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ABSTRACT

To utilize beam flexures in constraint-based flexure
mechanism design, it is important to develop a qualitative and
quantitative understanding of their constraint characteristics in
terms of stiffness and error motions. This paper provides a
highly generalized yet accurate closed-form load-displacement
model for two-dimensional beam flexures, taking into account
the nonlinearities arising from load equilibrium applied in the
deformed configuration. In particular, stiffness and error
motions are parametrically quantified in terms of elastic, load-
stiffening, kinematic, and elastokinematic effects. The proposed
beam constraint model incorporates any general loading
conditions, boundary conditions, initial curvature, and beam
shape. The accuracy and effectiveness of the proposed beam
constraint model is verified extensively by non-linear Finite
Elements Analysis.

1. INTRODUCTION AND BACKGROUND

Flexure mechanisms depend on elastic deformations to
provide small but smooth and precise motions, and are essential
elements of machine design [1-8]. Constraint-based design
methods are commonly applied to flexure mechanisms because
flexure elements behave like constraints [6-9]. A typical flexure
element exhibits relatively small stiffness along certain
directions, which may identified as its Degrees of Freedom
(DoF), and relatively high stiffness along other directions,
which act as its Degrees of Constraint (DoC). Fig.1 provides a
comparison between representative traditional constraint
elements and flexures that impose a single DoC between two
rigid bodies, 1 and 2. The single DoC and associated two DoF,
as indicated by the arrows, are realized by: the diameter of the
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rigid ball and two point contacts in case (A), the length of the
rigid link and two traditional hinges in case (B), the length of
the rigid link and two lumped compliance flexure hinges in
case (C), and the length of the distributed compliance flexure
beam in case (D).
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Fig. I Comparison of various Constraint Elements

An ideal constraint should provide zero error motion and
infinite stiffness or load-bearing capacity along its DoC
directions, and infinite motion range and zero stiffness along its
DoF directions. While the traditional elements (A) and (B)
come close to this idealization, the flexure elements (C) and
(D) clearly deviate from ideal constraint behavior. The lumped-
compliance flexure element (C) provides a relatively large
stiffness in the DoC direction, but also exhibits a finite stiffness
in the two DoF directions, thus limiting the motion range.
Distributed compliance flexure beam (D), on the other hand,
offers a relatively lower stiffness in the DoF directions, and
therefore a greater motion range, but at the expense of stiffness
in the DoC direction. Moreover, both flexure elements (C) and
(D) exhibit an undesired parasitic error motion along the DoC
direction. These observations not only highlight the non-ideal
constraint behavior of the individual flexure elements but also
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the differences between the lumped and distributed compliance
geometries, even though both are treated as equivalent in the
traditional constraint-based design approaches.

Thus, to enable the deterministic constraint-based design
of high performance flexure mechanisms, including their
analysis, synthesis, and optimization, it is important to
thoroughly characterize the constraint behavior of flexure
elements in terms of their error motions and stiffness. This
objective has been accomplished for a simple beam via a non-
linear Beam Constraint Model, as reported in the prior
literature [7, 10-11]. It has been shown that the deviation from
ideal constraint behavior and associated performance tradeoffs
arise due to the non-linearity associated with applying force
equilibrium relations in the deformed beam configuration,
which can be dominant even for small displacements.

Moving on from a uniform-thickness initially-straight
simple beam, this paper extends the Beam Constraint Model to
a completely generalized two-dimensional beam, incorporating
any arbitrary end-loading conditions, end- displacement and
slope conditions, initial curvature, beam shape, and temperature
gradient along the beam length . Section 2 primes the reader by
providing an overview of the previously derived constraint
model for a simple beam. Additionally, new FEA verification
and comparison with other modeling methods are presented.
Section 3 covers the formulation and presents the non-linear
load-displacement results for a uniform thickness beam with an
initial slope and curvature. Section 4 does the same for an
initially straight beam with a randomly varying cross-section
along its length. Section 5 adds the contribution of a
temperature distribution along the beam length to the Beam
Constraint Model. This paper concludes in Section 6 with a
summary of results and plans for future work.

2. BEAM CONSTRAINT MODEL (BCM)

The final results of the BCM for a simple beam are
summarized below. For a detailed mathematical derivation and
a discussion of the underlying assumptions, the reader is
referred to the prior literature [7, 10-11].

Fig. 2 Simple Beam Flexure

Fig.2 illustrates a simple beam (length: L, thickness: T,
depth: H) subject to generalized end-loads Fyx., Fy., and Mgz,
resulting in end-displacements Uy, (DoC), Uy, (DoF), and &
(DoF), with respect to the coordinate frame XYZ. I, denotes
the second moment of area about the bending axis Y; E denotes
the Young’s modulus for a state of plane-stress in XY, and
plate modulus for a state of plane-strain in XY. Employing the
Euler-Bernoulli and curvature linearization assumptions,
applying load equilibrium in the beam’s deformed condition,
and truncating the resulting transcendental expressions to the

first order in Fy, yields the following load-displacement
relations:
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In this format, all loads, displacements, and stiffness terms
are naturally normalized with respect to the beam parameters:
displacements and lengths are normalized by the beam length
L, forces by EI,, /L*, and moments by EI,, /L.
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In the rest of this paper, lower case symbols are used to
represent normalized variables and parameters, as per the above
convention. The coefficients £’s and g’s are non-dimensional
beam characteristic coefficients that are solely dependent on
the beam shape and not its actual size. These coefficients take
the following numerical values for a simple beam.
ki | 12 |k | 65 |g| -3/5 | g | 1/700
k)| -6 | k)| -110 | g | 120 | g7 | -1/1400

