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Synthesizing topologies of compliant mechanisms are based on rigid-link kinematic designs or
completely automated optimization techniques. These designs yield mechanisms that match the kinematic
specifications as a whole, but seldom yield user insight on how each constituent member contributes towards
the overall mechanism performance. This paper reviews recent developments in building block based design
of compliant mechanisms. A key aspect of such a methodology is formulating a representation of compliance
at a (i) single unique point of interest in terms of geometric quantities such as ellipses and vectors, and (ii) rel-
ative compliance between distinct input(s) and output(s) in terms of load flow. This geometric representation
provides a direct mapping between the mechanism geometry and their behavior, and is used to characterize
simple deformable members that form a library of building blocks. The design space spanned by the building
block library guides the decomposition of a given problem specification into tractable sub-problems that can
be each solved from an entry in the library. ThEeetiveness of this geometric representation aids user insight
in design, and enables discovery of trends and guidelines to obtain practical conceptual designs.

In the past couple of decades researchers are interested in
monolithic mechanisms devoid of joints and links that de-

Kinematics of conventional rigid-link mechanisms and their Ve their mobility on elastic deformation alone. They have

systematic synthesis has been studied for almost a Coup@ignificant advantages that are well documented in literature
of centuries Erdman et aJ.2001). This has resulted in a such as elimination of friction, backlash and reduced manu-
database of a number of tried and tested mechanisms, ead@cturing costs by avoiding assembkidwell, 2003). Fur- -
adept in a specific tasiS¢later and Chironj2007. A de- thermore, their versatility is increased by their scalability
signer can either choose an existing conceptual design frorfl! various length scales. However, elastic deformation may
the database, or systematically combine a number of desigri§2d to material failure at certain regions having high stresses
to meet a more complex specification. Once the conceptuaus limiting range of motion and the load carrying ability of
design is chosen, it can be refined for the application at handn€Se mechanisms. The main design challenge for compli-
by first analyzing the various geometrical configurations that2Nt mechanisms is the intricate coupling between kinematics
rigid links and kinematic pairs assume, and then analyzing®nd €lasticity. In other words, the topology of a mechanism
forces in links to determine the amount of material required@nd the size of its individual elements together determine
to maintain strength and rigidity. For most applications mul- how the mechanism moves and the internal forces within its

tiple solutions can be generated, and secondary criteria sucfiémpers, thus precluding synthesis akin to rigid-link mech-
as aesthetics and ergonomics can be used to determine tR&SMS.

best solution. The simplicity of this process is as a result of As a first attempt at design, Howell and Midha used
the decoupling between kinematic and structural aspects ofonventional rigid-link topologies and the associated design
design. methodologies to first design a rigid-link mechanism that



meets the kinematic specifications. Appropriate torsional

springs were placed at the joints of this mechanism to meet Problem Specification
the stifness specification. The rigid links were then replaced +

with beams of equivalent length to match the required kine- . .
matics. The cross-section of the beams were then deter- — Evaluat_lo_n of Candidate
mined based on the fitiess of the torsional springs and the Building Blocks
stress considerations. This technique where an equivalent

rigid link and a torsional spring is used to analyze and de-

sign monolithic elastic mechanisms is known as pseudo-rigid

body model. The designs that resulted from this methodol- Problem Decomposition
ogy, though practical yield distinct areas where flexibility is
lumped. These are also the areas where stresses are concen-
trated and thus limit lead bearing and large range of motions.
Topology optimization was developed Bynanthasuresh
(1999 that aimed at a better utilization of the design space Mechanism
without restricting to conventional topologies. This proce- Assembly
dure initially lists all possible interconnections of beams or
a planar finite element mesh of the design domain, whose
widths or thickness are the design variables for optimization.
Elements with the values of design variables lower than a

