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Abstract: For the dual peg-in-hole compliance assembly task of upper and lower double-hole struc-
tural micro-devices, a skill-learning method is proposed. This method combines offline training in a
simulation space and online training in a realistic space. In this paper, a dual peg-in-hole model is
built according to the results of a force analysis, and contact-point searching methods are provided for
calculating the contact force. Then, a skill-learning framework is built based on deep reinforcement
learning. Both expert action and incremental action are used in training, and a reward system consid-
ers both efficiency and safety; additionally, a dynamic exploration method is provided to improve
the training efficiency. In addition, based on experimental data, an online training method is used to
optimize the skill-learning model continuously so that the error caused by the deviation in the offline
training data from reality can be reduced. The final experiments demonstrate that the method can
effectively reduce the contact force while assembling, improve the efficiency and reduce the impact
of the change in position and orientation.

Keywords: skill learning; peg-in-hole assembly task; reinforcement learning; deep deterministic
policy gradient (DDPG); micro-device

1. Introduction

With the development of a Micro-Electro-Mechanical System (MEMS), the demands for
micro-devices are gradually increasing in both type and quality. In order to ensure accuracy
and quality, micro-assembly technology is often used to control the assembly tasks.

To reduce the contact force while assembling, two strategies are commonly used:
active compliance and passive compliance. A passive compliance strategy mainly produces
natural compliance through some auxiliary constructions for devices to adapt to the envi-
ronment, such as Remote Center Compliance (RCC), Spatial Remote Center Compliance
(SRCC), Variable Remote Center Compliance (VRCC), etc. Huang H. [1] focused on the
passive compliance tools and designed an adaptive path-planning approach for the robotic
grinding and polishing system. Koco E. [2] presented a new hybrid compliance control
system for an electrically powered quadruped robot leg, including both active and variable
passive compliance parts, by using passive compliance for the filtering of sudden impacts
during locomotion.

However, the passive compliance strategy cannot solve the contradiction between
rigid parts and flexible insertion demands, the application range is restricted and these
kinds of devices often face the problems of poor adaptability, high pertinence and a low
success rate of assembly. Therefore, researchers have conducted a lot of research on ac-
tive compliance strategies. Since the 1970s, with the development of sensors and control
technology, force feedback control has developed into one of the main directions of robot-
assembly research. The active compliance strategy contains various control methods such
as impedance control, force/position hybrid control and learning-based compliance control.
Impedance control achieves compliance through the position—-velocity—force relationship
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model of the actuator at the end of the manipulator. It adjusts the robot’s action according
to the force feedback. Jin Y. [3] proposed an active compliance control method for the
aircraft-cleaning arm, aiming at controlling the contact force in aircraft-skin cleaning by
the aircraft-cleaning arm. This method is based on impedance control combined with the
adaptive control method to improve the accuracy of the tracking position. And through
the fuzzy controller, the impedance parameters are adjusted in real time according to the
force error, which improves the accuracy and stability of the task. However, classical
impedance and admittance control are environment-dependent, and the force-tracking
accuracy cannot meet the requirements [4]. Force/position hybrid control can improve the
control accuracy by combining position and force information. Binglong W. [5] proposed a
force/position-hybrid-control-based precision peg-in-hole assembly method for industrial
robots and designed a new force/position hybrid control strategy based on a servo velocity
loop, which can better track high-frequency signals and has a better force-tracking perfor-
mance than traditional force-control methods. Nevertheless, this kind of method has low
efficiency, low accuracy and a slow response for unstructured environments or non-linear
assembly tasks.

