<]
TUDelft

Delft University of Technology

A Novel Dwell Time Maodification Framework for Low Spatial Frequency Errors
Suppression Under Complex Task Interactions in Optical Fabrication

Li, Jun; Cheng, Gang; Fan, Bin; Pang, Yusong

DOI
10.1109/TMECH.2025.3536465

Publication date
2025

Document Version
Final published version

Published in
IEEE/ASME Transactions on Mechatronics

Citation (APA)

Li, J., Cheng, G., Fan, B., & Pang, Y. (2025). A Novel Dwell Time Modification Framework for Low Spatial
Frequency Errors Suppression Under Complex Task Interactions in Optical Fabrication. IEEE/ASME
Transactions on Mechatronics, 30(6), 6289-6301. https://doi.org/10.1109/TMECH.2025.3536465

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1109/TMECH.2025.3536465
https://doi.org/10.1109/TMECH.2025.3536465

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

vs &?'Eiiﬁ’mbgfﬁ 7”\%@”5 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 30, NO. 6, DECEMBER 2025
Tl SErTING THE STANOARD

6289

&
Soci

A Novel Dwell Time Modification Framework for
Low Spatial Frequency Errors Suppression
Under Complex Task Interactions
in Optical Fabrication

Jun Li

Abstract—The manufacturing extremity and surface con-
vergence efficiency of high-precision, large optical free-
form surfaces produced through computer-controlled op-
tical surfacing and industrial robotics face significant chal-
lenges. These challenges arise from task-related stiffness
deficiencies of industrial robots and dynamic uncertainties
in the tool influence function, which severely impact low
spatial frequency (LSF) errors and the clarity of imaging in
high-resolution optical systems. To address these issues
and achieve consistent optical polishing outcomes, we pro-
pose a novel polishing dwell time modification framework.
This framework is based on the spatial compliance field
linked to the specific machining task and the Frenet frame,
dynamically adjusting the polishing dwell time to mitigate
LSF errors and enhance surface convergence efficiency.
The efficacy of this modification framework was evalu-
ated through a series of multilevel gradient experiments
in Sim2Real machining environments. The experimental re-
sults show a significant reduction in low-frequency spa-
tial errors, underscoring the potential of our approach to
improve precision in high-resolution optical systems.

Index Terms—Dwell time modification, low spatial fre-
quency (LSF) errors, machining task interactions, optical
fabrication.
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[. INTRODUCTION

HE high-precision, large aperture free-form surfaces are
T integral components of advanced space-based optical re-
mote sensing systems, where fabrication accuracy and efficiency
are paramount to achieving superior instrument performance [1],
[2], [3]. Polishing, a critical step in shaping optical free-form
surfaces, is highly susceptible to external perturbations that can
compromise both efficiency and surface quality. The spatial
frequency errors across various scales on optical surfaces lead to
wavefront aberrations, ultimately constraining the optical sys-
tem’s performance. Among these, low spatial frequency (LSF)
errors are particularly detrimental, introducing broad wavefront
distortions such as image dispersion and coma. These distor-
tions severely aggravate the point spread function and optical
transfer function, both of which are essential for determining
optical imaging quality and resolution [4]. LSF errors impair
the system’s capability to capture fine details, underscoring the
necessity for precise error mitigation during polishing. Effective
suppression and correction of LSF errors are critical for op-
timizing imaging performance in high-resolution space-based
optical remote sensing systems [5]. Therefore, for most high-
resolution applications, addressing LSF errors is the highest pri-
ority for achieving superior imaging quality, as demonstrated in
Fig. 1.

