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Abstract

Implementation of robot-based motion control in optical machining demonstrably enhances the machining quality.
The introduction of motion-copying method enables learning and replicating manipulation from experienced
technicians. Nevertheless, the location uncertainties of objects and frequent switching of manipulated spaces in
practical applications impose constraints on their further advancement. To address this issue, a motion-copying
system with a symbol-sequence-based phase switch control (SSPSC) scheme was developed by transferring
the operating skills and intelligence of technicians to mechanisms. The manipulation process is decomposed,
symbolised, rearranged, and reproduced according to the manufacturing characteristics regardless of the change
in object location. A force-sensorless adaptive sliding-mode-assisted reaction force observer (ASMARFOB),
wherein a novel dual-layer adaptive law was designed for high-performance fine force sensing, was established. The
uniformly ultimate boundedness (UUB) of the ASMARFOB is guaranteed based on the Lyapunov stability theory,
and the switching stability of the SSPSC was examined. Validation simulations and experiments demonstrated that
the proposed method enables better motion reproduction with high consistency and adaptability. The findings of this
study can provide effective theoretical and practical guidance for high-precision intelligent optical manufacturing.
Keywords: Intelligent optical manufacturing, motion copy, uncertain environments, phase switch control, reaction
force observer

Introduction

Intelligent optical manufacturing is a cross-disciplinary
integration of advanced manufacturing, precision control,
materials, and artificial intelligence. The potential to
achieve enhanced machining quality by implementing robot-
based precision motion control has been demonstrated
[1].  Nevertheless, as optical components evolve from
simple forms to spatially asymmetric multi-degree-of-
freedom complex surfaces, machining precision evolves to
the nano-level or even higher; accordingly, the difficulty
in achieving highly consistent fine optical manufacturing
increases significantly[2, 3].  The material properties
of the optical components make considering the control
performance of both the operating motion information and
contact force necessary. Even small position deviations
© The Author(s) 2020

or force fluctuations can lead to optical surface deviations,
further affecting the imaging quality and transmission
efficiency of optical systems.

Constant force control has been introduced into robot-
assisted polishing technology to achieve uniform polish-
ing of complex surface. By using passive or active
compliance control, a constant contact force with small
fluctuations in relation to the geometrical profile of the
optical component has been achieved [4, 5]. Nevertheless,
the manipulated force may vary with specific processing
tasks in complex optical manufacturing processes, making
robot-based control substantially complicated. In [6], the
contact force was planned and dynamically modified based
on the material removal model along the grinding tool
path, and a higher and more uniform contour accuracy
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was achieved for curved surfaces compared to constant
force control. Moreover, as indicated by comparison of
the effects of manual operation and robotic grinding in [7],
although the processing efficiency of robotic grinding has
increased dramatically, its consistency remains inferior to
that of manual operation. This may be because human
hands are more perceptive to changes in haptic (position
and force) information, and their manipulation experience is
difficult to be completely transferred via only programming.
In practical optical processing, precision operations rely
heavily on the expert manufacturing experience. However,
the need for consistent quality, efficiency, and safety neces-
sitates robot-based solutions. Consequently, the intelligent
acquisition and reproduction of haptic information from
experts’ manipulations to robots has received considerable
attention in recent years[8, 9].

Skill learning technologies can factually and comprehen-
sively acquire manipulation characteristics of experts and
precisely reproduce them on robots[ 1 0, | 1], realising human
skill transfer. In this regard, learning from demonstration
(LfD) and motion copying are two typical methods. LfD
entails the extraction of the rules of human operation via
drag-based or wearable-equipment-based demonstrations
or demonstration videos. Thereafter, motion planning
models are constructed to reproduce and generalise the
manipulation[12, 13]. This method provides intelligent
sensing, decision-making, and learning capabilities for
complex manipulation skills. However, the human-robot
interaction force and contact force from the environment
are prone to coupling and difficult to identify [/4]. Motion
copying is a relatively direct motion reproduction method.
In general, a motion-copying system (MCS) consists of a
motion-saving subsystem (MSSS) and motion-reproducing
subsystem (MRSS)[15]. The MSSS saves the operator’s
haptic information in a motion database that serves as the
virtual master motion, and the stored motion is reproduced
repeatedly on the slave side of the MRSS. On the basis
of bilateral control, the operator can directly manipulate
conventional processing equipment in a more conventional
manner, and the action and reaction forces between the
manipulator and the environment are separated to improve
the accuracy of force detection[16]. This approach has
been implemented for applications such as calligraphy and
grasping robots. However, it remains underutilised in the
field of optical manufacturing.

The manipulation characteristics of optical manufactur-
ing pose challenges with regard to the direct application
of motion copying. First, the location of the manipulated
object changes during repetitive operations. For example,
in optical cutting or grinding in subtractive manufacturing,
the position of the optical surface in contact with the
manufacturing robot changes with the removal of unnec-
essary materials from the workpiece[!7]. Accordingly,
the machining strategy must be intelligently adjusted to

accommodate the location changes of the object in each
operation, thereby avoiding manufacturing motion errors
that change the processing trajectory and degrade the optical
surface quality[!8]. To solve this issue concerning the
location change of the objects, improved strategies for
motion copying have been proposed. In [19], a high-
stiffness MRSS and a highly adaptive MRSS were realised to
accommodate geometric position relation changes between
the manipulator and contact surface or additional force.
However, this approach necessitates prior knowledge of the
environmental changes. A velocity-force hybrid control
that does not rely on any prior knowledge was designed
for the MRSS[20]; however, the reproduction consistency
with the location change of the object is limited. An
online motion modification method was proposed, and
the manipulation of the operator was added to the MRSS
with weights to improve flexibility in task completion[21].
However, the consistency of multiple processing steps is no
longer guaranteed. Generally, these methods cannot achieve
motion replication with high repetition consistency under
the condition of unknown location changes.