specific cut-€ will not be considered to contribute towards building block approach was proposed for mechanism design
the final topology. The optimization algorithm determines by Kota and Chioy(1992 for conventional rigid link mech-
an optimal topology that maximizes an objective function. gnism synthesis. The building block method is captured in
If the objective function defines the kinematic behavior of e flowchart shown in FiglL (Kim, 2005. Once kinematic
the mechanism alone, without incorporating strength considgpecifications were determined, they were compared with en-
erations, the optimization yields mechanisms that are cOMyies in the database of existing designs. If no entry is found,
posed of rigid members and thin flexur&agena and Anan-  the problem specification is broken down to tractable sub-
thasuresh2003. Yin and Ananthasuresf2003 andCan-  proplems, whose solutions are found in the database. The
field et al.(2007) have demonstrated the use of additional 5 design is an assembly of the individual subproblems.
constraints that prevent large relative rotations between two Building block methods are common in conceptual de-
finite elements that constitute the topology in the design doigns where there is a functional independence between the
main. Nevertheless, there is considerable complexity in in-constituent building blocks. This means that when two build-
corporating stress considerations in topology optimization.ing blocks are combined, one does not change the inherent
Furthermore, this process yields little insight on the func- henavior of the other. For example, a slider joint remains
tional contribution of diferent elements in the topology. Fur- 5 gjiger irrespective of the number of links attached to it.
thermore, the optimum connectivity may not be presentin theHowever, in domain specific design problems such as com-
design parametrization, which leads to suboptimal or convoypjiant mechanism synthesis, the deformation behavior of a
luted designs. building block is in general determined by rest of the topol-
Thus, there is a need to understand the contributions ofgy. In other words the same building block may have two
each member that constitutes the dESign. This UnderstandiWﬂ-‘erent deformation behaviors based on its |Oading condi-
can yield insightful conceptual synthesis of compliant mech-tion. Consider a simple cantilever beam that is ubiquitous
anisms, where simple deformable members are systematin most compliant mechanism topologies. Its deformation
cally combined to obtain the overall topology. Such a build- hehavior can range from fixed-free to fixed-guided based on
ing block method was proposed bym (2003; Kim et al.  |oads acting on the free end as seen in Bigin most prob-
(2008. lems this deformation behavior cannot be determined before
hand. Is it then possible to use the elements of the building
block method as shown in Fig.for compliant mechanism
synthesis?
The answer for the above question lies in the representa-

Complex systems such as an automob|_le, a|r.craft and elegyy, o compliance that favors building block method. Such
tronic gadgets are always broken down into simpler subsysé representation must provide
tems that can be easily designed. For example, an automobile

consists of combustion, transmission, electrical subsystems 1. Expression of compliance quantities from first princi-
all working together. These subsystems are designed and fab- ples: the representation can aid visual insight if geo-

ricated separately and integrated during assembly. A similar  metric quantities are used to express various aspects of

Schematic of the building block method for design.
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Eigen-twist and Eigen-wrench parameters for a particular
(a) (b) building block geometry.

A beam with an end load hasftirent deformation pro-  robust compliance representation at a single point of interest

files when its end iga) free, or(b) guided (constrained rotation (Krishnan et al.2011) and relative compliance between two
and axial motion). Whether it behaves(ayor (b), or between the points Krishnan et al.2010.

two in a compliant mechanism depends on the subsequent members
attached to it.

compliance. Furthermore the representation must be

intrinsic to the topology and independent of reference gingle port compliance involves characterizing the force dis-
frames used to evaluate it. placement relationship at a single point of interest. This is of

2. Parametric characterization: simple deformable build-Importance in the design of constraintsaar et al, 2007),
ing blocks are characterized with changing geometricSUspensions for microsystems, and elastic vision based sen-
parameters to span the design space. Use of geome8Ors Cappellerj 2008. This force displacement relation-

ric quantities enable visualization of the tractable designShiP is given by the compliance matrix (or its inversefsti
space. ness matrix). The dimensions of the compliance matrix in

