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Abstract
In order to improve the efficiency of gear shifter testing, a kind of shift robot with a special pas-

sive joint is proposed to complete the human-like shifting operation automatically. The shift robot is
mainly composed of two prismatic pairs, a cylindrical pair and a passive joint. The two prismatic
pairs act as actuators of the mechanism to complete a part of the shifting operation, and then the shift
lever can be pulled into the accurate gear position by the shift torque of the gear shifter. However,
the shifting lever may skip the target gear position into the next gear position. In order to solve the
gear-skip phenomenon, a limit block is applied to the passive joint. Then, the shifting processes are
simulated through the dynamic model of the shift robot. The optimal position of the limit block is de-
termined based on its dynamic characteristics.
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0　 Introduction

Nowadays, with the development of the automo-
bile industry, the automobile system has been perfec-
ted, and the requirements of customers for automobiles
have gradually shifted to driving comfort. The gear
shifter is one of the most frequently operated automotive
components. The quality of the gear shifting operation
directly affects the driving experience of users. The
main parameters affecting the shift quality of automo-
biles are shift displacement and shift effort[1-2], so the
testing of shift effort and displacement is particularly
important in manufacturing processes.

In order to evaluate the performance of the gear
shifter, Ref. [3] obtained the information of the gear
shifting force by establishing the dynamic model of it
and verified it through ADAMS software. Refs[4,5]
measured the shift force by manually operating the gear
shifter. They analyzed the data measured by sensors,
and the feeling of manual operation to qualify the shift-
er. The former method needs to establish dynamic
models of the shifter, and the measurement process is
long and complicated; the latter method is more widely
used, but there is also a problem of the long test peri-
od. In order to reduce the test period, Ref. [6] pro-
posed a shifting mechanical arm to complete the shift-
ing process automatically. Ref. [7] developed a shifter

detection system based on a three-axis industrial robot.
Ref. [8] proposed an unmanned robot for testing auto-
motive. They realized the automatic shifting operation
through a seven-link mechanism which has two DOF
(degree of freedom). However, all of them realize the
shifting process through the active mechanism. The ac-
tive mechanism relies on the actuator to move the shift
lever to the target position. The testing equipment with
only actuators can not achieve accurate shifting opera-
tion because the shifting displacement should be meas-
ured in the test. In order to solve this problem, a shift
robot with passive joints is proposed.

Due to the underactuated characteristics of the
passive joint, the mechanism can passively complete
the shifting process according to the shifting force of the
shifter. The passive joints are mostly used in manipula-
tors and walking robots[9-11] . Ref. [12] proposed a
multi-DOF manipulator with passive joints. The meas-
uring tool of manipulators can move along the surface of
the object relying on passive joints. Then, the shape of
the objects can be accurately measured. Ref. [13] ap-
plied passive joints to an upper-limb rehabilitation exo-
skeleton. They used the kinematic model to calculate
the displacement of joints. The result of the displace-
ment calculation proved the adaptability of the passive
joint to the glenohumeral joint. But the underactuated
characteristics of the passive joint will increase the con-
trol difficulty. Ref. [14] proposed a drift suppression
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control method to limit the motion of passive joint in a
manipulator with passive middle joint. Ref. [15] ana-
lyzed the dynamics characteristic of a biomimetic fish
with a compliant passive joint. They used the dynamics
characteristic in the optimization design and took con-
trol of the compliant passive joint. They completed the
structure optimization and controller design by using
the dynamics characteristic of the compliant passive
joint. In order to control the passive joint, the dynam-
ics of shift robot should be studied.

In order to accurately measure the shift displace-
ment of each gear of the shifter, a shift robot with pas-
sive joint is proposed in this paper. The passive joints
endow the robot with underactuated characteristics.
This feature enables the robot to automatically complete
a half part of the shift process under the shift torque.
In this process, the shift displacement can be meas-
ured. This paper is outlined as follow. Section 1 stud-
ies the gear shifter model. Based on the analysis of the
gear shifter, the configuration synthesis of the shift ro-
bot is completed. The working principle of the shifting
robot is illustrated at the end of this section. In Section
2, the kinematics model of the shift robot with the pas-
sive joint is deduced. Subsequently, the Lagrange
method is used to establish the dynamic model of the
robot. In Section 3, the mechanical structures of the
active actuator and passive joint in the robot are intro-
duced. In Section 4, the robot dynamics model and
ADAMS software are used to simulate the four shifting
processes. The results of the ADAMS simulation veri-
fies the correctness of the dynamic model. Finally,
based on the dynamic characteristics of the shifting ro-
bot, the position of the limit block on the passive joint
was determined.

