can be solved from a system of nonlinear equations (3.7)-(3.9) with use of (3.4) and (3.5)
to eliminate the internal forces { fy, f;}. On the other hand, the problem finding the end
loads { fxz,ﬁu, my} for a particular set of prescribed displacement and rotations {iiy, 61,6, }
can possess no solution. Because of the geometric constraint imposed by the member
inextensibility, the boundary value problem indicated above is not well-posed or, in other
words, {ip,61,0;} cannot be specified arbitrarily. However, if { fx, 01,62} are prescribed
instead, the end loads { fxz,ﬁl,ﬁz} can be obtained by solving (3.4), (3.5), (3.7), and (3.8)
simultaneously, and the end displacement i, can subsequently be computed from (3.9).
However, lack of the displacement component i, renders a set { fx,Gl,Gz} not well suited
for the development of a solution procedure by a direct stiffness method.

In the present study, {iiz,01,0,, fx} is chosen as a set of primary unknowns. It is worth
noting that to allow i, to be one of independent variables, the strong requirement posed by
(3.9) must be relaxed via the introduction of the residual &R such that

92 - -
R=d-| 0@m)cos 6F<6, 02; frr for naz) de. (3.10)
6

Supplemented by (3.10), for any given set {ii,, 61,0, fx}, the quantities { fxz, my, My, R} can
be obtained from (3.5), (3.7), (3.8), and (3.10) with use of (3.4) to get rid of fy. It should be
emphasized that {ii,01,0,, fx} and the corresponding { fxz, my, My, R} are solutions of the
boundary value problem if and only if the residual &R vanishes.

Let f be a vector defined by f = [f, fr]T where f, = {fxz,ﬁl,mz,eﬂ} and f, =
{ fx1, fyl, fyz} and let u be a vector defined by u = {i,01,6,, fx }T. From the relations (3.4)-
(3.8) and (3.10), it can readily be verified that f = f(u), and, from Taylor series expansion,
the best linear approximation of this nonlinear function f in the neighborhood of a vector ug
takes a form

f(u) = f(up) + g(up) (u - uo), (3.11)
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where a gradient matrix g is given by

_of |8
=2 = [gr]. (3.12)

The submatrix g, is expressed explicitly in terms of differentiations as

—afo afo afo afo-
aﬁz 691 (392 afx
om; Om; Omy Ony
aﬁz 691 692 afx
8 = |om, omy omy o |- (3.13)
aﬁz 691 592 afx
OR DR R DR
aﬁz 691 692 afx

By defining gij as an entry located at the ith row and jth column of the submatrix 8y, the
submatrix g, can readily be obtained in terms of g;; as

—g113 —glzt77 —glslj —g1407
gr = -5 Qo+ §B+YB it pa | (3.14)

5 90 -9 —3— 98B —4— 4

Q| =

where 5 = (my + )/ d. As clearly indicated by (3.5), (3.7), (3.8), and (3.10), entries
811, 812, 813, §21, and g3 vanish whereas g14 = gu1 = 1. The remaining entries of g, are
contained in a submatrix ¢, given by

[0m; Omy Oy |
30, 0 of,
Oomy Omy Oniy
3= |20 0 of, | 3.1
OR OR OR
o o o,

It should be remarked that determination of all entries of the submatrix ¢, is nontrivial and
requires implicit differentiations.
3.2. Derivation of Submatrix ¢,

The explicit form of the submatrix ¢, can be derived for various cases depending on the
location of an inflection point within the member. For instance, a single-curvature member
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contains either no inflection point or an inflection point at its end whereas a double-curvature
member contains an inflection point within the member. The key differences between these
two cases are associated with the value of the moment-dependent function 8() and the
singularity behavior of the function F defined by (3.3).

3.2.1. Member Containing No Inflection Point

The normalized bending moment is strictly positive (i.e., 71(¢) > 0) or strictly negative (i.e.,
m(¢) < 0) for the entire beam (i.e., ¢ € [0,1]) when the applied end moments {1,171}
are nonzero and possess different sign (i.e., m1m, < 0). The deformed configuration of
the member for this particular case possesses a single curvature, and, in addition, d(rn)
becomes a constant function with its value equal to either 1 or -1 depending on the sign
of m; more specifically, 8(m) = 1 for m > 0 and d(m) = -1 for m < 0. It is worth noting
that the function F, defined by (3.3), is well behaved in the sense that the quantity within
the square root is always greater than zero; this results directly from that 71 # 0 for the entire
member. Such desirable feature of F renders all involved integrals nonsingular and, therefore,
allows a standard procedure to be employed in their treatment. For convenience in further
development, the relations (3.7), (3.8), and (3.10) are re-expressed as

11(61,05; fr, fy112) = f O(m)F (6,00 fr, fy,12)d0 -1 =0, (3.16)
01
I, (91,92; Feo Fyriin) = f () sin OF (6,0x; f, f,, 112 )d = 0, (3.17)
01
R = R (01,00, 1; fo, fy, 12 = d - f (i) cos OF (6,0; fr, fy, it ) 6. (3.18)
01

It is noted that the relation (3.4) implicitly defines fy in terms of {1y, m,} and {6, 0>, fo }. As

aresult, by taking derivative of (3.16)—(3.18) with respect to {61, 05, f, } along with employing
the chain rule of differentiation, it leads to

Sg¢, = -D, (3.19)

where the matrices S and D are given by

[ ori 0fy  on onOfy ]
of, 0 oy o, oz
s- |20 a0k of (3.20)
ofy omy; Omy ofy ony
ORBfy OR OROfy
i afyaﬁﬁ omy a]?yar?zz |




Mathematical Problems in Engineering 11

ol aridf, on  aridf, on N ar: Ofy |

5 = 5 T — — =
00, ofy 00; 00, of, 00, Ofc 0fy 0fx
81”24_61}% 6F2+6F2% 61”2_’_%%

D= 56 o7, 00 38 0,08 of, 07,0,

06, afyael 00, afyb@z afx afya]?x

(3.21)

Entries of the matrices S and D can be expressed in a closed form and the submatrix ¢, can
then be obtained by solving (3.19) (see explicit results in Appendix A).

