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ABSTRACT Many kinds of peg-in-hole assembly strategies for an industrial robot have been reported in
recent years. Most of these strategies are realized by utilizing visual and force sensors to assist robots.
However, complex control algorithms that are based on visual and force sensors will reduce the assembly
efficiency of a robot. This issue is thoughtless in traditional assembly strategies but is critical to further
improve the efficiency of assembly automation. In this work, a new assembly strategy that is based on a
displacement sensor and a variable compliant center is proposed to improve robot performance in assembly
tasks. First, an elastic displacement device for this assembly strategy is designed, and its performance is
analyzed. The displacement signal generated by the displacement sensor is used to detect the contact state
of the peg and hole and to guide the robot to adjust the posture. Second, an assembly strategy, including
the advantages of passive compliance and active compliance, and a simple assembly control system are
designed to improve the assembly efficiency. Last, the effectiveness of the proposed assembly method is
experimentally verified using a robot with 6 degrees of freedom and a chamferless peg and hole with a small
clearance (0.1 mm). The experimental results show that the assembly strategy can successfully complete the
precision peg-in-hole assembly and assist the robot in accurate assembly in industrial applications.

INDEX TERMS Peg-in-hole assembly, assembly strategy, compliant center, displacement sensor, elastic

displacement device.

I. INTRODUCTION

In industrial production, assembly costs account for more
than 50% of the total cost. With the development of indus-
trial robots, robots are expected to replace the manual work
required to complete assembly tasks. However,the applica-
tion of robots to the precision assembly work is challeng-
ing. Considering the precision peg-in-hole assembly as an
example, when the tolerance between a peg and hole is less
than 0.1 mm, the improper adjustment caused by the initial
positional deviation of the peg and hole may cause the failure
of the assembly; the peg may fail to enter the hole or become
stuck in the hole. In either case, the assembly workpiece
or robot may be damaged. Due to the low repositioning
precision of a robot in a precision peg-in-hole assembly,
assembly with conventional position control is impossible.
Eliminating the deviation of a workpiece position by robot
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teaching and visual localization is difficult. To solve this
problem, compliant control methods are employed in robotic
assembly tasks.

The first type of compliant control is passive compliant
control that uses a special mechanical structure, such as a
spring or a damping mechanism, to make a peg perform
a passive compliance movement under external forces. For
example, the RCC (remote center compliance) concept was
first proposed by the Charles Stack Draper Laboratory at MIT
in 1976 [1]. RCC was used to assist robots in overcoming
position errors in the assembly process. Zhao and Wu [2]
designed a variable remote center compliance device(VRCC)
that can successfully complete an assembly task. Lee [3]
improved the VRCC and simplified the mechanical structure
of the VRCC to improve assembly efficiency. Park et al. [4]
designed a new passive compliant device with a displace-
ment measurement system and proposed a robotic assembly
strategy to improve the performance of the robotic assembly
system. A passive compliant assembly does not require a
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complicated control system. However, this method has many
disadvantages. Each assembly part needs to be designed with
a separate compliant device. The method has strong speci-
ficity but poor adaptability and cannot be applied without any
limitations.

The second type of control is active compliant control.
A robot uses external sensors to sense the external envi-
ronment and uses appropriate control strategies to adjust a
pose to complete an assembly task based on the feedback
information. One of the active compliance control methods
is impedance control. Hogan [5] first proposed impedance
control in 1985. Li et al. [6] proposed neural networks
impedance control for robot-environment interaction. Kriiger
et al. [7] successfully completed a multiarm robot assem-
bly using impedance control. Roveda ez al. [8], [9] designed
an optimal impedance force-tracking controller to obtain
the performance of partially unknown contact environment
properties even with errors in the initial estimate of the
environment stiffness. Flores-Abad et al. [10] proposed
a disturbance-based impedance controller for the compli-
ance capture of an object using a free floating robot.
Zeng et al. [11] used impedance control as the control outer
loop to complete a peg-in-hole assembly task. Impedance
control is highly flexible; however, the accurate rigidity and
precise position of a constrained environment are required.
The end force cannot be well controlled.

Other active compliant control methods are hybrid
force/position control and parallel force/position control.
Raibert and Craig [12] first proposed hybrid force/position
control in 1981. Giblin et al. [13] used hybrid force/position
control to insert a peg into hole at a faster rate with less
friction force. Fang et al. [14] improved the hybrid force
position control method to ensure correct assembly defor-
mation and improve assembly quality. Ma et al. [15] used
force-position hybrid control to control the contact force
between a robot and the external environment and suc-
cessfully completed the precision assembly of optical com-
ponents. Hybrid force /position control can improve the
control of the end force and satisfy the requirements of
high-precision assembly tasks. However, solving the cou-
pling of force control and position control is difficult. There-
fore, many scholars have investigated parallel force/position
control. Chiaverini and Sciavicco [16] first proposed paral-
lel force/position control in 1988. Flixeder et al. [17] dis-
cussed the parallel force/position control system stability
and an inner position control loop for friction compensation.
Chen et al. [18] proposed a robust adaptive position/force
control algorithm based on the parallel force/position control
algorithm, which was able to adequately track the desired
posture and force. Unlike hybrid force/position control,
in parallel force/position control, the force control and output
of the position controller are coincident and act in the same
direction. However, this control is too complicated and the
work efficiency is low.