1　 Mechanism design

1. 1　 Mechanism of shift robot
Fig. 1(a) is the gear shifter needed to be tested,

and there are five gears along the PRNDS direction in
Fig. 1(a). These gears are P ( Parking ), R ( Re-
verse), N(Neutral), D(Drive) and S(Sport) gears.
When the shifter lever is in the D gear, it can be
switched to the M gear in the direction of the arrow.
Fig. 1(b) is the internal structure of the gear shifter.
As can be seen from the figure, the shifter has two ro-
tatory DOF. Therefore, the gear shifter can be simpli-
fied as a ball pin pair.

The shifter testing robot needs to have two func-
tions, shift torque measuring and shift displacement
measuring. In order to achieve this goal, the shift robot
must be able to achieve the shifting operation. The

Fig. 1　 Gear shifter

closed-loop mechanism of the shifting robot and the
gear shifter needs to have two DOF due to the two rota-
tory DOF of the gear shifter. According to the above
design requirements, designs the first generation of
shifter testing robot is proposed as shown in Fig. 2(a).
The mechanism is composed of six links, two prismatic
pairs, two rotatory pairs, a cylindrical pair, and a ball
pin pair. By using Kutzbach-Grubler equation, the
DOF of the mechanism can be obtained as follows.

M = 6(n - g - 1) + ∑
g

i = 1
fi

= 6(6 - 6 - 1) + (4 + 2 + 2) = 2 (1)

Fig. 2　 Mechanism of shift robots

Two prismatic pairs can drive the first generation
of the shift robot as its actuators[16] . The shift lever is
towed to the target position. However, It is the same as
Refs[6] and [7] in which the first generation of shift
robot realizes the automatic shifting process by posi-
tion. Because the target position is set artificially, only
the shift torque of the shifter can be measured in the
shifting process. The active shifting mechanism cannot
obtain the accurate shift displacement of each gear po-
sition. In order to achieve the shift displacement meas-
uring, the second generation of the shift robot is pro-
posed in Fig. 2(b).
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From research on shift torque in Ref. [3], it can
be found that in the process of shifting, shift torque
will change from resistance torque to dynamic torque.
According to this characteristic, a kind of shift robot
with a passive joint is designed[17] . Based on the first-
generation shift robot, a passive joint is applied be-
tween the shift lever and the cylindrical pair. By utili-
zing the characteristics of the underactuated system,
the shift lever slides automatically to the target gear po-
sition under the shift torque. The degree of freedom of
the mechanism is calculated as follows.

M = 6(n - g - 1) + ∑
g

i = 1
fi

= 6(7 - 7 - 1) + (5 + 2 + 2) = 3 (2)

1. 2　 The shifting process
In shifting operation, people first actively pull the

shift lever to a certain angle, and then shift lever will
automatically slide to the gear position following the
shift torque. Therefore, the shifting process of the
mechanism is divided into two parts, the active process
and the passive process according to the shifting opera-
tion of humans. The special passive joint is shown in
Fig. 3(c) and (d). The shift robot can realize the hu-
man-like shifting operation through the different posture

of the passive joint. In the active process, Link 2 will
contact the self-lock block under the drive of prismatic
pair X. Then the passive joint is locked as shown in
Fig. 3(c), the shift lever will be sent to the middle po-
sition under position control. In this process, shift
torque changes from resistance torque to dynamic
torque. After the active process is completed, the actu-
ators will be locked, and the robot becomes a planar
four-bar mechanism shown in Fig. 3(b). At this mo-
ment, the shift torque is the dynamic torque acting on
the shift lever. As shown in Fig. 3(d), Link 2 will
leave the self-lock block. In this way, the shift lever
will automatically reach the precise gear position driven
by the shift torque. It should be noted that the shift
moment is an uncontrollable driving source in the pas-
sive process, and the mechanism is underactuated. If
the shift torque is too large, the shift lever will skip the
target gear and slide to the next gear, which is defined
as the gear-skip phenomenon. In order to solve the
gear-skip, a limit block is applied to the passive joint.
If the position of the limit block is appropriately de-
signed, the Link 2 will collide with it when gear-skip
occurs. Then the shift lever can move backward to the
target gear position. The position of the limit block will
be discussed in Section 4.