3.2.2. Member Containing Interior Inflection Point

Now, let us consider a member containing an interior inflection point at ¢, € (0,1) or,
equivalently, the bending moment vanishing at ¢, and m1(é;)m(é&) < 0 for ¢ € [0,¢;) and
& € (&2, 1]. This particular case arises when the applied end moments {1, 1,} are nonzero
and possess the same sign (i.e., iy > 0). The resulting deformed configuration of the
member possesses a double-curvature shape. As a result, the moment-dependent function &
is discontinuous at ¢, and takes different values on both sides of the inflection point. For the
applied end moments 11, 71, > 0, it results in & = -1 for ¢ € [0,¢;) and & = 1for ¢ € (&, 1],
and for 711, 7 < 0, itresultsin 3 = 1 for ¢ € [0,¢.) and & = -1 for ¢ € (¢.,1].

For this special case, the constant C appearing in (2.6) is alternatively obtained by
imposing a condition at the inflection point, that is, d0/d¢(0-) = 0, and this leads to

C =2f,cosB, - 2f, sin 6, (3.22)

where 0, is the rotation at the inflection point. Upon using (3.22), the relations (2.7)-(2.8)
become

% = 8(m)F- (0,02 fr, fy ),
% = 8(m) sinOF. (6,0.; f.. f, ), 02

;l_g = 8(m) (cos 0~ )F- (6,0 fu, f, ),

where the function F. is defined by

1
\/fo(cos 0, —cosb) — ny (sin B, —sin )

F. (6,02 fu fy) = (3.24)
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By integrating equations (3.23) over the entire member, we obtain

qf[_ Jez F.(0,0:; o, f, )d0 + j "r (6.0- fo, fy>d9] _q,

6, 0

0. L 6, R
qr[—J sinOF. (0,0.; fr, f, )40 + f sinOF, (6,0.; f, fy>d9] =0, (3.25)
Gz

01

0 PR 6> N
¢ [— (cos O = 1)F-(6,02; fx, f,)dO + f (cos 0~ 1)F-(6,02; fx, fy>d9] = iy,
91 ez

where a constant ¢ is defined such that ¢ = 1 if 1, M, > 0 and ¢ = -1 if 7115, 171, < 0.

It is evident from (3.24) that the function F. is weakly singular at the inflection
point (i.e., at @ = 0.); as a result, all singular integrals appearing in equations (3.25) need
special treatment. A series of variable transformations and some identities used to remove
and regularize such singularity are summarized as follows: (i) introducing identities fsz =

\/ 2+ f;, cosB, = fr/f2 and sinf, = —fy/fsz, (i) applying change of variable 6 = 7+ (6-6,,)
and identity cosO = 1-2sin?(0/2), and (iii) introducing another variable transformation
psin¢ = sin(0/2) with p = sin(6./2). The function F. simply reduces to

1 1 1
F —

VRt o001 (a2 s (@/2) —sne(072)] Pt
(3.26)

where 6., = 7 + (8 - 6,,). Finally, the nonlinear algebraic equations (3.25) can be expressed in
terms of integrals over a dummy variable ¢ as

/2 /2

L0062 fefo) = | So@P)Ab+ | - fol@iP)dg-fiz0  627)
R /2 ar /2
(0000 fufo) = [ fo@ 0P+ [ R 0sRp=0  329)

~ — PN /2 /2
R(601,05,10, f) = R(61,0,0., 10, fo, ) = o - %[ , J@Op)dg s L fu($s eo;mdgb],
(3.29)
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where psin ¢; = sin(6;/2), psin ¢, = sin(02/2), 61 = 7 + (81 — 0,), 62 = 7 + (6, — 6,), and

-
—2 . 5 ’
\/1-p sin¢

fo (d), 90;;_9) = ﬂ —-2sin6,\/1 - ;_azsin2¢ —2¢p cos B, sin @, (3.30)

fo(§ip) =

1-p’sin2¢
fu(9,00;P) = o’ 602 124) —2c0s6,\/1 - p’sin + 2¢:p sin O, sin ¢.
1 -p“sin

By enforcing the remaining two moment boundary conditions at both ends of the
member, it leads to

ﬁz% + fo(cos 61 —cosB,) — ny(sin 61 —sin6,) =0,

. N (3.31)
ﬁ1§ +2fx(cos b, —cos6;) —2f,(sin6 —sin6O,) = 0.
By taking derivative of (3.31) with respect to 6y, 6>, and fx, it results in
691 692 a]?x
Ony Omy Omy | = M; + MbA, (3.32)
591 692 afx
where matrices M;, My, and A are given by
Moy eoa
_|m m
M; = 01 ﬁ c. —102 , (3.33)
ny 11A12
M2 - _E Sanlsz , (334)
m, My
00, % 00,
691 692 afx
A= = = =1, 3.35
of, of, ofy (339
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where s1 = sin 0y, s, =sin6,, s, =sinf,, c; = cosBy, c; = cos B, ¢, = cos O, A\ = fxsl + fycl,
A = fxsz + fycz and A, = fys.+ fycz. Differentiating (3.29) with respect to 01, 6,, and f, yields

o R oR
56, 56 of, =B +CA, (3.36)

where matrices B and C are given by
[ om 0R] o _[0R o -
|06 06> ofx |’ | 06. afy ' '

Note that all entries of the matrices B and C can be obtained directly from (3.29) along
with the change of variables 0 =uo+(0-6,) and psing = sin(6/2) (see explicit results
in Appendix B).

