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Abstract: Based on the multi-body kinematics principle, the topological structure and restriction relation
among parts of machine tool and 3-D multi-body model are constructed, the kinematics simulation system of

machine tool is developed. The designer can observe the movement and machining course of the whole

machine tool and understand accurately the kinematics parameters of components such as position, velocity
and acceleration. Also the designer can estimate the pose of components in the virtual circumstance and
forecast accurately and correct problems which may appear during the design before the prototype is

manufactured to assure the feasibility of design scheme, shorten period of product design and reduce product
cost. The simulation system is used during the design of CK1416 high speed and precision numerical control
lathe. The curves of ball screw angular velocity and carriage displacement agree well with the results of
theoretical calculation and the constructed model is correct.
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With the high-speed development of production
and science and technology, the machining industry is
developing in the direction of high-speed, high-effi-
ciency, high-precision and automatization. In order to
quicken development speed of new machine tools, im-
prove the quality and reduce cost, the kinematics and
dynamics simulation of the machine tool must be
considered during the design for machine tool. In this
paper, the kinematics simulation system of the
machine tool is realized based on the principle of
multi-body system. The simulation process provides
the scientific basis for machine tool design. The
designer can not only observe the 3-D dynamic
display and movement course of the whole machine
tool in the virtual circumstance ,but also forecast
accurately and correct problems which may appear
during the design before the prototype is
manufactured. The feasibility of the design scheme is
also increased.

1 Analysis Principle of Kinematics Based on
Multi-Body System Theory

The multi-body system theory is the basis of the
virtual ~ prototyping  technology. The  virtual
prototyping technology is a synthetic application
technology which is based on advanced modeling
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technology, multi-domain simulation technology,
information management technology, interactive
consumer interface technology and virtual reality
technology. Recently, the wvirtual prototyping
technology has been widely used in product design,
manufacturing, testing and analysis, etc'"?). The
software of automatic dynamic analysis of mechanical
system based on virtual prototyping has been
developed by the theory of multi-body system
dynamics. In this software we can use interactive
graphics environment, unit store, restriction-base and
force-base to establish full-parameter mechanical
system geometry model. Its solver uses the Lagrange
method of multi-rigid-body system to establish
dynamics equation of system. The characteristics of
static, kinematics and dynamics for virtual mechanical
system are analyzed through this dynamics equation.
Finally we get the curve of displacement, velocity,
acceleration and counterforce.

Cartesian coordinate of the center of mass for
rigid body i and Euler angle or generalized Euler
angle of rigid body are regarded as generalized
coordinates, namely ¢, = {x, v, z, ¢, 0, ¢!/, q =
tai, 4,
process, we only need to establish and solve the
restriction equation[“: (initial position g, has been
known):

-+, qr}". During the kinematics analysis

@(q,1,) =0 (1)
where @ is the algebraic equation column matrix of
restriction, @ = {&,, &,, -, @ |"; q is the

generalized coordinate column matrix of the system.
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At time ¢,, its position is calculated by Newton-
Raphson iteration:

oD
=1 Ag.= —-@(qg. 2

where Ag; =¢q;,, —¢;, j denotes the j-th iteration.

Solving the first derivative and the second
derivative of restriction equation, we can get instant
velocity and acceleration at ¢, :
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From the Lagrange equation with multiplier, we
get instant restriction counterforce at ¢,:

oD\ " d(aT\"  [oT\"

(g) 2=l -ala) +(Ga) v] ©®
where A is the restriction counterforce and force
column matrix, T is the system energy, and Q is the
generalized force column matrix.

Fig. 1 shows the flowchart of kinematics
simulation analysis for virtual prototyping based on
multi-body system theory.
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Fig.1 Flowchart of kinematics simulation analysis

2 Application Examples

The 3-D model of machine tool used in the
analysis consists of machine tool body, upper-carriage
subassembly, lower-carriage subassembly, main arbor
subassembly and trail rack, etc. Fig.2 shows the 3-D
analysis model. Fig.3 gives the topological structure
and restriction among parts of machine tool in
modeling of multi-body system. The main shaft Bl
and machine tool body B0 are connected by revolute
joint H1; the bearings BS5, B6 and ball screw B7 are
connected by revolute joint H7 and HS, respectively;
the bearings chock B2, B3 and machine tool body B0,
main shaft Bl and workpiece B4, bearings chock B2,
B3 and bearings BS5, B6, ball screw B7 and motor

shaft B9, carriage B8 and knift rest B10 are connected
by fixed joint H2, H3, H4, HS, H6, H10, HIl,
respectively; the ball screw B7 and carriage B9 are
connected by screw joint H9; the carriage B8 and
machine tool body B0 are connected by translational
joint H12.

Fig.2 3-D analysis model

Fig.3 Topological structure and restriction among parts
of machine tool
The primary technology parameters of machine

tool is provided by Nanjing Numerical Control
Machine Tool Ltd. Maximal turning length is 300 mm,
longitudinal carriage maximum stroke is 330 mm,
transverse carriage maximum stroke is 150 mm, the
range of main shaft speed is 40 to 8 000 r/min,
maximum torque of main shaft is 44.6 N - m. The
feed velocity of both X axis and Z axis is 18 m/min,
and the rated feed force is 6 400 N.

3 Simulation Result and A nalysis

The time domain curve of ball screw angular
velocity and the curve of carriage displacement are
shown in Fig.4 and Fig.5 s respectively. From Fig.4
we can know that the maximal angular velocity of ball
screw is 314 rad/s in a period time. The ball screw
accelerated at the beginning 0.01 s interval and then it
runs at the invariable angular velocity. As it reaches
definite position, the ball screw runs reversely at
certain angular velocity. The carriage moves back and
forth on the machine tool body along with cosine
function under the ball screw driving. Fig.5 shows the
process of carriage moving. This movement process
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was consistent with real process and the movement
value was consistent with that of above. These results
validated correctness of movement process.
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Fig.5 Curve of carriage displacement

4 Conclusion

Kinematics simulation is a new application field
in electromechanical engineering. By the movement
analysis, we can understand the movement rules of
machine tool and forecast all kinds of possibility in
the movement process. So it can provide a scientific
basis for designing electromechanical products.

It is illustrative and vivid to apply kinematics

simulation based on visual prototyping in the process
of product design. We can accurately understand the
parts and assembly kinematics parameters of a ma-
chinery product. We can also know the motion state of
parts, the reliability of mechanism movement and rea-
sons for failure of mechanism movement. Based on all
these merits, the design quality of the product will be
improved and development period of product will be
shortened. This method has been used in kinematics
simulation of the high speed and precision numerical
control machine tool and perfect effects have been ob-
tained.
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