Fig. 3　 The shifting process of shift robot

2　 The kinematic and dynamic model

2. 1　 The active process
The shift robot divides the shifting process into two

stages. In the active process, the mechanism is a spa-
tial two-degree-of-freedom mechanism shown in Fig. 4,
in which the shift lever is driven by two prismatic pairs
and pulled to the middle angle. After determining the
middle angle, it is necessary to study the kinematics

model of the mechanism in the active process. The
mapping relationship between the displacement of actu-
ators and the angle of shift lever can be found through
the kinematic model. The displacement can be used in
position control of the robot.

As shown in Fig. 4(a) and ( b), the Cartesian
coordinate origin is at the center of the shift lever rota-
tion. Choose the displacement x and y of the prismatic
pairs as independent variables. The kinematics model
of the mechanism in Eq. (3) can be obtained through
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the simple geometric relationship. Then the middle an-
gle of the lever is substituted into the inverse kinemat-
ics model. The displacement of the prismatic pair in
each shifting process can be calculated.

φ1 = arctan H
x

γ = arctan H
y

ì

î

í

ïï

ïï
(3)

Fig. 4　 Mechanism of the robot in the active process and passive process

2. 2　 The passive process
During the passive process, the actuators do not

work, and the passive joint is in a free state. The
mechanism changes to a planar four-bar mechanism, as
shown in Fig. 4(c). Under the driving of shift torque,
the shift lever slides spontaneously to the gear position.
However, the shift robot in the passive process is not a
traditional four-bar mechanism. The mechanism does
not adopt a simple position control strategy but relies on
unknown shift torque as its driving source. The state of
the mechanism can not be predicted only by its kine-
matic model. So in order to obtain the motion charac-
teristics of the mechanism in the passive process, it is
necessary to establish the dynamic model of the sys-
tem.

According to the simplified model of the mecha-
nism (Fig. 4(c)), AB′C′D is its initial configuration,
and 4B′C′D is its configuration at a particular moment
in the passive process. Choosing the angle φ1 of the
shift lever as the generalized coordinate of the system,
the kinematics model (Eq. (4)) of the passive process
can be derived from the geometric relationship between
links.

φ2 = arctan
H - l1sinφ1

H
tanφ0

- l1cosφ1

l3 = (H - l1sinφ1) 2 + ( H
tanφ0

- l1cosφ1) 2 - l2

ì

î

í

ï
ïï

ï
ïï

(4)
where l1, l2, and l3 are the lengths of Link 1, Link 2,

and Link 3. H is the height from the two prismatic pairs
to the ground. φ0 is the initial angle of φ1 . The values
of these parameters are listed in Table 1.

Chooses the XY plane as the zero potential surface
of the system, and φ1 as the generalized coordinate,
then the Lagrange function of the mechanism in the AB′
C′D state is as follows.
L = T - V

T = 1
2 m1ρ2

1 φ̇2
1 + 1

2 m2[(ρ2 + l3) 2 φ̇2
2 + l·2

3]

　 　 + 1
2 m3ρ2

3 φ̇2
2

V = m1gρ1sinφ1 + m2g[ l1sinφ1 + ( l2 - ρ2)sinφ2)
　 　 + m3g(H - ρ3sinφ2)

ì

î

í

ï
ï
ïï

ï
ï
ïï

(5)
According to the Lagrange equation, the dynamic

model of shift robot can be represented as
d
dt

∂L
∂φ̇1

- ∂L
∂φ1

= M( φ̇1,φ1) (6)

where M( φ̇1,φ1) is the generalized external force, and
it is the shift torque of the shifter.