To compute all entries of the matrix A, we differentiate (3.27) and (3.28) with respect
to 61,0,, and fx, and this results in

DA =F, (3.38)
where matrices D and F are given by
ol, al, or, or, or,
00: of, 00, 00, H7
D= |or, o, | F=-|or, or, of (3.39)
00 aj?y 00, 06, afx

Similarly, all entries of the matrices D and F can be obtained directly from (3.27) and (3.28)
along with the change of variables O=o+ (0-6,) and psin¢ = sin(@/ 2) (see explicit results
in Appendix B). Once the matrix A is solved from (3.38), it is inserted into (3.32) and (3.36)
to obtain all entries of the matrix ¢,. Due to the complexity of all functions resulting from
variable transformations, the matrices B, C, D, and F are evaluated numerically by standard
Gaussian quadrature.

3.2.3. Member Containing Inflection Point at Member End

Finally, consider a member containing an inflection point at one of its ends, or, equivalently,
the bending moment possesses the same sign throughout the member and vanishes only at
one of its ends. This particular case arises when one of the applied end moments {11, 771, }
vanishes. The deformed configuration of the member possesses a single-curvature shape,
and, in addition, the moment-dependent function & becomes a constant function with its
value equal to either 1 or —1 depending on the direction of the nonzero applied moments.
Without loss of generality, the development presented below focuses only on the member
containing an inflection point at its right end. While results for the member containing an
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inflection point at its left end are also needed, the treatment of such case follows the same
procedure and is not presented here for brevity.

Now, let us restrict our attention to a member subjected only to a nonzero . It
should be noted that this particular member can be treated as a special case of a double-
curvature member discussed in the Section 3.2.2 by simply taking 0, = 6, and ¢. = 1. As
a consequence, basic equations and procedures adopted in the previous case can, after the
proper specialization, be applied to this particular case. By replacing 8, = 6, into (3.25), it
leads to

0, o
—¢ | Fa (9, 02 fr, fy>d9 =1, (3.40)
01
0, PR
~ | sin0F.1(6,0 fx, f,)d0 = 0, (3.41)
61
0, L
~¢ | (cosO-1)F (9, 02; fr, fy>d9 = i, (3.42)
01

where a function F.; is given by

1

= = . (3.43)
\/fo(cos 0, — cos 0) — 2f,(sin 0, — sin 0)

le<9/92;fxrj?y> =

By introducing the same type of variable transformations as employed in the previous
case, (3.40)—(3.42) become

_ PN /2 _
To (61,62 fo fy) = ) fo(@:p)dep— fo =0, (3.44)
_ L ar /2
T, (61,62 fi, fy)=f¢ fo($,6:7)dd =0, (3.5)
—~ — PR /2

R (01,02, ) = R (61,00, fr f,) =z - % f( 0P dD. (3.46)

Since the right-end moment is prescribed (i.e., 711, = 0), the rotation at the right end 6, is no
longer an independent quantity but can be obtained in terms of {61, f.}.
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Let us redefine f = [fp fr]T where f,, ={ fxz,ﬁl,ﬁ} and f, = { fxl, fyl, fyz} and redefine
u = {iy, 0, fx }T. Consistent with these new definitions, the reduced gradient matrix takes the

formg = [ng, gf]T where the submatrices g, and g, are given by

—afxz afxz afxz-
aﬁz (391 a]?x
omy Omy Ony

8 =|0ow 0 of |
R OR oR

o, 00, of. (3.47)

_§11d _§12d _§13d
- §22 §23 4

_§22 _§23

wl)

where g;; denotes any entry of the submatrix g, and 5 = im/d. As clearly indicated in the

previous section, the entries S 81 and g,, vanishand g,, = g;; = 1. The remaining entries
are contained in a submatrix ¢, given by

Orm - Oy
O R (3.48)
TR OR | '
b o,

By imposing the remaining moment boundary conditions at the left end of the member, we
obtain

ﬁzf + fo(cos 61— cos6,) — ny (sinB; —sinB,) = 0. (3.49)

Taking derivative of (3.49) with respect to 6; and f, leads to

[aﬁu oy

6_91 a—fo:I =M; + MbA, (3.50)

where matrices My, M,, and A are given by

00, 00,
0 of
— M - — L s1-9 - ~ o~
M = _— M = |- A = . . ].
Yl ], ? m ]/ ofy Ofy (3:51)

591 afx
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By differentiating (3.46) with respect to 8; and f,, it results in

OR OR| - ——
— — | =B+ CA, (3.52)
00 Ofx
where matrices B and C are
Bo|OR OR| G [OR R| (3.53)
061 Hf, 00> of,

Note that all entries of the matrices B and C can be obtained directly from (3.46) along with
the transformations 6 = o+ (6-6,) and psin¢ = sin(6/2) (see explicit results in Appendix C).
To compute all entries of the matrix A, (3.44) and (3.45) are differentiated with respect to 6,
and fx and this yields

DA-=F, (3.54)
where matrices D and F are given by
or, or, or, ol,
. 00, 5 f _ 001 p ]?
_ _ JY _ _ Jx
D = % or, |’ F = % oT, (3.55)
892 ) fy 691 0 _fx

Explicit expressions for all entries of the matrices D and F are reported in Appendix C.
Once the matrix A is solved from (3.54), it is substituted into (3.50) and (3.52) to obtain all
entries of the matrix g,,. Again, due to the complexity of all functions resulting from variable

transformations, the matrices B,C,D, and F are evaluated numerically using Gaussian
quadrature.