KO 4 | k2] 2115 | g% | —115 | ¢ | 11/6300

22 22 2

Table 1. Characteristic Coefficients for a Simple Beam

The BCM helps characterize the constraint behavior of a
simple beam flexure in terms of its stiffness and error motions.
Error motions are the undesired motions in a flexure element or
mechanism: any motion in a DoF direction, other than the
intended DoF, is referred to as cross-axis coupling, and any
motion along a DoC direction is referred to as parasitic error
[7]. The first matrix term on the RHS of Eq.(1) provides the
linear elastic stiffness in the DoF directions, while the second
matrix captures load-stiffening, which results in a change in the
effective stiffness in the DoF directions due to a DoC load.
Eg.(2) shows that the DoC direction displacement, which is a

parasitic error motion, is comprised of three terms. U', given
by Eq.(3), is a purely elastic component resulting from the
stretching of the beam in the X direction. U, given by Eq.(4),
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represents a purely kinematic component dependent on the two
DoF displacements, and arises from the constant beam arc-

length constraint. U, given by Eq.(5), represents an

XL
elastokinematic component, called so because of its elastic
dependence on the DoC force Fyx_ and its kinematic
dependence on the two DoF displacements. The
elastokinematic component is also a consequence of the beam
arc-length constraint, and arises due to a change in the beam
deformation when F,, is applied, even as Uy, and &, are held

fixed. The kinematic component U} dominates the DoC error

motion and increases quadratically with increasing DoF
displacements. The elastokinematic component of the DoC
displacement, while small with respect to the purely kinematic
component, is comparable to the purely elastic component and
causes the DoC direction stiffness to drop quadratically from its
nominal linear elastic value with increasing DoF displacements.

The BCM not only highlights the non-ideal constraint
behavior of a beam flexure, it also reveals interdependence and
fundamental tradeoffs between the DoF quality (large range,
low stiffness) and DoC quality (high stiffness, low parasitic
error). Moreover, unlike any other closed-form modeling
approach, the BCM accommodates any generalized end-load
and end-displacement conditions in a scale-independent,
compact, and parametric format.

We next proceed to provide a comparison between the
BCM for a simple beam and the corresponding non-linear FEA
predications. An overview of the FEA procedure and settings
used in this paper is provided in Appendix A. Fig.3 plots the

elastic stiffness coefficients (£, k7, andk!)) and load-
stiffening  coefficients (£, k", and k) versus the
normalized DoF displacement u,, or 6,;. Similarly, Fig.4 plots
the kinematic (g",g'", andg?) and elastokinematic

1
(g, ¢, andg!?) coefficients. The BCM predictions are

found to be within 6% of the FEA results for the DoF end-
displacements (u,, and &,) in the range +0.1 and the DoC end-
load (fyy) in the range +10. Any discrepancy can be entirely
accounted for by: A. the non-linearity associated with the beam
curvature [4], which is not incorporated in the BCM, and B. the
truncation of higher order terms of f,; in Egs. (1) and (5). In
general, this displacement and load range covers most practical
flexure mechanism applications. The maximum error of 6%
incurred over this range is a fair price for a greatly simplified
and insightful closed-form parametric constraint model. An
experimental validation of the BCM may be found in [12].

A quick comparison of the BCM with existing modeling
techniques highlights its suitability for characterizing constraint
behavior of flexures. A closed-form linear model, while simple
and parametric, is obviously inadequate for constraint
characterization because it fails to capture the load-stiffening,
kinematic, or elastokinematic effects. Specific modeling
exercises that do capture these pertinent nonlinearities are
either mathematically too complex for flexure mechanism

design [13], lack a broader generalization [14], or require
numerical solution methods [15-16]. Elliptic integrals based
solutions [17-19] do not provide closed-form results, are
mathematically too complex for flexure mechanism design, and
may be used only for uniform thickness beams.
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Fig. 3 Elastic Stiffness Coefficients and Load-Stiffening
Coefficients for a Simple Beam: BCM vs. FEA
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Fig. 4 Kinematic and Elastokinematic Coefficients for a Simple
Beam: BCM vs. FEA

Pseudo Rigid Body Modeling (PRBM) offers a powerful
parametric approach in capturing the large displacement
behavior of beam flexures [20-22]. However, since the PRBM
parameters are obtained via an optimization process that
utilizes the exact elliptic integral based solution for a beam,
these parameters have to be recomputed for every change in the
loading conditions, boundary conditions, or initial beam
curvature. Furthermore, for the optimal PRBM to be generated,
an exact solution is needed apriori, which may not always be
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possible for a variable cross-section beam. Also, while the
PRBM captures load-stiffening and kinematic effects very
accurately, its inherent lumped-compliance assumption
precludes the elastokinematic effect. Since the elastokinematic
effect plays a critical role in determining the DoC direction
stiffness, error motions, and performance tradeoffs in flexures,
the PRBM proves to be inadequate in characterizing their
constraint behavior.

The attributes of these various modeling approaches are
further highlighted and compared using the parallelogram
flexure (Fig.5), comprised of two identical simple beams
(L=250mm, 7=5mm, H=50mm, W=75mm, E=210000Nmm?)
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Fig. 5 Parallelogram Flexure and its Pseudo Rigid Body Model

Using the normalization convention introduced earlier, the

linear model for this flexure module may be shown to be [2]:
£ f

——|m,+-2 6
24w2{ ! 2} ©)

The non-linear load-displacement results for this flexure
module have been derived using the BCM in the past [7,10]:
t 3, 1

r—f ——u +———uf,
24 57 1400 7

2 2
o = 1 gom g (12+0.11)) @)
2wl 12 700 ©(24+1.21)

A PRBM is also illustrated alongside the parallelogram
flexure module in Fig.5. Assuming m, and f, to be zero, the
model parameters are given by y = 0.8517 and ko = 2.65, and
the load-displacement results are given by [4]:
f,cosp—f,sing=8k,¢ ; u =ysing ; u =y(cosg—1) (8)

Clearly, the Y direction represents a DoF, while the X and
®; directions represent DoC. Key constraint behavior
predictions made by the above three models along with results
from a non-linear FEA are plotted in Figs.6-8 over a u, range of
+ 0.15. Fig.6 plots the non-linear dependence of u, (X DoC
parasitic error motion) on u, (Y DoF displacement) and
illustrates that both the PRBM and BCM capture the kinematic
effect in beams very accurately. Fig.7 plots the variation in the
X direction (DoC) stiffness with u, (Y DoF displacement).
While the PRBM does not recognize any compliance in this
DoC direction whatsoever, the linear model only captures the
purely elastic stiffness component. The BCM is the only model
that accurately predicts the elastokinematic effects, as verified
by the FEA. Fig.8 plots &, (®z DoC parasitic error motion) with
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increasing f, (Y DoF force). The PRBM predicts zero yaw
rotation of the rigid stage, while the linear model is valid only
for small forces and displacements. However, the BCM
accurately captures this parasitic error motion, also dominated
by the elastokinematic effect, even for large values of the DoF
force and displacement.