After simplifying Eq. (6), the robot dynamic
model can be represented as Eq. (7). In the dynamic
model, M(φ1) is the inertia term, C( φ̇1,φ1) is the
centrifugal and Coriolis term, and G(φ1) is the gravi-
tational forces. The specific expression of the dynamic
model is shown as follows.

M(φ1) φ̈1 + C( φ̇1,φ1) + G(φ1) = M( φ̇1,φ1)
(7)

where
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M(φ1) = m1ρ2
1 + m2 l21(

H2(cosσ3 - 1)
2σ1

+
l21sin2φ0cos2(φ0 - φ1)σ9

σ4
) + m3ρ2

3
l41sin2φ0cos2(φ0 - φ1)

σ4

C( φ̇1,φ1) = m2 l21 φ̇2
1[

H2sinσ3

2σ1
-
2H2(cosσ3 - 1)sin(φ0 - φ1)sinφ0

σ8

　 　 　 　 　 +
2Hl1sin(φ0 - φ1)σ1

sinφ0σ2
4

l21sin2φ0cos2(φ0 - φ1)σ9 -
l21sin2φ0cos2σ3σ9

σ4

　 　 　 　 　 -
Hl1sin(φ0 - φ1) l21sin2φ0cos2(φ0 - φ1)(ρ2 - l2 + σ11)

σ7
]

　 　 　 　 　 + m3ρ2
3 φ̇2

1[
l41sin2φ0cos2σ3

σ4
+
2Hl1sin(φ0 - φ1)σ1

sinφ0σ2
4

l41sin2φ0cos2(φ0 - φ1)]

G(φ1) = m1gρ1cosφ1 + m3gρ3
( l2 - ρ2)σ2

12cos2φ0cosφ2

σ1
+ m2gl1[cosφ1 +

( l2 - ρ2)σ2
12cos2φ0cosφ2

σ1
]

ì

î

í

ï
ï
ï
ï
ï
ï
ï
ï

ï
ï
ï
ï
ï
ï
ï
ï

σ1 = H2 + l21sin2φ0 - 2Hl1sinφ0cos(φ0 - φ1); σ2 = Hcos(φ0 - φ1) - l1sinφ0; σ3 = 2φ0 - 2φ1; σ4 = cos2φ0σ4
12σ2

10;

σ5 = cos3φ0σ7
12σ3

10; σ6 = cos2φ0σ5
12σ2

10; σ7 = cos2φ0sinφ0σ4
12 σ11σ2

10; σ8 = 4σ2
1; σ9 = (ρ2 - l2 + σ11) 2;

σ10 = tan2φ0σ2
13 / σ2

12 + 1; σ11 = σ2
12 / tan2φ0 + σ2

13; σ12 = H - l1 cosφ1 tanφ0; σ13 = H - l1sinφ1;

3　 Structure design

3. 1　 Joint design
According to the previous analysis, the mecha-

nism has two DOF in the active process. At this time,
the two prismatic pairs of the X axis and Y axis are
used as its actuators, and the partial shifting process is
realized by position control. The two actuators of the
shift robot have the same mechanical structure shown in
Fig. 5(a). The rotating shaft of the stepping motor is
connected with the ball screw pair, and the screw nut
is fixed with the slider. When the motor rotates, the
slider can move in a straight line along the axis of the
screw.

Fig. 5　 The mechanical structure of actuators and passive joint

The passive joint is the critical component of shift
robot to realize shift displacement measurement. By
applying two pins to the passive joint, the self-locking
block and the limiting block mentioned above can be
realized. The contact strip applied on the Link 2 can
touch the block to realize the function of the passive
joint. Fig. 5(b) shows the mechanical structure of the
passive joint. In the active process, there is a decrea-

sing trend of ∠ABC driven by actuators. When ∠ABC
=180 °, the contact between the contact strip and the
self-lock block of the passive joint causes the lock of
the passive joint; While in passive process, driven by
the shift torque, ∠ABC shows a growing trend, and
the contact strip will break away from the self-lock
block, making the passive joint free.

3. 2　 Size synthesizing
In the shift robot shown in Fig. 4(c), Link 1 is

the shift lever whose length is determined. According
to the kinematics analysis of the passive process in Sec-
tion 2, the relationship between the length of Link 2
and Link 3 needs to satisfy Eq. (4). Therefore, after
determining the height H of the robot, the size synthesis
of the mechanism can be accomplished only by solving
the maximum sum of the lengths of Link 2 and 3 in the
range of the reachable lever angle. The shift robot is
designed based on the length and structure appearing
above. Table 1 shows the structural parameters of the
whole machine and the physical parameters of the criti-
cal components.