In addition, some robotic intelligent assembly control
methods have been extensively investigated by many scholars
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in recent years. Jakovljevic et al. [19] proposed a fuzzy infer-
ence mechanism for recognizing contact states of a peg and
hole. Inoue et al. [20] successfully applied deep reinforce-
ment learning to high-precision assembly tasks. Xu et al. [21]
proposed a model-driven deep deterministic policy gradient
algorithm to accomplish the dual peg-in-hole assembly task
through the learned policy without analyzing the contact
states. Fan et al. [22] proposed a learning framework that
combines both the supervised learning and the reinforcement
learning, which realized a high precision industrial assembly.
Lee et al. [23] applied self-supervised learning to fuse vision
and touch and successfully completed different shapes of peg
and hole assembly tasks. Although the intelligent assembly
control method can successfully complete a robot assembly
task, its stability and efficiency are low. Therefore, many
intelligent control methods remain in the simulation stage,
and their application in industry is difficult.

To simplify assembly control systems, improve assembly
efficiency and reduce system cost, we propose an assembly
strategy that is based on variable compliance centers. Com-
pliance center is defined as a point on a compliant mechanism
that has the ability to passively comply with external forces
and torques. In this paper, we set the TCP (Tool Center
Point) of the robot as the compliance center. The variable
compliance center is position of the TCP changes on the axis
of an assembly peg.

The contributions of this paper are described as follows:
1) the design of a compliant device for peg-in-hole assembly
tasks; 2) the proposal of a new peg-in-hole assembly strategy
based on the variable compliant center; and 3) the solution
of the problem of assembly failure caused by assembly peg
tilt and assembly peg and hole positioning error during robot
assembly.

This paper is organized as follows. In Section II, the com-
ponents and performance of the elastic displacement device
are introduced and analysed. In Section III, we propose the
assembly strategy by analyzing the contact state of the peg-
in-hole. In Section IV, the control frameworks for the peg-in-
hole assembly is designed. In Section V, the assembly error
is theoretically analyzed. In Section VI, to verify the pro-
posed assembly strategy, peg-in-hole assembly experiments
are presented by using a 6 degree of freedom (DOF) robot,
peg and hole with a tolerance of 0.1 mm. In Section VII,
we compare and analyze the propose assembly strategy with
the current classical assembly strategy. Section VIII gives the
conclusions of this paper.

Il. ELASTIC DISPLACEMENT DEVICE

A. PROPOSED MECHANISM

The main components of the elastic displacement device are
shown in FIGURE 1. The spring is used to store the energy
generated by the displacement. The displacement sensor is
used to measure the displacement generated by the assembly
peg during the assembly tasks. The ball spline is used to limit
the twisting of the upper and lower ends of the device to
ensure so that the device has only one degree of freedom.
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FIGURE 1. Elastexttic displacement device.

TABLE 1. Performance parameters of elastic displacement device.

Performance  Force Stroke  Precision  Response Time

Actual Value 5N-15N  19mm 0.0l mm 18 ms

(a) stress analysis

(b) strain analysis

FIGURE 2. Strength analysis diagram of the top of the displacement
sensor.

The equipment is employed in the assembly strategy of
the variable compliant center, which is installed at the end
of the industrial robot. When the robot starts to assemble,
the compliant center of the assembly peg will change due to
the spring’s elasticity, and the displacement sensor will gener-
ate a signal to determine the contact state of the peg and hole.
It has the advantages of simple structure and control, low cost
of production and short of response time; its performance is
listed in Table 1.

B. ANALYSIS OF THE PROPOSED MECHANISM

We use the ANSYS simulation analysis software to analyze
the strength of the key components of the compliant device.
According to the design requirements, a stress and strain
analysis were carried out under the action of 300 N.m torque
and 500 N axial force. A simulation analysis of the key
components is shown in FIGURE 2, 3, 4, and 5.

The simulation results in Table 2 indicate that the
key components of the compliant device cause slight
deformation and stress in the designed working condi-
tions, have minimal influence on the performance of
the compliant device and can satisfy the actual working
requirements.
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(a) stress analysis (b) strain analysis

FIGURE 3. Strength analysis diagram of bottom rod of displacement
sensor.

=2

(b) strain analysis

(a) stress analysis

FIGURE 4. Strength analysis diagram of guide cylinder.

(b) strain analysis

(a) stress analysis

FIGURE 5. Strength analysis diagram of guide rod.

TABLE 2. Strength of key components of the compliant device.

