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Development and experiment of the mechanism for oolong tea stirring
motion based on the manual stirring characteristics analysis
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Abstract: In this study, the motion characteristics of manual stirring were analyzed to achieve the goal of realizing a high-
quality mechanized imitation of manual stirring for oolong tea. A test bench for collecting the motion characteristics of manual
stirring was designed, and the standard manual stirring motion characteristic curve was obtained. According to the requirements
of the stirring motion characteristics, a variable-speed and variable-amplitude stirring mechanism was proposed, the kinematics
model and reverse design model of the stirring mechanism were established, auxiliary analysis and design software were
written, and the non-circular gear pitch curve and cam profile curve were obtained. A three-dimensional model of the stirring
machine was established, a virtual prototype of the stirring machine was built, and the simulation experiment was completed by
using the ADAMS software. A prototype of the stirring machine was developed, and the stirring experiment was conducted on
the prototype. The maximum deviation of the pitch angle is 2.8772°, and the maximum deviation of the roll angle is 1.5948°
according to the analysis and comparison of the actual curve data and the theoretical data curve. The experimental results
showed that the simulation angle curve and the actual angle curve were consistent with the theoretical standard manual stirring
motion characteristic curve, which verified the correctness of the design and modeling of the stirring mechanism. The tea was
mechanically stirred by the stirring mechanism to achieve the desired stirring effect, which verified the feasibility of the stirring
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1 Introduction

Stirring is the key process to form the unique aroma and taste
of oolong tea, which is essential to ensure the tea’s quality'~.
Stirring allows the tea to move in three dimensions in the bamboo
sieve so that relative motions, such as beating, rotation, and friction,
are carried out between the tea leaves. At present, the common
stirring methods involve manual and mechanical stirring®. Manual
stirring moves the tea evenly on the bamboo sieve; hence, the
quality of the tea is good. However, the labor intensity is high,
hindering the ability to meet the demand for mass production of
oolong tea. To reduce the stirring labor intensity, special machinery
has been implemented to stir the tea.

The tea roller stirring machine® is the most common equipment
for stirring at present. It uses the friction of the barrel wall to bring
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the tea to a certain height and then throws the leaves down, causing
them to rub and collide to achieve stirring. However, due to the
different heights of the tea being lifted by the barrel wall, the length
of the falling stroke is different, and the force of the tea is uneven,
so the uniformity of the obtained tea is poor®. Hao et al.”” designed
oolong tea vibration stirring equipment, which can realize tea
vibration stirring through an eccentric slider device. However, the
trajectory of the tea motion driven by this device is different from
the three-dimensional motion of manual stirring. There is only a
simple two-dimensional motion, so the interaction between the tea
leaves is limited. Cheng et al.® invented a hand-sieve-type tea
stirring machine that can imitate manual stirring action to stir tea.
However, due to the fixed motor speed and sieve inclination, the
speed change of the tea is small; hence, the stirring effect is poor.
Yang et al.”? designed a spherical type of tea stirring machine that
can realize 360° tea stirring without dead corners. However, the tea
is brought to a high level during stirring, and the impact force
received by the tea is large, so a similar problem to that of the tea
roller stirring machine arises; the tea is easily damaged, and the
stirring quality is not good. To summarize, the current stirring
equipment has problems, such as poor stirring uniformity and
insufficient relative motion of the tea, resulting in low-quality tea.
Therefore, it is important to design a tea stirring machine that meets
the characteristics of manual stirring to achieve uniform and
sufficient relative motion of tea.

In this study, the motion characteristics of manual stirring were
analyzed and collected. Furthermore, a new type of variable-speed
and variable-amplitude stirring mechanism was proposed, which
can implement the motion of a bamboo sieve with variable speed
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and variable inclination. A mathematical model was established to
reverse engineer the parameters of the mechanism from the manual
stirring motion characteristics, and auxiliary analysis and design
software were written to establish the non-circular gear pitch curve
and cam profile curve of the mechanism. Finally, three-dimensional
modeling, virtual simulation, and experiments with the stirring
mechanism were carried out to verify the feasibility of the stirring
mechanism.

2 Analysis and collection of standard manual stirring
motion characteristics

2.1 Analysis of manual stirring motion characteristics

Traditional manual stirring is usually carried out on a hanging
sieve. The tea master controls the hoisted bamboo sieve to shake in
space with both hands, driving the tea in the sieve to roll and jump
to achieve stirring. In this study, manual stirring in Anxi, Fujian,
China, was investigated, and the stirring motion characteristics were
analyzed.