4　 Dynamic analysis and gear-skip solution

The shifter has five gears, which are P, R, N, D,
and S gears. So the shift robot needs to complete four
shifting processes: PR, RN, ND, and DS, and meas-
ure their shift displacement and torque. However, in
the process of the experiment, gear-skip appears in the
ND shifting process, which causes the shift lever to
slide over the D gear and fall into the S gear. Gear-
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skip occurs in the passive process. In order to find the
solution of gear-skip, the motion characteristics of the
shift robot system in the passive process should be ana-
lyzed. Therefore, this section will analyze the dynamic

characteristics of the system based on the dynamic
model established in Section 2. And seek the solution
of dynamic analysis.

Table 1　 Parameters of robot
Notation Definition Values

φ1 The angle between Link 1 and axis X Generalized coordinate
φ2 The angle between Link 3 and axis X Variable
ρ1 Distance from the centroid of Link 1 to A 278. 4325 mm
l1 Length of Link 1 367 mm
ρ2 Distance from the centroid of Link 2 to C 59. 091 mm
l2 Length of Link 2 210. 5 mm
ρ3 Distance from the centroid of Link 3 to D 67. 897 mm
l3 Length of Link 3 Variable
m1 Mass of Link 1 1. 321 kg
m2 Mass of Link 2 0. 63 kg
m3 Mass of Link 3 0. 252 kg
H The vertical distance from A to D 677. 9 mm
μ Friction coefficient 0. 15
φ0 The initial values of φ1 90 °, 82 °, 76. 3 °, 70. 4 °

4. 1　 Dynamic analysis and simulation
From the dynamic equation shown in Eq. (7), it

can be seen that the left of the Eq. (7) is related to the
structural and physical parameters of the shift robot,
and these parameters have been determined in Table 1.
The right of the Eq. (7) is the generalized external
force the shift torque. In order to analyze the dynamics
of the system, it is necessary to calculate the shift
torque. In order to analyze the dynamic characteristics
of the system, it is necessary to calculate the shift
torque. According to the analysis on the gear shifter in
Ref. [3], there is a special tooth-shaped plate compo-
nent in the gear shifter. When the ball at the end of
the spring lever moves on it, the spring on the spring

lever will be compressed to provide the shift torque.
Therefore, the inner part of the gear shifter is simpli-
fied as the tooth-shaped plate mechanism shown in
Fig. 6(a). According to its mechanism, when the nor-
mal of the contact surface between the tooth-shaped
plate is not collinear with the spring lever, the force
acting on the spring lever will provide the shift torque.
The profile of the tooth-shaped plate is obtained from
engineering documents which is provided by the gear
shifter manufacturer. The profile curve is discretized in
Autocad software. The piecewise cubic spline function
of the tooth profile can be obtained by the interpolation
method.

Fig. 6　 Force analysis of gear shifter

　 　 One of the factors affecting the shift torque is the
elastic force of spring, which is linearly related to the
length of the spring lever. As shown in Fig. 6(b) and

(c), the end sphere with radius r is tangent to the
tooth-shaped plate, and the normal equation Ax + By +
C = 0 can be obtained from the spline function of the

53　 HIGH TECHNOLOGY LETTERS | Vol. 28 No. 1 |Mar. 2022



tooth-shaped plate. The tangent point coordinate is de-
fined as (a, b) . At this time, the coordinates of the
sphere center (Cx, Cy) can be calculated by Eq. (8).
It is necessary to note that there will be an over-tangent
phenomenon at some points, and these points should
be deleted.