To solve the problem of compliant assembly and improve the adaptive control per-
formance of the system, considering the uncertainty of the system, including modeling
errors, structural uncertainties and other unfavorable conditions [6], researchers have also
conducted some research on adaptive systems. Qin X. [7] proposed a load-adaptive con-
trol system of Marine hydraulic steering gear. The system adopted a three-closed-loop
control structure, using steering gear for data acquisition, and ran a fuzzy PID adaptive
control algorithm to output the multi-level controlled quantity. This method enables the
system to control the rudder of the Angle of Marine hydraulic steering gear according
to the load change and accurately track the load sine signal. With the development of
artificial intelligence, researchers have also combined deep learning methods with adaptive
systems. Hua O.Y. [8] designed an adaptive PID controller based on the neural network
for adjusting internal parameters, which solves the problem of pre-setting PID parameters
through manual experience. This system can reduce the dependence on the operator’s
experience and avoid problems such as error increasing and the extension of response
time caused by the changes in the environment. Xin L. [9] proposed an adaptive PID ship-
motion controller based on a neural network, which is composed of a PID controller, neural
network unit and ship-rudder-Angle control unit. By using the adaptive ability of the RBF
neural network, accurate and fast control of the ship-rudder Angle is realized. Patino H.D.
and Liu D. [10] implemented a neural network to address the classical problems in the
Model Reference Adaptive System (MRAS), especially for the first-order continuous-time
non-linear dynamical system. They designed a controller structure that can employ a radial
basis function network or a feed-forward neural network to deal with the non-linearities
of the system, ensuring the system can successfully assure the convergence of the control
error around zero.

Reinforcement learning, as one of the critical technologies of artificial intelligence, is
widely used in control systems because of its excellent ability to explore the environment
and achieve adaptive and compliant control. And, a control system always contains
the vision module, the force-perception module, the motion module and the grasping
module so that the real-time status information can be obtained. Industrial robots can use
reinforcement learning methods to autonomously learn optimal moving actions for the peg-
in-hole assembly tasks to adapt to complex and variable environments and requirements.
Senda K. [11] proposed a reinforcement-learning-based skill-generating method and added
perturbations to the object poses for training to improve self-adaptation for uncertain
environments. Zou P. [12] designed a variable impedance controller by combining fuzzy
theory and Q-learning to ensure the safety, stability and efficiency of the assembly task by
a force controller and the learning-based optimization algorithm. However, the method
requires many fuzzy rules and is very complex to implement. The neural network can
transform high-dimensional data into low-dimensional features by adjusting the internal
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nodes and has the characteristics of multiprogramming and nonlinear operations, showing
a strong numeration power, adaptability, fault-tolerant ability and self-organizing ability.
Therefore, researchers have combined neural networks with reinforcement learning and
proposed deep reinforcement learning methods for assembly tasks. Beltran-Hernandez
C. C. [13] proposed a reinforcement learning and adaptive control method for peg-in-
hole assembly to solve the problem of uncertain poses of holes, using the robot state
as the input and outputting action through neural networks, such as the trajectory and
adaptive parameters, which improves the efficiency of insertion. Feng S. [14] proposed a
variable-parameter impedance-control algorithm by reinforcement learning; the controller
parameters are optimized by the deep deterministic policy gradient (DDPG) algorithm,
and the fuzzy reward is used to avoid getting into the local optimum dilemma. Xu J. [15]
proposed a feedback-exploration strategy based on the DDPG algorithm, and a simple
P-controller is used to actuate learning. The approach ensures that the assembly task can
be completed without analyzing the contact state, but the stability and effectiveness still
need to be improved.

Weak micro-devices are small in size and request high accuracy and are more prone
to deformation, especially in interference-fit assembly tasks where tiny deviations in pre-
registration can lead to deformation and damage during part insertion. Therefore, for such
assembly tasks, it is often necessary to continuously adjust the inserting action according
to the status information to reduce the contact force and improve the assembly accuracy.

In this paper, a skill-learning compliant inserting method for weak micro-devices
based on simulation pre-training together with online learning is proposed, mainly taking
the micro-target assembly problem in the Inertial Confinement Fusion (ICF) experiment
as an example. Moreover, the proposed method builds a dual peg-in-hole simulation
model of the upper and lower double-hole structure according to the force analysis results
and pre-trains it. Then, the trained model is used for online learning of the assembly
task. We utilized a DDPG algorithm to learn the assembly skills by setting the positive and
negative rewards and added noise to both the state and action to improve the environmental
adaptability and exploration efficiency of the model. The simulation space pre-training
combined with the online training method effectively improves the training efficiency.
The feasibility of the method is verified through experiments. Also, the stability, efficiency
and safety of the method in the micro-device assembly task are demonstrated through
comparative experiments with the classical assembly method.