Furthermore, the manipulating force is typically not
constant, and the manipulation is switched back and
forth between free and constrained spaces, which is more
challenging to replicate than a constant force. Reliable force
measurements are a prerequisite for precise force control.
Typically, force sensors are mounted at the end effectors
of the robots and can measure the contact force between
the robot and an uncertain workpiece environment in real
time [22]. The force-sensor-based method is marked by
its operational simplicity but requires additional mounted
spatial space and cost. The reaction force observer (RFOB)
is a force-sensorless estimation method for the contact force
based on a disturbance observer. It avoids the limitation
of sensor placement and can obtain a higher force control
bandwidth[23, 24]. However, the performances of RFOBs
with low-pass filters are limited when the contact force
changes abruptly. A sliding-mode-assisted disturbance
observer with an adaptive-switching gain was proposed to
improve the robustness against changing disturbances[25].
This method can be directly transferred into RFOBs;
however, its ‘instantaneous increasing’ adjustment strategy
may likely lead to input saturation if not appropriately set.

In general, given the precise motion transfer requirements
for complex optical manufacturing, existing methods cannot
solve the problem of high-consistency motion copy with the
unknown location change of object, as well as precise force
sensing and control under frequent motion space switching.
Therefore, these current approaches cannot be directly
implemented in expert motion copy and reproduction for
optical manufacturing. To address these issues, this study
investigated a novel motion-copying strategy. The main
contributions of this study are as follows:

1. In line with the actual requirements of optical man-
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Fig. 1. Concept of the proposed motion-copying scheme

ufacturing, a motion-copying method with symbol
sequence-based phase switch control (SSPSC) was
devised. The completed manipulation is decomposed,
symbolised, rearranged, and reproduced according
to manufacturing characteristics. ~ The switching
stability of the SSPSC was examined. The proposed
method accomplishes the transfer and reproduction of
expert skills with high consistency and adaptability to
location uncertainties.

2. A new adaptive sliding-mode-assisted reaction force
observer (ASMARFOB) was devised. The dual-
layer adaptive law with adaptive sliding manifold and
switching gain was designed, yielding a remarkable
enhancement in the estimation precision of the
manipulated force with wider bandwidth.  The
uniformly ultimate boundedness (UUB) of the method
is guaranteed.

Problem Formulation

The underlying concept of the proposed motion-copying
scheme for intelligent optical manufacturing is illustrated
in Fig.1. The motion-copying scheme entails MSSS and
MRSS procedures. During MSSS, a technician manipulates
the master side, and the slave side acts on the optical
component in synchronisation via bilateral control. The
operating information from the master side is automatically
stored in a motion database in accordance with the motion
phase. During MRSS, the stored manipulation is completely
reproduced, and the motion phases are rearranged in real
time according to the change in the initial location of
the optical component. Thus, the manipulated optical
manufacturing skills are reproduced.

For design simplicity, a single-degree-of-freedom MCS
was considered in this study; this can be easily extended
to multi-degree-of-freedom systems.  Without loss of
generality, the master and slave actuators in MCS are
modelled as

where i=m, s represents the master or slave, j=S, R rep-
resents MSSS or MRSS. )'cgj ), and xl(] ) denote velocity,
and acceleration of actuators, respectively; J;>0 and B;>0
are the inertia mass and damping of the actuator in MCS,
respectively; uﬁ{) is the control input; f,ﬁ,j ) represents the
force of operator exerted on the master actuator, and fs(j )
represents environment force exerted on the slave actuator.
dl.(j ) is the internal disturbance of the actuator, including
friction and torque ripples, etc.

Considering the model uncertainties of the MCS, its

nominal dynamics of MCS can be expressed as

2

where J,,; = J; — AJ; and B,; = B; — AB; denote the
nominal inertial mass and damping of the actuator in MCS,

respectively. AJ;, and AB; represent the uncertain parts of
J; and B;, respectively. Further, dt(l.]) = dl.(]) - AJl-)'c';] ) _
AB,)C[(])

It 4 Bi =y~ f O 4 g

(2

6))
ti :
disturbance compensation methods, with the force fi(J )

By ensuring that dt(lj T compensated by u,!’ via
measured or estimated by fi(j), Eq.(2) can be further
transformed into Eq.(3).

Jni)-c-l{j) +Bm~fc(j) _ ul(j) + Afi(j) _ S'i(j)’

i

3
where ui{) = usj) +fi(j) —uf{); Afl.(j) = f;(j) —fi(j) refers to
the force estimation residuals; and gl.(’ ) = ut(lj ) _d ,(lj ) denote
the disturbance compensation residuals. Jy,,, = Jus = Ju,

and B,,, = B,s = B, for the same master and slave
actuators. )
Assumption 1: There exists an upper bound of gi(j),

)

i

satisfying |gl.(1 )| < §l.<1 ) and ¢

compensation method[26].
Considering the stiffness and damping characteristics in

the contact environment, the Kelvin-Voigt contact model is

used to represent the environmental force fs(j ) when the

— 0 with proper
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MCS is in contact with the manipulated object. frequency. The estimation is expressed as
fs(j) — ng£j) + bex§j) (4) h(]) é/(]) IJ zx ) _ liBnixi(j)
) _ ) By
& = i(u” + 0 me ) 4+ LiBpix;”) = ;77

where k., and b, are the stiffness and damping coeflicients,
respectively, of the manipulated object. For intelligent
optical manufacturing, a manipulated object is typically
composed of metallic materials, which can be considered
stiff and k., > b,. )

In practical experiments, fi(" ) depends on the action
and reaction forces between the operator and manipulated
object. Consequently, it can be considered to change slowly
and continuously as compared to the system state in every
sampling period. Therefore, the following assumption can
be made: _ _
Assumption 2: fi(" ) and its time derivative fi(" ) are contin-

uous, and fl.(j ) is a bounded signal from the perspective of
practical engineering although it is unknown[27].