3.3. Local Element Tangent Stiffness Matrix

Consider now a member with general boundary conditions as shown schematically in
Figure 3. Let {x,y} be a local coordinate system of the undeformed member and {x*, y*} be
the coordinate system of the deformed member defined such that a chord connecting its end
points always lies on the x* axis. With this specific choice of {x*, y*}, behavior of the member
observed from this coordinate system is identical to that of a simply supported member.

The normalized end loads and normalized end displacements and rotations are
denoted by { fxl, fﬂ,ffﬁ, fxz, fyz,ﬁz} and {111, 01,01, Up, D2, 02} in the {x, y} coordinate system

and by {A f;l,r?z{, f;2, f;z,ﬁq} and {u3,07,05} in the {x*,y*} coordinate system. From

*
x1’
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X

Figure 3: Schematic of undeformed and deformed configurations of a member subjected to general
boundary conditions.

geometric consideration of the deformed configuration, {3, 07,05} can readily be expressed
in terms of {111, 01,01, U, D2, 0,} by

61=6I+(;b,
0,=05+¢, (3.56)

iy = (1+1uy—1i1)cosp + (U —01) sing -1,
where ¢ is a chord rotation governed by

(1+ 1y —t)sing — (02 —01) cos¢p = 0. (3.57)

Let f ¢ be the internal force in x* direction and R* be the residual defined in the {x*, y*}
system in the same way as given by (3.10). In the {x, y} coordinate system, we choose

{ fx, R} such that

fe=fi, R=&" (3.58)

By applying the coordinate transformation, a vector f = { fxl, fyl, mi, fx2, fyz, my, R} is
related to a vector f* = { f,, m}, m;, z‘R*,f*l,f;l,f;z} by

X. X

f=R($)f, (3.59)
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where R(¢) is a transformation matrix of dimensions 7 x 7 given by

[0 000 cp —sp 07
0 000syp ¢cp O
01000 O O
R(p)=1cg 000 0 0 -sg/, (3.60)
s 000 0 0 ¢
00100 0 O
0001 0 0 O

in which s, = sin¢ and ¢y = cos¢. By defining u = {ﬁ1,51,91,ﬁ2,52,62,fx} and u* =
{u3,07,03, f; } and then recalling (3.56)—(3.58), we obtain the relation u* = u*(u). From the fact
that behavior of the member in the {x*, y*} system is identical to that for a simply supported
member, f* and u* are therefore related by f* = f*(u*). Combining (3.59), u* = u*(u) and
f* = £*(u*) leads to the relation f = f(u) = R(¢)f*(u*(u)), and, from Taylor series expansion,
this nonlinear function possesses the best linear approximation in the neighborhood of a
vector up

f(u) = £(uo) + ki (up) (u - up), (3.61)

where k; is a local element tangent stiffness matrix given by

= a—Rf*%+R Ou

k=358 5u T REGu

(3.62)

in which the relation g = 0f*/0u* is utilized.
For a special case in which the member contains an inflection point at its right end, the
end moment 71, vanishes and the corresponding end rotation 6, is eliminated from the set

of unknowns. Let us first define following reduced vectors f= { fxl, fyl, my, f oy fyz, R}, f =
{fro nﬁ;,eﬂ*,f;l,f;l,f;z}, u = {i11,01,01,12,0,, fx}, and w" = {u},0;, fi}. By applying the

coordinate transformation, the relationship between the reduced vectors f and fis given by

f=R(p)f, (3.63)



20 Mathematical Problems in Engineering

where R(¢) is a reduced transformation matrix of dimensions 6 x 6 given by

[0 00 Cp —S¢ 0
000 S(i’ C¢ 0
R(p) = vLo oo (3.64)
Co 00O 0 —S¢
S¢ 000 0 C¢
0010 0 0]

The relation u* = u”*(u) is then obtained by recalling (3.56)—(3.58) and f =f (@) results from
the fact that the behavior of the member in the {x*, y*} system is identical to that for a simply
supported member. Combining (3.63), u* = u*(u) and f=f@) yields f = E((]))E* (u* (),
and, from Taylor series expansion, the best linear approximation of this nonlinear function in
the neighborhood of a vector uj takes the form

f(u) = f(uo) + k(o) (u - W), (3.65)

where k; is a reduced local element tangent stiffness matrix given by

— OR=0p —_ou
_ ORy 09 RO 3.66
k=35t 5 "ReGa (3.66)

in which the relation g = of /0" is utilized. Note that the local element tangent stiffness
matrix for this particular case is of dimensions 6 x 6.

3.4. Global Element Tangent Stiffness Matrix

Let the orientation of a member in the undeformed state be denoted by an angle f measured
from the global X-axis to the local x-axis (defined in the Section 3.3). The element tangent
stiffness matrix k referring to the global coordinate system {X, Y’} can be obtained using the
following standard coordinate transformation

kg = Q'kIQ, (3.67)
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where Q is a transformation matrix of dimension 7 x 7 given by

[cp sp O 0 0 0 0]
-spcg 00 000
0 01 0 000
Q=10 00 ¢ s 00], (3.68)
0 00 -s5¢00
0 00 0 010
| 0O 00 0O 0 0 1]

in which sg = sin f and ¢s = cos p. Similarly, for a member containing an inflection point at
the right end, we obtain

ke =Q kQ, (3.69)

where Eg is the reduced, global element tangent stiffness matrix and Q is a reduced
transformation matrix given by