Thus, of the available options, the BCM is the only closed-
form model that truly characterizes the constraint behavior of
flexures in terms of stiffness variation and error motions, which
demonstrates its importance in constraint-based flexure
mechanism design.

3. UNIFORM-THICKNESS BEAM WITH GENERALIZED
BOUNDARY CONDITIONS AND INITIAL CURVATURE

Next, we consider a uniform thickness beam with an
arbitrary initial slope and an arbitrary but constant initial
curvature. Note that choosing an arbitrary initial position
simply shifts the coordinate frame of the beam by a constant
value, and therefore is trivial. The objective is to capture these
initial and boundary condition generalizations within the BCM,
which so far has only dealt with a simple beam. The motivation
for doing so is two-fold: 1. Analytically capture the
consequence of manufacturing variations, e.g. in MEMS
devices micro-fabricated beams can often assume an initially
bent/curved to relieve material stresses, and 2. Use initial slope
and curvature as additional design and optimization variables to
achieve desired constraint characteristics.

fyl le//‘
Y X ‘Xy’il"'ezl

Fig. 9 Initially Slanted and Curved Beam

Fig.9 illustrates an initially slanted and curved beam with
three generalized end-loads f,;, f,;, and my, and three end-
displacements u,;, u,;, and &,, along the coordinate frame
XYZ. All lower-case quantities are normalized with respect to
beam parameters, as described earlier. The beam is assumed to
have an initial slope o and an initial curvature of . For small
initial slope and curvature (~ 0.1), the Y and ®; directions still
serve as DoF, and the X direction is a DoC. The initial
(unloaded and undeformed) beam configuration is denoted by
vi(x), final (loaded and deformed) beam configuration is given
by y(x), and the beam deformation in the Y direction is given
by u,(x), where

v,(x) = ax +§x2 cand y(x) = y,(x) +u, (x) ©)

To derive the load-displacement relations for this beam
flexure, Euler-Bernoulli and small curvature assumptions are
made. The latter implies that the displacement, slope, and

curvature of the beam in its deformed configuration remain of
the order of 0.1, so that the non-linearity associated with the
beam curvature [x] may be dropped, as earlier. Thus, the
normalized Euler’s equation for this beam may be stated simply
as y"(x) =m,(x), where the bending moment, m,(x), at a given
cross section is computed by applying load equilibrium in the
beam’s deformed configuration:

mz(x)zmz1+ fy1(1+ux1_x)_ fxl (yl—y(x)) (10)
Substituting this in the Euler’s equation for the beam, and
differentiating twice yields
d’y(x) d’y(x)
dxt Fa dx’ (1)
For positive values of f,;, the general solution for this
fourth order linear differential equation may be stated as:
y(x)=c, +c,x+c;sinh(rx)+c, cosh(rx), where r’ £ f,; (12)

An analogous solution in trigonometric functions, instead
of hyperbolic functions, exists for negative values of fy;. The
beam deflection, u,(x), therefore becomes:

u, (x)=y(x)=y,(x)

=c,+(c, —ax) —gxz +¢;sinh(rx)+c, cosh(rx) (13)

Displacement boundary conditions at the two beam ends
are given by:
0, (0)=0,u(0)=0,u, (1) =u,, ,u (1) =0, (14)
Using Euler’s beam equation and Egs.(9)-(10), the load
boundary conditions at x=7 can be shown to be:
ul (1) =—=f,+f,(0,,+a+x) , u)(I)=m, (15)
The above displacement and load boundary conditions
may then be used to determine the coefficients ¢;, ¢,, ¢3, and ¢y,
which ultimately lead to the following relations between the
DoF direction end-loads and end-displacements.

r’sinh(r) r*{I—cosh(r)}
f } rsinh(r)—2cosh(r)+2 rsinh(r)—2cosh(r)+2 [uﬂ}

r*{I—cosh(r)} r’cosh(r)-rsinh(r) |L%
| rsinh(r)—2cosh(r)+2 rsinh(r)-2cosh(r)+2

r’ r

2 a+k
* ) 4{cosh(r)—rsinh(r)—1}+r2{1+cosh(r)}[ K }
2{rsinh(r)—2cosh(r)+2}

-(16)

As is expected, setting o= x= 0, reduces the above
expression to that for a simple beam [7, 10], prior to series
expansion and truncation. As earlier, expanding the
transcendental functions in the above matrices, and truncating
4™ order or higher terms in r (or equivalently 2" order or
higher terms in fy,), provides a great degree of simplification at
less than 3% error over a comfortably large fy; range (£5). The
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simplified DoF direction force-displacement relations may thus
be expressed as follows.

f, 12 -6 ||u,, 12 —6||u,
= S+ f !
m, -6 416, -6 46,

1 _é a+x @n
+f, ; [ . }
0 i
12

Clearly, the first two terms, in the above matrix equation,
are identical to the elastic stiffness and load-stiffening terms in
Eq.(1) for a simple beam. The last term is new and arises due to
the initial slope and curvature. Even though this term might
appear similar to the original load-stiffening term, it actually
does not change the DoF stiffness values. The presence of «
and « simply shift the DoF load-displacement curves without
affecting their slopes. This is corroborated to a high degree of
accuracy by means of FEA for three different combinations of
a and « (Fig.10). The FEA is carried out over a relatively large
u,; range (£ 0.1), with fy; set to 5 and m,; set to 0. This constant
shift for given beam geometry is a consequence of the fact that
the DoC load fy; produces additional bending moments along
the beam length that are independent of the DoF displacements.
The action of this load in the presence of DoF displacements
indeed produces load-stiffing, but that is captured as usual by
the second term in the above expression.

We next proceed to determine the DoC direction load-
displacement expression for this flexure beam by imposing the
following beam-arc length conservation relation.