The key components ~ Maximum stress (MPa) ~ Maximum strain (mm)

Top of the

displacement sensor ~ 3.399 1x 1073
Bottom rod of

displacement sensor ~ 3.816 2.03 x 107°
Guide cylinder 0.216 3.67 x 10~6
Guide rod 0.574 3.06 x 1076

Ill. PEG-IN-HOLE STRATEGY

A. ANALYSIS OF PEG-IN-HOLE PROCEDURE

FIGURE 6 shows the four states involved in the peg-in-hole
assembly: contacting, searching, adjusting and inserting [24].
FIGURE 6(a) shows that the peg is in contact with the hole
under a force that push the peg toward the hole. FIGURE 6(b)
shows the hole searching process. In previous research, two
main methods exist to find the hole:

(1) Spiral Search [25], [26]. Starting from the point where
the peg contacts the outer surface of the hole, a constant
pressure is maintained to make an outward spiral motion.
As long as the pitch is small enough and the movement time
is long enough, the peg will fall into the hole. However, this
method will require a long time.

(2) Random Search [27]. This search is similar to the spiral
search process, with the random movement of the peg in
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FIGURE 6. Peg-in-hole assembly process (a) Contacting (b) Searching
(c) Adjusting (d) Inserting.

()

the plane of the outer surface of the hole, which reduces the
average time of the search hole.

FIGURE 6(c) shows the pose adjustment process after the
hole is located. Two main methods exist:

(1) Mechanical analysis [28]. After the peg was in contact
with the hole, the force/torque sensor was used to obtain the
value and direction of the contact force/torque. The geometric
relationship between the peg and hole was used to establish
a balance equation to solve the deflection direction of the
peg. The corresponding posture adjustment of the peg was
performed. However, detection of the states of the peg and
hole contact is difficult.

(2) Sensorless posture adjustment. Representative was the
concept of attraction region in environment proposed by Qiao
et al. [29]. She assimilated the attraction region to the bottom
of the bowl. There was a “bowl” in the high-dimensional
operation space of the robot. The robot can accurately finish
the assembly task by controlling the contact point from a
rough position without using sensors.

Finally, the peg will fall into the hole when the tiling angle
becomes zero, as shown in FIGURE 6(d).

In this paper, by using the proposed elastic displacement
device, the search method in the proposed assembly strat-
egy, which only needs to combine the elastic displacement
device and the Cartesian coordinate system position con-
trol of the robot, is simplified. The searching task can be
rapidly completed without chamfering and the error range
is within the diameter of the peg. In this method, the peg
can be inserted into the hole without complicated pose
adjustment.
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FIGURE 7. Two-point contact state when the inclination angle « is the
maximum.

B. PEG-IN-HOLE STRATEGY

In the contact stage, to improve the success rate of the hole
search and to simplify the pose adjustment process, the peg
needs to be tilted by the small angle «, and the value of « is
determined by the following methods.

(1) Maximum inclination of «.

When the inclination angle « is the maximum, the state of
the most suitable two-point contact is shown in FIGURE 7,
where d is the diameter of the peg, and D is the diameter of
the hole. The maximum of angle « is the angle of declination
of the peg’s axis relative to the axis of the hole where the
jamming occurs.

The maximum of angle « is expressed by the parameters
of the hole and the peg by the following expression:

d

COSUnay = —
D, ey
Cax = arccos

If the inclination angle « continues to increase, the three-
point contact state will appear, as shown in FIGURE 8(a).
When the value of the inclination angle « decreases to O,
the contact state is shown in FIGURE 8(b). In this state, if the
downward force is small, the peg will remain at the outer edge
of the hole. If a large force is applied, the assembled parts may
be damaged. Therefore, a series of complicated adjustments
must be performed to make the peg fall into the hole. These
adjustments will undoubtedly increase the difficulty and time
of assembly. In the search stage, the angle should be less than
the maximum of angle «.

(2) Minimum inclination of «.

When the inclination angle « is the minimum, the state
of the three-point contact is the state shown in FIGUERE 9,
where D is the diameter of the hole, d is the diameter of the
peg, and £ is the depth of its insertion.
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(a) (b)

FIGURE 8. (a)Three-point contact state and (b) posture after adjustment
is completed.

A
4

FIGURE 9. Three-point contact state when the inclination angle « is the
minimum.

The minimum inclination of « as a function of the peg’s
depth of insertion into the hole is expressed by the following
scheme:

D = dcosai, + htana,, 2)

If the inclination angle « continues decreasing, it will cause
surface contact between the peg and the outer surface of the
hole during the searching stage, which will be detrimental to
the searching method in this paper. Surface contact may lead
to the failure of the hole search. Therefore, the range of values
of « should satisfy the (3):

Umin = O = Opax 3

In the hole search stage, a strategy of rotating the assembly
peg around the axis Z is employed.

The assembly peg is compressed along the axis to the
maximum displacement, and the center position of the bottom
surface of the peg is set to the position of the robot TCP,
Which is also the compliant center of the assembly peg.
As shown in FIGURE 10(a), the center point of the bottom
surface of the peg is O1, and the center point of the upper
surface of the hole is O,. The bottom surface of the peg is in
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FIGURE 10. Hole searching process: The Y-axis is parallel to the upper
surface of the hole and Y-axis of the robot base coordinate system,

the Z-axis is parallel to the hole axis, and the X-axis is perpendicular to
the Y -axis and Z-axis.

contact with the outer surface of the hole, and the projection
of 0 on the outer surface of the hole is B. The Z’ axis of the
assembly peg maintains the angle « and rotates around the Z
axis.