The goal of MCS for intelligent optical manufacturing is
to accurately reproduce the manipulation force during the
contact phase, regardless of the changes in the initial location
of the manipulated object.

Proposed symbol sequence-based motion con-
trol system

Motion saving

To replicate the manipulating characteristics of the experi-
enced technician, a bilateral control strategy is employed
in the MSSS, as depicted in Fig.2(a). The manipulator
operates the master actuator and completes manipulations.
Using a position—force bilateral controller, the control signal
is transmitted to the slave actuator, and manufacturing
manipulation is executed on the optical component. All
motion data from the master side are saved in a motion
database. Good transparency (position tracking and force
feedback) is ensured throughout the manipulation process.

When MCS contacts the surface of an optical component
with a certain stiffness, the manipulation force would change
abruptly. The traditional force-sensorless estimator RFOB
with low-pass filters can only perform well in low-frequency
operations. An ASMARFOB is proposed herein to further
improve the bandwidth and accuracy of force estimation
in the MCS (Fig.2(b)). The ASMARFOB is composed of
an RFOB and assistant dual-layer adaptive sliding mode
controller (ASMC). The introduction of ASMC can further
compensate for the estimation error of the conventional
RFOB. The design of dual-layer adaptive strategy in the
ASMC seeks to achieve two objectives: the switching gain
decreases rapidly as the sliding manifold diminishes, and
the sliding manifold converges quickly with the reduction
in error; thus, the convergence rate is improved while
chattering is reduced (as shown in Fig.2(c)).

In the proposed ASMARFOB, the traditional RFOB is

applied to estimate the contact force le(j ) ata relatively low

where 4_(1 ). fzi’ ) and [; are the state variable, output, and
gain of the RFOB, respectively. The estimation error of the
RFOB is 2/ = £ — 1.
Assumption 3: Considering the verification capability of the
RFOB in compensating for system disturbances and model
uncertainties[28], there exists an upper bound of ﬁfj ) in
Eq. (5), thereby satisfying |}~zf])| < BE”.

We define an auxiliary subsystem with a nominal control
plant as

() () _ (J)

+ Bm-)'c” ]’l(j)

(6)

where x( is the nominal state of the actuator, and w(’ )
the output of the ASMC from the slave and master sides.
The ASMC is designed to compensate for the estimation
error of the RFOB and obtain force information over a wider
bandwidth. The nominal error is defined as e( D= (] ) _

=X,
(’ ) and the control objective of the ASMC is e

lpi(J) ,

Jni¥X

D 50
Consequently, the observing error of the ASMARFOB is
',lr(J is hereln deﬁned as
) = =Buic? + hadie? + 0 sgn(s) + pis?, (1)
where sgn(-) is the sign function, and B; > 0. ﬁfj) is the
adaptive-switching gain, which is an estimate of the upper
bound of hfj). Further, A; = ( m) and Ag; > 0.

Both the adaptive sliding manifold and switching gain
were designed.
The adaptive sliding manifold of ASMC is defined as

s = el 46, ®)
The adaptive law of the switching gain is given by
2 % j ~(f
l(j) L|S§J)| - 0-2,-775’), (o1i,02: > 0),  (9)
( (j))

A nonlinear function 7'(+) is introduced in the design of
the sliding manifold and adaptive law, as follows:

() = tanh(lg—T|
where tanh(-) = zgf;‘ (()) = j;;ﬁ::; and gr € (0,1) is a
constant for different sliding manifold and nominal errors
from master and slave sides, respectively. Further, T'(-) €
(0, 1].

) (10)
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Thus, we obtain:

The control objective of the MSSS is the position
synchronisation and balance of the action and reaction
forces.

Motion reproducing

In the MRSS, the stored motion data of the master side serve
as a virtual master to control the slave side by recapturing
its motion. Ideally, the motion information stored in the
MCS should be accurately and completely reproduced under
these conditions. However, the initial location of the
manipulated object can be changed in the MSSS owing to
the uncertainty of the operating environment. Consequently,
the manipulated information can no longer be matched to
the stored information, and the motion-reproducing task
fails. SSPSC is employed in the MRSS to solve this issue.
The completed manipulation of the MSSS is decomposed
into several phases depending on the objectives and is
symbolised. Different symbol sequences are combined to
adapt to the location uncertainties of the optical component,
and a certain phase is reused multiple times for a particular
task.

In general, the slave of the MCS is required to track a
continuously bounded desired motion command during free
motion and to track a desired force command during contact,

( : S (/)
Manipulator f® 4 A ) L o
Master actuator —L — Actuator LN e o
with ASMARFOB s Switching
6" | zone
7 e -
Position Force .y " gDMotion +Y jl_ ________________ ]
controller controller [, § atabase| - § Nominal model Ko 5 = 2‘0 oD 4 |l [
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|
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L Fig. 3. Proposed motion reproducing control scheme and motion reproduction process with SSPSC )

as expressed by Eq.(12).

ky, AX+kp Ax+kg Af,

(R) _

Us, kv, AX+kp, A X,

c=1

oc=2 (12)
kg o f—bril®, =3
where Ax = x,(ﬂs ) —xAER), andAf = fn(qs) - S(R). Further, &,
and k ,,, are the proportional gains of the position controllers,
respectively, whereas k,, and k,, denote the corresponding
gains of the velocity controllers. k7 and kg, refer to the
proportional gain, and by denotes the damping gain of the
force controller. Here, o is a piecewise constant function,
called the switching signal. The switch of phases relies on
real-time judgement of whether the slave side contacts the
object during manipulation. The control strategy for the
MRSS is illustrated in Fig.3(a).

Considering the three typical cases of ‘remain consistent’,
‘move forward’, and ‘move backward’ as examples, the
control phases of the manipulation can be composed and
symbolised as shown in Fig.3(b).