planar two dimensional case isx3. The three degrees of
3. Systematic decomposition of problem into tractable freedom are two translations in the plane of the geometry
subproblems: the compliance representation must proand a rotation about an axis perpendicular to the plane. The
vide user insight in problem decomposition. terms in the compliance matrix thus consist of both transla-
. i . tional and rotational terms havingftérent dimensions. To
4. Enabling seamless assembly: the physics must enable” . . ) . ) NN .
seamless integration of the subproblems into the finala.vOId d|men3|qnal |ncon5|sten(_:|es, itis desired Fhf.it transla-
solution. t|qns and rota}pns are deglt W|t_h separately. Th|§ is accom-
plished by shifting the point of interest from the input to a
There have beenflerts in the past decade to propose var- new point where decoupling translational and rotation terms
ious representations that permit a building block approachof the compliance is possibléipkin and Pattersonl992).
At a single point of interest the compliance matrix has beenThis point, known as the Center of Elasticity (CoE) and is al-
characterized as a three dimensional ellipséidn( et al., ways unique for a planar geometym (2008 and is shown
2008 Kim, 2005. This representation enabled designing for a compliant dyad in Fig3. This point is similar to the
mechanisms with a given ffiless behavior by parallel com- remote center of compliance (RCC) in robotics, and the well
bination of curved beams and dyads (series combination oéstablished concepts of center offsiess or center of com-
beams). Design for single-input single output mechanismsliance Ciblak and Lipkin 2003 as defined for a planar ge-
have been similarly proposed based on combining a numemetry. If a rigid connection is established between the CoE
ber of single point mechanisms between an input and outputand the input, then any force applied at this point yields pure
Though these techniques yield conceptual designs that meétanslation, and any moment applied yields a pure rotation.
kinematic specifications, the representation lacks mathemafthus the translational compliance at this point can be repre-
ical rigor and thus yields limited insight in the process of sented by an ellipse whose semi-major and semi-minor axes
combining building blocks. This paper reviews recent ad-(a; andas,) denote the primary and secondary compliance
vances in proposing a physically insightful, mathematically directions. In these directionss( andey,), any force applied
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yields translation along the same direction. The rotational
stiffness at this point can be represented by a scalar glue 7
The orientation of the CoE is given by an anglend the P
angle¢ refers to the orientation of the geometry in the two
dimensional plane. These quantities are illustrated in¥ig.
They are called eigen-twist and eigen-wrench characteriza-
tion as the parameters can be obtained by eigen value analy-
sis of the compliance matrix with selective normalization of

2norm 1

150 /

its twists and wrenche¥{m, 2008. 180 *
Though it is convenient to characterize compliance at the /
center of elasticity as seen above, it is required to relate this !
to the compliance at the input point, as this was our original . KR .
location of interest. The compliance at the input can be repre- 015 o 330 .
sented by the very same terms that characterize it at the CoE LR radius: 1,
with some additional terms as seen in FigThe translation - angle : a
ellipse at the CoEg;, andays,) is supplemented with a degen- 270
erate ellipse oriented perpendicular to the line jointing the
input and the CoE. Furthermore the coupling between transsr Parametric characterization of a compliant dyad for its

lational rotational compliance at the input is represented by aigen-twist and eigen-wrench parameters. The figure shows one

coupling vector ¢,) whose magnitude denotes the amount of such plot adapted frodrishnan et al(2011).

translation obtained due to a unit moment, or the amount of

rotation obtained due to a unit force. However, if any force is o ) o

applied along the direction of the coupling vector no rotation tN€sis is shown to be a series combination of two beams, as a

is observed. This vector is thus named as the coupling vectoflumber topologies are shown to be composed of th&m (

Similar to the compliance matrix, the terms of theffsesss 2005 Krishnan et al.2010. The eigen-twist and the eigen-

matrix can be represented as #fsgss ellipse and a ffiiess wrench parameters can be evaluated by varying the gngle pe—

coupling vector as seen in Fi§. Further insight into this tween the two beams that make up the dyad and their _relatlve

characterization can be obtaineddrishnan et al(2011). lengths. Figure plotsn, =ay,/ay, for varying length ratios
This representation of compliance easily sets stage fotradius of the polar plot) and dyad angles This gives an

a systematic building block based synthesis method. Thdndication of the design space spanned by the dyadifor

first stage for the building block method after determining Smilarly other parametersy, 4, ar,) are plotted irKrish-

the problem specification is evaluation of candidate build-"an et al(2011).