1 T T T T T
I . I I _ | a &%
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08/ o FEA (Simple beam) T k= 0-05‘*\‘}{5«* T
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Fig. 10 DoF force (f,1) vs. DoF displacement (u,,) for initially
slanted or curved beams

1+uL9 I+u
x ] 1 2 x1 1 2
I+=(+' dx = 1+—(u' +y! dx (18
!, { S (i) } x £ { S (1, +5i(x) } v (18)
The LHS is the total arc length, which is the sum of the
initial length and the elastic elongation of the beam, u. The

RHS computes the total arc length after deformation, and hence
the upper limit of integration changes to (7+u,;). This DoC
direction constraint equation may be solved using the solution
for u,(x) derived earlier in Eq.(13), to yield the following
relation between end-displacements and DoC end-load:

ZZ g, &Y, K K K :
=f,— 6 -lat =, g, < 10, -84 S 19
o " 12 [uﬂ 21]|:g21 g22:||:0z1:| [a ! 2)”}’1 & ( 2) S ( 2] ( )

v
where,
. :_rz{cosh"(r)+cosh(r)—2}—3rsinh(r){cosh(r)—]}
! 2{rsinh(r)—2005h(r)+2}2
¢ —g. = r*{cosh(r)—1}+rsinh(r){cosh(r)—1}-4{cosh(r)-1}

4{rsinh(r)—2cosh(r)+2}z

2 A
,wherer® = f

r’—r’sinh(r){cosh(r)+2}+2r{2cosh’ (r)—cosh(r)—1}-2sinh(r){cosh(r) -1}

&2 = 4r{rsinh(r)—2003h(r)+2}2

. - r*{1+cosh(r)j—r’sinh(r){s+cosh(r)}+4r{cosh’ (r)+cosh(r)—2}—4sinh(r){cosh(r)-1}
N 2r, {rsinh(r)-2cosh(r)+2}’

g - r*{cosh’ (r)+3cosh(r)+2}—r’sinh(r){7cosh(r)+11}+4r{4cosh’ (r)+cosh(r)—5}—12sinh(r){cosh(r)—1}
” 6r{rsinh(r)—2cosh(r)+2}2

v
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Upon setting « and « to zero, the above DoC direction
relation reduces to the one obtained for a simple beam [7, 10],
before series expansion and truncation. Next, as done for the
DoF matrix equation, expanding the transcendental functions
(¢’s) and dropping higher order terms in fy;, provides a
considerably more simple and insightful relation, at less than
3% error over f,, in the range of £5.

I
t2 5 20 uyl
uxl = fxlE+|:u}’1 021:| i 3 ] |:9:1:|
20 15
IR
700 1400 || 4,,
+ fxl I:uyl gzl:| B b 11 |:931:| (20)

1400 6300

2
(afj L
2) 7" 12 360 720

The first (purely elastic), second (purely kinematic) and
third (elastokinematic) terms in the above expression are
identical to those obtained for the the simple beam (Eq.(2)).
The effects of « and « in the DoC direction are expressed via
the last three terms. The fourth and fifth terms contribute to an
extra purely kinematic component. Even though these terms do
not exhibit a quadratic dependence on the DoF displacement
like the previous kinematic terms, they are independent of the
DoC load. The sixth term, which only depends on the initial
curvature and not the slant, contributes to an extra
elastokinematic effect, which again is not quadratic in the DoF
displacement. However, this term produces a change in the
DoC stiffness with increasing €., displacement. The seventh
and final term in the above expression is a new purely elastic
term. Both the sixth and seventh terms arise due to the
‘uncurling’ of the beam deformation in the presence of a DoC
load. In case of an initially slanted beam with no initial
curvature (x = 0), since this uncurling does not exist, there are
no elastic or elastokinematic components when DoF
displacements are zero.

These mathematical and physical observations are further
verified via FEA for three different combinations of « and «
(Figs.11 and 12). Fig. 11 plots the parasitic error motion along
the X DoC, u,;, against the Y DoF displacement, u,,. The
corresponding FEA is carried out with f,; set to 5 and m,; set to
0. Fig. 12 plots the X DoC stiffness against the Y DoF
displacement, u,;, and the FEA is carried out with f,; set to 5
and &, set to 0. The FEA results are all found to be in good
match with the generalized BCM developed in this section.

Thus, overall a uniform thickness beam flexure with initial
slant and curvature continues to behave like a single DoC
constraint element. The constraint characteristics along the DoF
direction do not change considerably, but the DoC error motion
as well stiffness is influence by the presence of additional
linear, kinematic, and elastokinematic terms.
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Fig. 11 DoC Displacement(uy;) vs. DoF displacement (u,,) for

initially slanted or curved beams
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Fig. 12 DoC Stiffness vs. DoF displacement (u,;) for initially
slanted or curved beams

4. BEAM SHAPE GENERALIZATION

While in the previous two sections we have considered
uniform thickness beams that may be initially straight, initially
slanted, and/or initially curved, in this section we present a
systematic process for developing the BCM for an initially
straight beam with any generalized beam cross-section
variation along its length. Such beam shape variation allows a
non-uniform distribution of compliance along the beam length,
and if the consequence of distributed compliance is analytically
understood in terms of the beam constraint characteristics, one
can carry out beam shape optimization.

Fig. 13 illustrates an initially straight beam with varying
cross-section in its undeformed configuration subject to three
generalized end-loads f., f,;, and m, along the coordinate
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frame XYZ. The resulting three end-displacements u,,, u,,, and
6,1, are not shown but are also along the same coordinate
frame. As earlier, all lower-case quantities are normalized with
respect to beam parameters. It is reasonable to assume that the
undeformed neutral axis lies along the X axis. It is also obvious
that the Y and ©®, directions still serve as the Degrees of
Freedom, while the X direction is a Degree of Constraint.
Y

Z l—) X fy1 T M1
YT e -
1 X

Fig. 13 Straight Beam with Varying Cross-Section

Without any loss of generality, the second moment of area
for the beam at given location x may be expressed as follows:

I(x)=1_,(I+bx+bx +..+bx" +..) 1)

The coefficients b’s are called beam shape parameters, for
obvious reasons. It is to be noted that the previously stated
normalization is carried out using I..,, which is the second
moment of area at x=0. Euler’s equation for this beam may be
determined by assuming small curvature and by applying load
equilibrium in the deformed configuration

d’u,(x)

(1+ibix"j—= m,+f, (/-x)- fxl(uy

e —u, (x)) (22)

Upon choosing a new independent displacement variable

given by w(x) ={mZl + fyl(]—x)— fx1(”y1 —uy_(x))}, Eq. (22)
reduces to the following homogenous form

