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Abstract. In order to improve the reliability of changing tool for ATC (automatic tool changer),
a horizontal tool changer of machining center is chosen as the example to study the dynamic
characteristics in the condition of changing a heavy tool. This paper analyzes the structure and
properties of the tool changer by simulation and experiment, and the space trajectory equations of
the manipulator and tool are derived. The maximum force is calculated in the processing of
changing tool. A virtual platform for the automatic tool changer is built to simulate and verify the
dynamic performance of the tool changer; the simulation results show an obvious vibration in the
process of changing tool, which increases the probability of failure for changing tool. Moreover,
in order to find out the device's vibration reasons, a professional experiment platform is built to
test the dynamic characteristics. Based on the testing results for a horizontal tool changer, it is
known that the unstable vibration is mainly caused by the collision of the tool. Finally, an
optimization method for the manipulator is proposed to reduce this vibration and improve the
reliability of the tool changer. The final simulation and experiment results show that the optimized
manipulator can grasp the heavy tool stably, and the vibration amplitude is significantly reduced
in the process of changing tool.

Keywords: automatic tool changer, manipulator, vibration test, optimal design.
1. Introduction

Automatic tool changer ATC, as an important component in the processing center, can reduce
the non-cutting time, increase productivity and reduce production costs [1-4]. Currently, the speed
and mass of changing tool for automatic tool changer need to be limited according to the actual
situation. If the working conditions are beyond this limit, the accidents of tool falling will occur
[5-6]. Most of the research about automatic tool changer device uses a virtual prototype
technology to test and evaluate the quality and performance of changing tool [7-8]. In recent years,
the automation tool changer plays an important role, and a variety of tool changers are developed
and researched. The species also become diverse. But the changed tool is mostly light and
medium-size and little research focus on the stability of the tool changer for heavy tool [8-11]. So
it is not unclear whether the mechanical properties of the manipulator can meet the mechanical
processing’s requirements when it changes a heavy tool. In this paper, the working principle of
the tool changer is analyzed. Through the comparison of the theoretical calculations and
simulation, the cyclical movement of tool changer is mastered. However, the testing technology
and method are very few and not common [12-13]. So a dynamic characteristic testing system
based on the virtual instrument was developed to study the ability of changing tool and dynamic
characteristics of automatic tool changer. According to the structure and movement characteristics
of automatic tool changer, a measuring method of changing tool and collision characteristic was
proposed in the conditions of the dynamic loads. The sensors were installed, and the interfaces
were designed by Labview. The testing data was processed and analyzed by Matlab. The actual
testing results provided the important experimental data for the research on dynamic
characteristics. The vibration from the process of changing tools seriously affects the stability. In
order to analyze the causes of vibration, the vibration accelerations were tested in several locations.
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After analyzing the correlation between the output signals, the main vibration source was
determined primarily near the manipulator. After comprehensively analyzing the manipulator’s
displacement, it was determined that the vibration is produced by the collision of catching tool
and inserting tool.

The tools of a machining center are loaded and unloaded by the automatic tool changer. And
the tool falling and vibration faults often occur in the process of changing tool [14-15]. At present,
the widely used manipulator of the hook knife type has a great advantage in the aspect of time and
space, but there always has been an instable problem of clamping tool. Even if the size and shape
of the original manipulator’s structure are optimized as well as possible, it is hard to meet need of
the rapid changing tools for the machining center [16-17]. Thus it has an important significance
to study the manipulator’s ability of clamping tool. And the reliability and stability are also seen as
the important evaluation indexes [18]. According to the above problems, the old manipulator is
improved by designing two-point locking on the base of the one-point locking, and the tools can
be clamped more tightly. The output curve of the manipulator is obtained and analyzed. Through
the simulation and experiments for the manipulator, the result proves that it increases obviously
for the abilities of preventing tools falling, resisting the impact and ensuring tools stable.