ACx + BCy + C = 0
(a - Cx) 2 + (b - Cy) 2 - r2 = 0{ (8)

Shift torque of the shifter can be divided into three
cases. In case 1, as shown in Fig. 6(b), the cross
product of spring lever vector OA and normal force vec-
tor OB of tooth plate is negative, then the normal force
of the tooth plate acts on the resistance torque of coor-
dinate origin. In case 2, as shown in Fig. 6(c), the
cross product of spring lever vector OA and normal
force vector OB is positive. The normal force of the
tooth plate acts as the driving torque on the coordinate
origin. In case 3, OA and OB are collinear, then the
normal force does not provide shift torque to coordinate
origin. The torque symbol of the normal force acting on
the origin is related to the cross product of OA and OB,
so its transmission angle can be calculated as follows:

tanλ = tanα - cotβ
1 - tanα·cotβ　 OA × OB < 0

tanλ = - tanα - cotβ
1 - tanα·cotβ　 OA × OB > 0

ì

î

í

ïï

ïï
(9)

where α = φ1 - 23. 08 ° is the angle between spring le-
ver and axis X. β is the angle between the tangent line
of the tooth-shaped plate and axis X, and β is related to
φ1 .

After obtaining the coordinate of the sphere center
at the end of the spring lever, the real-time length of
the spring lever can be calculated through R =

C2
x + C2

y, and then the shift torque shown in Eq. (10)
can be deduced by simple mechanics. The shift torque
is divided into two parts: one is the torque Me of the
normal force acting on the tooth-shaped plate shown in
Fig. 7, and the other is the friction torque Mf caused by
friction between the tooth-shaped plate and the spring
lever end sphere. The symbol of friction torque should
be opposite to the symbol of the angular velocity of the
shift lever. It can be seen from Eq. (10) that the ex-
ternal torque of the system is a function of the angle
and angular velocity of the shift lever. The dynamic
model can be completed by substituting Eq. (10) into
Eq. (7). The dynamic model is a differential equa-
tion, and it can be solved by the ode45 function in the
Matlab software. The step size in ode45 is a variable
that can be automatically determined by the ode45
function. Both the relative error and absolute error are
1E-6. Then, the curve of shift lever angle φ1 can be

obtained, and is shown as the solid lines in Fig. 8.
From the figure it can be seen that during the three
shifting processes, PR, RN and DS, the shift lever
starts from the initial position and stops accurately at
the corresponding gear position after oscillating for a
while. However, in Fig. 8(c), the shifting angle cal-
culated by the theory shows the characteristic of gear-
skip, which is consistent with the actual experiment.

　

M( φ̇1,φ1) = Me(φ1) + Mf( φ̇1,φ1)
Me(φ1) = FRsinλcosλ
Mf( φ̇1,φ1) = | μF( r + Rcosλ)cosλ | sign( φ̇1)
F = kR(x0 - R + R0)

ì

î

í

ï
ï

ï
ï

(10)
where k is the spring elastic coefficient, R0 is the
length of the spring lever, and x0 is the deformation of
spring in P gear. R is the radius of the spring lever end
sphere.

Fig. 7　 Part of shift torque provided by the normal force

Before analyzing the dynamic characteristics of the
shifting robot, it is necessary to verify the correctness
of the dynamic model shown in Eq. (7). The shifting
robot is simplified and shown in Fig. 9. This simplified
model can be imported into the ADAMS software to
simulate the four shifting processes. The simulation re-
sults can be used to verify the dynamic model of the
shifting robot. In the simplified model, the mass of
each component is concentrated at the centroid of mass,
and the parameters of link length, mass, and position of
the centroid are consistent with the theoretical calcula-
tion. In the process of building the simulation model,
the friction forces at each joint are ignored.

According to the analysis of the shift torque, the
shift torque is generated by the spring force and the
friction force. These two forces are related to the con-
tact between the spring rod and the tooth-shaped plate.
However, when setting contact constraints in the AD-
AMS software, the relevant parameters of the con-
straints are difficult to determine, and the model with
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Fig. 8　 Theoretical calculation result

Fig. 9　 The motion process in simulation

contact constraints is difficult to be solved. As can be
seen from Eq. (10), the shift torque is a function of
φ1 . Therefore, the discrete shift torque can be ob-
tained by Eq. (10). Then contact constraints can be
implemented by applying the discrete shift torque to the
shift lever.