2 N\d'w(x)
(1+Zb,.xj )t () (23)

i=1 dx

This is a second order differential equation with variable
coefficients that are analytic functions of x over the range [0 1],
and therefore can be solved using the power series solution
method [23]. It is noted here that the variable coefficient of
w(x)" is never zero because that would mean the second
moment of area is zero. This means that the beam cross-section
would vanish at that particular location, which is physically
impractical. Since the coefficient of w”(x) in Eq. (23) is a
polynomial, its solution can be assumed to be an infinite
polynomial series as follows.

w(x)=a0+a,x+a2x2+...+anx”+...=ianxn (24)
n=0

The a’s in the above expression are referred to as the
solution coefficients. Substituting this assumed solution in the
homogenized Euler beam equation (Eq.(23)) yields

(1+ib,»x’)[iwawx"j= > a,x" (25)

n=0 n ! m=0

The above equation is true for all values of x and hence the
coefficients of similar powers of x on the RHS and LHS can be
equated. To equate the coefficients of the »* power of x on both
sides, Eq. (25) is differentiated » times and x is set to zero.

o (d (e, d™ (& (m+2)! "
R |
d’ )
= f _ P

=3¢ (1N(r—1+2)ba, ., ]=F.ar!

fa, _'1{(r—i)(r—i+])a b} (26)

2 = (r+0)(r+2) =\ (r+1)(r+2)

The previously undefined parameter b, is equal to / in the
above equation. This equation relates the coefficient a,., with
all its preceding coefficients, a, through a,.;. The variables /,
m, p, and i are dummy indices used for summation only. Using
Eq.(26), the first four coefficients can be calculated as below.

=>a

a,=1.a,+0.a, , a,=0.a,+1.aq,
I b I (27)
a, :Z f,a,+0.a, , a, :—3—’! f.a, +§ f.a,

From Eq.(27), it may be observed that the initial four
coefficients can be all expressed in term of @, and ;. By the
method of induction, it is next shown that all &’s can be
similarly expressed as a linear combination of a, and a;. Let us
assume that for some j, each of the coefficients a; through a; is
represented in terms of a, and a;:

a,=h,a,+h a, V2<n<j (28)

n,07"0

Substituting Eq. (28) into Eq.(26), with »+2 = j+1, one
may observe that a;., also turns out in terms of a, and a;.

f (h h o (Vi
j+1 = Xl( jil’ﬂao + l”x/al)_ 3 (] l)(] 4 ])h;-(}b- 1 a()
i+ (r+])(r+2) = J(j+1) =i, 07+

. z{w hb} "

i=0 ](j-f—])

(29)
Eq.(29) confirms that a;,, can also be expressed in the
form of Eq. (28). Thus, by the principle of induction, it is
proven that all subsequent a’s are of the form of Eq. (28). In
this equation, #,, represents the coefficient of a, in a, and
similarly 4, ; represents the coefficient of a; in a, Using
Eq.(26), the following recursion formula for 4,, and 4, ; may
be obtained for n>2.

fxlhn—Z() 'S (n_i_Z)(n_i_l)
w0 S hn—iflﬂbH/
Y on(n-1) = n(n—1) ’

ot {(n—k—Z)(n —k-1)

(30)
h

b
n(n—]) n—k—1,1 k+]}

e n(n—]) )
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In the above formula, i and & are dummy variables used for
summation. Also, it becomes evident that the coefficients 4,
and 4, ; are functions of the beam shape parameters 4’s and the
DoC load f,;. Thus, using Egs. (24), (28), and (30), the solution
for w(x) and u,(x) may be stated as follows.

w(x)=a, (]-i—hmxz +o+h, X" +..)+a, (x+h2v,x2 +o.+h x +..)

=>u (x)= —fi{mZl +f, (]—x)}+u‘,, +fi{a,,s,7 (x)+as, (x)}

x1 x1

where, s (x)é(1+h X 4.+h x”+..)

10 2,0 n,0 (31)
S, (x) E (x+h“x2 +.+h, X" +..)

The series-solution, given by Eq.(31), is meaningful only
when the series is convergent. If the second moment of inertia
I(x), in Eq.(21), is a ¢™ order polynomial, it can be shown that
this series-solution is convergent at x=/, provided the
convergence criteria, given in Eq.(32), is met. The reader is
referred to Appendix B for the derivation of this condition.

" roots(pq +bp" +..+b p +b = ()) " <1 (32)

The displacement solution given in Eq.(31) has two
arbitrary constants a, and a;. This is expected since the Euler
equation for the beam given by Eq. (23) is of second order. The
two arbitrary constants are determined by applying the
boundary conditions at the fixed end of the beam.

u, (0)=0,u'(0)=0

=>a,=m,+ fyl - fxluﬂ, a, = —fyl

(33)
The DoF direction end-load end-displacement relations are
obtained by setting x=1 in the Eq.(31).
uyl = u,v (1) ! 921 = u}" (1) =>
u, { L (1)} =f, (sa (1)-s, (]))+ m,, (sa (1)—1) and  (34)
£,0,+f.s, (u, =1, (1 s, (1)-s (1))+ m,s, (1)
This can be further converted to a matrix format as below.
; so(]) 0 {”},1}: so(l)—s,(]) so(])—] {fyl}
s () 1|0 [ 1es/ (1)=s/ (1) s/ (1) My

(35)
The above equation is solved to obtain the end loads in
terms of end-displacements and the functions s,(x) and s;(x).

fyl _ ku k/z u,
mzl - |:k21 k22:|{921}
where, k, = Fusy (7) (36)
{s/ (1)=5/ (1)=s5,(1)+2]

f {1-s,(1)}
{s/ (1)=5/ (1) =5, (1)+2]

k,=k, =

12 21

_ fxl{sl)(l)_sl(l)}
S s (D=5 ()= (1)+2)
Maxwell’s reciprocity principle, which requires the
stiffness matrix to be symmetric, has been employed in going
from Eq.(35) to Eq.(36). This principle requires the following

to hold true at all times, which may be used to check the
convergence and validity of the solution, as explained later.

s,(1)s, (1)=s,(1)s/ (1)=—1 (37)

The above relation can be easily verified to be true for the
simple case in which the variation in cross-section is taken to
be zero, i.e., Vb’s = 0. The expressions for 4,, and 4,
determined using Eq.(30), are given below.

ho= fxlhnfll) o= fxlhn—z,l
" n(n—l)’ o n(n—l)
h(/‘o =1, hl,!) =0, ha,1 =0, h1,1 =1
f
h,, = le1 , h,=0
: 38
. (38)
hs,o =Y hs,1 = 31
f’
h4,n - 4_1|’ h4,1 =0
[ ;o
h5,0 =0, h5,1 = 5XI|

Substituting these values of 4,, and 4, in Eq.(31), it is
observed that the functions sy(x) and s;(x) are simply
hyperbolic sine and cosine functions as given below.