2. Problem Description and Skill-Learning Framework Design
2.1. Dual Peg-in-Hole Task Description of Upper and Lower Double-Hole Structure

A double-hole part is a typical micro-part in the ICF micro-target composition which
has two holes on the top and bottom and is usually a thin-wall metal cavity part. The double-
hole part needs to be assembled with the metal shaft, and the insertion depth needs to be
kept within limits. The assembly process is shown in Figure 1.

-

i
i

(a) Initial state. (b) Eventual state.

Figure 1. Diagrams of the assembly process.
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The part is internally hollow, and two holes are punched along the radial direction
in the middle position. Since the internal structure of the part can not be observed by
microscopic vision, it is impossible to guarantee the alignment attitude before the lower hole
is loaded, which corresponds to a definite uncertainty in the internal structure. The part is
clamped by vacuum adsorption during the loading, which leads to the clamping deflection
if the force during the loading process is extensive, corresponding to a definite uncertainty
in the part’s degree of freedom. And because of the thin-wall cavity structure of the double-
hole part where the thickness of the wall is usually in the order of 30-50 um, it is very easy
to deform. So, the vacuum-adsorption gripper is used to position it, but it is limited in its
binding effect, which can lead to errors in position and orientation when the contact force
is strong. Additionally, the clearance required is usually in micrometers. The parts’ batch
error can lead to the fit mode from clearance to micro-clearance or even micro-interference.
In addition, the mechanical arm is widely used to operate micro-parts, which meets the
needs of operating parts in a large space, but the uncertainty of the assembly environment
is increased by the instability of the degree of freedom of the multi-joint tandem mechanical
arm. Therefore, for the compliance assembly of weak micro-parts in this kind of uncertain
environment, the reinforcement learning method is an effective approach. The ability to
self-adapt and continuously optimize the loading strategy through reinforcement learning
can improve the loading success rate and reduce the impact of excessive contact force.

2.2. Skill-Learning Framework for Dual Peg-in-Hole Compliance Assembly

The following challenges still remain while applying the reinforcement learning meth-
ods for online learning directly:

1. The binding force is limited, so the position and orientation are unstable.

2. For weak micro-parts, it is costly to train online directly because the deformation can
occur when the contact force is too strong.

3. The control precision is limited due to the instability of the multi-joint robot arm.

4. The robot arms may collide during assembly.

To satisfy the actual needs, we established a network for skill learning combining
mechanical-force-analysis-based offline training and experiment-based online training. To
improve the training efficiency, expert action based on the P-controller and incremental
action output by the network are added for training; this achieves the purpose of compliance
assembly, and we adjust the insert action according to the force information.

The framework of skill learning is illustrated in Figure 2. Based on the force analysis
of the dual peg-in-hole assembly task of the upper and lower double-hole structure to
establish the simulation model for offline training, we add noise to obtain the data of the
insertion task to avoid falling into the local minima and use the deep reinforcement learning
network to train the intelligent agent. The online learning strategy is based on the feedback
of multidimensional force/moment information in real space, and it constantly updates the
data in the experience pool for agent optimization.

Pre-training
Action

<

0 S(a(e @ \
Reward

Simulation model

Action Online-training ’
M

State

s = - =

Robot system

Figure 2. This is the framework of skill learning.
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3. Simulation Model Modeling

Because the network training needs many samples and has easy-to-occur characteris-
tics of deformation, it is easy to cause damage to parts and robots when the operation is not
appropriate. Therefore, in order to improve the sample acquisition efficiency and reduce the
collision risk and the wastage of components, this section establishes a simulation model
by analyzing the contact force of the dual peg-in-hole assembly process, which is used to
obtain the pre-training data. The simulation training takes the force information and the
number of action steps as the basis for judging success. Whenever the force exceeds the
threshold range or the number of execution steps exceeds the threshold range, the assembly
will be judged as a failure and the simulation model will be initialized to return to the
initial state and start a new round of action.

3.1. Force Analysis of the Assembly Process

In order to analyze the contact force of different states in the assembly process, a me-
chanical model is established, and a rectangular coordinate system is set up with the center
of the very bottom circle O as the coordinate origin, as shown in Figure 3a. According to
the symmetry, the spatial assembly model can be simplified to a two-dimensional planar
dual peg-in-hole assembly model of upper and lower double-hole structures. We assume
that the pegs and holes are point contacts, the pegs are strictly rigid and the holes are
elastic. The point with the most considerable deformation is considered as the contact point
for analysis.