[cs sp O 00
-sp ¢ 0 00
_ 0 01 0 00O
=10 00 ¢ 50| 70
0 00 —-sgcp O
| 0 00 0 0 1]

4. Structure Stiffness Equations

The best linear approximation of nonlinear algebraic equations governing the entire structure
can readily be obtained by a direct assembly of the linear approximation of all members.
This strategy employs two key ingredients, that is, the compatibility of the displacement
and rotation at nodes and ends of members and the equilibrium between external loads and
member end forces at nodes. The resulting linear approximation is given by

P=P,+K{(U-U,), (4.1)

where P is a vector of nodal loads and zero residuals of all members, U is a vector of nodal
displacements, nodal rotations and the internal axial force of all members, {P,, U, } are vectors
{P,U} at the reference state, and K; is the structure tangent stiffness matrix. Note that the
matrix K; can readily be obtained from a direct assembly of the global element tangent
stiffness matrices kg or l_<g of all members. The linear approximation (4.1) is then used in
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the Newton-Raphson iteration to search for a solution of a system of nonlinear equations
governing the entire structure.

5. Verifications and Results

As a means to verify both the formulation and numerical implementation and also to
demonstrate the capability and versatility of the proposed technique, extensive numerical
experiments are performed for various structures. In the verification procedure, a set of
simple boundary value problems is considered first and obtained results are compared with
existing analytical solutions, and, subsequently, more complex structures are analyzed and
results are verified by those obtained from a reliable commercial FEM package, ANSYS.

5.1. Cantilever Beam Subjected to Concentrated Moments

Consider a cantilever beam of length L and flexural rigidity EI and subjected to two
concentrated moments —M (negative sign simply indicating that the applied moment is in
clockwise direction) and 1.5 M where the former is applied at the tip and the latter is applied
at the mid-span as shown in Figure 4(a). It is clear from equilibrium that the bending moment
within the left half of the beam is equal to 0.5 M whereas, in its right half, the bending moment
is equal to -M. Three uniform meshes (consisting of 2, 4, and 8 identical members) employed
in the analysis are illustrated in Figure 4(b). Responses of the beam are obtained for several
levels of the applied moment, thatis, m = ML/EIl € {1,2,3,4,5}.

Since the bending moment for the left and right halves of the beam is constant and the
internal resultant forces identically vanish, the closed form solution for the rotation and the
displacement can readily be obtained from the direct integration of the governing equations
(3.2). The explicit solutions are given by

0.5 mg, 0<¢<0.5,
m(0.75-¢), 05<¢<1,

(M—é 0<&<05,

= sin(O.% m) + SAin((0~75 —¢)m) +é-1, 05<¢<1, 61
L m
r2—2cosA(O.5 r?zé), 0<¢<0.5,

%=1 23 008(0.25 1?1)1; cos(075-8)m) 5 vy

The deflected shapes of the beam for different values of 7 are shown in Figure 5. Numerical
results obtained for all three meshes are reported only at nodal points and compared with
the analytical solution given by (5.1). As evident from this set of results, numerical solutions
exhibit excellent agreement with the benchmark solution. It is important to emphasize that
the accuracy of numerical solutions obtained from the proposed technique is independent
of the level of mesh refinement; use of three meshes in the analysis is mainly to verify the
implementation of the direct stiffness strategy for structures consisting of multiple members.
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Figure 4: (a) Schematic of cantilever beam subjected to two concentrated moments and (b) three meshes
adopted in the analysis.
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Figure 5: Deformed shapes of cantilever beam subjected to two concentrated moments.

While results are reported only at nodes, responses at any point within the member can
readily be obtained once the nodal quantities are determined.

5.2. Frame Subjected to Concentrated Moments

Next, consider a more complex boundary value problem associated with a frame consisting
of a column and two overhanging beams. The column and the two beams are of the
same length L and flexural rigidity EI, and the frame is subjected to three concentrated
moments { M, M, M3} as shown schematically in Figure 6(a). In the analysis, we choose
{M1, My, M3} such that My = M; = aEI/L and M3 = -2.5aEI/L, and three meshes
(consisting of 3, 6, and 12 members) are adopted as shown in Figure 6(b). Note again that use
of different meshes in the experiments is merely to demonstrate capability of the technique
to model structures consisting of multiple members.
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Figure 6: (a) Schematic of frame subjected to three moments and (b) three meshes adopted in the analysis.

This particular loading condition yields a constant bending moment within the two
beams and the column and zero resultant forces over the entire structure. Similar to the
previous case, the analytical solution for the rotation and displacement at any point within
the structure can readily be obtained by directly solving the governing equations (3.2) for
each beam and column along with the use of boundary conditions at the fixed base and
the continuity conditions at the junction. The deflected shapes of the rigid frame for various
values of loading parameter a are reported in Figure 7. Again, numerical results for the
displacement at the nodal points obtained from all three meshes coincide with the analytical
solutions, and, in addition, no dependence on the level of mesh refinement is observed. These
experiments again confirm the validity of the current implementation.

5.3. Opened Square Frame Subjected to Pair of Opposite Forces

Consider an opened square frame subjected to a pair of opposite vertical loads as shown
in Figure 8(a). The frame consists of a horizontal member, two vertical members of the
same length L and two overhanging members of length 0.5L, and all members have the
same flexural rigidity EI. As clearly demonstrated by the two previous problems, the
current technique displays an attractive feature, namely, the independence of a level of mesh
refinement. Thus, without loss of accuracy of numerical solutions, it is common to discretize
the structure using the minimum number of elements to reduce the computational cost. For
this particular case, a mesh consisting of 3 horizontal members and 2 vertical members is
adopted as shown in Figure 8(b).