To describe the motion characteristics of the sieve during
stirring, this study referenced the definition of the attitude angle!'*'"”!
in aviation and defined the attitude description method of the
bamboo sieve in combination with actual needs. The world
coordinate system A and sieve reference system B are defined as
shown in Figure 1. In the beginning, the two coordinate systems
coincide. Coordinate system B first rotates y around the Y-axis of
coordinate system A, then rotates  around the X-axis of coordinate
system A, and finally rotates ¥ around the Z-axis of coordinate
system A similar to the actual attitude of the bamboo sieve. The
rotation angles of coordinate system B around the three X-Y-Z axes
are the attitude angles of the sieve, which are called the pitch angle,
roll angle, and yaw angle. By obtaining the attitude angle and the
coordinates of the sieve center point, the pose of the sieve can be
described.

Figure I Coordinate system definition

The motion characteristics of the sieve in manual stirring were
analyzed by observing the actions of the tea master and the motion
of the sieve. During the stirring process, the inclination angle and
the shaking speed of the bamboo sieve change continually, and the
sieve undergoes a three-dimensional variable-speed motion. The
inertial force generated by the variable-speed motion causes the tea
to roll and rub in the sieve. Under the constraint of ropes, the sieve
moves on a conical surface in space. The sieve always faces
outward, while the central axis of the sieve approximately passes
through a certain point below the sieve. This point is defined as the
cone apex point of the conical surface motion. The sieve does not
rotate when manually stirring, so the yaw angle can be ignored.
Combining the previous definition of the sieve attitude, the attitude
angle required to describe the attitude of the sieve can be reduced to
two, just the pitch angle and the roll angle.

Based on the above characteristics, the summary of the motion
characteristics of manual stirring is as follows:

1) The inclination angle and shaking speed of the sieve
constantly change during the stirring process;

2) The shaking of the sieve can be approximately regarded as
the motion of the sieve around the cone apex point;

3) There is no rotation in the motion of the sieve, so only two
attitude angles can describe the attitude.

2.2 Design of the test bench for collecting the motion
characteristics of manual stirring

It is difficult to directly collect the motion characteristic data of
the sieve during manual stirring, so a special test bench was
designed to obtain the stirring motion characteristics.

As shown in Figure 2, the test bench is mainly composed of a
fixed frame, a shaking frame, a bearing set, a sieve shaft, a hall
angle sensor, and a bamboo sieve. The shaking frame is supported
by a set of bearing seats installed on the frame and can rotate around
the x-axis, whereas the sieve shaft is supported by a pair of bearings
installed on the shaking frame and can rotate around the y-axis.
Through the vertically installed bearings, the sieve shaft can rotate
around the x-axis and y-axis at the same time, and the intersection of
the two rotation axes is the cone apex point of the sieve cone
motion. On the test bench, the center point of the sieve can make a
spherical motion with the cone apex point at the center of the
sphere. Therefore, the inclination angle of the sieve can be changed
freely during the stirring process. Moreover, the shaking speed can
also be freely controlled. Combined with the definition of the
attitude angle of the sieve, the pitch angle and roll angle of the sieve
are the rotation angles of the sieve around the x-axis and y-axis.
Therefore, a hall angle sensor was installed at the shaft ends to
obtain the rotation angle data of these two axes. The length of the
sieve shaft and the cone apex point of motion are known, so the
position of the sieve center point is a known quantity. In summary,
the test bench for collecting the motion characteristics of the stirring
motion only needs to collect the rotation angle data of the two
rotating shafts to obtain the posture change of the sieve during the
stirring process. Although the structure of the test bench is different
from that of rope stirring, it can complete the variable speed and
amplitude motion required by manual stirring and realize the cone
motion of the sieve around the cone apex point, which basically
restores the important motion characteristics of the rope stirring
proposed in the previous section. Therefore, it can accurately collect
the motion characteristics of manual stirring. The data acquisition
module of the test bench was controlled by the Arduino Mega 2560
development board, the rotation angle was acquired by a Hall angle
sensor, and the sampled angle data were read and stored by a PC.

1. Switching power supply 2. Hall angle sensor 3. Sieve shaft 4. Bearing set
5. Shaking frame 6. Frame
Figure 2 Manual stirring motion characteristics acquisition
test bench
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2.3 Acquisition of standard manual stirring motion
characteristics based on a three-dimensional Fourier series
Based on the established acquisition test bench, the manual
stirring motion characteristics were collected. The angle sensor
performed angle correction first, and then manual stirring was
carried out on the test bench, as shown in Figure 3. Several sets of
rotation angle data consisting of different pitch and roll angles were

collected, as shown in Figure 4.