In short, through the virtual simulation and experimental testing for the automatic tool changer,
the acquired dynamic data is processed and analyzed, and then the causes of the vibration are
found out. By an innovative method, the manipulator was optimized and improved, so that the
reliability of changing tool was solved to some extent, and the speed and quality of changing tool
can be improved. The paper is organized as follows, in Section 2, the structure and principles of
the tool changer are analyzed and calculated. In Section 3, the virtual platform is built, and the
initial dynamic characteristics for changing tool are obtained. Moreover, an experimental testing
platform is built, and the cause of the vibration is found out. In Section 4, the manipulator is
optimized and redesigned to improve the ability of clamping heavy tool. Section 5 gives some
conclusions and make an overview for the future work.

2. Structure analysis

The structure diagram for automation tool changer is shown in Figure 1, which is consisted of
the following components: Composite cam: composite cam is composed of indexing cam and
groove cam, it belongs to a single input double output system; Swing link: the end of the swing
link engages with groove cam, and the other end of the swing link is articulated with spline bushing;
Indexing cam: the rollers in the indexing can engage with outside edge of the groove cam; Spline
shaft: one end of the spline shaft is fixed with the manipulator, and the other end engages with the
indexing cam. Manipulator: the manipulator plays a role in clamping, transporting and exchanging
the tool.
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Fig. 1. Structure of automation tool changer
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The actions of changing tool for automatic tool changer are shown in Fig. 2(a), where the curve
located in the upper part is the horizontal distance of the manipulator for inserting tool, and the
curve in the lower half is the rotational angle of the manipulator for changing tool. Firstly, the
manipulator rotates 60 degrees in a counterclockwise direction for clamping tool and moves
167 mm in the horizontal direction for drawing tool. Then the manipulator gripes the tool to rotate
180 degrees in clockwise direction and move back 167 mm for inserting the tool. At last, the
manipulator looses the tool and reverses 60 degrees back to its original position. Through the
above operations, the needed tools in the spindle of the machine are replaced automatically by the
tool changer.

The engaging curves of composite cam are improved by the modified sine curve; the original
curves are connected at both ends of the cosine curve with a transition sine curve, which make the
acceleration curve continues [19].
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Fig. 2. Motion law of the manipulator

To calculate the space trajectory of the manipulator and tool, so the manipulator’s motion
equation is established firstly. A cylindrical coordinate system is created as shown in Figure 2(b),
by taking the spline shaft as z-axis, the mechanical arm as the r-axis and the initial angle of the
mechanical arm in vertical line as a, where the point M is the position of holding tool for
manipulator, and the coordinate origin O is the initial position of the mechanical arm’s midpoint.

According to the coordinate system in Figure 2(b), the output equation of the manipulator can
be written as follows:

z = S(¢),
r=1/2, )
a = d(¢),

where ¢ (t) is the input angle of composite cam, L is the mechanical arm's length, S(¢(t)) is the
endpoint of the pendulum displacement, ®(¢(t)) is the output angle of the composite cam.
According to an improvement sine principle, the pendulum output equation S(¢(t)) is shown in
Equation (2):
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The output equation ®(¢(t)) of the composite cam’s rotation angle is shown in Equation (3):
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The time period T of the manipulator for changing tool in Equation (2) and (3) is determined
in Equation (4):

360
= 4
$(0) =t )
According to Formula (1-4), the trajectory of the manipulator can be obtained as Equation (5):
z = z(t),
r=c, (®)
a = a(t),
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where the constant ¢ = L/2, z(t) and a(t) are the simplified representation.

In the process of the manipulator rotating, the tool’s forces will change constantly. If the tool
cannot be grasped tightly, it will fall off, which is dangerous to the operator. So, it needs to be
determined that when and where the biggest force occurs. The resultant force of the tool is
expressed as the Formula (6):

F={6(¢) R-i+5(@) j+0(p)* R -k+g}M, (6)

where the symbol i, j and k are the unit vectors in the rectangular coordinate system; R is the arm
length; ¢ is the output angle of the motor; M is the quality of the tool; 8(¢) is the angle of the
manipulator rotating; S(¢) is the displacement of tool slotting; g is the acceleration of gravity.