(a) Coordinate system definition. (b) Simplified diagram of the state before assembly.

Figure 3. Basic information of force analysis model.

The state before assembly is shown in Figure 3b; the shaft mainly contains the top
characteristic circle B; and bottom characteristic circle B,, and the hole contains four
characteristic circles A1, Ay, Az and A4, where D is the hole diameter, d is the shaft diameter,
I, denotes the Z-directional deviation after alignment and 6 denotes the angular deviation.
l; is the shaft length, I, is the wall thickness of the hole and /;, is the inner-space length.

During the assembly process, there are four phases according to the mandrel insert-
ing depth: the upper-hole approaching phase, upper-hole inserting phase, lower-hole
approaching phase and lower-hole inserting phase. Since the upper-hole approaching
phase is not subject to contact forces, only the last three phases are taken into consideration.

As shown in Figure 4, the assembly process contains a total of nine contact states.
According to the number of contact points, the contact states can be classified into single-
point contact, double-point contact and three-point contact. And all contact points can
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be divided into hole-based contact points and shaft-based contact points, where the main
feature of the hole-based contact points is that the contact points are located in the char-
acteristic circle of the shaft, and the main feature of the shaft-based contact points is that
the contact points are located in the characteristic circle of the hole. As the inserting depth
increases, the contact point position changes, and a different characteristic circle needs to
be selected to calculate the contact force.

Figure 4. Results of assembly phase analysis: (a—c) upper-hole inserting phase; (d,e) lower-hole
approaching phase; and (f-i) lower-hole inserting phase.

The contact point shown in Figure 5 is the shaft-based contact point. The characteristic
circle at the bottom of the shaft is the reference circle. According to Fy = E{, Ff = uFy,
the contact force at the point (x1,y1,21) can be calculated by:

LA 1
Fl = euunl FNay
VY1t
Fl= ——2 Fl, M

Vit
1 _ rl 1 1 1
El = Fl 4 Fl, = uFly, + Fl

where E is the Elastic Modulus, ¢ is the deformation perpendicular to the contact surface
and p is the friction coefficient which can be obtained by pre-calibration. Fll\,xy and I}, are

calculated from the radial deformation Ay, and axial deformation A}, respectively.
Similarly, Figure 6 shows that the contact point is based on the hole, and the characteristic
circle at the bottom of the hole is the reference circle. The analysis of point 2 can be obtained:

Y2
F)% = ) > ’ FI%Ixy
VY2 X
FZ _ X2 (2)

2
Y _ﬁ.FN"y
\V Y2 T X3

F? = F} = pRY,,
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a) Sectional analysis. b) Projection analysis.
(a) y j y

Figure 5. Shaft-based contact-point force analysis.
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(a) Sectional analysis. (b) Projection analysis.
Figure 6. Hole-based contact-point force analysis.

In summary, the assembly process contains a total of nine contact states and two types
of contact points, and the total contact force F = [Fy, Fy, F.] can be calculated by choosing
different calculation methods according to the contact-point types.

3.2. Training-Data-Acquisition Strategy in the Simulation Environment

According to the force analysis results, theoffline training simulation model was built
based on Python. Theconstruction of the simulation environment takes the edge circles
of the end faces of the parts as the main calculation object and discretizes the circle as
points for searching the contact point. Duringthe training process, assoon as the action
information is generated according to the current force situation, themodel will calculate
and update the force information according to the contact-point situation; return to the
network for the next step; andstore the action, force information and the reward of the
current step for training.

The contact-force calculation method is shown in Figure 7, which can be divided
into the initial pose-generating phase, contact-point searching phase and contact-force
calculating phase. To facilitate the calculation, the characteristic circles of the end faces are
used to replace the complex side surface for calculation.