If the peg is rigidly connected to the end of the robot,
the compliant center O position will remain unchanged when
the peg rotates around the Z axis. The trajectory of the plane
contact point between the peg and the outer surface of the
hole is a circle with the center B and the radius AB. This
trajectory intersects the outer edge of the hole at points C
and G. In the arc CG segment, the peg and hole do not
contact.

However, the upper end of the peg is connected to the
elastic displacement device in this paper. The compliant
center O; remains unchanged in the arc AC segment as
shown in FIGURE 10(b). However, the assembly peg will
be displaced along the Z’ axis of the assembly peg due
to the force of the spring after the point C. In addition,
the position of the compliant center changes at the assembly
peg. In the hole searching process, the contact point of the
peg and hole gradually move from point C to point C’,
and the contact state of the peg and the hole is always in
a one-point contact state before contact with point G'. Line
segment CG’ is the trajectory of the lowest point of the
lower surface of the peg. When in contact with point G/,
the peg will be displaced in the opposite direction along the
Z' axis.

When the compliant center moves along the axis of the
assembly axis to the point Q, as shown in FIGURE 10(c),
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FIGURE 11. Position deviation of the peg and hole.

the Q point is projected as point O on the outer surface
of the hole. The trajectory of the contact point between
the peg and the outer surface of the hole is a circle with
radius OA. The angle between line segment QA and the
axis of the assembly peg is §, and line segment O;(Q is the
displacement of the compliance center; its value is L, as mea-
sured by the displacement sensor. The values of OA should
satisfy (4):

Roa = VL? + d?%sin(B — a)

= arctan—
B ra2L

“

Assume that the assembly peg moves upward in the posi-
tive direction and downward in the negative direction and that
displacements in different directions will inevitably occur at
points C and G’. At this time, the peg has two-point contact
with the outer edge of the hole, as shown in FIGURE 10(d).
The geometric relationship reveals that the position of the
hole center is on the vertical line of line C'G’ and the pro-
jection of the Z’ axis of the assembly peg on the O-XY
plane.

To ensure that the position of the hole can be located when
the peg rotates around the Z axis. The deviation O»B of the
peg and hole must be smaller than the maximum deviation as
shown in FIGURE 11(a).

The deviation of the peg and hole is expressed as (5).

R b + d 5)
< — + —cosa
2 2

where R’ is the value of the deviation OB of the peg and
hole. Substituting (3) and after transformation, the range
of positional deviations of the peg and hole will have the
following expression:

. D d
Rmax = 5 + Ecosamin

2 ©)
R .= 5 T+ 5Costma

When the value of deviation R’ of the peg and hole is equal
to R} .., the angle of inclination o can be adjusted between
Umin and oy, and the optimum peg and hole deviation,
as shown in the gray area of FIGURE 11(b), ranges between
Oand R}, .
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(d)

©)

FIGURE 12. Process of moving the assembly peg toward the center of
assembly hole.

The stage of posture adjustment has two steps:

1) POSITION ADJUSTMENT OF THE ASSEMBLY PEG

The assembly peg should be moved in the oblique direction,
at speed V during time ¢. In the searching stage, the angle
at which the peg rotates around the Z axis is 6. At the end
of the searching, the coordinates of the compliant center in
the O-XY plane are (X,, Y,). The direction in which the peg
moves is expressed as follows:

X =X, + Vtcoso

. (7
Y =Y, + Vtsinf

In the process of moving the peg toward the hole, as shown
in FIGURE 12(a), since the diameter of the hole is larger than
the diameter of the peg, the line-segment EF at the edge of
the hole has the same diameter as the peg and is perpendicular
to the moving direction, as shown in Figure 12(b). If the
peg is rigidly connected to the robot, the assembly peg will
not contact the hole during the moving process through the
line-segment EF. However, the elastic displacement device
in this paper will generate elastic force. At this time, the dis-
placement of the peg will suddenly change under the effect
of the elastic force, and the peg will enter the contact state of
FIGURE 12(c).

2) POSTURE ADJUSTMENT OF THE ASSEMBLY PEG
The peg is rotated around the compliant center in a direction
in which the inclination angle o decreases when the posture
is adjusted. When the inclination angle of the assembly peg
1S Upin < oty < Otpay, the position of the compliant center is
shown in FIGURE 13:

In FIGURE 13(a), the blue and red lines represent the
contact states of the peg with the left inner hole and right
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(c) (d

FIGURE 13. Posture adjustment based on variable compliance center.

inner hole, respectively, when the adjustment is completed.
The intersection of the Z’ axis of the peg after adjustment
and the Z’ axis of the peg before adjustment are points O
and O3. Correspondingly, point O is the intersection of the
plane where the outer surface of the hole is located and the
Z' axis of the peg before adjustment. Point Oy is the position
of the initial compliant center after radial movement. Points
A and B are the points at which the peg and the hole are in
contact.