The deflected shapes of the structure are reported in Figure 9 for many values of
normalized vertical loads f* = FL?/EI € {0.2,0.6,1.0,1.4,1.8}. From this set of results, the
numerical solutions exhibit excellent agreement with the benchmark solutions obtained from
a reliable commercial FEM package, ANSYS; in fact, the computed results from the proposed
technique are nearly indistinguishable from those obtained from ANSYS. It is also worth
pointing out that in the construction of a (converged) benchmark solution by ANSYS, a series
of meshes were considered and a reasonably fine mesh was needed to achieve such highly
accurate results.
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Figure 7: Deformed shapes of frame subjected to three concentrated moments.
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Figure 8: (a) Schematic of opened square frame subjected to pair of opposite vertical forces and (b) mesh
used in analysis.

5.4. Diamond Box Frame Subjected to Vertical Force

As a final example, consider a diamond box frame subjected to a vertical downward force F
as shown schematically in Figure 10(a). The frame consists of four 45-degree bevel elements
of the same length v/2L, and all elements have the same flexural rigidity EI In the analysis,
the structure is discretized into four elements (see Figure 10(b)) and various values of a
normalized load (i.e., fy = FL?/EI € {5,10,15,20}) are treated.

Deflected shapes of a structure for different f, are reported in Figure 11. It can be
concluded again from these results that the proposed technique yields highly accurate
solutions for any level of applied loads treated. In particular, the computed displacements
and rotations coincide with those obtained from ANSYS. In addition, the nonlinear
relationship between the vertical applied load and the vertical displacement at the upper
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Figure 9: Deformed shapes of opened square frame subjected to pair of opposite vertical forces.

(b)

Figure 10: (a) Schematic of diamond box frame subjected to vertical force at upper tip and (b) mesh
adopted in analysis.

tip is also investigated and results are reported in Figure 12. Besides the obvious monotonic
increase of the applied load versus the displacement, it is observed that the stiffness of the
structure (represented by the slope of the load- dlsplacement curve) gradually decreases, for
small fy and then starts to increase rapidly for large fy This is due to that for small fy, change
of structure configuration is not significant and the axial force within all members is still in
compression, and this results in a reduction of the member stiffness due to the influence of
geometric nonlinearity. As fy is sufficiently large, the configuration of the structure changes
considerably from the initial state (see Figure 11) and the axial force within the members
switches from compression to tension and thus increasing the member stiffness.
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Figure 11: Deformed shapes of diamond box frame subjected to vertical force at upper tip.
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Figure 12: Relation between downward vertical displacement of upper tip and normalized vertical force.

6. Conclusion

A simple, systematic method has been developed for analysis of flexure-dominating skeleton
structures undergoing large displacement and rotation. The technique is based upon the
direct stiffness method along with the use of exact element tangent stiffness matrices. These
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matrices have been derived at a member level using a classical elastica approach and the
constraint condition posed by member inextensibility has been directly incorporated in such
development. This therefore results in the element tangent stiffness matrix of dimension
7 x 7. It is also worth noting that the resulting tangent stiffness matrix possesses two positive
features: (i) it is exact in the sense that it involves no approximation of both the solution
form and the governing equations, and (ii) all entries of the matrix are given in an explicit
form concerning the elliptic or other similar integrals. The former feature enhances the rate
of convergence of a nonlinear solver, and, when properly incorporated with the evaluation
of exact residuals, it can in principle yield numerical solutions of the same quality as an
analytical solution. The latter feature is well-suited for numerical evaluation of the tangent
stiffness matrix by a standard Gaussian quadrature.

As evident from various numerical experiments, the current technique offers two
crucial benefits. Firstly, the method provides a simple and systematic means to model large
structures of various geometries (consisting of multiple members with different orientations)
by using exact kinematics (i.e., exact curvature-displacement relationship), and, secondly,
it provides “exact” numerical solutions (within round off errors and errors caused by a
nonlinear solver and numerical quadrature) that are independent of mesh refinements.
One practical contribution of the current investigation is that it provides an accurate
computational tool well suited for analysis of structures undergoing large displacement
and rotation, for example, very flexible structures, moment-resisting cables, slender drill
string rods, and so forth. According to its high accuracy, the proposed technique can also be
employed to generate benchmark solutions for a comparison purpose. As a final remark, the
proposed technique can further be generalized to treat two important classes of problems,
one associated with the treatment of material nonlinearity and the other corresponding to
nonlinear structural dynamics. It is apparent that, under severe time-dependent loading
conditions (e.g., earthquake and blasting loads), not only the inertia effect becomes significant
but also structures generally undergo both large displacement and large deformation prior to
collapse.

Appendices

In this section, we demonstrate the derivation of gradient matrices in Section 3.2. The gradient
matrix ¢, of a member containing no inflection point (Section 3.2.1) is presented in an
explicit form, while, in the case of a member containing an inflection point (Section 3.2.2 and

Section 3.2.3), we expand all entries of matrices B, C,D,F,B,C,D, and F.