Figure 3 Schematic diagram of stirring on the test bench
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Figure 4 Schematic diagram of the sampled stirring data

The rotation angles of the two shafts were only an indirect
manifestation of the sieve pose. Therefore, the stirring data were
further processed, and the description of the pose of the sieve was
simplified as a point plus line to better reflect the motion
characteristics of the sieve. As shown in Figure 5, the center of the
sieve moves on the spherical surface with the cone apex point O at
the center of the sphere. Let OP be the sieve shaft at a certain time;
then, OP can be regarded as obtained by rotating the vertical sieve
shaft OM around the Y-axis y and then around the X-axis 6 in the
initial state. The pose of the sieve at a certain time can be
represented by a point P and a line OP. Through the rotation matrix,
the rotation angle information collected by the sensor can be
converted into the pose information of the sieve.

Figure 5 Rotation of the sieve shaft

Given that the length of the sieve shaft is /, (mm), the
coordinates of point P are as follows:

P, 0
P, | =R.-R,-| 0 (1)
P, lo

where, P,, P, and P, are the X, ¥, and Z coordinates of point P. R, is
the rotation matrix around the X-axis and R, is the rotation matrix
around the Y-axis. The expressions of R, and R, are as follows:

1 0 0
R.=| 0 cosf -—sind 2)
0 sinf cosé

cosy 0 siny
R, = 0 1 0 3)
siny 0 cosy

The collected rotation angle data were calculated by using
Equation (1) to obtain the coordinate change of sieve center point P
in the stirring process. Then, the connecting line between point O
and point P forms the attitude of the sieve. Figure 6 shows a group
of calculated poses of a sieve, where the line represents the attitude
of the sieve, and the asterisk represents the position of the center
point of the sieve. Figure 6 shows that there are fluctuations in the
sampling rotation angle; hence, the connection of the sieve center
point is not smooth, and it is not conducive to the subsequent
reverse calculation of the mechanism. Therefore, data need to be
fitted™"), and a three-dimensional Fourier series was used to
smoothly fit the center point of the sieve.

20 20

1’/1111)1 0
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-10 X‘mﬁ\
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Figure 6 Pose of the sieve obtained from the rotation angle.

A periodic function can be represented as the sum of a constant
value and an infinite number of harmonic components of different
frequencies of the Fourier series''”. In three-dimensional space, a
three-dimensional closed space curve F(w) can be expressed by
Equation (4), where x, y, and z in Equation (4) are the x, y, and z
coordinates of the curve, respectively.

F(w) = ix(w) + jy(w) + kz(w) 4)

When the input is uniformly rotated, Equation (4) can be
rewritten as follows:

F(t) = ix(?) + jy(t) + kz(z) &)

Equation (5) can be expressed according to a one-dimensional
Fourier series (X-axis) and a two-dimensional Fourier series (OYZ
plane) as follows:

F,.() = Z c e e (6)
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Fl))»:(t) = Z C;ew'y‘ eimur (7)

n=—co

In Equations (6) and (7), ¢, is the amplitude of the »™ harmonic
component, and ¢, is the phase of the n" harmonic component.

The fast Fourier transform can be used to calculate the Fourier
coefficient corresponding to the discrete value of the sieve center
point, and the amplitude ¢, and phase ¢, can be separated.

The expression of the three-dimensional Fourier series!*"! for
the center point of the sieve is as follows:

F()= Z [(iRy cos ¢y + JR, sin ¢y cosyy+kR, sin ¢, sinyy )+

0=l
i(R,cos¢, +R_,cos¢_,)+ j(R,sing,cosy,+
R_,sing_,cosy_,) +k(R,sing,siny, + R_,sing_, siny_,)]
®)
In Equation (8), R, = /¢ +c?n=0,1,2,...;
¢, = arccos(c,cos(p, +nwt)/R)n=0,1,2,...;
¥, = arctan(R,./R,,)n=0,1,2,...;

R,, = c,Isin(yp, + nwt)|sin(¢), + nwt) + c/,cos(¢, + nwt);

R,. = —c,Isin(g, + nwt)| cos(¢, + nwt) + c,sin(y,, + nwt);

R, = \/ c2 +c? —=2c_c,Isin(p_, —nwt)|sin(g;, — ¢’ +2nwt);
¢_, = arccos(c_,cos(¢_, —nwt)/R_)n=1,2,...;

Y_, =arctan(R_,./R_,)n=1,2,...;

R_,, = —c_,Isin(¢_, — hwt)|sin(g, + nwt) + ¢’ ,cos(¢’, — nwt);

R_,. = c_,Isin(p_, — nwt)|cos(¢, + nwt) + ¢’ sin(¢’, — nwt).

In the equation above, R, and R_, represent the amplitude of the
n" term of the harmonic components of the positive and negative
terms, respectively; ¢, and ¢_, represent the angle between R,, R_,,
and the x-axis, respectively; and ¥, and ¥, represent the angle
between the projection of R, and R_, on the OYZ plane and the y-
axis, respectively.