004 = ——— (8)

Sina

As shown in FIGURE 13(b), AO¢//BO>, which is the
assembly peg for posture adjustment. When the compliant
center is at Oz, the trajectory of the contact point A is traj3,
and the inner wall of the hole interferes with each other, which
will cause the peg to be stuck. When the compliant center
is at Og, the trajectory of the contact point A is traj6, which
is tangent to the inner wall of the hole. When the compliant
center is at Oy, the trajectory of the contact point A is trajl,
which moves in the direction of the separated contact. When
the compliance center is above Og, the contact point A does
not interfere with the assembly hole.

As shown in FIGURE 13(c), O4B L. 004, LO4BO; = «,
Os5C L 004, OsB = OsD, and LO4BOs = LOsBO; =
/BOsC = /DOsC. If the assembly peg is rigidly connected
to the robot, when the compliance center is at O4, the trajec-
tory of the contact point B is traj4,

167540

which interferes with the assembly peg and causes the peg
to be stuck. When the compliant center is at Os, the trajectory
of the contact point B is traj5, and the intersection with the
assembly axis is point B and point D. At BC of the assembly
peg, it is separated from the assembly hole as « is reduced
and is close to the assembly hole as o decreases at CD of the
assembly peg. Since OsB is the angle bisector of Z04BO3,
when o = 0, point D moves to point B. Therefore, when
the compliance center is at Os, the contact point B does not
interfere with the assembly peg. The assembly process is
similar to the previous process when it is connected to the
robot by the elastic displacement device.

When the compliant center is between Os and O,
the assembly peg does not interfere with the assembly hole.

To reduce the torque on the compliant center generated
by the friction between the peg and hole during the posture
adjustment, we set the position of the compliant center to Og
at the end of the radial movement of the assembly peg. The
distance of the compliance center that moves along the Z” axis
is 0406-

D —dcosa, d

04 06 = — Etanoto (9)

sino,
The posture adjustment process is shown in FIGURE 13(d),
A0,/ /A0, 0106 = 00, 060} = AL, AO¢ > 4, and
A0y > %. As the tilt angle o decreases, the assembly peg
always maintains one-point contact with the inside of the
assembly hole under the elastic force of the compliant device.
The contact point changes from the initial point A to A’, and
the contact point B gradually separates from the inner wall
of the hole. The compliant center changes from O to Of
and is always between the axis of blue and the axis of red in
FIGURE 13(a). AL is the displacement value of the assembly
peg measured by the displacement sensor. The process of
changing the compliant center along the negative direction
of the Z’ axis is shown in (10).

d
AZ = E(tcmoeo — tana) + AL (10)

IV. CONTROL FRAMEWORKS

During the interaction between the robot end effector and
the target, due to the large rigidity of the external envi-
ronment, a small deformation will generate a large contact
force, which may damage the workpiece and the robot. This
paper introduces an elastic compliant device in section II that
directly controls the position of the robot via the generated
displacement signal generated by it, which renders the control
process easier and more convenient. The block diagram of the
assembly control system is shown in FIGURE 14.

In assembly tasks, past information is indispensable if a
robot controller is to understand the current situation. For
example, the robot cannot distinguish jamming from a normal
insertion with large displacement. To solve this problem,
we design a position controller according to the assembly
process. The position controller obtains the state S(¢) of the
assembly system and generates the control signal according
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FIGURE 14. Block diagram of the assembly control system.

to this state. The robot controller executes motion planning
by the position control algorithm. The current information is
obtained by real-time displacement feedback of the compliant
device, and past information is obtained by setting the delay
time ¢. The definition of S(¢) is provided in (11):

S(t) =(Ad, P) (11)

where Ad =d; —d;_1 and P = W are the change
in displacement and the extent of insertion of the assembly
peg, which are used to guide the assembly process and infer if
the peg is jammed. In the hole searching stage, when Ad < 0,
the assembly peg and hole is in a one-point contact state. Cor-
respondingly, Ad > 0 represents a two-point contact state.
In the position adjustment stage, Ad = 0 means the position
adjustment is completed. In the insertion stage, Ad = 0 and
P = 1 represent that the assembly peg is completely pushed
into the hole bottom, which is considered a success of the
assembly. To avoid robot and workpiece damage. The Ad and
P should be limited:

Adlimited <& — 0+
Adlmited - o 5 0~ (12)
0<P<l1

In theory, the value of & should be O in the hole search
stage. Since the peg has the tilt angle «, the elastic force of
the compliant device may cause the assembly peg and hole
to slide relative to each other. In addition, changes in the
compliant center will also cause relative displacement of the
peg and hole. Therefore, the value of ¢ will be greater than
0 or less than 0. We will perform experiments to explore the
relations between ¢ and the assembly rate of success, and then
determine the delay time 7.