The tool-changing cycle T = 1 s, the arm R = 0.26 m. Without considering the acceleration of
gravity, the inertial acceleration is expressed in Fig. 3(a). The total acceleration is bigger than the
acceleration of gravity g, so the inertial force is the main factor of influencing the tool’s stability.
The manipulator rotates from 0.2 sto 0.3 s. In 0.5 s the peak is very meaningful. At this moment,
the tool locates in the vertical position, and the centrifugal force and gravity is in a straight line. It
can also be seen in Fig. 3(b) that the corrected output curve of the manipulator is smooth, thus the
acceleration shock is avoided.
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Fig. 3. Inertial acceleration of the tool
3. Simulation and test for dynamic characteristics

The above theoretical analysis shows the space trajectory and actions of changing tool for the
manipulator. Now let’s build a virtual platform of the automatic tool changer device to simulate
the moving processing. It is more complex to build the model of composite cam than others. This
method is the secondary development by using high-level language of three-dimensional software.
According to the engaging principle of the globoidal indexing cam and the indexing plate, the
coordinate systems are built as Fig. 4(a). Among them, 0x,y,2, is the auxiliary fixed coordinate
system connected with the rack of the indexing plate; Ogxgy4zg is the fixed coordinate system
connected with the rack of the composite cam; Oxyz is the moving coordinate system connected
with the composite cam; 0'x’y’z’ is the moving coordinate system connected with the indexing
plate; w,; and w,, are the angular velocities of the composite cam and the indexing plate; 8 and ¢
are the corner of the composite cam and indexing plate; R is the radius of the roller.

Based on the conjugate surface principle, the principle of differential geometry and coordinate

transformation [20-21], the composite cam surface equation can be obtained as follows:

x = rcosgpcosf — pRcosysingcosd — Ccosf — Rsinysing,
y = —rcos¢sing + pRcosysingsing + Csind — Rsinycosb, (7
z = prsing + Rcosycosb,
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where the composite cam is left string, so p = —1; r represents the distance from the conjugate
points of the projection of indexing plate roller on its axis to indexing plate center; C is the distance
between composite cam center and indexing plate center.

Fig. 4. Composite cam

It is assumed that the radius of the roller R = 0. Firstly, the theoretical contour curve of the
roller center is drawn in PRO/E, and then stretches symmetrically and removes the entities from
the main frame of the composite cam. The offset distance is the radius of the roller, and so the
accurate contour surface can be achieved shown in Fig. 4(b). Other parts of automation tool
changer can be drawn relatively simply. After completing all parts of the three-dimensional model,
a virtual platform of automatic tool changer was assembled, which is imported into ADAMS, and
the appropriately constraints were imposed according to the relative motion among the various
components. Finally, the dynamic simulation can be achieved as shown in Fig. 5(a). It can be seen
that the output curves from the virtual platform contain a vibration, which will cause the
acceleration mutation and occur the impact forces. So it is necessary to reduce the amplitude of
the vibration in the practical processing. In contrast, the theoretical curves were shown in Fig. 5(b).
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Fig. 5. Output curves of the manipulator

In order to further determine the dynamic characteristics of ATC, a test device is developed.
The principle and composition of the test system are shown in Figure 6. The encoders are used to
measure the rotating angle of the manipulator, and the magnetic grid scale is used to measure the
distance of tool. Moreover, all the output TTL signals of sensors are converted to the analog
voltage signals by the counter; piezoelectric vibration acceleration sensor and the eddy current
micro-displacement sensor are used to measure the vibrations of the tool and manipulator, and the
charge output signals are also converted into the analog voltage signals by the charge-voltage

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEBRUARY 2014. VOLUME 16, ISSUE 1. ISSN 1392-8716 139



1135. DYNAMIC CHARACTERISTICS AND OPTIMAL DESIGN OF THE MANIPULATOR FOR AUTOMATIC TOOL CHANGER.
Y ANSHENG LI, YANHENG ZHANG, HANXU SUN, HAIYANG DONG, SHUNLI ZHAO

converter module; all the voltage signals are firstly scaled to the range —10~10V by the
conditioning circuit and then converted into the digital signals by the A/D converter of the MCC
acquisition card. Lastly all the digital signals are transported to the industrial computer by the USB
port. The testing data is processed by the software designed; a LCD screen displays the process
and results of collecting data; a motor is used to control the speed of changing tool.

