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Abstract: This study discusses the conceptual design process based on kinematics characteristic and proposes
how to analyze the feasible design scheme combinations on the basis of kinematics characteristic analysis. The
possible kinematics characteristic of target scheme can be expressed by the possible typical form in the
intermediate process from initial state to target state. The scheme solving process means the process in which
function conversion element can generate the state of satisfying output. Function conversion generator, which
relates to structural forms, can work out the overall scheme that meets design requirements through the

combinational computation between mechanisms.
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INTRODUCTION

Different from ordinary daily necessities, mechanical
products are designed based on the core which aims to
present structural design scheme for satisfying the output
of special kinematics characteristic. Tt tums out that
natural  structure  characteristic  and  kinematics
characteristic constitute the core of innovative design of
mechanical products. At an early stage, the design
methods of mechanical products stemmed from theory of
mechamism, such as, the study on mechanical structure
and function made by Freudemstem and Malka
(Freudenstein and Maki, 1979). Based on the thoughts of
graph theory, Freudensten (Erdman, 1993) devoted
pioneering efforts to mechanical innovative design and
studied synthetic algorithms of various typical
mechanisms based on the degree of freedom and the
quantity of components. On this basis, Cai Longwen
started with the functional characteristics of mechanical
devices, as well as proposed calculating, analyzing,
synthesizing and innovating on the actual practice of the
projects such as automobile gearbox. Professor Yan
Hongsen from National Cheng Kong University presented
regenerative kinematics chain for mnovative design of
mechanisms on the basis of graph theory(Yan, 1998), with
struchural characteristics of mechanisms as major focus in
the early research. Kota et al. firstly put forward automatic
synthetic theory for conceptual design of mechanical
device, with automatic synthesis methods composed of
two approaches. The first approach obtained the
mdependent functional wnit by means of decomposition

and then figured out overall design methods by dint of
synthetic scheme, which was called synthetic method.
Another approach preset the functional parameters of
every functional module and worked out the final design
scheme through motional conversion between
input/output force and displacement characteristic, which
was called elimination method. It is proved that the latter
1s more suitable for computer calculation.

Sauders et al. (2011) classified innovations of
mechanical products into five categories, including
functional inmovation, structural innovation, external
interaction, user interaction and cost, amoeng which user
interaction means that compared with rival’s products, the
products can be used more easily. The major unproved
contents comprise the improvements of physical demand,
feeling demand and spiritual demand.

This paper analyzes how to figure out the complete
and feasible schemes through the scheme combinations
of mechamsms based on the analysis about kinematics
behavior and characteristic. Then, it achieves the optimal
user experience process by making improvements and
optimizations from the perspective of ease of use.

PRODUCT’S EASY OF USE AND STATE
DESCRIPTION

Products amm to meet special requirements or
corresponding functions. However, imtial requirements
are required to be further decomposed and classified,
because at the initial phase, design requirements are often
obscure. At the early design stage, it 1s only necessary to
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analyze the specific behavioral state characteristic of
design scheme, which can be expressed by the
relationship between time and kinematics characteristic.
State analysis should mainly give consideration to the
kinematics characteristics including displacement change
and angle change and borrow an insight from the
description methods of the pose in robotics to describe
the state to be solved (Kurfess, 2010), with S representing
motion output end.

First, let .S be the location of S. In a rectangular
coordinate system {A}, motion output location cean be
expressed in the form of column vector:

25=[x.y,.2] ™

Concerning motion forms, motion output end S has
a translational displacement along three coordinate axes
respectively, mcluding T(x, Ax), T(y,Ay) and T(z,Az).
Concemning the azimuth of 3, let another rectangular
coordinate system {B} be fastened to the components;
then, the azimuth of S can be expressed by the matrix
constituted by the direction cosines of X, Y;,Z; relative
to {A}, where X;,Y;,Z; are {B}’s three principle unit
vectors. See below:

ts=[e,.6,.6, | 2)

£ Ty?r L

The common rotation form is to rotate around three
coordinate axes based on a certain angle 8. The angles 0
based on which S rotates around three coordinate axes are
respectively expressed as R(x,0), R(y,0) and R(z,6).

The description of working state mainly gives
consideration to the relationship between two adjacent
states. The approach of state transition is associated with
degree of freedom or the quantity of the mechanical
devices that work independently. Assuming there are two
kinetic units working independently, the change of state
with the times can be expressed by Fig. 1.