ing blocks, or developing a library of building blocks. The

most versatile building block for compliant mechanism syn-



Consider an example where equal biaxiélahdY) stift-
ness is required at a point without any coupling translational (a) Problem Specification
and rotational terms. Such a specification is required for a
vision-based force sensatéppelleri et a].2010, where ex-
ternal applied force can be evaluated by measuring the de- i
formation of a point. Such a problem specification requires Zero Coupling vector and
a circular compliance ellipse with zero coupling vector mag- Circular Compliance
nitude shown in Fig7a. Comparing from the database of

compliant dyads no design matches these specificatitms (  (b) Spatial orientation

ishnan et aJ.2011). Figures7b—c and8 illustrate achieving

these specifications using series and parallel combination of - o 2(r)?
dyads. In series combination, the coupling vectors of indi- < E2 5 > Subtract T‘f 0.09
vidual building blocks add. Thus the zero coupling vector L, E, Shift ellipse ¢ mm/N
specification can be achieved by aligning equal and opposite B from target

building block specifications. Since the degenerate shift el- o

lipse depends on the coupling vector orientations alone, its(c) Net Ellipse Subdivision

magnitude can be evaluated and subtracted from the required

ellipse to obtain a net ellipse (Figb). Two dyads are then  Net Ellipse 0,061 5

chosen from the building block library to meet the ellipse

specifications. The next step involves assembly of dyads be- Subdivide into two smaller ellipses

tween themselves, and between one of the dyads and the in-

put using rigid connecters as they donot change the compli-

ance characteristics at the CoE of a building block. Thus all @ 0.03
the steps illustrated in Fid. are accomplished with geomet-
rically intutive quantities.

One of the limitations of series combination is that the
CoE always lies within the footprint of the mechanism (for
proof of this, please refdfrishnan et al.2011). This does
not provide an easy access of the input for interacting with
the objects in the vision based force sensor application. To
overcome this, parallel combination of building blocks are
recommended. During parallel combination, théséss el-
lipses and stffiness coupling vectors of the building blocks
add. Two sub-mechanisms whosdfsatss ellipses are cir-
cular and whose dfness coupling vectors are aligned equal
and opposite to each other are connected together as shown Guidelines with an examplga) Problem Specification
in Fig. 8. A practical realization of this involves parallel com- in terms of Compliance Ellipse and Coupling vedtoy Choose E,
bination of symmetric halves with some accommodation forE;, I, and evaluate shift ellips@) Net ellipse evaluation and sub-
a rigid probe as shown in Fi@®d. The resulting input has division into smaller building block ellipsggl) Design geometry of
equal biaxial compliance and decoupled translational and rothe two building blocks and their orientation.
tational compliance.

Thus, it is shown how compliance representation in the
form of eigen-twist and eigen-wrench parameters enables
systematic and insightful building block method to synthe-
size single-port compliant mechanisms.

0.025%

Rigid Connector (d) Building Block Geomtery

‘Ijlormulating a representation for relative compliance between
any two points in a continuum that can facilitate a building
block method. In other words, it must enable representation
of problem specification that can easily be decomposed into
tractable subproblems. In this section, we present a load flow
based analogy of relative compliance representation.

Between two points in a continuum, the relation between
In the previous section we dealt with compliance where de-the applied forces and dgformation_is obtained from the ex-
formation was directly actuated by an applied force at thetended form of the compliance matrix as shown below.
required point. There are a number of transmission prob- u C. C f.

. . g n _ n in-out n

lems such as grasping objects and amplifying, where force{ } = [ cT C H f } (1)
applied is spatially separated from the required output de- in-out  *out out
formation. The challenge for the building block method is

out
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whereu;, andfj, are the displacements and applied load re-
spectively at the input, andl,: andf are the displacements

and applied load respectively at the output. Load transfer be
tween the two ports is defined as an equivalent applied Ioaq

at the output that produces the same output displacement

output load that would cause the same output deformatio
as an applied input load as shown in Feg.This is similar

to the notion of transferred forces definedHiarasaki and
Arora (2007). The relation between this transferred load and
the applied load is given by the LT matrix given by EB).(

fir = CE&IC;L-outfi“

T.=C.lc!

in-out (2)
whereT_ is the Load Transfer (LT) matrix that relates the
transferred load and the input lo&g. The detailed deriva-
tion of the Eq. ) is shown inKrishnan et al(2010. Further-
more, it must be noted that the transferred force in Bpig(
not the same as an applied output load in B. The impli-
cation of defining transferred load is that a two-port problem

Output

(b)

Deriving the Load Transfer matrix for Complaint Mecha-
nisms Krishnan et al.2010. (a) Output displacement is evaluated
for an applied input loagb) Output reaction load is evaluated by
enforcing the output displacement frqa) with no input load. This
reaction load is the transferred load.