Display Test System of Automatic Tool Changer
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Fig. 6. The development of test system

In the working conditions, the 10 vibration sensors are disposed between the power motor and
the tool as shown in Fig. 7(a). The measured vibration signals take three seconds as a period time.
The results are shown in Figure 7(b). It can be seen that the signals contain multiple pulse waves,
and the pulse signals at each point are basically the same performances.

Acceleration(g)

12000
004000

Senser number ¢ 20 ; :
0 Sampling point

(b)

Fig. 7. Results of the test

In this paper, the correlation of measured data for ATC is calculated to determine the source
of vibration. In order to remove the fluctuations of local ringing effects, a sliding second-order
statistical method is used to smooth the signal [22]. The obvious pulse signals 1-5 are taken as the
data to calculate the correlation coefficients as the Equation (8), and the results are shown in
Table 1.

_ ny (T) — Uxly
Py (T) = = o5 ®)

where w, and u, are the means, o, and o, are the standard deviations, R,, () is the
cross-correlation function.
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Table 1. The cross-correlation coefficients

Sensor number 1 2 3 4 5
1 1.000 | 0.770 | 0.815 | 0.775 | 0.580
2 0.770 | 1.000 0.656 0.539 0.349
3 0.815 | 0.656 1.000 0.922 0.693
4 0.775 | 0.539 | 0.922 | 1.000 | 0.729
5 0.580 | 0.349 | 0.693 | 0.729 | 1.000

In Table 1, in addition to the 2nd and the 5th sensors, the correlation coefficients between the
rest sensor signals are greater than 0.5, which indicates the significant positive relation between
the signals. In Figure 7(b), the vibration maximum amplitude of all the sensor signals occurs at
No. 1 sensor and decreases according to the order of the sensor position, which indicates that the
vibration source is near the No. 1 sensor. It also can be seen that the vibration energy spreads
through the transmission mechanism and decreases gradually. Based on the above analysis of
correlation, it can be predicted that the vibration occurs mainly in the position of the manipulator
and tool.

In order to strengthen the visual effect of vibration signal, the signal’s acquisition and the tool’s
movement are synchronized, so the vibration signal in the manipulator position can be compared
with the angle signal of encoder and the distance signal of magnetic scale at a time-based, and
then you can calculate the location and posture of the tool, when the vibration occurs. By carefully
checking the positional relationship among the manipulator, tool and the tool holder, the
interference conditions and the cause of vibration can be determined. Taking the rotational angle
a of the manipulator and the vibration acceleration a as the vertical axis and the time t as the
horizontal axis, the rotating collision is shown in Figure 8(a). Taking the horizontal distance z of
the manipulator and the vibration acceleration a as the vertical axis and the time t as the horizontal
axis, the collision of slotting tool is shown in Figure 8(b).
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Fig. 8. Impact vibration identification

From the above Figure 8(a), it can be seen that the manipulator rotates to O degrees at 0.4 s
and produce great impact pulse. As can be seen from Figure 8(b), the manipulator has not drawn
out the tool. According to the positional relationship between the manipulator and the tool, it can
be concluded that this impact is from the collision of the manipulator grasping the tool. From 1 s
to 2 s in Figure 8(a), the manipulator rotates 180 degrees, but the position remains at 160 mm. In
the actual condition, the manipulator and tool rotate from the one side of the spindle to the other
side. During this period the splines and gears need to engage, so it can be concluded that at about
1.5 s and 4.5 s the slight vibrations are caused by the impact of spline engagement. In 0.7 s and
2.2 s, the manipulator keeps at 0° and 180° position and does not rotate, but moves along the
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horizontal direction. For this period the manipulator is balding in and drawing out the tool.
Considering the relative positional relationship between the tool and the tool holder, it can be
determined that the impacts of these two pulses are caused by the collision of the tool and tool
holder. It can also be seen that the impact mainly occurs at the beginning of the actions, and next
tool changing cycle begins after 3 s.

4. Optimization and improvement for the manipulator

In order to improve the stability of the tools on automatic tool changer, a new structure of the
manipulator is presented. The new manipulator contains two-point locking instead of the original
one-point locking. The working loads and parameters are determined by calculating and analyzing
the output curves of manipulator. The new designed manipulator is verified by the simulation in
a limited state. The simulation and experiment result shows that the new manipulator can increase
the ability of changing tool effectively in this section.