During the initial pose-generating phase, N groups of position and orientation errors
are randomly generated to simulate the errors after alignment in the real assembly process,
and the initial pose of the mandrel can be calculated:

(xl/. ]/; Z; 1):(x,‘ Vi Zj 1)'Rx'Ry'Rz'Tr (3)
where (x;,y;,z;) is the coordinate on the characteristic circle without deviation; (x;,y;,z;) is
the coordinate on the characteristic circle after initial pose generating; and Ry, Ry and R; are
the rotation matrices around the X, Y and Z axes, respectively. T, is the translation matrix.
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initial pose generating contact point searching

o Generate positional Update simulation Judge search shaft-based
Initialize e 2
and angular deviation environment method

A
hole-based

Find characteristic
circle

Find characteristic Search for the point
circle of maximun distance
to the reference point

Search for the point
of minimun distance
to the reference point

S.A.R,Snew
Train DDPG < | Actor L!pdate st.ate Calculate resultant
| information force

Figure 7. Data acquisition flow chart from simulation model.

Subsequently, based on the analysis of the contact-point type, two searching methods
can be obtained: the shaft-based searching method and the hole-based searching method.
Take the upper-hole inserting phase as an example: the shaft-based searching method is
mainly used for searching shaft-based contact point 1 shown in Figure 5. The center of
the characteristic circle of shaft B, can be considered as the reference point. The elliptic
curve projected from the characteristic circle at the bottom of the hole to the end plane of
the shaft can be considered as the searching curve, searching for the point with minimum
A’,‘(y, whereby k is the index of the point:

8, = (e — 1)+ (vp — ) >~ Ry @

where (xp,Yp,2p) is the coordinate of the reference point and (x,,yy,zp) is the coordinate of
the point on the searching curve. Ry, is the radius of the reference circle. Similarly, the hole-
based search method is mainly used to search the hole-based contact point 2 shown in
Figure 6. In the upper-hole inserting phase, the center of the characteristic circle of the
hole is taken as the reference center, and the elliptic curve projected from the characteristic
circle of the shaft on the end face of the hole can be considered as the searching curve,
searching for the point with maximal A’,‘Cy. If there is no such point that satisfies the equation

A],‘cy < 0 while using the shaft-based search method or satisfies A’;y > 0 while using the
hole-based search method, it is deemed that there is no contact between the two parts. In
the contact-force calculating phase, the axial force and radial forces can be obtained by
Equation (1) or (2) mentioned in Section 2.1. Finally, the current state s; can be obtained
through the calculation of the contact force, and the incremental action ai can be obtained
by the action network. The inserting action a; can be calculated by the Jacobian matrix of
force, and the new state s;;1 can be updated. The reward value can be calculated by the
current state s; , incremental action ai and new state s; 1, and these data can be saved for
network training.

4. Skill Learning

The DDPG extends DQN into a continuous action space, which can output specific
actions corresponding to the maximum long-term benefits and improve stability and
convergence. Therefore, the DDPG framework is used in this paper.

4.1. Network Based on DDPG

The DDPG network in this paper is built based on the AC framework, as shown in
Figure 8. The action network is used to obtain the incremental action, and the critic network
can output the action value to update the actor network and optimize the inserting action.
Both the action network and the critic network are whole conjunction neural networks.
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The inserting action 4; contains expert actions af and incremental action a; output by the
action network:

e i
ar = a; + az (5)
State Action
- - T 1
|—Actor —l Critic
v | Minibatch
30, Dense, RelU 30, Dense, RelLU 30, Dense, RelU
e
| 30, Dense, RelU | | 30, Dense, RelLU |
T — Update Actor l
) < Value
action

I
+ I - |
Positive reward
* | |2
T | |

Negative reward

Expert action —— e — o — |

| Noise system |

G SRt

LZEEEJ' »| Insertion action 1#
Figure 8. The framework of DDPG algorithm.
The expert action af = [d,, dyy, ¢.]T is used to ensure the safety and success of the

insertion and is obtained by the P-controller:

ds fat 0
dy | =—AJp| fye |+ O (6)
¢ 0 5,

where Jr is the Jacobi matrix of force and fx+ and fy: are the contact-force components along
the Xr and Yr, respectively. d?,, d;, and d7, are the components of the expert action along
the X1, Yp and Zyy, respectively. A small J; is set to ensure the insertion safety. Constant
A €[0,1].