While this characterization captures the relative compli-
ance between two ports, its usefulness for a systematic syn-
thesis is captured through an important property that enables
modularity. Consider the two geometries and their deformed
profiles in Fig.10a and b. These geometries are composed of
a beam that acts as an input constraint in series with a beam
that connects the input and output. The output in E@a is
constrained by a third beam which is absent in Eigp. It is
found that the transferred load evaluated at the output for the
two different geometries is exactly equal, implying its inde-
pendence on the output constraint. This property is true for
all geometries consisting of a general input constraint in se-
ries with a general transmitter element between the input and
he output. The detailed proof of the property is presented

a unit input load. Load transfer can be thus defined as th%ﬁI Krishnan et al.(2010. Thus, the fundamental building

ock for load transfer between two points is identified as a

" oad-Transmitter Constraint (LTC) set. The implication of

this property in a mechanism composed of a number of LTC
sets is that the transferred load in each LTC set can be inde-
pendently evaluated of succeeding ones. This enables mod-
ularity in analysis and design of two-port compliant mecha-
nisms. One other observation is that the transferred load is
independent of the deformation profile of the transmitter. For
example, the transmitter in Fig.0a is almost fixed-guided
(like Fig. 2b), while the transmitter in FiglOb deforms as a
rigid body.

The simplest of the LTC sets is a compliant dyad as seen in
Fig. 10b. It has a beam for a constraint and a beam for a trans-
mitter. Irrespective of the direction of the input force applied
the transferred force is always oriented along the axis of the

between the input and the output is converted into a singleransmitter. If a unit input force is applied perpendicular to

port problem where the transferred force acting at the outpu
produces the required output displacement.

the orientation of the input constraint,the output transferred
force is given by
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Comparison of two geometries containifa) input
constraint beam, transmitter beam and output constraint beam and
(b) input constraint beam and transmitter beam alone reveals that
the transferred force at the output is independent of the output con-|_
straint. (c) The output displacement depends on the orientation of
the output constraint. In general any direction of the output dis-
placement is permittedd90° with respect to the direction of trans-
ferred force.
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Steps involved in the load flow based conceptual syn-
thesis of two-port compliant mechanism@) Kinematic problem
specification and the inability of a single load path to solve the prob-
lem, (b) two load paths with the appropriate load flow directions
that meet the kinematic specificatiorfs) constraints that enforce

. T . . the load flow directions must be oriented along a truncated band,
wherea is t_he '”C“”%“O” Of. the transmitter with reSpeCt_ to and(d) final mechanism topology and the deformed configuration.
the constraint. Applying an input moment changes the direc-

tion of the transferred force along with inducing transferred
moment. The transferred force evaluated will then yield

tr

1:iny

~ sin@)

©)

the output constraint beam in Figj0a constrains the output

F ot 3(500rmCOSE) +b)m to move along the direction determined by the intersection of
tr, = COU@) fin - 21 (Ianorm+ b 2normsin(a) its degree of freedom with the semicircular band.
Foof 3l 2n0rmM So far, we have formulated a representation for relative
try = 7in 211(b3 + I 2n0rm) complia}nce between.two distinct point;, identified its ur)ique
b3m properties that permit modular analysis and characterized a
My = . (4) simple building block, namely a dyad. We will present a

2(07 +12n0m) simple example of how this technique can be used for sys-
wherelonom is the ratio of the transmitter beam length to the tematic synthesis. Consider a problem specification shown
input constraint beam lengtly, is the length of input con- in Fig. 11a where force applied at the input is at point “1”
straint beam length, is the ratio of the transmitter beam in the y-direction and the required displacement is at point
thickness (in-plane) to the input constraint beam thickness'2” at an angle of-45°. This is a nontrivial problem be-
The output transferred forceﬁ)( and foy) depends upon the cause no direct connection between the input and output will
input force and input moment. However, the output trans-yield the required kinematic specification. This is apparent
ferred momentrtg) is dependent on the input moment alone from the figure as the direction of load flow in the transmit-
and its direction is opposite to the input moment. Further-ter does not intersect with any of the semicircular band di-
more, from the above equation, the magnitude of the transrections at the output. To enable intersection, the problem

ferred moment is lower than the applied moment.
Though output constraints do noffect the transferred

is decomposed into two load paths, and the direction of load
flow in the transmitters is determined. The mechanism topol-