Although in theory, the curve needs infinite harmonic
components to fit, in engineering, the Fourier series only needs a
limited number of harmonic components to meet the actual needs.
Based on the three-dimensional Fourier series, 5 harmonic
components are taken for fitting, and the fitting effect is shown in
Figure 7 below. The asterisk in the figure represents the raw data,
and the square represents the data that have been fitted. After fitting
the three-dimensional Fourier series, the fluctuating discrete points
become smooth, and the center point of the sieve has the
corresponding fitting mathematical expression.

Several sets of stirring data were sampled, with a different
number of sampling points in each group. To obtain the standard
stirring motion characteristics, the calculated sieve center point
trajectory expression was directly interpolated, the number of data
points in each group was expanded to 360, and the average value
was calculated. Considering that the input would rotate at a constant
speed, to facilitate subsequent analysis, the rotation angle
relationship was changed from time-related to rotation angle-
related, and the standard stirring motion characteristics were

obtained, as shown in Figure 8. The subsequent mechanism design
was based on the standard stirring motion characteristics.
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Figure 7 Fourier series fitting effect
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a. Sieve pose under standard stirring motion
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Figure 8 Standard stirring motion characteristics

3 Scheme design of the variable-speed and variable-
amplitude stirring mechanism

Figure 8 shows that the hand-sieve type stirring machine needs
to move at a variable speed; however, the hand-sieve type stirring
machine currently on the market is at a constant speed’”, so it
cannot achieve the effect of manual stirring. In this study, the
innovative design of the mechanism is implemented based on the
obtained manual stirring motion characteristics.

In actual manual stirring, the sieve makes spatial shaking with
variable speed and amplitude, and the shaking can be approximately
regarded to be around a certain cone apex point below the sieve.
The structure of the stirring test bench designed above can be used
as the frame of the subsequent stirring machine to provide the cone
apex point required for stirring. Taking the cone apex point of the
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mechanism as the fixed point and the endpoint of the sieve shaft as
the moving point, a straight line can be determined at these two
points. Since the sieve does not rotate, these two points can
determine the sieve’s two attitude angles in space. To obtain the
sieve’s motion characteristics, the reproduction of the stirring action
can be achieved by restricting the motion of the end of the sieve
shaft.

A variable-speed and variable-amplitude stirring mechanism
was designed, as shown in Figure 9. The transmission principle of
the mechanism is as follows. The motor drives the input shaft to
rotate at a constant speed and drives the non-circular gear®! to
rotate so that the main shaft rotates at a variable speed according to
the design requirements. The main shaft is fixedly connected to the
bottom plate to be able to rotate the bottom plate and drive the
planetary gear to revolve and rotate around the sun gear. Driven by
the planetary gear, the cam fixed to the drive shaft rotates, which in
turn drives the slider to move. A fixed spherical hinge on the slider
cooperates with the fixed cone apex point to drive the sieve to shake
in space. This mechanism can change the amplitude and speed of
the sieve in the stirring process. The spherical hinge fixed to the
slider is the moving point. The movement of the slider can be
controlled by designing the cam shape to control the inclination of
the sieve. The non-circular gear can output a designed variable
speed motion. By controlling the rotation speed of the main shaft,
the rotation speed and the shaking speed of the planetary gear and
the sieve are also controlled.

6
5\ﬂ|
4 iIE 7
3 |
A s
2
1
3[E 9

1. Input shaft 2. Non-circular gear set 3. Planetary gear train 4. Main shaft
5. Cone apex 6. Bamboo sieve 7. Cam slider 8. Bottom plate 9. Transmission
shaft
Figure 9 Schematic diagram of the variable-speed and variable-
amplitude stirring mechanism

4 Kinematic model establishment and reverse design
of the stirring mechanism

4.1 Kinematic model establishment of the stirring mechanism

To better establish the kinematic model of the mechanism, the
stirring mechanism is simplified, and only the most important part
of the mechanism is shown, as seen in Figure 10. The OP rod in the
figure shows the distance from the spherical hinge to the centerline
of the main shaft, and its length is controlled by the cam. Point Q is
the cone apex point of the mechanism, and point K is the center
point of the sieve. When point P makes a circular motion around the
origin O, the attitude of straight-line PK changes continuously. The
speed of OP is controlled by the non-circular gear, which makes a
variable speed motion.