A. Member Containing No Inflection Point

Let us refer to (3.20) and (3.21); the explicit form of matrices S and D are given by

19(1'2 - ilsz)ﬁ’l] _19(1'2 - ilsl)ﬁ’lz

JS27 51 JS27 51 !

g [Bla—ias)m B —is)mmy
S2 — 51 S2 — 51 ’

B(is —izgso)m1 B(is —i351)Mp 1

Sy — S S — 51
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B(ir —i152) 1 B(ix —i152) Mo 191'2(61 —C) + 11512 1 1 .
- — — U3
52751 52781 52— 81 m nyp
_ | Bla—is)li B(is —i2s2) N2 14(01 - Cz) +12512 ST Sy .
D= |- = = i),
Sy — 81 S2= 85 . Sp =851 my mp
05 - s h (s = i2s3)da gls(c1—c2) +izsn a2 i
Sy — 51 Sy — 851 Sy — 81 my np

(A1)

where 51 = sin0;, s, =sin 6, sy =sin(01-0,), ¢1 = cos by, ¢ =cosby, A = frs1+fyc1, Ao =

fxs2 + fyc2, and integrals {iy, 13, 13,14, 15, is } are defined by

0>
i,
92 .

f F? 9,92;fx,fy, 5 ) sin 6d0,

6

F3 9 Gerx/fy/mZ dG,

0, .
f F3(0,0; fr, f, iz

01
0>
f@l
92 .
f F? 6,92;fx,fy, » ) sin O cos 646,

61
f )
61

By substituting (A.1) into (3.19), and then solving such system of linear equations, it leads to
the explicit forms of the matrix ¢,

(A.2)

F3(o, Gz,fx,fy,mz cos?0de.

( )

( )

( )
F3(0,05; f., fy, itz ) sin®0de,

( )

( )

2ipsy — 18] — s i2(s1+52) — 115152 — ia G151+ G2 hel -
Y S, = w0
_ iz(Sl + Sz) — 11518y — 14 2iysy — 1'15% — 1 glsz + €2 + 0 3 _A_CZ
v St Yy L my i |0
G151 + &2 G152 + &2 2inisis — iia — i} S R
_ o Lo 8, | Lmom
(A3)

where ¢; =

. . . . I .« . _ .2 .o .
ipi3 — 115, §p = ipi5 — i3iy, and (3 = i5 — iyiy.
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B. Member Containing Interior Inflection Point

This section presents explicit results for all entries of matrices B, C,D, and F. By employing
chain rule of differentiation and recalling all involved identities and changes of variables,
entries of the matrices B, C, D, and F are given by

om _ o oin
20, ~ 0, 00,
oR _ o o
00, _ 0, 00,

OR OR o1 , OR 0P OR 3p  OR 06, a:R ofs
— = < + —=—+
of. 01 of, "o fe OPof, 909 fx Of. 0fy

R _oRob 0R0p 0R 0p
0. ~ 0p; 00 O, 00.  Op 06’

OR OR o1, OR Oy OR Ip IR 96, a:R Ofs
— = =+t

of, %105, a¢zaf P af, aGoafy of. af,
% _ al“o 6(])1 + aFO a¢2 al_' ap

30. ~ 01 00, ' O, 00. | dp 90,

or, _ 0T, 01 T, d¢a T, 0p
36. ~ 0 00. 0, 00-  0p 06

of, 991 of, "o, of, "o o, 6fs of,’

aI’v arv 8471 aI’v ati)z arv ap aI’v 660
— =5 =t — t——=—=% =

of, OP1of, Ohof, P of, 0of,

ol _ OF, 01
20, _ 0y 00,
T, _ 0T, 0

00, 02 00,

or, oI, (34’1 or, a(,bz or, ap ar afs
ofy 9P1of, aqbzafx op afx of. 0fx

oL, _ Ol 0n
00, Oy 06,
oL, _ OF, 0¢a
90,  0¢ 06,

or, or,o¢; or,o0¢, oI, op oI, o6,
— = —— + — = —+ —.
ofy, OPr1of, O0p29f, P of, 06 af,
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By taking derivatives of functions {/ﬁ, I'y, Iy} with respect to {¢1, ¢2,p, 0o, fs }, we obtain

or _-1 2cos 9"%"‘ 2¢ sin O,p sin ¢y + _(1—=coso)
a‘i)l fs

\/1 - p’sin2¢;

or _-1 2005 0,\/1 - p°sin?¢h, + 2qs sin O,p sin ¢, + _(1-cosbo)
ad)z fs

\/1-p’sin¢,
p(1-cos6, T/2 2pcosb,
+ 2 sin 0, sin ¢ — p(1 - cos )3 d¢ + p o

\/1 - p’sin2¢ \/1 - PPsin2 %2 4/1-p’sin2p
p(1 - cos 6,
p(-cosby) ,

3
\1- ﬁzsinqu

) or/2 .
ZTR = f ~2sin0,1/1 — p°sin?¢ + 2¢s cos O,p sin § + %d(j‘b
0 1

\/1-p’sin2¢

ar /2 .
+f ~25in0,\/1 - psin2¢ + 2¢s cos O p sin ¢ + ﬂd(ﬁ,
¢ \/1 - p’sin2¢

) /2 —
OR _ —I 205 6,\/1 - p°sin?¢ + 2¢s sin O, sin ¢ + Md(ﬁ

OR _J‘”/Z 2p cos 0,
op ;

+ 2 sin 0, sin ¢ — ¢,

ofs 1 - p°sin2;
/2 — . 4= . (1-cos6,) 1
- 2c0s6,\/1 - p sin’¢; + 2¢ sin O,p sin 1 + ————d¢ = )
2 1- ﬁzsinzd)l fs
oh 1
O 1 -Fsin2g,
o, 1
02\ 1 Fsin2e,
/2 > /2 >
%_1;_; - f S P N Y
P4 /1 -pPsin2¢ P4 /1-p*sin2¢
alj\o = _1/
Ofs

? = 25in6,\/1 - p°sinp; — 2¢s cos O,p sin ¢y — %,
2 \/1-p’sin2¢y
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27;1] = 2sin90m— 2¢s cos B,p sin ¢, — __sin
2