force, they determine the magnitude and direction of outputogy (i.e. the constraints) will be designed such that the pre-

displacement. Shown in Fi@Oc is a semicircular bangd90°

determined load flow directions are imposed. The constraints

with respect to the transferred load. From the positive def-at input point “1” must enable y-direction displacement. A
initeness of the sfiness or compliance matrix, the output beam shown in Figllc thus acts as the input constraint. The
displacement is constrained within this band. Its actual di-constraint at point “3” must be oriented such that load flow
rection is dependent on the output constraint. For examplalirections are preserved. This can be ensured if the degree of



quired to choose the best solution for a given problem speci-
fication.

This article shows how building block methods can be used
to generate conceptual designs for compliant mechanisms.
The ease with which kinematic specifications are met by
systematic combination of simple deformable members, and
(b) the ability to quickly obtain alternate solutions highlights the
usefulness of this method. Furthermore the lack of numeri-
cal complexity and the emphasis on user insight makes this
technique excellent for classroom education. It is the rep-
resentation of compliance that enables this user insight into
systematic synthesis. In this article, such a representation and
synthesis methodology is reviewed for single port problems,
where force displacement relationship is characterized at a
single point of interest, and for multi-port problems where
relative compliance between two or more ports are charac-
terized.

Th ©o! @

Steps involved in generating conceptual solutions hav-
ing multiple load paths.(a) Kinematic problem specification and
planning two parallel load paths between input and oufytrun-
cated bands at each node) constraints that enforce the load flow
directions, andd) final mechanism topology and the deformed con-
figuration with widths of transmitters and constraints optimized so
that the required deformation is achieved.

Representing compliance at a single point is accomplished by
decoupling translational and rotational terms thus preserving
dimensional consistency. Ability to represent translational
compliance as an ellipse and the coupling between transla-
tions and rotations as vectors enables insightful quantifica-
tion of the compliance characteristics. Series and parallel
N o ombination of any deformable member is explained as a ge-
freerm dlrectlon of the c.onstramt Is along a trur'lcat?d”ban metric combination of their individual ellipses and vectors.
?titalned by the Intersection of the bands at points "2 _andThus solving for a given compliance characteristics, which
3 as show_n in Fig.L1c. Furthermpre t_he outputconstraint ..o o far remotely accomplished through optimization is
at point "2" is a beam that cpnstrqmts_ itto move atan anglenow possible through systematic, yet intuitive methods.
of —45. The deformed configuration is shown in Figd. Synthesis of two-port mechanisms have always been con-
The example illustrates the generality of the methodologysidered non-intuitive as the contributions of each member to-
involving a single load path from input to the output. The \ards the overall mechanism behavior is hard to understand.
same example can be used to demonstrate the use of multiplenis is the first attempt towards identifying the functions of
load paths between the input and the output. This is illus-each member as a transmitter and a constraint. Representing
trated in FIng The required direction of transferred load deformation behavior as load flow enables |dent|fy|ng and
at point 1 can be obtained by a combination of load pathsthys determining feasible load paths that meets a given kine-
1-3-2 and 1-4-2. The net load transferred due to each patinatic specification. Such a representation enables load path
add in proportion to the sthess of the individual paths. For to act as a skeleton for the overall mechanism geometry. As
example, if stifness of path 1-3-2 is greater than 1-4-2 thenseen in the examples, it is possible to synthesize single con-
the former would dominate. If the fithess of each load path tinuous load path and mu|t|p|e para||e| load paths for any ap-
is tuned so that they are equal, then the net load transferred i§iication with relative ease. This insight and ability to obtain

a vector combination of the individual paths. The constraintsa|ternate solutions with ease highlights the usefulness of this
are designed in Fidl2c such that they correspond to one of method.

the truncated band directions. The widths of the constraints To summarize, building block method with geometrically

and transmitters are optimized such that the output in point 3nsightful compliance representation is a novel synthesis

moves along a 4%angle. method from first principles. Though this article focused on
Thus, a number of conceptual solutions can be generdesigning for kinematic specifications alone, the versatility

ated by planning load paths and constraints using the abovef the method may show promise in designing for strength

method. Comparison of each conceptual solution in terms obased considerations and manufacturing limitations.

stress distribution, gthess and mechanicaffieiency is re-
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