It should be noted that in the ADAMS simulation,
the GSTIFF solver with the I3 integral format is used to
simulate the shifting process of the shift robot. The ac-
curacy of the solver is 1E-6, and the simulation step
size is 0. 001 s. The simulation results of four shifting

processes are shown as the dashed line in Fig. 8. The
final stability values of the shift lever angles in each
process are close to the theoretical values, and the er-
ror is no more than 0. 2 °. Compared with the theoreti-
cal calculation result, the simulation curves show the
same characteristics as the theoretical calculation, and
the gear-skip appears in the ND process. These char-
acteristics prove the validity of the dynamic model es-
tablished by the Lagrange method.

4. 2　 Conditions about avoiding gear-skip
In order to find a solution to the gear-skip, it is

necessary to consider the influence of the shift robot on
the shifting process. Similar to the dynamic analysis
process of the shift robot system, the dynamic model of
gear shifter is established in the Eq. (11) by Lagrange
method, the four values of φ0 in Table 1 are taken as
the initial value of solving the differential equation,
and the result is obtainbed as shown in Fig. 10. It can
be seen from the figure that the shift lever can arrive at
the target gear after a period of oscillation. This experi-
mental result just proves the relationship between the
gear-skip and shift robot.

m1ρ2
1 φ̈1 + m1gρ1cosφ1 = M( φ̇1,φ1) (11)

It can be drawn from the results of theoretical cal-
culation and simulation that the gear-skip only occurs
in the ND shifting process. The reason is that the total
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mechanical energy of the system increases after the in-
volvement of the shift robot. The friction between the
tooth-shaped plate and the spring lever can not com-
pletely consume the potential energy difference between
the two middle gears, so the residual kinetic energy
drives the shift lever sliding to the D gear.

Fig. 10　 The shift lever angle curve without the shift robot

In order to make the shift robot adapt to the shifter
better, a limit block is applied to the passive joint to
avoid the gear-skip. When the passive joint angle
∠ABC = φ2 - φ1 + 180° reaches a specific limit, the
active bar will collide with the limit block. This limit of
the passive joint angle will limit the oscillation range of
the shift lever angle. In this way, the gear-skip is avoi-
ded. The position of the limit block needs to satisfy two
conditions. One is that it can collide in the ND shifting

process. The other is that it can not hinder other shift-
ing processes, and Link 2 can not contact the limit
block in PR, RN, and DS shifting processes as far as
possible. In the ND shifting process, the angular
speeds of φ̇1 and φ̇2 satisfy the relationship of Eq. (12)
after Link 2 collides with the passive joint. The materi-
al of the passive joint in the shift robot prototype is
steel, and the approximate recovery coefficient of the
steel is 0. 55.

e =
φ̇t

1 - φ̇t
2

φ̇0
1 - φ̇0

2
(12)

where φ̇0
1 and φ̇0

2 are the angular velocities before the
collision, φ̇t

1 and φ̇t
2 are the angular velocity after colli-

sion.
Then the angular velocity of the shift lever after

the collision can be calculated by combining with
Eq. (4). Fig. 11 shows the shift lever angle curves af-
ter applying the limit block at different positions. In
the figure, The circle point is the collision point, and
the square point is the stable point. The stable time T
shows a decreasing trend from Fig. 11(a) to ( g),
which means that the closer limit block is to the target
position, the faster the system can be stabilized. How-
ever, it should be noted that the phenomenon of sec-
ondary collision appears in Fig. 11(e) - ( g), which
will shorten the service life of the machine. Therefore,
the secondary collision can be regarded as a constraint
and the best position to apply the limit block on 71. 5 °
is obtained.

Fig. 11　 The shift lever angle curves under applying limit block

5　 Conclusion

A shift robot with a passive joint is proposed. The
passive joint is designed according to the dynamic

characteristics of shift robot. The conclusions are as
follows.

(1) A three DOF shift robot with a passive joint
is proposed. The shift robot uses the characteristics of
the shift torque and the passive joint to solve the prob-
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lem that the active shift mechanism cannot achieve ac-
curate shifting operation. Therefore, the shift robot can
accurately measure the shift torque and displacement.

(2) By studying the dynamic characteristics of
the shift robot, the cause of the gear-skip phenomenon
is found. A limit block is applied to the passive joint to
prevent the gear-skip occurrence, and its position is
determined according to the dynamic characteristics of
the shifting robot.
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