2
so(x):(]+%x2+ f;' x“..]:cosh( fxlx)

(39)

f : 1 .
Sl(x):(x+ ZX!l 4+ lel X5.'):ﬁ5Inh( fxlx)

These values of syx) and s;x) satisfy EQ.(37), thus
verifying Maxwell’s reciprocity principle. One may also check
that substituting these hyperbolic functions into the load-
displacement relations of Eq.(36) results in the exact
transcendental relations for a simple beam [7, 10-11].

As mentioned earlier, the reciprocity principle may be used
to determine the number of solution coefficients, a’s, to be used
in Eqg.(24). This is equivalent to choosing the highest power of
x in sy(x) and s;(x) to be retained such that resulting s,(1) and
s;(1) satisfy Eq.(37) within an acceptable margin of error.

Eq. (36) highlights the fact that even for a varying cross-
section beam the DoF end-loads are related to the DoF end-
displacements by a stiffness matrix that is a function of only the
shape of the beam and the force in the DoC direction. This
coupling of between the DoF direction stiffness matrix and the
DoC direction force is similar to that seen in the simple beam
(Eqg.(1)). As is that case, the stiffness matrix may be expanded
into an elastic stiffness matrix, a load-stiffening matrix, and
higher order terms in the DoC force f,;.
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Next, the DoC direction load-displacement relation may be
formulated by applying the beam arc length constraint.

0, == [l (0] a (40)

Differentiating the known u,(x) expression from Eq.(31),
and rearranging it using Eq.(33), the following expression is
obtained.

! o1 1 I ! ! ()’
u, (x)=£{l+s ( )s(, (x)-s, (x)}+&—s (x) (41)
Lo los () Lo, (1)
This can be put into a matrix format and the resulting
expression for u, ’(x)° is given below.

ety mifd . arfl]

71

AL SI(]) 4 e
where, d, £ - {1+S0(1)S0 (x)-s, (x)} (42)

Substituting Eq.(36) in the above expression, and
substituting the resulting expression in Eq.(40), the constraint
equation reduces to the following,

() 1 k11 k12 d11 d/z k11 k1z uyl
u,-u, = __{uw 9;1}
2 kz/ kzz dz/ dzz kz/ kzz ezl
=u,=u,"+{u, 6, {g,, g”}{u”} (43)
' ’ { ’ ’ } 8y 82 9;1

where, d, é_{[ iz {1+ : Ej; s, (x)=s, (x)} dx
.[ L5 () {1+

fa s, (1)

d é,][ LSO!_(X) dx
7y s, (1)

Eq.(43) highlights the fact that even for a varying cross-
section beam the DoC direction end-displacement is dependent
on the DoF direction end-displacements and the DoC direction
force fy. This equation confirms that g;;, g;,, and g, are
functions of the beam shape and fy; only. Setting the beam
shape parameters b’s to zero reduces this expression to the
exact transcendental expression for a simple beam [7,10-11].
As is that case, the constraint matrix may be expanded into a
kinematic terms matrix, and elastokinematic terms matrix, and
higher order terms in fy;.

To recap the mathematical procedure presented above, the
determination of the stiffness and constraint matrices is carried
out as follows. The beam shape is quantified first by expressing
the second moment of area of the beam as a function of x
coordinate and beam shape parameters b’s as in Eq.(21). The
beam shape parameters are then used to check the convergence

—h

11>
11>

dIZ d21

(st 05/ 0

Sl
s, (1)

criteria (EQ.(32)). Once the convergence criteria is satisfied, the
beam shape parameters may be used to calculate the solution
coefficients a’s in terms of the variables, 4, and 4, ;, as per Eq.
(30), and thus determine sy(x) and s;(x) as per Eq. (31). The
functions sy(x) and s;(x) are then truncated in powers of x such
that Maxwell’s reciprocity criterion, given in EQq.(37), is
satisfied within a certain acceptable error (e.g. 1%) for the
given range of problem parameters: DoC force f,; and the beam
shape parameters. Finally these truncated functions s,(x) and
s;(x) determine the load-displacement and constraint relations
for the beam using Eq.(36) and (43), respectively.

%
Z l)—>)( fy1 T my,
Zatiiil ;’
1

Fig. 14 Straight Beam with a Sinusoidal Varying Area
Moment of Inertia

The above proposed analysis procedure is illustrated by an
example. A variable cross-section beam (Fig. 14) is described
by Eq.(44). The resulting shape parameters b’s are given in
Table 2. Without any loss in generality, the area moment of
inertia, as opposed to the beam thickness, is taken to a
sinusoidal function.

I
'
T

oh

X

n R
1(x)=1, {1 «sin (m)} (44)
b, | na/100 bs | n/(51100) | by | ya’/(9!100)
b, |0 bs | 0 b |0
by | -na'/3! b, | -na’/(7!100) | by | - na''/(111100)
by |0 bs |0 bi; | 0

Table 2. Shape parameters for a sinusoidally varying beam
cross-section

The variable 7 is the highest percentage increase in the
area moment of inertia which occurs at the middle of the beam.
Using the twelve beam shape parameters given above the
second moment of inertia function can be estimated with 0.01%
accuracy for all O<x<1. Hence, the higher order b’s are
neglected. It may be shown that the convergence criterion is
satisfied by the shape parameters b’s for # < 10. Next the A’s
and s’s functions are calculated as previously described in Eq.
(30) and Eq. (31) but are not presented here for brevity. The
expressions for the functions sy(x) and s;(x) are truncated after
the tenth power of x, satisfying Maxwell’s reciprocity principle,
Eq.(37), with less than 1% error for # < 10 and fy; in the range
+5. The resulting stiffness matrix may be further expanded in
terms of f,4, as follows:
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bty il ity el
et s,