In FIGURE 15, the measured values of the assembly suc-
cess rate are indicated with a dot. The relations between
f(¢) and the assembly success rate f (¢) were estimated using
Gaussian curve fitting, as expressed by (13).

2
f(e) = aexp | — (#) (13)

According to the estimation results, a, b, and ¢ in (12) are
set to 0.973, 0.082 and 0.075, respectively. This equation
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FIGURE 15. Gaussian curve-fitting graph of the relations between ¢ and
assembly rate of success f(c).
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FIGURE 16. Peg-in-hole assembly process.

theoretically verifies the maximal values of the assembly
success rate f(¢) when b = ¢. To determine a suitable delay
time, ¢ was set to 0.08. Thus, the value of delay time ¢ is
10 ms. The complete peg-in-hole assembly process is shown
in FIGURE 16.

V. THEORETICAL ERROR ANALYSIS
The errors in the assembly strategy of a peg-in-hole assem-
bly with variable compliance centers is mainly caused by
the delay of the system response. The errors mainly occur
in the searching holes and adjusting position process. The
magnitude of errors is mainly related to the angular velocity
of searching holes and the radial velocity of moving towards
holes in the adjusting position. The smaller the values of
angular velocity and radial velocity are, the smaller the error
is, and the longer the assembly time is. Conversely, the errors
will be larger, which may cause assembly failure.

The maximum error caused by the searching hole is
expressed as follows:

d
ef = Ea)to (14)
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Elastic displacement device

\
Assembly peg ¢ 1

FIGURE 17. Experimental environment of peg-in-hole assembly.

The maximum error caused by radial movement to the hole
is expressed as follows:

er =iy s)

Thus, the maximum deviation after adjusting the peg and
hole is expressed as:

Cmax = ejg + €2 (16)

where 1y is the delay time of the system, w is the angular
velocity of hole searching, and v is the radial velocity of
moving towards hole in the adjusting position.

VI. EXPERIMENT

In order to verify the assembly method in this paper proposed,
URS robot is selected and the end is connected with the
elastic displacement device. The displacement sensor signal
is collected and controlled by Siemens PLC and Intel(R)
Core(TM) 17-6700 CPU computer. The peg is fixed at the
end of the elastic displacement device, and the workpiece is
fixed on the fixture. The experimental environment is shown
in FIGURE 17.

The diameter of the peg is 15.97mm, the diameter of the
hole is 16.07 mm, and the clearance between the peg and the
hole is 0.1 mm. The delay time of the system is less than
30 ms. The movement speed of the robot in the peg and hole
contact phase is 13 mm/s. The speed of movement to the
center of the assembly hole is 8.5 mm/s. The rotation speed of
the assembly peg around the Z axis is 20°/s, and no chamfers
exist in the peg and hole. The assembly experimental process
is shown in FIGURE 18.

The following parameter can be obtained from (1), (2), (6),
(8) and (16). oy = 6.4°, iy = 0.4°,0 < R’ < 15.97mm,
emar = 0.28mm, when o, = 6°, 004 = 1.79mm.

167542

(d) (e) ()

25

%)
S

[
T

|
Position adjustment

Displacement (mm)
=

Tiltangle @ |
-

| —

i
|
|
| 1
| Posture adjustmerit
|
|
Contact | !
— i
{

0 Ll I L
0 13 26 5 6.6

Time (s)

99.710.5 12.8 15

FIGURE 19. Distance between center of peg and hole is 5 mm, inclination
angle « is 6°.

As shown in FIGURE 19, at 1.3s, the peg begins to contact
the outer surface of the hole. At 2.6s, the peg compresses
to the position of TCP set by the robot. From 2.6s to Ss,
the assembly peg is tilted by the angle o around the Y axis.
From 5s to 9s, the peg rotates around the Z axis on the outer
surface of the hole. At 6.6s, the peg contacts the outer edge of
the hole. After 6.6s, the peg is displaced by the elastic force
of the elastic displacement device, and the displacement grad-
ually decreases. At 9s, the displacement inversely increases.
At this time, two points contact the outer edge of the hole. The
peg moves along the radial direction of the hole in 9 — 9.7s,
and its displacement abruptly changes in 9.5s. The inclination
angle of the peg gradually decreases in 9.7 — 13s, However,
at 9.7 — 10.5s, the displacement of the assembly peg under-
goes minimal change because the frictional force between
the peg and the hole are greater than the component of the
elastic force of the compliant device in the vertical direction.
At 10.5 — 13s, the friction force decreases with a decrease
in «, and the peg is inserted in the hole under the action of
elasticity. At this time, the robot completes the assembly task.

In addition, at 6.6s—9.7s, the displacement of the peg under
the elastic force of elastic displacement device is 1.85mm
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FIGURE 20. Distance between center of peg and hole is 5 mm, and
inclination angle « is 62, 4°, and 29, respectively.
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FIGURE 21. Inclination angle « is 6°, and distance between center of peg
and hole is 3mm, 5mm, and 8mm, respectively.
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FIGURE 22. Inclination angle « is 1.3°, and distance between center of
peg and hole is 2mm and 5mm, respectively.

when o = 6°. The theoretical displacement is 1.79mm, which
further verifies the correctness of the proposed method.