As shown in Fig. 9(b), the manipulator of the hook knife type is used on the horizontal
machining center TH6350, which is mainly composed of the arm, the finger, the locking pin, the
spring and the locating pin. The motion of the manipulator can be decomposed into two actions
which include rotation and translation. It is an important statement that the manipulator grasps the
tool, and the forces on the tool and locking pin are analyzed in the horizontal key position.

Locking pin  Spring
MF TE ﬂ{ S M

F cl_ 1 — = — 1
=S =] SN

N ‘o) A

) Finger rm Locating pin

@) (b)
Fig. 9. Manipulator of the hook knife type

As shown in Fig. 9(a), because the outline of the tool is round, the force f from the locking
pin and the force F from the finger point to the circle O, and « is the angle between F and the
horizon line; B is the angle between f and the horizon line; G is the total weight of the tool and
the tool shank. M is the moment of grapping tool for the manipulator. In the key position, the tool
will slot into the spindle, the Formula (1) is expressed according to the balance of the forces:

Fsin(a) — fsin(B) = G,
Fcos(a) — fcos(f) =0, ©)]
M=G:L-cos6,

where L is the distance from the center of the tool to the manipulator, 6 is the inclination angle of
the tool.

The ability of clamping the tool can be improved by increasing the driving force F of the
locking pin. But this force is applied by the internal wedge block, and its size is not easy to control.
In addition, if the contact force is bigger, after the long run the contact surface is worn easily.
When the speed and weight of the tool become big, the tool can't align the spindle of the machining
center, because of the presence of inclination 8. The collision vibration amplitude will become
big; the tools easily fall off; the reliability begins to become low. Thus, a method is proposed that
an additional locking pin is designed to increase the force of holding tool, and thus the reliability
can be improved. A large force to hold a knife can provide greater torque M, which can grip
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heavier tools stably and ensure a very small angle 8, so the large vibration is avoided. Moreover,
the extra quality of the manipulator arm is not necessary, which can decrease the weight and
reduce the burden on the driving mechanism. Therefore a method of reducing the quality of the
arm is proposed to increase the reliability of the tool changer.

Through the analysis of the structure above, finally it is determined that the reliability and
stability can be improved by designing a new structure of the manipulator. Redesign of the
manipulator mainly includes two aspects, one is the topology optimization of the mechanical arm,
the other is to develop locking device. The optimized volume V for the mechanical arm is less
than the original volume V', and the stress should be within the allowable range to ensure the
safety in the condition of holding a heavy knife. The mechanical stiffness K is related with the
topology, so that the frequency of the vibration will change with the quality decreasing. Firstly,
the erasure rate in each unit is adjusted by the finite element method, and the mass distribution of
the mechanical arm is determined. Then the specific shapes of removing parts are determined
based on the implementation of machining. Finally, the natural frequency parameter is checked to
make sure it is outside the resonance district. The constraints of topology variables are shown as
follows:

(Max:K = (14,25, 43,++),
0 =< Omaxs
8 < dmaxs (10)
V =0.6V',
w; <£ (wa' wb)-

Ansys software can achieve the static topology optimization based on dynamic stiffness and
the dynamic topology optimization based on the frequency characteristics [23-24]. The finite
element model of the manipulator’s arm is simplified as follow:

1) The screw holes and the small attached parts are removed in the model.

2) The rotational center of the manipulator is set to the fixed constraints, and the heavy torque
and gravity are applied to the fingers.

3) The thickness of the manipulator is small relative to the width and length, so the topology
optimization is in only the two-dimensional plane for the arm. And the outside borders and fingers
are not optimized.