(45)

where, @(n)% (1_0_01’7_00002’72)
k““” (77) _ 12 —0.3(;;(7;)90311772
k,z(”) (,7) _ kz,“” (77) _ —6+0.16§Z’7_)30_01453772
k" (n) = 4 —0.1(;,(7;)?.009,72
k) () =12 ‘0-(;‘?’;7): 0.01037°
k/z(]) (,7) _ kﬂ(” (77) _ -0.1+ 0.0;)9(77;0.0052,72
K, (77) _ 0.131 —0_0;5;27;7; 0.0034°
k() = 2210 0;‘2?75;’77 +0.0030p”

9 () =k, () = 222000 0.0370(9:78)? —0.00014n’
k% (1) = —0.00152 + 0.(();)2);;77 +0.000947°

Eq. (45) shows that the stiffness coefficients are function
of the beam shape and DoC force f,; only. The relation can be
verified to match exactly with that of a simple beam if # is set
to zero. The first matrix in Eq.(45) is the elastic stiffness matrix
while the second matrix represents the load-stiffening matrix.
The stiffness matrix associated with f,,” and higher order terms
may be neglected with respect to the load-stiffening matrix, at
the expense of 1-2% error over an f,; range of £5.

The constraint relation obtained for this particular case
after similarly truncating matrices with second order and higher
powers of fy; is given below. It is interesting to note that the
constraint relation has the same form as that for a simple beam,
i.e., a summation of purely elastic term, a purely kinematic
term, and an elastokinematic term.

—u ©yly & (’7) g/z((])(n) u,
R }Lu () gz.f”)(ﬂ)HQ,}
+f {u &n () glzl)(ﬂ) u,
it HZI}LH '() gzz')(ﬂ)HQ,}

(46)

1.201-0.04857 - 0.01031°

where, g (n7)=-
g, (1) 20(7)
—0.1+0.00917 +0.0052n°
g/z(“)(n):gzl(())(n) == 2@2777)3 7
0.131-0.0082n +0.00347]2
O ()
82 (77) 2¢(77)3
—0.00136 —0.000941 +0.0030n°
gu(/)(ﬂ):— 3’7 1
@(n)
0.00068 —0.00098n — 0.000141°
g/z(l}(n)zgﬂ(l)(n)z_ 737 7
@(n)
—0.00152+0.00072n +0.00094n°
gzz(l} (77) == 3’7 7
@ (1)

The above example shows that the form of the load-
displacement and constraint relations remains invariant in the
BCM even for varying beam cross-sections. Thus, it may be
concluded that BCM is valid for any generalized beam whose
shape parameters are known. The beam characteristic
coefficients in the BCM may be determined from the beam
shape parameters using the above-described procedure. This
generalization of the BCM also provides a useful tool for beam
shape optimization. Furthermore, the solution obtained for the
specific family of variable cross-section beam is closed-form in
nature. Any change of parameters such end-loads, end-
displacement, or beam shape (y) does not require a
reformulation of the entire model.

5. BEAM SUBJECT TO THERMAL LOADING

Certain  applications of flexure mechanisms may
experience a considerable temperature range in their operating
environment, e.g. compliant seals used in turbo-machinery (~
temperature range: 50-1200 °C). Other applications that require
very high accuracy, such as high precision metrology
instruments, are also very sensitive to temperature fluctuations
in the ambient environment, which can cause undesired motion
behavior. Flexure elements, generally comprising of thin
section beams, have a lower thermal mass and therefore
respond to temperature fluctuations faster than their
surrounding rigid elements, for example. Therefore, it is of
interest to incorporate the effect of a general temperature
distribution along the beam length on the load-displacement
relations, or equivalently the BCM, for any generalized beam.
Considering the simple beam of Fig.2, the generalized
temperature variation along its length may be given by 77X).

The extension of any element dX will therefore be

(47)

a

du,

where, a, is the coefficient of thermal expansion (CTE) for
the material, and is generally of the order of 10 for metals [4].
I, is the relevant ambient temperature. For most practical
applications, 7{X) — I, is of the order of 700 or less. Therefore,
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the fractional change in beam length due to temperature
fluctuations will be in the of the order of 0. 001 or less, which
is very small compared to the normalized beam length 1.
Therefore, only the DoC displacement (u,;), given by Eq.(2), is
affected, while the DoF load-displacement relations given by
Eqg. (1) remain practically unchanged. The DoC direction
displacement u,;, is now given by:

v, _up vy v oy
L L L L L
Ul dX
where, == | (I(X)-T,)— 48
L=la(r(x)-r) (48)

Thus, in addition to the usual elastic, kinematic, and
elastokinematic components in the parasitic error motion in the
X DoC direction, there is a now a thermal component as well.
While the above is shown for a simple beam, the same
correction in beam length applies equally well to all other
generalized beams considered here.

CONCLUSION

We have reviewed the Beam Constraint Model for a
simple beam to highlight its advantages in capturing and
accurately predicting the constraint characteristics of beam
flexures. These advantages include a completely parametric,
dimensionless, closed-form, and compact mathematical format
that incorporates the load-stiffening, kinematic, and
elastokinematic non-linearities. The accuracy of the BCM over
fairly large DoC load and DoF displacement ranges is
corroborated by non-linear FEA for a simple beam. A
comparison with other modeling techniques is provided using
the parallelogram flexure module as an example. Of the
modeling techniques compared, the BCM is seen to be the only
closed-from parametric model that captures all the pertinent
stiffness variations and error motions, which ultimately
characterize the constraint behavior of this module. Having
shown these advantages, we then proceed to generalize the
BCM to other beam geometries and shapes.

Generalization of the model to incorporate beams with
initial slant and curvature is relatively straightforward. There
are additional terms in the DoF and DoC direction load-
displacement relations that show up. Effects of these
generalizations are found to be more prominent for the DoC
direction.

The generalization of BCM to incorporate any random
beam shape is analytically more challenging. We employ a
series based solution technique that involves considerable
mathematical manipulation. However, once developed, this
formulation is reduced to a set of systematic steps that may be
carried out to obtain the beam characteristic coefficients in the
BCM for any beam shape. It is shown that such a solution is
possible as long as the beam shape parameters satisfy certain
conditions, which physically correspond to keeping the beam
shape variations small. While one convergence criteria to check
for the validity of the series solution has been suggested,
considerable further investigation is planned in this aspect of

the solution methodology. Ultimately, we would like to place
explicit bounds on individual beam shape parameters, as
opposed to the presently proposed implicit criterion.