The model simplifies the parts of the cam slider and non-
circular gears. If the input member of the mechanism rotates at a
uniform angular speed ® , the relationship between the rotation

angle ¢ | of the driving wheel of the non-circular

Figure 10  Schematic diagram of the mechanism kinematic model

gear and the time ¢ is ¢, =wt. The rotation angle ¢, of the driven
wheel is related to ¢, and the relationship is ¢,=F(¢,). The bottom
plate is fixed to the driven wheel, and the rotation angle a of the OP
is equal to ¢,, which is also related to the rotation angle ¢, of the
driving wheel. The length /; of the OP rod is related to the rotation
angle of the cam, and the rotation angle of the cam is equal to the
rotation angle of the planetary gear. In the designed planetary gear
system, the gear ratio of the sun gear to the planetary gear is 1:1, so
the cam rotation angle is equal to the non-circular follower rotation
angle ¢,. Hence, /, is related to ¢,; in fact, it is also related to ¢,
denoted as /,(¢,). In conclusion, the effects of cam sliders and non-
circular gears can be directly replaced by changes in rotation angle
a(¢p,) and length /,(¢,) of the OP.

In Figure 10, the closed vector equation of robs is established
according to the closed space figure OPK as follows:

Lop+ g+ 1o =0 9
Point P moves on the OXY plane, and the coordinates of crank
end point P are expressed in Equation (10).
P.=1(p)cosa
P, =1,(p))sina (10)
P.=0
Suppose the height of the cone apex point Q is 4 and its
coordinate is (0, 0, /); then, the vector lp is
lPQ = log - l()P = (=P, _Pv’h) (1 1)

The straight-line PQ is collinear with the straight-line PK, so it
was obtained,

Lo Lok
LTS 12
o] ~ il (12)

In Equation (12), le| =b, |lPQ’ = V@) +R | and |l =
v/ (@) + 1 +1,. According to Equation (12), Iy, can be calculated
as follows:

Lok I3
L= |25 1= [ 14+ —2—— )1 13
N VP < ,/lf(¢1)+h2> " (13)

According to Equation (9), lpxg=loptipk, so the coordinates of
the center point K of the sieve can be expressed as
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Li(p) cosa

K.=P. +lpg, =

vV B(p) +h?

l L, sina
[(yzpy_{_lpK/‘_:_L (14)

V) +h

hl,

VAACHES S

where, Ipk,, lp, and lpy, are the components of Ipx on the X, Y and Z

K. =P, +lp, =h+

axes.

In addition to the positions of the key points of the mechanism,
it is also necessary to calculate the attitude angle of the sieve; in
other words, the attitude of rod PQ must also be calculated.

When defining the attitude angle of the sieve, because the sieve
in the vertical state needs to be rotated twice to obtain the current
attitude of the sieve, the rotation angle around the Y-axis is defined
as 7, and the rotation angle around the X-axis is defined as 6. Since
the sieve does not rotate around the Z-axis, it is not necessary to
calculate the rotation angle y of the sieve around the Z-axis. The
order of the angle reverse calculation is opposite to the order of the
angle definition. It is necessary to find the rotation angle 6 of the
sieve around the X-axis first and then find the rotation angle y of the
sieve around the Y-axis.

If the PQ of the current attitude is rotated — around the X-axis,
the rotated PO will be on plane OXZ, and PQ becomes
perpendicular to the normal of plane OXZ. Initially, lp;=(—P,, —P,,
h), but after PQ rotates —¢ around the X-axis, its coordinate
becomes lpg,=(P,, O,, P,.), which is perpendicular to the normal of

plane OXZ.
From the above, we first obtain:
1 0 0 -P, P,.
0 cosf® sind -P, | =] O (15)
0 —sinf cosf h P,

From Equation (15), we can proceed with:
—P,cosf+hsind =0 (16)
Therefore, the equation for the pitch angle will be:

0 = arctan (%) 17)

Second, if Ip, is rotated around the Y-axis by —y, a vertical PQ
will be obtained. Therefore, it was got,

cosy 0 —siny P, 0
0 1 0 0 = 0 (18)
siny 0 cosy P, P,

Simplifying Equation (18), it was obtained,
P,.cosy—P, siny=0 (19)

Therefore, the equation for the roll angle will be,

y = arctan (Q) (20)
P,
In summary, when the coordinates of the sieve center point and
the expressions of the two attitude angles of the sieve during the
motion of the stirring mechanism are obtained, the establishment of
the kinematics model is completed.
4.2 Reverse design of the stirring mechanism
4.2.1 Reverse of non-circular gear
Based on the kinematics model obtained above, the density of
the sieve center points is controlled by non-circular gears. As shown
in Figure 11, if the center point trajectory is projected on plane OXY

and the origin is connected to each projection point, connecting
lines will be obtained with different densities. The reason why the
density of different connecting lines is different is that the rotation
angle of the driven non-circular gear is different in unit time, and
the included angle between these connecting lines is the
corresponding rotation angle of the driven non-circular gear. The
center points obtained above are projected to obtain the connecting
lines of 360 points. The included angle between the connecting lines
can be calculated to obtain the rotation angle of the driven non-
circular gear.