As shown in FIGURE 20, the larger the inclination angle
« is when it is in the range of (3), the faster the hole searches,
and the less time is required it takes to complete the assembly
task. As shown in FIGURE 21, the shorter the R’ becomes
between the center of the peg and the hole, the faster the
hole searches, and the less time is required to complete the
assembly task.

As shown in FIGURE 22, the searching hole fails when the
inclination angle « of the assembly peg is 1.3, and the dis-
tance between the peg and the hole center is Smm. However,
when the distance R’ between the axis and the hole center
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FIGURE 23. The distance between center of peg and hole is 5 mm, and
inclination angle « is 6°, The distance between the compliant center
position and the bottom center of the peg is 3mm, 2mm, and Tmm.
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FIGURE 24. Change process of contact force during peg-in-hole assembly.

is 2mm, the assembly is successful. Thus, the forecasting of
the hole searching stage analysis is validated. In addition,
if we assume that «,;,,y = 1.3 and D = 16.07mm, then
d = Dcosayg,, = 16.066mm. The clearance between the
peg and the hole is 0.004mm. In theory, the precision of the
assembly method in this paper is 0.004mm.

FIGURE 23 shows that the assembly efficiency can be
improved by properly increasing the position of the compli-
ance center.

In theory, the error analysis of the assembly shows that
the maximum error e, = 0.28mm, which is larger than
the clearance between the peg and the hole (0.1 mm).
However, the assembly is successful. After observation,
the collision with the hole occurs at the end of the radial
movement of the peg. Therefore, in the actual assembly tasks,
the speed of radial movement should be reduced as much as
possible.

As shown in FIGURE 24, from 2.5s — 3.5s, the assembly
peg is in contact with the hole, the spring of the compliant
device is compressed and the F, is gradually increased. From
3.5s — 5.8s, the assembly peg is tilted by the angle o around
the Y axis, and the Fy, Fy, and F;, fluctuate due to a slight slip-
page of the assembly peg and the hole. However, F, gradually
increases as the angle « increases. In this process, F, does
not substantially change. From 5.8s — 13.5s, the hole search
process is performed, and the position of the hole is found at
12s. At this time, the peg and hole is in a one-point contact
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FIGURE 25. Velocity change process of assembly peg during peg-in-hole
assembly.

state. At 13.5s, the hole is searched, and the peg and hole are
in a two-point contact state, as shown in FIGURE 12(a). From
13.5s — 14.5s, the assembly peg moves toward the center
of the assembly hole, and F,, F, gradually decrease. The
inclination angle « of the assembly peg is gradually reduced
from 14.5s — 16.5s, the assembly peg is inserted into the
assembly hole under the action of the elastic force, and the
contact force is gradually reduced.

As shown in FIGURE 25, From 0 — 2.5s, V, gradu-
ally increases to the set assembly speed. From 2.5s — 3.5s,
the assembly peg comes into contact with the assembly hole.
At 3.5s, the center of the bottom of the assembly peg coin-
cides with the TCP of the robot. At the same time, the robot
receives the displacement signal of the compliant device and
stops moving. Thus, the V; is abruptly changed to 0. From
3.5s — l4s and 16s — 17.5s, since the TCP position of the
robot does not change, Vy, Vy, and V; are 0. From 145 — 16,
during the lateral movement of the assembly peg, Vy and V),
attain reach the set lateral movement speed. At 16s, the robot
obtains the signal of the end of the lateral movement and stops
moving, and Vy and V) becomes 0. At 17.5s, the peg-in-hole
assembly is completed.

VIi. PERFORMANCE COMPARISONS

In general, robots should apply some assembly strategies
of compliance when they make contact with external envi-
ronments. Therefore, the hole search strategy in section III
and the strategy proposed in this paper are compared and
analyzed.

(1) Spiral search. The spiral search is a commonly
employed method in peg-in-hole assembly tasks. The point
contacted by the peg and hole is the starting point of
the search. The workpiece makes an Archimedes spiral
motion outward on the X-Y plane. In polar coordinates,

the Archimedes spiral trajectory is defined by [24].
d
30 = —
ri c (17)
rig1 =1i +80 —
2w
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FIGURE 26. (a) Spiral search trajectory (b) Random search waypoints and
trajectory (c) Search trajectory in this paper.

where d denotes the distance between the current position
and previous position. c is the pitch of the Archimedes spiral,
as shown in FIGURE 26(a), while ensuring that the hole
is on the search path. The search region is experimentally
determined to be 20, where o is the maximum positional
error.

(2) Random search. The random search is the simpler
method in the search strategy. In a random search, the peg
is moved in random directions throughout the search region
on the X-Y plane. In Cartesian coordinates, this movement is
described as [25].