The incremental action is obtained from the actor network: ai = y(s;|0#), where s; is
the state at t moment. According to the chain rule, the parameters 6" of the actor network

can be updated by computing the policy gradient:
Vor ] (6") = E[VaQ (51,0} | 62) - Vounu(s: | 60")] )

The critic network takes the state s; and incremental action 4} as inputs, outputs the
action values Q(s¢,a}|69) and optimizes by minimizing the loss:

1(00) =¥ (0fou 1) )] ©

where y¢ = Ry + vQ' (s, 1/ (st41) | 02) and v is the discount factor. The target action

network and the target critic network have the same structure as the action network and

the critic network. It periodically updates the parameters of the target network:
09 = 102 + (1 — 7)6< )
o = 1ot + (1 — 7)o"
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where the learning rate T €(0, 1).

4.2. State and Action Definition

During the inserting process, since the inserting action is related to the contact force and
the insertion depth at that moment, the state and action at the t moment can be defined as:

_ T
St = [fxt/fyt/fztr P];t] (10)
ar = [dxt/ dyt/ dZt]

Since the parts’ orientation is guaranteed by the alignment step, the inserting action
mainly aims at controlling the position of parts, where, fyt, fy+ and f;+ denote the contact
force along Xr, Yr and Zr, respectively. p;; denotes the total insertion depth along the Z,.
dxt, dyt and dz¢ denote the action along Xy, Y and Zy; respectively.

4.3. Reward
In order to ensure the safety of the assembly, while taking efficiency into account, this

paper uses the contact force to calculate the positive reward Ry, and the negative reward
Ryt can be calculated according to the inserting depth:

Rt = Ryt — Ry (11)

Since the part is limited by the fixture step along Y)s, the displacement generated
by the force is small while the position and orientation along X rely on the adsorption
force, which is more likely to lead to displacement, so the contact forces along X and Y are
weighted separately; the larger the contact force, the smaller the reward obtained:

fxt fyt

1 — a2
fX max fY max

Rpyp=1-u«a (12)
where fxuax and fyg,, are the maximum allowable radial forces along Xr and Yr, re-
spectively. a1 and a; are the contact-force weight factors along Xr and Yr, respectively,
satisfying a; 4+ ap = 1. The negative reward Ry; is calculated by the difference between the
actual inserting depth and the ideal inserting depth. The larger the difference, the larger
the reward value.

Additionally, too long an insertion depth has more impact than too short an insertion
depth in order to reduce wastage. Since the ideal inserting depth is related to the current
radial force and axial force, we can obtain:

dzt - Rp(t_l)dmax

s dz Z Rp(tfl)dmax

d
Ryt = ax (13)
nt Rp(t—l) max — dzt dz <R " 1)dmax
7 p —

wdmax

where d;; is the inserting depth, dyx is the maximum inserting depth allowed in the
Z-direction, f; is the axial force in the Z-direction after acting and the scale factor w > 1.

4.4. Environment Imitation and Action Optimization

During reinforcement learning training, in order to ensure the efficiency of exploration
and reduce the negative effect due to a large number of random explorations, in this paper,
environment and action noises are added to train the intelligent body to complete the
exploration task efficiently. First, add Gaussian noise to the action a;:

Al = ap+ N (0, (7121) (14)
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where a} is the action with noise; o is the standard deviation of the exploration action,
which determines the intensity of the exploration; and N(0, 0121 ) is the Gaussian noise.
Reducing the intensity of exploration when the insertion is successful results in:

[ Omin, succeed
a1 = { Omax, failed (15)

Meanwhile, in order to simulate the effect of environmental changes in real space, noise is
added to the state after the execution of the action to improve the model’s adaptive capability:

st = s+ N (0,631 (16)

where s} is the environment with noise and o3 is the standard deviation of the environmen-
tal noise. The pseudocode of the algorithm is shown as Algorithm 1.

Algorithm 1 Algorithm based on DDPG for Dual Peg-in-hole Assembly Task.