The innovative design of the scheme is aimed at
finding the solution that satisfies specific state transition

t

to finally satisfy the change of pose and azimuth from
initial to target locations, as well as output end’s
requirement on target location. Besides, within specific
constramts, the design satisfies the time and displacement
characteristics of locus. Taking motion locus of two-
dimensional plane for example, Figure 2 shows several
states from mitial location to target location. Figure 2a and
b have no rotary motion. Figure 2a has a displacement
according to linear relationship and Fig. 2b has a
displacement or rotates around the axis which is
perpendicular to xoy plane according to non-linear
relationship. When rotating, Fig. 2¢ moves according to
non-linear relationship.

For convenience, the motion locus can be expressed
1n the form of locus matrix. The process from mnitial state
3, to target state S;is accomplished by one step. State
locus matrix can be expressed as below:

selaanseananm] O

If the process is accomplished by various steps, state
locus matrix, with two-step displacement as an example,
can be expressed as below:

0 log !

1S+ 8= [AxAy,Az AD,, A, A8, |+ @
1
| A%, Ay, Az AB,, A6, , A6, |

In the stage of conceptual design, consideration
should be only given to the macroscopic property of
variables in state locus matrix. Several figures in variable
relation can be defined as below:

| b 1 ta 1 t”I by 1

Fig. 1. The work state transformation and the time
mnterval indicates

Fig. 2: Time and displacement characteristics of the initial state to the target state
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¢ 0 means that there is no displacement in this
direction

+ 1 means the displacement in this direction is of some
significance, which indicates that there is a linear
relationship between displacement motion and time
t, or the relationship between them can be simplified
as linear relationship

* -1 means displacement in this direction shows some
significance and moves to the opposite direction as
defined, which suggests that there is a linear
relationship between displacement motion and time
t, or the relationship between them can be simplified
as linear relationship

¢ 2 means the displacement in this direction is of some
significance, which suggests that there is a linear
relationship between displacement motion and time
t* or the relationship between them can be simplified
as linear relationship

¢ 0.5 means that the displacement in this direction is of
some significance, which indicates that there 1s a
linear relationship between displacement motion and
time .ft or the relationship between them can be
simplified as linear relationship

Sometimes, the recquired mechanical devices are
comparably complicated, which thus camot be easily
described through the first layer of kinematics
characteristics. As a consequence, it will be difficult for
the later scheme designs to find a solution and therefore,
the design requirements will be required to be
decomposed to make every design requirement more clear
and provide more conveniences for finding a solution.
Decomposition can help to get more specific requirements
of kinematics characteristics, which can be expressed as
below:

S=145,, 3, 35 ...} (5
S, =48, 8,5 Sy, - } (6)

where S; means the first layer and S,, S, the second layer.
Besides, the expressions of other corresponding layers
can be extended on the basis of the previous layer. Similar
requirements can be decomposed and extended as below:

SD :{81,82,83,'”}
7
:{{811:812:'”}: {821:-822:'”}: } ( )

FUNCTION CONVERSION ELEMENT

The design process of mechanical devices 1s to find
the solution that satisfies design requirements and work

out the internal logical relation of scheme solutions. A
certain mechanical device should comprise one or more
basic mechanisms, which cannot be decomposed into
other units that work independently, such as slider-crank
mechanism and level-1 spur gear mechamsm. Function
conversion element can be viewed as a state generator,
which achieves state change through the motion
conversion between input and output and then realizes a
certain function of a product. Besides, it can also realize
the conversion of a certain kinematics characteristic
between mput and output, such as linear displacement
and angular displacement.

A function conversion element can fulfill one or more
design requirements. The function conversion element set
that can fulfill all design requirements can be integrated as
an overall scheme of mechanical devices. Therefore,
function conversion element is the bridge between design
requirements and specific design scheme. A function
conversion element is consisted of input, serial number
and output modules. A particular function conversion
element may have one or more motion input modules,
which can be power umt or other function conversion
modules. Function conversion element can directly satisfy
design requirements through motion output or output
them to other function conversion elements.

If a certain motion output is accomplished by several
function conversion elements, then these function
conversion elements might maintain a relationship in
parallel, in series or in parallel and series at the same time.
Similarly, if a certain function conversion element is
equipped with various mput or output modules, then
these modules could cross each other.

Basic mechanism can be expressed as type of
mechanism, input, output and corresponding
characteristics, among which input and output can be
expressed as kinematics characteristics.

For the users, the output rotation behaviors comprise
unscrew, twist, turn, swing, pedal, etc; the output
movement behaviors include press, lift, pull, etc; the
behaviors of output curve consist of dig, raise, stamp,
kick, etc. For a mechanical device, motive force often
moves in a rotary way or in line. The input of a mechanism
may be the output of motive force or the output of other
mechamsms and the output of mechamsm can be a
curvilinear motion. See Figure 3 for the common
combinational algorithms of the motions.