If the location of the optical component remains un-
changed, the data from MSSS are disassembled into
three phases according to the different control objectives.
During the approach phase, the operator controls the
MCS approaching from its initial location Lq to physical
contact with the manipulated object at L;_;. During the
manipulation phase, the end of the slave actuator completes
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the scheduled manipulations. The return phase refers to
the one wherein the operator from the master side controls
the end of the slave actuator return to initial location L.
These stages are denoted as A, M, and R, respectively.
During phases A and R, a motion-force hybrid controller
was applied to the slave side to precisely track the motion
trajectory. In phase M, a force controller was applied to
ensure the consistency of the manipulated force with the
operator. The symbol sequence of motionis Af ->M— Rf,
and the direction of the arrow represents the chronological
order. Controller switching occurs when phase changes.

If the initial contact location moved forward to Lo_1 (Lo—_1
<Ly_1,Lo—7 is unknown), the end of the slave side
would reach and depart the manipulated location ahead of
schedule. Approach_forward and Return_forward phases
are supplemented, symbolised as A f and Rf, respectively,
which are actually parts of the phases A and R of the free
motion. In this case, the symbol sequence of the motion is
Af—>M—>Rf.

If the initial contact location moves backwardsto L3_1(L3_1
>L1-1,L3_1 is unknown), the range of free motion of
the slave actuator increases. The Plan_forward and
Plan_backward phases were designed to plan the motion
trajectory using a velocity controller between phases A, M
and M, R, symbolised as Pf and Pb. In this case, the
symbol sequence of the motion is A—=Pf—M—Pb—R.

The specific refined control objectives and corresponding
control strategies for the different phases are listed in Table
1. The actual location of the object was estimated in real-
time and determined using the proposed ASMARFOB with
a certain threshold. If the manipulation needs to be repeated
multiple times, it can be automatically incorporated into the
symbol sequence directly, as shown in Fig.3(b), regardless
of whether the location of manipulation object changes each
time.

Stability and convergence analysis

This section presents a discussion on the stability of the pro-
posed force estimator ASMARFOB and the synchronisation
convergence of the MCS. The switching stability of the MCS
among the three controllers for free-motion tracking and
constrained motion, which is essential for complete motion
reproduction, is then discussed.

Stability analysis of proposed ASMARFOB

Theorem 1: Suppose Assumption 1-3 are valid; then, the
ultimate boundedness of the proposed ASMARFOB as (11)
is achieved. The internal variables of ASMARFOB, sE’ )

and e(J ) , are ultimately uniformly bounded and converge to
the nelghbourhood of zero.

Proof: The proof comprises two steps. We first prove
that the shdlng manifold (8) reaches the boundary layer

containing s =0.

Consider the following Lyapunov function:

O 0 L)
1i
where ﬁ( D= ﬁ(j ) - A(j ) denotes the parameter estimation
error. 771(] ) are the unknown upper bounds of n(] )
Let e = h(’ ) (j ). According to Assumptions 1 and
2, Ie(’)l <E —(J) _and E(1) ;llgj) +§i(j)'

Subsequently, the derivative of Vs(ij ) becomes

) 1
Vs(ij) =J, s (/)+_n(1)n(1)

. . (i 1 iy e
=Sf]) [El-(J) - ‘//,-(]) + (Jnidi = Bm’)é‘fj)] - fnf’)nﬁj)
=S§")€;J) A(J)|S(J)[ Bi (S(J))Q — 77(1),7(1)

1
() AU i 02
S(Ei(]) _]71'(]) —ﬂi|s§])| (])))| (l)|+ 11 l(])n(l)'
1
_ (14)
Because 77(” FU) = (n(’) ,-)mﬁlw, its maximum is

ﬁ(./)
( (J))
. Then, 3% = inf (Bl dpiel’” +

7 giu)_

—(/)

(717?14 when /) = ﬁ?”/z, and 7\ + > 7,

) — ou (’7
Set g = & ——

)I) and T(]) — \P(])
‘Pi{ ) > 0 was be guaranteed by appropriately setting certain
parameters.

Hence, it follows that

In this study,

v <=5 1)
) (15)
Dyg) ) 0) Msi
<-(1-906_3 s ) > —
(= o1V > e,
Sl St
where 0 < 6 gl’) < 1. The sliding manifold s<’ ) reaches the

boundary laYer as follows:

)

O = (|59 Msi
o = {Is\] < mw} (16)
.Sl
;) — Ao (1)
Inside the boundaries of Eq.(16), ¢, el J)) S+
51(] ). Then, the derivative of Vi = i(elgj ))2 satisfies
A
= O(t]) (e (1))2+e(1) ()
' T(e;”)
() (i) )
< — doile;”|* + —I 7
U ()
6Yl lPYl
1

<~ (1-6,0)doilel” 2. V]el| > =,
e )01, i 6e§j)/10i 5§,-])‘"P£,-])

A7)
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Table 1: Detailed design of different symbol phase for motion reproduction

Control objective

Control strategy

Symbol Phase

A Approach
Af Approach_forward
M Manipulate

R Return
Rf Return_forward
Pf Plan_forward
Pb Plan_backward

Approach from the initial location to the manipulated object

Approach from the initial location to forward manipulated object
Manipulate for a certain period of time under predetermined instructions

Return to initial location
Return forward to initial location

Planned forward until physical contact with the manipulated object

Planned backward until back to initial location

hybrid controller
hybrid controller
force controller
hybrid controller
hybrid controller
velocity control
velocity control

where 0 < 6&,-) < 1.
Eq.(17) indicates that the estimation error of the ASMAR-

, . )
FOB ¢!/ = {le\] < ’—l}

reaches the set Qe;j) 0 60 W)

and e(J ) is ultimately bounded.
Remark: As indicated by Eqs.(15) and(17), the proposed
ASMARFOB in Eq.(11) is uniformly ultimately bounded.