Initialize parameters o7 < 0.1, 03 < 0.2, M[, target network update period T, learning
rate T
forepoch=12,...,do
Initialize s
fort=12,...,do
Calculate expert action a¢ and select incremental action al
Calculate exploratory action a} = a¢ + a} + N(0,0%1)
Execute action a}/, observe reward R; and observe new state s;;
if s;11 is terminal then
Stop epoch and reset environment state
end if
Store (st,a},R¢,5¢+1) in the replay buffer Mg
Randomly sample N transitions from Mg
Set yr = Ry +vQ' (si1, ' (s141) | 69)
Update the critic network by minimizing the loss:
L(69) = E[(Q(suar | 69) — ys)’]
Update the actor network by using the sampled policy gradient:
Vel (0¥) = E[VaQ(st,ar | 69) - Voup(st | 61)]
if t mod T = 0 then

0Q = 102 4 (1 — 1)6<

Update target networks: { o1’ = ToH 4 (1- T)GHI

end if
St £ St11
Omin, Succeed
end foroq = s =
Omax, failed
end for

5. Experiments

The model-driven deep deterministic policy gradient algorithm can improve the
efficiency and interpretability of the algorithm. To ensure the training effect and reduce the
parts consumption, firstly, the agent is trained in the simulation. And then it optimizes the
network by real-space online training.

5.1. Simulation Training Setup

According to the results of the contact-force analysis, build the dual peg-in-hole simu-
lation model of the upper and lower double-hole structure with the following parameter
settings as shown in Table 1.
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Reward

Table 1. Training parameters.

Parameters 1 Value Parameters 3 Value
Experience repla

TmasesTmin 0.1,0.4 P aize Mo play 200
1,00 0.7,0.3 Learning rate T 0.001

w 2 Batch size N 32

Y 0.99 Self-learning rounds 200

A 02 Networ.k update 01

period T

In the simulation environment, the bore diameter D is 1.01 and the shaft diameter d is
1.0. The length [; is 4, the upper and lower bore thicknesses I, are 0.5 and the distance [,
between the upper and the lower hole is 1.5. The ¢ is 50. The single step length (dyt, dyt,
dt) is controlled within the range of [20, 20, 60], respectively; fxyax is 70 and fyqx is 100;
and the upper-limit value of the axial contact force is 1000. When the contact force exceeds
the allowed range or the maximum number of steps exceeds 1000, the assembly task can be
diagnosed as a fail.

We randomly generated 300 groups of the initial state with position deviation within
10 um and orientation deviation within 0.3°. The results are shown in Figure 9.

1.0 1 1 1 1

0.5+ L

0.0 -

-0.54 -

-1.0

0 100 200 300

Episode index

Figure 9. Simulation training result.

5.2. Online Training Setup

For online training, the assembly object is a decussation target where the shaft material
is aluminum with a diameter 4 of 1 mm and [; length of 4 mm, the cavity material is gold
with a hole diameter D of 1.01 mm, the distance /;, between the upper and lower holes is
2.5 mm, the wall thickness I, is 0.5 mm and the gold cavity is fixed by the gripper beyond
the force sensor.

The assembly experiment platform mainly includes a six DOF industrial robot and
a six DOF operating platform. The detection module includes a variable magnification
vision system, vertical servo vision system and micro-force detection system. The variable
magnification vision system mainly consists of two horizontal micro-vision channels and is
installed on the three DOF motion platform. The vertical servo vision and the gripper are
fixed at the end of the robot. The micro-force detection module collects force information
by a force sensor.

To improve the training effect, the network parameters are further optimized by online
training considering the environment information of the real assembly task, the insertion
data are stored and the network is periodically updated.
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The online learning method exchanges the state and action information through
socket communication technology and continuously stores the data of each actual insertion
in the experience replay of size 200 in the form of (s,g,ai,Rt,s(t +1))r and it updates the
network weights. To ensure the assembly safety, the operation station motion speed is
limited to 5 mm/s. To a certain extent, it can reduce the impact of the error between the
simulation environment and the actual insertion environment and builds a bridge between
the intelligent body and the real assembly environment.

5.3. Assembly Experiment Results Based on the Proposed Skill-Learning Method

Before each insertion, the alignment between two parts is performed by using visual
inspection, including the rough alignment based on the robot arm and the fine alignment
based on the operation stage, with the final position deviation controlled at 2 um and the
orientation deviation controlled at 0.1°.

Due to the upper and lower double-hole structure, there are two sections with large
contact forces while inserting, as shown in Figure 10. The maximum force along Xr is
controlled within 100 mN, the maximum force along Yr is controlled within 40 mN, the
maximum axial force is controlled within 90 mN and the insert step is 53.