Design requirements can be expressed by the output
of function conversion element and besides, basic
mechanisms and units can be integrated as the mechanical
device that realizes the conversion between input and
output motions. Chiou and Sridhar ¢lassified basic motion
function modules into four categories (Kota and Chiou,
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0+0-0 ————
00=0 .=
O«0=0 e

v*nv= ny ¥ D> =G>

nv*ny = nv - =<
Fig. 3: Logical operations of the movement characteristics

1992), mcluding translation to translation, rotation to
rotation, rotation to translation and rotation to spiral. The
mechamsms corresponding to these four categories can
be classified and collated. Analysis on kinematics of
mechanism mainly gives consideration to the motion
forms including translation and rotation. If function
conversion element is perceived as a comparably
interdependent module, its input and output would be
more special, which may involve the motion types of input
and output, rather than the specific conversion process.
As a result, the forms of curvilinear motion will be
mcreased. In the process of mechamsm design, basic
mechamsms are usually combmed mte complicated
mechamsm forms. Though an independent basic
mechamsm has complicated mput and output forms,
translation and rotation are the general motive force input
forms of the whole mechanical device.

For ordinary designers, it is easy to understand the
translational and rotational motions, whereas the
composite motion is comparably complicated, which can
be expressed as the superposition of translation and
rotation. Plane curvilinear motion 1s related to the
translation and rotation of two dimensions, while space
curve motion may be associated with the translation and
rotation of three dimensions. According to motion
conversion forms, functions can be divided into might
forms. Meanwhile, based on this Table, more subtypes
can be extended. Mechanism can realize the motion
conversion from input to output and the corresponding
motion conversion needs to clearly describe the
conversion forms.

The matrices for motion’s input and output
characteristics are M, and M,,.. Let {P;}, i>0 be the
target mechamsm set that satisfies the requirements of
mput and output characteristics. The scheme solving
based on kinematics characteristics is to work out the
scheme M,,.,=P:(M,,..) that satisfies the conversion from
motion mput to output in target mechamsm. That 13, input
and output motion characteristics (M, Mpge) can be
expressed in the matrix form of motion characteristics:
=[RELRyLRE, TS T TE | (8)

1nput Z YT YUy *UE

M |:Ruut Ruut Rnut Tnut Tnut Tuut (9)

output z Ty Ty Tz

MATRIX OPERATION OF INPUT AND OUTPUT

Kota and Chiou presented a qualitative matrix
operation method of input and output kinematics
transformation, which was associated with output state
matrix, input state matrix, Motion Transformation Matrix
(MTM) and basic constraint matrices.
characteristic matrix, the operational rule is shown as
below:

For basic

{Muulput} = { Myt Maeut {anut} (10)

The kinematics transform matrix from mput state to
output state can be expressed as below:

¥ z 4 v z

R™ [x, X, X, X, X. X,]

% 11 12 13 14 15 16
out

Ry Xy Xy Xy Xy Xy Xy
out

T Rz Xy Xp X Xy X Xy
MTM:[Sm].[Sout] :Tum

x Ry Ky RKyy Xy Xy Xy
out

Ty X X Xy Xy X Xy
out

T L ¥ Xaz Xez X Xgs  Xgg |

(1

in which rows show the mnput motion forms, columns
show cutput motion forms. If x, to which 1 row and j
column correspond 1s 1, then function conversion element
could realize the motion output from this row to this
column. Otherwise, x;; 1s O.

Basic constraint matrix includes all 6 types of
constraint elements involved in the table. Along the same
diagonal of the matrix, they can be expressed as below:

O 0 0 000

0O £ 0 00 0
peyo| 0 0 7 0 00 12)

00 0 v oo

0 0 0 p O

0 0 0 0 ¢

If the mechanical devices are obtained from the
combinations of the basic function conversion element,
then their constraints could satisfy product formula as
below:

BCM =BCM, -BCM, (13)
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CONCLUSIONS

The analysis on product state in application process
and 1its kinematics characteristics can help to figure out
the feasible mechanism forms. For one thing, it follows the
basic analysis rules that start with the analysis about
user’s requirements for products and for another, it
contributes  greatly to  deepeming  engieers’
understanding on design. In this way, engineers can not
only come up with innovative solutions with more ease,
but also work out specific scheme that can meet operating
requirements through combming with the constraint of
actual operating condition and structural optimization.
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