Thus, the trajectory of the nominal error el(] ) reaches the

sliding surface, its internal variables s(” and e(j) are

ultimately uniformly bounded, and A fi(f ) = fl.(f ) fl.(f ) 0.
Convergence analysis of MCS

The position-force bilateral control laws in the MSSS are as
follows:

ulS =k ép+kpe,+kpey, (18)

(S) ON

where ¢, = xg’ is the position synchronisation error

between the master and slave sides, and ey = (S) + f ) j
the resultant residual force.

According to Eq.(3), and Eq.(18),

Tnép+ (By+2ky )ép+2kp e, =n ) = afS

) 4
S

19)

On the basis of the analysis detailed in the previous
subsection and Assumption 1

Jnép + (By+ 2k, )ép +2kp ey — 0 (20)

Eq.(20) is e, — 0. Consequently, the objective of
position synchronisation is realised.
Furthermore, based on Egs.(3) and (18), we derive

TG +350) + By (il +x5R>) - 2kger 2D

When e, — 0, assuming x(s) =x®), Eq.(21) can
be rewritten as

129+ Bx® o ks (119 + £9) (22)

Eq.(21) indicates that the manipulated and environmental
forces act on the master and slave actuators, respectively.
When the slave side is in contact with the high-stiffness

optical component, the positions of the MCS remain
constant, f,, ) 4 S(S) — 0, and the objective of force
synchromsatlon is realised.

In the MRSS, the stored master motion data serve as
command input. It may be easily deduced that the slave side
may track the stored data on the basis of Eq.(12).
Switching stability analysis of SSPSC
To examine the switching stability, the closed-loop dynamic
model in Eq.(12) is reformulated into a state-space switching
model. According to the Kelvin—Voigt contact model, the
stored force data f,g,R) can be equivalently mapped to the
motion data x( ) as Eq.(23). In this case, xf,lR) represents
the ‘virtually’ desired trajectory of the force controller

corresponding to the desired mampulatmg force f,, (R),

kox(B) 4 b B = (R (B o (23)

where l%e and be are the estimated values of k. and b,
respectively.

The following assumption can be reasonably established
under Assumption 2.
Assumption 4: The desired position data x,,
velocity x( ) are continuous, and its acceleration %,
piecewise-continuous and bounded.

Consequently, Eq. (23) can be rewritten as

kexSR +boiiR w1, = £10, 1B S 0, (24)

(R) and its

(R)

where [y = (ke — k )x(R) + (be — be))'c,(nR) denotes the
bounded estimation error. Given that the relationships in
Eq.(24) is used only for the stability analysis, the accuracy
of ke, b, does not affect the stability of the control system,

as indicated by Eq.(12).
The tracking error matrix of the MRSS is defined as
(R) _ (R)
(5} Xm
e

Subsequently, the closed-loop dynamic models in Eq.(12)
for the slave side in the MCS can be rewritten as the switched
state-space model
e+Nry,,o0€{l,2,3}

(26)

. 10 1
é=A e+ Nr, = [—k(r _h,
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where N = [0, 1]7. Further,

_ (L+kp)ke +kp, _ (L+kp)be + ky, + B

1 i ’

‘InS Jns
(27
W(R) . Bus+be (r) ke (r) kg 1
r=gy Xy +—Xpy — =l +—g ",
b AR R A 5(28)
k k,, +B B, 1
ko= K22y Kt Bus o) Bas iy L Ry
R A AR 9(329)
1+ke)k 1+ke)b.+br +B
k3 _ ( Jfg,) e,h( _ ( fg,) ; f ns’ (30)
ns ns
br+B,s+b k k 1
.(R) f ns e . (R) e (R) S (R)
F3 =Xy Xy Xy ——— Lt —gy .
BT Tus " s s Tt
(31

The value of r, can be considered the system input in
Eq.(26) and bounded by Assumption 4.

It can be deduced that k, > 0, and h, > 0. Therefore,
Ags (0 € {1,2,3}) is the Hurwitz problem: When r; = 0,
the system represented by Eq.(26) can be rewritten as

0

é=A e = [—kg

! ] e,o€{1,2,3}, (32
—hy
where e € R? is the state vector of the switching system.

In the proposed design, o € {1,2,3}. There are three
possible switching scenarios. Considering that switching
between o5 and o073 is a switch between free and constrained
motion, its switching stability is discussed as follows. The
switching stability of other switches can be directly deduced
by following the same steps.

Consider the switched system é = A e,Ve € W, ,0 €
{2,3}. We define a positive-definite Lyapunov function
Vo = el'e > Oandits time derivative V, = eT (AT +A,)e =
—2hge§ +2(1 - ky)eres. Assume that k3 > ko. It follows
that V2 > V3 if 82((]{2 - k3)€1 + (hg - ]13)62) < 0, and vice
versa. Let Wy = {e € Rlea((ko —k3)eqr + (ha —h3)es) < 0}
and W3 = {e € Rlea((ka —k3)ey + (h2—k3)es) > 0}. Two
switching surfaces eo = 0 and (ko — k3)eq + (ho —h3z)es =0
are obtained to characterise the switching.

According to the analysis in [29], ks, he > O for o €
{2,3}. Let Ak := ko — k3 < 0 and Ah := hy — h3. The
origin of the unperturbed linear system in Eq.(32) is the
global uniform exponential stability (GUES) if k. and &,
satisfy certain constraint relationships associated with its
eigenvalue.

Moreover, consider the perturbed system in Eq.(26) with
piecewise-continuous bounded input 7. If the origin of the
unperturbed system in Eq.(32) is GUES for arbitrary x,(nR)
satisfying Assumption 4, xfnR) encodes the information of
fn(,R) during the contact; thus, x§R> — x,(nR) and fS(R) —
f,ELR) exponentially. Then, the system in Eq.(26) is input-to-
state stable (ISS). The response in Eq.(26) deviates from the
response in Eq.(32); however, the response of the system in
Eq.(26) is bounded, depending on the norm Nr .