40 -

Force (mN)
1

e
T

|
N
o

1

T

-80 ——Fx

Fz

-120 T T T T T
0 10 20 30 40 50

step

Figure 10. Contact force while inserting.

Based on the trained model, 30 inserting experiments were carried out and the model
was continuously optimized by online training, and the experimental results are shown
in Figure 11. The forces are mainly concentrated in the [0, 44] mN interval, meaning they
cannot easily cause the deformation of weak micro-parts and the deflection of posture,
and they have a good assembly effect.

1600 4 1600 4

1200 4 1200 4

800 800

Numbers of actions
Numbers of actions

100 100 4

i E——
0 0 T T T

(a) Forces along X.

T T T
176-220 0-44 44-88 88-132  132-176  176-220 0-14 14-88 88-132  132-176  176-220
Fy (mN) Fz (mN)

(b) Forces along Y. (c) Forces along Z.

Figure 11. Statistical diagram of 30 groups of experimental forces.
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5.4. Comparative Experiment Results and Analysis

Since the assembly is a static process, the conventional P-controller was used for com-
parison experiments, setting the gain to 800 um/N, the Z-direction single-step length
to 60 pm, the total loading stroke to 3200 um and the finish axial force to 1000 mN.
This method is more dependent on the human-set parameters, and the Z-direction step
length cannot be adaptively adjusted so that force oscillation may occur during the insertion
process, and the three-point contact situation, as shown in Figure 4i, may happen.

Comparing the results of the traditional P-control and the trained model based on a
combination of offline and online training for the dual peg-in-hole assembly task, as shown
in Figure 12, it can be found that the two methods have similar contact forces during the
upper-hole inserting phase, mainly because the fine alignment makes the initial position
and orientation deviation smaller, while the traditional method tends to have a much larger
contact force during the lower-hole inserting than the reinforcement learning inserting
method, on account of the deviation caused by the unavailability of the correct contact
force during the lower-hole approaching phase while using the P-controller. Meanwhile,
insertion using the reinforcement learning method can adjust the step length along Z
adaptively according to the force information and reduce the damage of part deformation.
Therefore, for the dual peg-in-hole task of the upper and lower double-hole structure,
the combination of the offline and online reinforcement learning method can reduce the
contact force and avoid the failure of assembly due to the part posture deviation. In
summary, the method proposed in this paper can perform a dual peg-in-hole assembly task
of upper and lower double-hole structures well with a higher assembly success rate and less
contact force, improves the assembly safety, reduces the hidden danger of the deformation
of weak micro-parts by contact force and requires less actual samples for pre-training in
the simulation environment, which improves the training efficiency and reduces the cost.

801 —=—RL r ——RL

——PD ——PD

Fx (mN)
9
4
Fy (mN)
Fz (mN)

~150 4

250 4

120 T T T T T T T T T T T T 300

step step step

(a) Contact force along X. (b) Contact force along Y. (c) Contact force along Z.

Figure 12. Contact force comparison.

6. Conclusions

For the compliance assembly tasks of micro-devices, to avoid the impact on the as-
sembly results due to the limited positional constraint force, part deformation and instable
degrees of freedom of the multi-joint robot arm, a skill-learning model for the dual peg-in-
hole task of upper and lower double-hole structures based on the combination of offline
training in a simulation space and online learning in a real space is proposed. The method
is based on the AC framework, using the DDPG algorithm and designing positive and neg-
ative rewards for the agent to train according to the part characteristics, adding action and
environmental noise to simulate the assembly environment and improving the exploration
efficiency. In order to improve the algorithm interpretability and the efficiency of training
data acquisition, a simulation model is built to generate assembly data for pre-training.
Then, the model is continuously optimized by online training methods. The effectiveness
and advantages of the proposed method were demonstrated through comparison experi-
ments, and the results show that the method proposed in this paper can finish the assembly
task with less contact force and has a strong self-adaptive capability for the environment,
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which is essential for improving the safety and efficiency of the peg-in-hole assembly
task of micro-devices. Meanwhile, for other peg-in-hole assembly tasks with complicated
structures, the model can be adapted to more assembly tasks by adjusting the simulation
model. Subsequently, model matching and selecting can be integrated to complete the skill
transfer of multiple assembly tasks.
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