20

5 1 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
X/mm

Figure 11  Schematic diagram of projected center point

connecting lines

The driving wheel of the non-circular gear rotates at a constant
speed, turning 1° at a time. Using the projected connecting line, the
rotation angle of the driven wheel can be calculated. The trajectory
of the sieve center point is known. Suppose the coordinate of the ith
trajectory point K; is denoted as (K, K,;, K.;); then, the projected

coordinate of the point K; on the plane OXY is (K;, K,;), and the
included angle with the X axis is as follows:

a; = arctan(K,;/K.;) 2D

The angle a, included between the connecting lines of each
center point and the x-axis is calculated by Equation (21), which is
the angle where the connecting rod of the planetary gear train
swings. Because the transmission ratio of the planetary gear train is
1, the angle a is equal to the rotation angle ¢, of the non-circular
driven gear. According to the angle relationship between the driving
wheel and the driven wheel, the transmission ratio of the non-
circular gear can be calculated using Equation (22) as follows:

i = de,
12 =
d(ﬁ?

(22)

In Equation (22), dg, is the change in the driving wheel’s
rotation angle, which is always 1°. dg, is the change in the driven
wheel’s rotation angle, which is calculated from the difference
between the next included angle and the previously included angle.

The transmission ratio of the non-circular gear is calculated by
Equation (22), and the radial diameter of the driving wheel and the
driven wheel of the non-circular gear can be calculated by Equation
(23), where a is the center distance of the non-circular gear as
follows:

_a
T 1+ (23)

rn=a-r

r

The following equation is used to convert the polar coordinate
equation of the pitch curve into a rectangular coordinate equation.
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X| = I, COSQ, cam parameters is obtained as #=200 mm, 4=200 mm, and /=
Y1 = ry sing 20 mm. The cam profile is calculated and optimized based on the
| B | 1 . . . .
(24) above equation, and the final cam profile is shown in Figure 13.

X, = F,COS ¢,
Y, =1,8in¢,

In Equation (24), (x;, y;) is the pitch curve coordinate of the
driving wheel and (x,, ,) is the pitch curve coordinate of the driven
wheel.

Let the center distance a of the non-circular gear be 160 mm;
the pitch curve of the non-circular gear is obtained by reverse
calculation, and the pitch curve is further optimized®~". Finally, the
pitch curve and tooth profile of the non-circular gear are obtained,
as shown in Figure 12.

— Pitch curve
— Tooth profile

Figure 12  Pitch curve and tooth profile of non-circular gear

4.2.2 Reverse of the cam

Given the center point of the spherical hinge and the cone apex
point, the attitude of the sieve can be determined, and the position
of the center point of the spherical hinge is completely controlled by
the cam. According to the kinematic model of the mechanism, the
sieve center point, the cone apex point, and the center point of the
spherical hinge are collinear. The coordinates of the sieve center
point and the cone apex point are known, and the center point of the
spherical hinge is always in the same plane perpendicular to the Z-
axis. Suppose that the center point of the spherical hinge moves on
the plane z=—h, and the coordinate of the ith center track point of
the sieve is consistent with the above (K., K,;, K.).

According to the collinearity of the sieve center point, the cone
apex point, and the center point of the spherical hinge, Equation (25)
can be obtained, and /,p; in Equation (26) indicates the distance
from the cone apex point O to the center point of the spherical hinge.

K*+ K> )
V&K K (25)

low — h

h\/Ki+ K5
lowi = ? (26)

zi

Considering the size of the slider, suppose the distance from the
center point of the spherical hinge to the contact point of the slider
and the cam is dj;, and the center distance between the two gears in
the planetary gear train is 4. Hence, the radial diameter p; of the
cam can be expressed as in Equation (27).

pi=A—lop—dy (27)

The cam is fixed to the driven non-circular gear, so the rotation
angle of the cam is also ¢,. Based on the cam’s radial and rotation
angles, the cam profile equation converted from polar coordinates to
rectangular coordinates can be expressed as follows:

X3 = pCOS
3 P. ("3 (28)
Y3 = pSsIme,

By adjusting the parameters of the mechanism, a set of better

Figure 13 Cam profile of cam slider mechanism

4.3 Stirring mechanism auxiliary analysis and design software
According to the established kinematics model and reverse
model of the variable-speed and variable-amplitude stirring
mechanism, the auxiliary analysis and design software was written
using MATLAB software, for which the GUI is shown in Figure 14.
The software is easy to operate, and the reverse result can be
quickly acquired by inputting the mechanism parameters through
the GUI. By adjusting the mechanism parameters, the changes in
the non-circular gear pitch curve and the cam profile can be
visualized, which is convenient for the analysis and design of the
mechanism. The software can also display the motion simulation
animation of the stirring mechanism under the reversed parameters
and output the change in the sieve attitude angle during the stirring
process. According to the non-circular gear pitch curve and cam
profile curve displayed by the software, combined with the
comparison between the rotation angle curve obtained by the
motion simulation and the theoretical rotation angle curve, it can be
determined whether the current mechanism meets the design
requirements to obtain satisfactory mechanism parameters.