Simulations and experiments

Simulations

To illustrate the effectiveness of the proposal, the motion
copy and reproduction performance was simulated.
Motion saving During the MSSS, a virtual manipulated
force is generated on the master side. Through bilateral
control, the slave side from its initial position contacts a
virtual stiff optical component with k., = 5000 and b, = 15
at the position of 0.25 mm and then returns to the initial
position. The motion trajectories of the MCS with RFOB
and the proposed ASMAFROB are shown in Fig.4(a).
The shadowed areas with different colours represent the
corresponding phases of motion.

The position and force synchronisation errors of the MCS
with the traditional RFOB and the proposed ASMARFOB
are shown in Fig.4(b), respectively. A comparison of
the motion performance during motion space switching,
transitioning from free to constrained, is presented in
Table 2. The results demonstrate that the proposed method
using ASMARFOB exhibits superior force estimation and
synchronisation characteristics. This enables a more rapid
response to varying environmental stiffness with a smaller
estimated error, thereby facilitating faster attainment of sta-
ble motion control performance in terms of the root-mean-
square error (RMSE), settling time, overshooting of position
synchronisation, and RMSE of force synchronisation.

Table 2: Motion performance comparison during motion
space switching

Method Position | Settling | Maximum Force
RMSE time Overshoot RMSE

RFOB 0.16um | 0.281s 5.3um 14.87mN

Proposal | O0.11um | 0.163s 4.4um 13.93mN

Motion reproducing In the MRSS, the stored motion
data are used as a virtual master, and the slave actuator is
simulated to reproduce completed manipulating trajectories.
Considering that unknown changes in the location of the
optical component affect the exact motion reproduction,
the following three cases were considered, and the control
scheme proposed in [20] was employed for comparison.
Case 1: Initial contact position remains consistent

If the initial contact position of the manipulated object
remains at 0.25mm, the simulated trajectory of reproduced
motion and the resultant of force are as shown in Fig.5. Both
methods exhibited good motion replication performance.
Case 2: Initial contact position moved forward

When the slave actuator contacted the manipulated object
in advance at 0.2 mm, its controller immediately switched
from the hybrid controller to force controller and reproduced
the stored manipulation. The simulated trajectory of the
reproduced motion and the resultant force of the MCS are
presented in Fig.6.
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Fig. 5. Simulated trajectory of MRSS under case 1

Evidently, reproduction failure happens with a large
overshoot at the beginning the manipulation under [20],
whereas the resultant of force during phase M under
the proposed method is nearly zero, achieving good
transparency and motion reproduction performance.

Case 3: Initial contact position moved backward

If the manipulated object was moved backwards to
0.3 mm, no contact force would be detected when the slave
actuator reached the stored contact position. Then, the
velocity controller would be applied at a constant velocity
until the slave side contacted the optical component, and the
controller switched to the force controller. The simulated
motion trajectory is shown in Fig.7.

The comparative performance of motion replication
during the manipulation phase is presented in Table 3.
The manipulation consistency is defined as the percentage

E
g 04 Af M Rf
=
021 A e
R / red motion of end of master
g O . motion of slave under proposal
—~ 0 2 motion of slave under Ref[20]
stored force of master
2 forwards force of master
= 190 [ force of slave under proposal
\:-; S0 <2 i force of slave under Ref[20]
E () [ ey —
= -50 ' !
0 2 4 6 8
Time(s)
é 100 B e force resultant under proposal
\% 50 force resultant under Ref[20]
g 0 - = RSN
£ -50 . . . ,
0 2 4 6 8
Time(s)

Fig. 6. Simulated trajectory of the MRSS under case
2

of time for which the resultant force is within the range
of £bmN over the entire manipulation phase. It was
found that the method in [20] exhibits greater manipulation
inconsistency in the three different cases. In contrast,
the proposed method demonstrated a smaller RMSE and
maximum error, ensuring over 98% motion consistency.
Experiments

The proposed approach was further verified experimentally
on a principal prototype for optical polishing. The control
algorithms were programmed in the C language on an
embedded microcontroller with the sampling time of 1 ms.
The hardware system exhibited good real-time performance
and portability. The position responses of the prototype
were measured using encoders, and the manipulation angle
corresponding to the operating torque was obtained. During
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Table 3: Performance indices of motion replication during
the manipulation phase

Performance indices Casel | Case2 | Case3
Manipulation Ref [20] | 96.71 89.41 91.56
consistency(%) Proposal | 98.41 98.99 98.45
Force Ref [20] | 3.7012 | 10.8473 | 6.6563
RMSE(mN) Proposal | 3.4630 | 2.5523 | 4.3021
Maximum Ref [20] | 75.22 98.40 31.07
error(mN) Proposal | 58.64 24.58 67.81

the MSSS, the position and force data are stored in the
motion data memory at each sampling time. These data are
used as the virtual master system of the motion reproduction
system. The experimental setup is shown in Fig.8.

Motion saving During the MSSS, a technician operates the
end of the master actuator by using force-position bilateral
control of the MCS, and the end of the slave actuator
moves from its initial position to contact with the optical
component, completing a period of the manufacturing
process with fine force control and then returning to the
initial position. The motion trajectory of the MCS is
shown in Fig.9. The location of the manipulated object
was set to 0.4008° in this experiment, and the RMSE of the
resultant force was 0.01Nm. After the entire operation was
completed, the motion data of both sides were saved in the
system memory.