Ny

or, J‘”/Z ~2psin 6, ) psinb,
2 ———— - 2¢cost,sinp - ————d¢
F) . ’
R I e s
/2 _2%si D si
+j ﬂ—qucos%sind)—Lneoddb
. V-

3
N —

or, )2 o~ o cos 6,
%, - L, 2coseom+2qfsm90r’sm¢— ﬁdd)
1 —psin’¢$

ar/2
+ [ 2cos0\1 - Poinig s 2gsinepsing - —E g
n Vi-7sinyg

(B.2)

By taking derivatives of functions {¢1,$2,p,06,, f;} with respect to {91,92,92,f ery}f we
obtain

o1 cos (51 / 2)
%0, 2sin<§z/2> cos ¢ ’

% ~ Ccos <§1 /2) B tan ¢y j?y
Ofx B 25in<§z/2> cos 1 2tan<gz/2> J?J%Jrfﬁl
Op1  —tandy

06: 2tan <5z/2> '

% cos <§1 /2) _ tan ¢ ]?x

6fy_ Zsin<5z/2>cos¢1 2tan<§z/2> f§+f§’

opy cos (52 / 2)
90, Zsin<§z/2> cos(])z,

% B cos <§2 /2) _ tan i fy
afx - 25in<§z/2> cos ¢ 2tan<§z/2> ﬁ%ﬂ?ﬁ,
% _ —tan ¢

00 2 tan<52/2> '
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oy cos<§2/2> tan ¢, fo
of, 25in<§z/2> cos ¢ 2tan<§z/2> f2 +f§,
o 1 6.

86, 272"

P 1O S

ofc 2 2 fi+fy

aeo:_ fy
6fx f}+f§
30 fx
afy ﬁ+]?y2
Ofs _ fx
ofe
ofs _ fu
of, 2

(B.3)

All entries of matrices B, C,D, and F can now be obtained via the relation (B.1) along with
the results (B.2) and (B.3).

C. Member Containing Inflection Point at Its Right End

This section presents explicit results for all entries of matrices B, C, D, and F. By employing
chain rule of differentiation and recalling all involved identities and changes of variables,
entries of the matrices B, C, D, and F are given by

OR _ OR O
00,  0¢ 06,
OR OROP1 OR Op OR 0, OR Of.
i =t == —t ——,
ofr OPiof, Opoaf, 000f, of. 0f,

OR _OR 0h1  OR 0p
00, 0¢1 00, 0Op 06,
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OR _OROp R R, OROf:

of, Obof, OPof, 0oof, of.of,

T, O, 001 oT, 3
06, _ 01 00,  0p 06,
O, _oT,opy of, op
06, 0y 00,  Op 06,
o, _ 0T, 01 8T, 0p T, Of

of, 9P of, O of, ofof,

of, ol,0¢1 oI, Op O, 06,
g = t——=—* —
of, OP1of, 0P of, 9%of,

o, _ oF, o
20, ~ 0, 00,

oF, _ T, 0¢1 oL, 0p 0T, Of

3f Ob10f, 0P of 0fs Ofs
dL, _ oly 0
00,  0¢; 00,

or, oOI,0p1 oI, dp O, 00,
— = =t ——=—* —.
ofy OPr1of, 0P af, 99 of,

(C.1)

By taking derivatives of functions {E, 1:0,1_",]} with respect to {$1,p, 0o, fs }, we obtain

g% = }_1 2c0590m+2¢sin6055m¢1 n M
1 s

\/1- ;Ezsinzci)l
2p cos 6, p(1 —cosb,) 4

/2
[ pomn a-onts
o ' \/1-plsin% 1-p°sin2¢

/2 .
ggﬂ = J ~25in 0,\/1 - psin2¢ + 2¢s cos B,p sin ¢ + ﬂdd),
o 1

\V1- ﬁ2sin2gb

_ ar/2 _
a—{{ = —1 J‘ 2C0590m+2qfsineoﬁsingbl+—(1 €05 6o) d¢ |,

—

+2¢sin 6, sin ¢ — ¢,
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ar,
o
or,

op
or,
ofs
or,

00,

v f”/z —2psin 0,
1

1

\/1 - p’sin¢;

ar/2
p
= f —3[;14),

1 \/1- ﬁzsirﬂd)

= —1/

—— =2sin Qom — 2 cos Bop sin ¢y — sin 0,

\/1 - psin2¢,

Ssind
—2¢s cos 0, sin ¢ — P 54,

\/1 - p’sin?¢ m

/2
= f 2.cos o\/1 - PPsin + 245 sin O, sin - — 200 __ g
1 \/1 —]?zsinzd)

By taking derivatives of functions {¢1,p, 6, fs} with respect to {6,605, fy }, we obtain

o1 ~ Cos<§1/2>
6_91 - 2sin<§2/2> cos ¢1,

% ~ Ccos (51 / 2) B tan ¢, fy
a_fx 251n<§2/2> cos ¢y 2tan<§2/2> ﬁ%+f3l
01 —tan ¢y

00, 2 tan<§2/2> ’

o1 cos(él / 2) tan ¢ fe
afy 25111(52/2) cos ¢y 2tan<62/2> f;% +E,
op 1 6,

8_92 = E COs 7,

op 1 fy 62
— == COSs —,
ofr Z\f2+f2 2

op 1< fr > 0,
— =-z cos —,
ofy  2\fi+f: 2

35

(C2)
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aeo _ fy
afx f§+f§’
00,  fx

afAy__f:%“‘E,
ofs _ fe
ofc f
I
ofy f

(C.3)

All entries of matrices B, C, D, and F can now be obtained via the relation (C.1) along with
the results (C.2) and (C.3).
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