Xir1 = X + (K * rand())

18
Yir1 = i + (Ky * rand()) (1%)

where rand() is a function that can generate a random
value in the range [—20,20] and K,, K, are the search
step gain for X and Y-axes, which is mainly related
to the scope of the search region. The random search
region is a square region with a side length of 20 by
experiment. The random search trajectory is shown in
FIGURE 26(b).

(3) The search in this paper. The rotational motion of the
assembly peg around the compliant center. The trajectory of
the contact point between the lower surface of the inclined
assembly peg and the hole is as shown in FIGURE 26(c).
From the previous description of FIGURE 10(c), the defini-
tion of the hole search trajectory in polar coordinates can be

VOLUME 7, 2019



S. Wang et al.: Robotic Peg-in-Hole Assembly Strategy Based on Variable Compliance Center I E E E ACC@SS

Maximum position deviation 3mm

Spiral scarch —&— Random search —&— This paper scarch | /"v‘

/ /
c”“ ) / /
/ /
‘J’ -— ‘J

\
\
\
\
\
\
\
\
\
\

f\x

H
-5 30F \3
= [ 1
S 25+ W/ |
2 |/
g 20 WA
S \/
15~ . |/ 1
DS S|
10~ 1
R e e e S e S S
0 . . . . . . . |
0 2 4 6 8 10 12 14 16 18 20
Number of experiments
()
6 Maximum position deviation Smm
6 T T T i T
[+ Spiral search —&— Random search —&— This paper search
50 ¢
N
z 40 \ A p
2 — RN\
g / \
= \
£ \/ v
5 4 . a
: N
5 20
o
10
Oy o o Oy o
0 . . . . . |
0 2 4 6 8 10 12 14 16 18 20
Number of experiments
90 position deviation Smm
+— Spiral search —o— Random search —o— This paper search A
80 — o i - p " / N\
70 "
&
5 60
£
= S0
)
5 a0t
=
g .
S 30
o
20
10 o o o
—o—o—9— ——— o @ - ~—o—
0
2 4 6 8 10 12 14 16 18 20
Number of experiments
(©
100% J-Spiml search [HI Random search [ This paper search L
o — =
80%
»
2
@
S
0,
2 60%
[
o
2
S 40%
20%

3mm Smm 8mm
Maximum positional error (mm)

(@

FIGURE 27. (a),(b), and (c) Completion Time (CT) of the maximum
deviation is 3 mm, 5 mm, and 8 mm and (d) Rate of Success (RS) of
different search methods with different position errors.

obtained, as shown in (19).

d
Ecosa, (L=0)

VL2 +d%sin(B —a), (L >0)

r =
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19)

Two metrics were employed to measure the perfor-
mance of the hole search in a robotic peg-in-hole assembly
task [26].

(1) Completion Time(CT): The time to complete the hole
search. From the time when the assembly peg contacts the
outer surface of the hole to the time before the location
of the hole is found and the next adjustment is performed,
the period is CT. To improve the credibility, 20 experiments
were separately performed with different maximum position
deviations.

(2) Rate of Success(RS): The value of RS is determined by
the number of samples and successes. Twenty comparative
experiments will be conducted to calculate the success rate.

In this comparative experiment, the pitch ¢ of the spiral
search is 2e [30]; the peg and hole tolerance is e, and the
interval between two adjacent way points is 8 ms. In the
random search, the step gain must be small to avoid damage
to the robots and workpieces [25]; thus, it is set to K, =
K, = 0.1. The time interval is 8ms. The moving speed of
the TCP terminal of the robot is 13mm/s. The maximum
positional error is 3mm, Smm, and 8mm, Since the peg and
hole in this experiment are chamferless, to improve the effi-
ciency of the hole search, the peg is inclined at an angle
o = 6°. The performance comparison results are shown in
FIGURE 27.

A comparison of the experimental results of the method
of hole search in this paper with those of the common
methods of hole search are shown in FIGURE 27. For dif-
ferent position deviations, the stability of the random hole
searching method is poor. The spiral search hole and the
method of this paper have higher stability. As the position
deviation increases, the time for spiral hole search signifi-
cantly increases. So the search method in this paper is very
stable and superior with regard to the completion time. Com-
pared with the random search, the RS is distinctly obviously
improved.

VIil. CONCLUSION

In this paper, a new peg-in-hole assembly strategy is pro-
posed, and an elastic displacement device is designed based
on this strategy. This method combines the advantages of
active compliance and passive compliance, and does not
require any type of force/torque sensors. The control sys-
tem is relatively simple. First, the structure and performance
of the elastic displacement device are introduced, and the
contact state of the peg and hole is analyzed based on the
elastic displacement device. The validity of this method is
verified by experiments and has a higher assembly efficiency.
The experiments show that the method proposed in this
paper can successfully complete the peg-in-hole assembly
task when tilt and position deviation occur in the assembly
peg and hole. The search method in this paper is superior
with regard to the completion time. Although the strategy
presented in this paper has successfully realized a precision
peg-in-hole assembly, only a single round peg-in-hole assem-
bly is currently available. We are working hard to improve
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the assembly strategy described in this paper to apply it to
multiple peg-in-hole and complex shape assembly tasks.
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