Motion reproducing In the MRSS, the stored motion data
is used as a virtual master, and the slave actuator is con-
trolled to reproduce completed manipulating trajectories.
Considering that unknown changes in the initial position of
the optical component affect the exact motion reproduction,

Fig. 8. Experimental setup of the MCS prototype

o
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=
0 1 2 3 4 5 6
N Time(s)
=
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oo 1 2 3 4 5 6
. Time(s)
g
Zz02
S
20 -—v-—q¥ it
go_z 3 ‘ ------ the resultant of torque
oo 1 2 3 4 5 6
Time(s)

Fig. 9. Motion trajectory of MSSS

the following three cases are considered.
Case 1: Initial contact location remains consistent

If the initial contact position of the manipulated object
remains the same as that during the motion-saving stage, the
motion trajectory of the slave actuator is shown in Fig.10.

After analysis, the RMSE of the resultant of force
under the proposed method is 0.0163Nm, achieving good
transparency and motion reproduction performance.
Case 2: Initial contact location moved forward

When the end of the slave actuator contacts the manipu-
lated object in advance, the controller of the slave actuator
immediately switches from the position controller to the
force controller and reproduces the manipulation based on
the stored master data. The trajectory of the motion in this
case is shown in Fig.11.
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Analysis shows that the manipulation location moves
forward by 0.92° in this experiment, the RMSE of the
resultant of force is 0.0182Nm. The stored manipulation
can be reproduced well using the proposed method when
the manipulation location is moved in advance.

Case 3: Initial contact location moved backward

If no contact force was detected when the slave actuator
reached the stored contact position, it implies that the
actual location of the optical component is moved backward.
Phases Pf and Pb were additionally designed. The
trajectory of motion in this case is shown in Fig.12.

Data analysis reveals that the manipulation location moves

backward by 0.0558° in this case, the RMSE of the
resultant of force under the proposed method is 0.0226 Nm,
and the stored manipulation is reproduced well with high
manipulation consistency under the proposed method.
Discussion

The simulation and experimental results indicate that the
proposed method can achieve high-precision motion copy
and high consistent motion reproduction with location
uncertainties. During the manipulation phase, the MCS
with the proposed SSPSC and ASMARFOB achieved good
transparency and motion reproduction performance.

Fig4 and Fig.9 show that good position and force
synchronisation are achieved between the master and slave
side in the MCS. Compared to the traditional RFOB, the
control error of the proposed ASMARFOB with the dual-
layer adaptive law is markedly decreased, particularly when
the motion space is switched. The results indicate that
reductions of more than 42% in settling time, 17% in
overshoot, and 26% in force RMSE were achieved by the
proposed method as compared with the traditional RFOB.
Faster attainment of stable motion control performance was
facilitated.

It can be observed in Fig.5-Fig.7, Fig.10-Fig.12, regard-
less of how the contact location changes, under the proposed
SSPSC, favourable force reproduction performance can be
achieved. Stored and reproductive forces satisfy the laws of
action and reaction. This is because the proposed scheme
provides a more rational understanding and reproduction
of multidimensional motion and tactile information of the
technician’s manipulation characteristics. The decomposed
symbol-sequence-based phases make intelligent optical
manufacturing processes more flexible and adaptable. The
minor differences between the simulated and experimental
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data may be attributed to uncompensated disturbances,
model uncertainties, and sensor noise from the actual
prototype.

As shown in Table 3, the manipulation consistency
is improved by the proposed method, and it exhibits
satisfactory robustness against location uncertainties and
switching of the motion space. Compared with the method
in [20], over 98% motion consistency was ensured, and a
smaller RMSE and maximum error were guaranteed. In
the manufacturing scenario considered in this study, better
performance in skill learning and motion reproduction was
achieved using the proposed scheme. The greater the contact
location deviation, the more evident was the advantage of
the proposed method.

Conclusion

To address problems of the location uncertainties and motion
spaces switching confronting the application of motion
copy method to intelligent optical manufacturing, a symbol
sequence-based phase switch control scheme was devised
in this study. Entire technician’s manipulation process
was decomposed, symbolised, rearranged, and reproduced
according to the detailed manufacturing characteristics. The
hybrid, force, and velocity control strategies were separately
designed. To avoid space constraints on the force sensor
and improve the force-sensing accuracy and bandwidth,
a force-sensorless adaptive sliding-mode-assisted reaction
force observer was established, wherein a novel dual-layer
adaptive law was designed for better performance in fine
force sensing and control. Experiments were conducted on a
principal prototype, and the reproduction error was reduced
as compared to other methods. The results of this study
provide theoretical and practical support for research on
motion copying and reproduction with location uncertainties
and are promising for the process improvement of intelligent
optical manufacturing.

The actual grinding and polishing processes for complex
optical components may be implemented by experienced
technicians with multi-degree-of-freedom manipulations.
In this scenario, the proposed method may face challenges
caused by coupling and cooperation between different de-
grees of freedom. To address these challenges, in the future,
we will collect and analyse the multidimensional motion
characteristics of experienced technicians and investigate
a more accurate and intelligent motion-copying method
for multi-degree-of-freedom MCS systems. In addition,
we will further consider the impact of adhesives and
their uncertainties on motion learning and reproduction in
intelligent optical manufacturing.

Acknowledgement

This work was supported in part by the National Science
Foundation of China, under grant numbers T2122001 and
12203049, in part by the Key Research Program of Frontier
Sciences, CAS, under grant number ZDBS—LY-JSC044,
and in part by the Youth Innovation Promotion Association

of the Chinese Academy of Sciences under Grant number

2023230.

Author contributions

D.P. Tian and Y.T. Wang proposed the idea and initiated

the project. H.X. Hu refined the application requirements in

optical manufacturing. Y.T. Wang and Y. Li performed the

theoretical analysis. Y.T. Wang and S.Q. Ni performed the

experiments. Y.T. Wang wrote the manuscript. D.P. Tian

supervised the project. The manuscript was discussed and

corrected by all the authors.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] Nguyen, J. et al. Robotic manipulators performing

smart sanding operation: a vibration approach. In
Proceedings of 2022 International Conference on
Robotics and Automation (ICRA), 2958-2964 (IEEE,
Philadelphia, PA, USA, 2022).