The unit solid 95 in Ansys is chosen to mesh for the model. According to the provisions of
Ansys, the number 1 area can be optimized, and the number 2 area cannot be optimized. In the
actual work the fingers at mechanical arm’s ends need to hold the tools in turn or simultaneously,
so the optimized model is a centrosymmetric structure. By the Topological Opt module, the white
areas indicate lower density, which can be removed. After removing the mass, the shape of the
mechanical arm is shown in Figure 10(a).

v Plunger Spring 2

£
= ﬂ ,f\\' | J - ;

\Jﬁ OQG _\. H—/ Spring 1 Locking pin 1
: Locking pin 2

Fig. 10. New manipulator

After the topology optimization of the mechanical arm, the locking device is developed to
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increase the ability of grasping tool for the mechanical fingers. As shown in Fig. 10(b), the new
manipulator is presented, which has two locking devices. A plunger is installed in the manipulator,
which is fixed on the locking pin 1. The plunger presses the locking pin 2 by the level movement.
The energy storage spring 2 is installed between the finger and the locking pin 2, which also
ensures that the locking pin 2 keep open on the point K all the time when the plunger retracts.
According to the analysis of the tool in Fig. 10(a), the point B of the new structure will be below
the old position, so the angle g will become bigger. From the Formula (9), it can be obtained that
the force F and the contact force f will be smaller, when the weight of the tool is a constant. The
locking pin 2 can be seen as the extension of the finger, which increases the wrap angle of the
finger. Even if a small amount of wear occurs, the tool can't also fall off as a result of the wrap
angle 270 degree. In summary, in the same conditions the new manipulator can carry the heavier
tool stably than the old.

In the tool-changing process, the actions of the new manipulator are presented as follows.
When the manipulator is empty, the locking pin 2 is open under the action of the energy storage
spring 1 and 2, and the locking pin 1 retracts. When the manipulator grasps the tool, the trapezoid
groove of the finger and the trapezoid groove of the tool shank completely contact, and the wedge
block in the axis of the manipulator drives the plunger out, and the locking pin press the tool shank
tightly. In the tool-loosing process, the action’s sequence is the opposite of grasping the tool.
Firstly, the wedge block releases, and the locking pin 1 and the plunger retract. Then, the locking
pin 2 is open under the action of the energy storage spring 2. Finally, the tool moves off the finger.

In order to prove the advantages of the new manipulator, a three-dimensional model is built
and simulated in the following three conditions by Adams.

During the rotational process, the biggest force of the tool is the sum of the centrifugal force
and gravity, and the direction is —90 degree. The parameters of the manipulator: S(¢) = 165 mm,
0(¢) =-90 degree. The quality m of the tool is from 0 kg and 25 kg. In above conditions the
maximum displacement of the tool is received by the simulation. As can be seen in Fig. 11(a), the
ability of preventing tool falling is improved less with the light tool, but more with the weight tool.
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Fig. 11. Data of collision
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In the tool-slotting process, the tool contacts the spindle hole of the machining center, the
impact will be generated by the collision. The impact is 100 N in the axial direction of the tool.
The parameters of the manipulator: S(¢p) = 15 mm, 6(¢) = 0 degree. The quality m of the tool
is 25 kg. In above conditions the displacement of the tool is received during 1 s by the simulation.
As can be seen in Fig. 11(b), the tool return to the initial position faster and the peak is smaller.
So the ability of resisting the impact is improved more.

The optimized manipulator is simulated in the simulation platform. It can see that the collision
force are significantly reduced in Figure 11(c). Testing by the experiment platform for improved
manipulator, the testing results in Figure 11(d) also indicate that the oscillation amplitude
decreases, and the reliability and stability of the manipulator are improved.

5. Conclusions

Automation tool changer is widely used in the machining industry, which can improve the
processing speed and reduce human labor. But the reliability and stability of the tool changer have
been the key issue to restrict this improvement of the performance for automation tool changer,
especially in high-speed and large-mass occasions. In this paper, a horizontal tool changer was
taken as example, whose motion law and dynamic characteristics were studied. The dynamic
equations were established, and the virtual platform was built. The force status for the tool changer
was analyzed, and a vibration phenomenon was found. Further, in order to identify and find the
vibration source, a testing platform was built. The testing analysis showed that the vibration comes
mainly from the collision, and the tool cannot be held firmly for the manipulator. An optimization
method for the manipulator is proposed to increase the ability of holding tool. Finally, the
simulation and experimental proved that the improved manipulator can effectively reduce the
vibration amplitude and improve the stability of changing tool. However, in order to ensure the
perfect ability for automation tool changer under greater loads, other parts of automation tool
changer device also need to be analyzed and optimized in the future.
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