Sieve center point trajectory Attitude angle comparison

Parameter input

a0 - height h= 200
o 10 Extension Rod 2
= length 12=
36 3 o
g Noncircular center | 150
3 Sl distance a=
Gear train center 200
32 2 distance A=
50 L
= Sampling s
o 2 =0 period 5=
20
50 40 0 100 200 300 400 | Sidersized= 165

Time(s)
Noncircular gear Cam Sensor caibration

Stering dataresding
Parameter output
Pitch:
194857
Roll:
728320

Animation display

Calculation area Control area

Center point fiting | Atttude angle display oo,
Reverseofgears  Reverse of cam

Stepforward | | Step backward
Gear optimization | | Cam optimization

Clear image Que

100 /i aton disy Data saving

Figure 14 Interface of the stirring mechanism auxiliary analysis

and the design software

5 Design, simulation, and experiment of the oolong
tea stirring machine

Based on the determined parameters of the stirring mechanism,
a three-dimensional model of the variable-speed and variable-
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amplitude stirring mechanism was established, and ADAMS was
used for simulation analysis. Finally, a prototype was built for the
experiment to further verify the feasibility of the mechanism.
5.1 Whole design of the oolong tea stirring machine

The three-dimensional design of the oolong tea stirring
machine was carried out, and the three-dimensional model is shown
in Figure 15.

1. Stepper motor 2. Reduction gear 3. Non-circular gear 4. Double bearing seat
5. Counterweight 6. Main shaft 7. Shaking frame 8. Bamboo sieve 9. Sieve shaft
10. Upper plate 11. Cam mechanism 12. Lower plate 13. Planetary gear train
14. Flange bearing seat 15. Frame

Figure 15 Three-dimensional diagram of the stirring machine

The oolong tea stirring machine is mainly composed of a
frame, a cam mechanism, and a transmission assembly. Among
them, the structure of the frame is the same as that of the test bench,
and it is also composed of a frame, a shaking frame, a bearing set, a
sieve shaft, and a sieve, which provides a fixed cone apex point for
stirring. The cam assembly provides a moving spherical hinge point
for stirring, which cooperates with the fixed cone apex point to
determine the attitude of the sieve, and its motion is driven by the
main shaft and planetary wheels. The transmission component is
composed of a stepping motor, a reduction gear, a non-circular gear,
a bearing seat, and a planetary gear train, which provides power for
the entire machine.

The working principle of the machine is as follows. The
stepping motor outputs a constant speed motion, drives the
reduction gear and the non-circular gear to rotate, and then transmits
the power to the main shaft for rotation. The main shaft drives the
upper and lower plates to rotate and then drives the planetary gear
to rotate around the sun gear to transmit power to the cam. The cam
pushes the slider to move along the linear guide, so the spherical
hinge revolves around the sun gear while sliding with the slider and
cooperates with the fixed cone apex point to determine the attitude
of the sieve. The revolution speed of the spherical hinge around the
sun gear is controlled by the non-circular gear; therefore, the
shaking speed of the sieve is controlled by the non-circular gear.
The linear motion of the spherical hinge is controlled by the cam;
that is, the shaking amplitude of the sieve is controlled by the cam.
5.2 Virtual simulation, development, and experiment of the
oolong tea stirring machine

To verify the accuracy of the reverse-designed variable-speed
and variable-amplitude stirring mechanism, the ADAMS was used
to establish a virtual prototype model. After importing the 3D model
of the machine, the kinematic pair for the components was added,
the material properties were set, the driving and force were added,
and finally, the simulation was performed. The rotation angles of
the two rotating shafts were measured in ADAMS. Due to the

different reference standards of the software, the data were
processed in MATLAB software to obtain the two-axis simulation
rotation angle curve.

According to the three-dimensional design of the oolong tea
stirring machine, the parts of the prototype were processed, and the
assembly of the whole machine was completed. Figure 16 shows the
diagram of the prototype. In addition to completing the construction
of the oolong tea stirring machine, a data acquisition system for
collecting the attitude angle of the sieve was installed on the
prototype. The data collection method of the prototype is consistent
with the test bench.

o

1. Frame 2. Shaking frame 3. Bamboo sieve 4. Hall angle sensor 5. Cam
mechanism 6. Non-circular gear 7. Stepper motor
Figure 16 Diagram of the oolong tea stirring machine prototype

To verify whether the machine meets the attitude requirements
of stirring, the rotation angle of the two shafts during stirring must
be obtained through the stirring test. The sensor of the prototype
was calibrated, and then the stirring data collection test of the
machine was completed. The collected rotation angle data were
imported into MATLAB for processing. Figure 17 shows the
comparison between the simulation rotation angle curve obtained by
ADAMS, the actual rotation angle curve collected by the prototype,
and the theoretical rotation angle curve.