[2] Schober, C. et al. Tilted wave fizeau interferometer
for flexible and robust asphere and freeform testing.

Light: Advanced Manufacturing 3, 48 (2022).
(3]

Wu, K. et al. Modelling of free-form conformal
metasurfaces. Nature Communications 9, 3494 (2018).

[4] Zhang, J. et al. Design of passive constant-force
end-effector for robotic polishing of optical reflective
mirrors. Chinese Journal of Mechanical Engineering

35, 141 (2022).

[5] Li, J. et al. A high-bandwidth end-effector with active
force control for robotic polishing. [EEE Access 8,

169122-169135 (2020).
(6]

Li, D. W. et al. Contact force plan and control of
robotic grinding towards ensuring contour accuracy of
curved surfaces. International Journal of Mechanical

Sciences 227, 107449 (2022).

[71 Zhu, D. H. et al. Robotic grinding of complex
components: A step towards efficient and intelligent
machining — challenges, solutions, and applications.
Robotics and Computer-Integrated Manufacturing 65,

101908 (2020).

[8] Chen, C. et al. Intelligent learning model-based skill
learning and strategy optimization in robot grinding
and polishing. SCIENCE CHINA Technological

Sciences 65, 1957-1974 (2022).

[9] Kana, S., Tee, K. P. & Campolo, D. Human-
robot co-manipulation during surface tooling: A
general framework based on impedance control,
haptic rendering and discrete geometry. Robotics
and Computer-Integrated Manufacturing 67, 102033

(2021).



Wang, et al. Light: Advanced Manufacturing

Page 13 of 13

(10]

(11]

[12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

Abbatematteo, B. et al. Bootstrapping motor skill
learning with motion planning. In Proceedings of 2021
IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 4926-4933 (IEEE,
Prague, Czech Republic, 2021).

Wang, N., Chen, C. Z. & Di Nuovo, A. A framework
of hybrid force/motion skills learning for robots. IEEE
Transactions on Cognitive and Developmental Systems
13, 162-170 (2021).

Odesanmi, G. A., Wang, Q. N. & Mai, J. Skill
learning framework for human-robot interaction and
manipulation tasks. Robotics and Computer-Integrated
Manufacturing 79, 102444 (2023).

Wang, Y. et al. Al-promp: Force-relevant skills learn-
ing and generalization method for robotic polishing.
Robotics and Computer-Integrated Manufacturing 82,
102538 (2023).

Zhang, T. et al. An electromyography signals-based
human-robot collaboration method for human skill
learning and imitation. Journal of Manufacturing
Systems 64, 330-343 (2022).

Nagatsu, Y. & Hashimoto, H. Bilateral control by
transmitting force information with application to
time-delay systems and human motion reproduction.
IEEJ Journal of Industry Applications 10, 165-177
(2021).

Nagatsu, Y. & Katsura, S. Decoupling and
performance enhancement of hybrid control for
motion-copying system.  [EEE Transactions on
Industrial Electronics 64, 420-431 (2017).

Zhang, Z. Y., Yan, J. W. & Kuriyagawa, T.
Manufacturing technologies toward extreme precision.
International Journal of Extreme Manufacturing 1,
022001 (2019).

Geng, Z. C., Tong, Z. & Jiang, X. Q. Review
of geometric error measurement and compensation
techniques of ultra-precision machine tools. Light:
Advanced Manufacturing 2, 14 (2021).

Miura, K., Matsui, A. & Katsura, S. Syn-
thesis of motion-reproduction systems based on
motion-copying system considering control stiffness.
IEEE/ASME Transactions on Mechatronics 21, 1015-
1023 (2016).

Yajima, S. & Katsura, S. Multi-dof motion
reproduction using motion-copying system with

velocity constraint. [EEE Transactions on Industrial
Electronics 61, 3765-3775 (2014).

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

(29]

Sun, X. B. et al. Online motion modification
by operator in motion reproduction system. In
Proceedings of The 46th Annual Conference of the
IEEE Industrial Electronics Society, 668—673 (IEEE,
Singapore, 2020).

Zhang, Y. et al. A neural network based
framework for variable impedance skills learning from
demonstrations. Robotics and Autonomous Systems
160, 104312 (2023).

Thompson, J., Kasun Prasanga, D. & Murakami, T.
Identification of unknown object properties based on
tactile motion sequence using 2-finger gripper robot.
Precision Engineering 74, 347-357 (2022).

Sariyildiz, E. & Ohnishi, K. Stability and robustness
of disturbance-observer-based motion control systems.
IEEE Transactions on Industrial Electronics 62, 414—
422 (2015).

Tian, D. P. et al. An adaptive switching-gain sliding-
mode-assisted disturbance observer for high-precision
servo control. IEEE Transactions on Industrial
Electronics 69, 1762—-1772 (2022).

Sariyildiz, E., Oboe, R. & Ohnishi, K. Disturbance
observer-based robust control and its applications:
35th anniversary overview. [EEE Transactions on
Industrial Electronics 67, 2042-2053 (2020).

Zhu, Y. K., Qiao, J. Z. & Guo, L. Adaptive sliding
mode disturbance observer-based composite control
with prescribed performance of space manipulators

for target capturing. IEEE Transactions on Industrial
Electronics 66, 1973—-1983 (2019).

Tian, D. P. & Ni, S. Q. Bilateral force sensorless
control based on finite-time adaptive sliding-mode-
assisted disturbance observer. IET Control Theory &
Applications 15, 2355-2365 (2021).

Heck, D. et al. Guaranteeing stable tracking of hybrid
position force trajectories for a robot manipulator
interacting with a stiff environment. Automatica 63,
235-247 (2016).