Finally, even though trivial, the effect of temperature
variations along the beam length is also captured in the BCM.

The research presented in this provides a powerful means
for capturing all possible beam shapes and geometries under
one formulation — the Beam Constraint Model (BCM). We
intend to use this formulation as the basis for constraint-based
design that recognizes and leverages the deviations of flexure
elements from ideal constraint behavior. The ability to vary the
beam initial slant, initially curvature, or beam shape to achieve
desired constraint characteristics by means of geometric
optimization is an important first step in this direction. It is
important to point out that, in addition to the constraint
characteristics (stiffness and error motions) described here,
maximum stress in a geometry also has to be taken into account
in the design and optimization process for a given application.
Stresses are not explicitly captured as part of the BCM, and are
only indirectly reflected in the stiffness predictions.

Finally, while the formulation presented here is explicit,
we are currently developing an energy-based formulation of the
BCM so as to employ it in the modeling, analysis, and
optimization of flexure mechanisms that may comprise
complex arrangements of flexure beams.
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APPENDIX A: FEA PROCEDURE

The closed-form analytical expressions for the simple
beam, slanted beam and the curved beam are validated by
means of Finite Element Analysis performed in ANSYS.
BEAMA4 elements are used with consistent matrix and large
displacement options turned on and shear coefficients set to
zero. The material assumed is Stainless Steel, and typical
values for Young’s Modulus (270,000 N.mm™) and Poisson’s
Ratio (0.3) are used. Beam length (L) = 250mm, thickness (7) =
Smm, and height (W) = 50mm, are chosen for one of the FEA
models. The undeformed neutral axis from the simple beam is

taken along the x-axis. For all the beams meshing is done at
300 elements per 250mm. The convergence criteria for all FEA
experiments is set to tolerance limits = 0.001 on the L2 norm.
The values of DoF force typically used for Fig. 6-12 are 0-5kN.

Normalized beam characteristic coefficients kl(f) and k2‘2> in

Fig.3 and 4 are measured one at time by setting u,, and 6.,
alternately to 0 at zero DoC force. The corresponding load
stiffness coefficients are measure by applying a DoC force but
keeping the DoF displacements constants. By subtracting the

two readings, k\’ and k% is determined. The coupling

coefficient kl(g) of u,, and 6., are determined but proper

algebraic sum of the displacement measurements from three
cases, 1) uyl=0, 6.,,=known value 1, 2) uy/=known value 2,
6.,=0 and 3) uyl=known value 2, §,,=known value 1. The load
stiffening coupling coefficients is similarly calculated by
comparing the three sets of displacement at zero and nonzero
DoC force values. The geometric constraint coefficients are
calculated using a similar approach. The elastic stiffness is
captured by setting u,; and 6., to zero and applying a known
DoC force. The kinematic geometric constraints coefficients
are captured by the setting DoC force to zero. Finally the
elastokinematic geometric constraint coefficients are calculated
by setting DoF end displacements set to the same values as the
case when purely kinematic displacement is measured. Using
proper algebraic summation with purely kinematic and purely
elastic case, the elastokinematic effect is isolated.

For the initially slanted beam in Fig. 10, 11 and 12 the base
inclination angle is taken as 0.01 rad from the X-axis in the YZ
plane. For the initial curved beam in Fig. 10, 11 and 12, the
base angle is 0, while the radius of curvature is in 5mm. The
center of curvature is located vertically 5mm from the base of
the beam at co-ordinates (0,5). For measuring DoC stiffness for
Fig. 7 and 12, the DoC force is varied between 1.5kN to 2kN
keeping DoF end displacements u,, and 6., fixed and
measuring the DoC displacement ;.

APPENDIX B: CONVERGENCE CRITERION

For the power solution series given below to be a valid
series, it has to be tested for convergence.
w(x)=a,+ax+a,x’ +..+ax" +.. (49)
At x=1 the solution w(1) in eq. (49) becomes a summation of
all the coefficients. Thus for the solution to exist at x=1 the
magnitude of the coefficients should be decreasing. Let us
consider the recursion relation for the coefficients, restated here
for the convenience of the reader.

a.,= inal‘ _2{(r_l)(r_l+]) ayH»IbHJ}

(r+1)(r+2) | (r+1)(r+2)
4 fe & (r=i)(r-itl)a,,,
B a,  (r+1)(r+2) ,-o{ (r+1)(r+2) a b‘”}

As r tends to infinity //r tends to zero. In this limiting situation
one can derive Eq.(51). Also assuming that there are ¢ shape

(50)
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factors inputs, meaning b; = 0 Vi > ¢ the summation takes
place from 0 to ¢-7 as given below.

) S a, i —
. +Zol{ . bH,} 0 (51)
Let the ratio between two consecutive coefficients be p(r). The
ratio should be less than 7 as r tends to infinity for the series to
be convergent. Furthermore this ratio may either be decreasing
or constant but less than 7 for the series to converge. If the ratio
is less than 7 and decreasing then the series will converge fast.
However, if the ratio is less than 7 but constant then the rate of
convergence will be slower. Therefore if a series is proved to
be convergent with a constant ratio assumption, it means that
the series will only converge faster if the ratio was decreasing.
Hence a constant ratio assumption solves for the worst case

scenario and is adapted here.
ar+2 ar-+[ + i{ ar—i+1 ar7i+2 . arfl b,-”} — 0

ar+1 ar i=0 ar7i+2 arfi+3 r

(52)

g-1
= p’ +Z{%}=0, where p é%,‘v’ rasr—»om
i=0

r+l

The roots of equation are the possible ratios p(r) as r tends to
infinity. Only in the case when magnitudes of all the roots are
less than one can the series be considered convergent at x=1.
This criterion can be mathematically stated as below.

" roots(p* +b,p"" +..+b,_p' +b, =0) " <1 (53)
However for practical purposes if the highest magnitude of the

roots is less than 0.5, the series converges fast enough to
truncate the series solution after 7-10 terms.
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