30 - -
., Simulation curve

%, — Actual curve
\\— - Theoretical curve

[ [}
(=} (=}
T

Attitude angle/(°)
(=]

1 1 1 ol =
100 150 200 250 300 350 400
Input rotation angle/(°)

0 50

Figure 17 Comparison of the simulation, actual, and theoretical
rotation angle curves

In Figure 17, the dashed line is the theoretical rotation angle
curve, the dotted line is the simulated rotation angle curve, and the
solid line is the actual rotation angle curve. Among them, the
simulation curve and the theoretical curve have a slight deviation,
and except for individual areas, they are basically similar, which in
turn verifies that the designed mechanism can reproduce the target
rotation angle curve. Exploring the reasons for the deviation
between the simulated curve and the theoretical curve, the following
reasons may be outlined as contributors. First, because the non-
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circular gears and cams obtained by the reverse calculation are
optimized, which are different from the results obtained by the
direct reverse calculation, there is a difference in the simulation
results that were obtained. Second, because non-circular gears
transmit motion through tooth profile meshing, the non-circular
tooth profile generated by software has errors and cannot fully
follow the designed transmission ratio. Third, ADAMS may have
errors in its simulation results due to settings and accuracy.

Compared with the theoretical curve, the actual curve fluctuates
in some areas, but the overall trend is basically the same. Through
the analysis and comparison of the actual curve data and the
theoretical curve data, the maximum deviation of the pitch angle is
2.8772°, and the maximum deviation of the roll angle is 1.5948°. It
can be considered that the actual curve is basically consistent with
the theoretical curve, which verifies the accuracy of the designed
stirring mechanism. The difference between the actual curve and the
theoretical curve may be due to the following reasons. First, the
error in part processing may lead to a difference between the actual
output characteristics and theoretical output characteristics of non-
circular gears and cams, resulting in a deviation between the actual
curve and the theoretical curve. Second, because of the assembly
errors of the machine, the actual installation position or phase of the
parts may be inconsistent with the design, resulting in an error
between the actual and theoretical curves. Third, the torque change
in the motion process may lead to the uneven output speed of the
motor, which brings errors. Fourth, the vibration caused by the cam
offset may affect the stability of the machine, resulting in deviation
in the test results. Overall, the rotation angle curves of the
experiment and theory are basically consistent, which verifies the
correctness of the reverse design and modeling of the stirring
mechanism and shows that the stirring mechanism can meet the
working requirements.

As shown in Figure 18a, fresh tea picked in Songyang, Lishui

7

F

o
)/

b. Tea after stirring

Figure 18 Comparison of the tea before and after stirring

without stirring was tested on the stirring machine based on the
local stirring process. The specific stirring process parameters are as
follows. The rotating speed of the stirring machine was 40 r/min,
and the stirring was divided into four stages. After stirring for 4 min
and drying for 1.5 h for the first time, stirring for 5 min and drying
for 1.5 h for the second time, stirring for 20 min and drying for
2.5 h for the third time, and stirring for 30 min and drying for 6 h
for the fourth time, the final tea is shown in Figure 18b. Compared
with the tea before and after stirring, the tea before stirring is fresh,
tender, and green. After stirring, the tea collides and rubs, and the
red edge appears on the leaf edge, forming an obvious “green leaf
with a red edge”, and the tea emits an aroma. The experimental
results show that the oolong tea stirring machine can stir fully and
evenly.

6 Conclusions

First, based on the field investigation, the requirements of
manual stirring motion characteristics of oolong tea were
summarized. A manual stirring motion characteristic collection test
bench was designed, and the manual stirring motion characteristics
were collected. The motion characteristics of standard manual
stirring were expressed based on a Fourier series.

Second, the variable-speed and variable-amplitude stirring
mechanism was designed, the kinematic model and reverse design
model of the stirring mechanism were established, the auxiliary
analysis and design software were written, and the non-circular gear
pitch curve and cam profile curve of the stirring mechanism were
obtained.

Finally, the oolong tea stirring machine was designed and then
simulated by Adams, a prototype of the stirring machine was
developed, and a stirring data collection test was carried out. By
comparing the theoretical curve, simulation curve, and actual curve,
it was found that the curves were basically consistent, which
verifies the correctness of the design of the stirring mechanism. Tea
stirring experiments were carried out, which proved the feasibility
of mechanical stirring by the designed stirring machine.
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