A. Literature Review and Technical Dilemmas Statement

Conventionally, the fabrication of advanced optical surfaces
has relied on large-scale optical machining centers. Recently,
the industrial robots equipped with computer-controlled optical
surfacing (CCOS) technology have been increasingly adopted,
offering a reduced manufacturing footprint and significantly
lower hardware costs [6], [7], [8]. In parallel, aiming to ad-
dress the challenges of geometric complexity and stringent
quality requirements in optical free-form surface fabrication,
robot assisted bonnet polishing has emerged as an advanced
ultraprecision technique [7], [8], [9]. Renowned for its high
polishing efficiency and the eminent adaptability of the tool
influence function (TIF), the technique has demonstrated sig-
nificant potential for achieving nanoscale shape accuracy and
surface finish on free-form surfaces [10], [11], [12].
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Fig. 1. High-precision optics in astronomical optical system [e.g.,
large sky area multi-object fiber spectroscopic telescope (LAMOST)].
Although active optics (i.e., Ma active correcting mirror) alleviates the
adverse effects of wavefront aberrations to a certain extent, high-quality
optics with minimal LSF errors remain a prerequisite for modern high-
resolution imaging.

As a double-edged sword, the inherent flexibility of the
CCOS-technique-based robots comes with a critical tradeoff—
the lack and imbalance of machining stiffness compared to giant
machine tools poses a substantial challenge for achieving the
determinacy required in advanced optical fabrication. The criti-
cal challenge of the task is achieving consistent, high-precision
manufacturing of large aperture optics under uneven task stift-
ness caused by complex task interactions between machining
postures and the workpiece, which requires balancing the de-
mands of maintaining high surface convergence and efficiency
while thoroughly suppressing the LSF errors. Meanwhile, it is
generally accepted that the dwell time distribution map heavily
relies on the assumption of a constant material removal rate
(MRR) as follows:

1) material removal in CCOS machining is assumed to follow
a linear relationship, being directly proportional to the dwell
time;

2) the TIF is generally regarded as time-invariant and inde-
pendent of the robots or the optics under production [13].

Therefore, a comprehensive insight of the removal mecha-
nism of the surface material, alongside the dependable control of
the TIF’s stability and the dwell time distribution, is paramount
to ensuring surface quality and achieving precision shape control
for realizing the deterministic optical fabrication.

In practice, the idealized assumptions of a constant TIF are
often compromised by the complexities inherent in machin-
ing environments. Variables such as tool wear, the intricate
interactions between the polishing tool and the optical surface,
and fluctuating process conditions induce dynamic changes in
the TIF. To address these challenges, researchers have made
significant advancements in understanding and mitigating the
effects of a dynamic TIF on deterministic polishing processes.
Zhang et al. [14] examined the complex force profile governing
the contact state between the polishing pad and the workpiece.
Their MRR error model incorporates quasi-stress relaxation and
material creep effects induced by fluctuating polishing forces,
demonstrating that these effects can be alleviated through effec-
tive temperature control. Wang et al. [15] investigated the impact
of pore size, density, and distribution on polyurethane polishing
pads, proposing a material removal mechanism model based on
the effective number of abrasive particles and the actual contact
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force between individual particles and the workpiece surface
during polishing. Liao et al. [16] introduced a novel equilibrium
equation for material removal in full-aperture polishing, directly
linking surface shape to critical factors such as relative velocity,
polishing pressure, and the removal coefficient, which provides
valuable insights into the surface shape convergence mechanism
and advances the full-aperture polishing process.

Given the negative effects of evolutionary TIF on determin-
istic polishing, researchers have prioritized precise material
removal control by adjusting the dwell time. Huang et al. [17]
simulated the stiffness of a robotic system and refined the dwell
time using the Preston formula, validating the method through
planar fix-point polishing experiments. Lv et al. [18] enhanced
tool path optimization by incorporating a modified material
removal model and machining allowance distribution, supported
by a dwell time calculation model and interpolation algorithm.
Ji et al. [19] developed a dwell time calculation method to
address nonlinearity induced by time-varying TIF caused by
plasma thermal effects, thereby improving the MRR. Wang
et al. [20] proposed a dwell time compensation method that
introduces a temperature-sensitive TIF to mitigate errors asso-
ciated with thermal fluctuations during machining, enhancing
the reliability of deterministic polishing.

Although significant progress has been made in dwell time
correction methods based on evolutionary TIF consideration,
the substantial part of research have primarily concentrated
on disturbances caused by technology parameters, tending to
lose sight of the adverse effects introduced by the processing
equipment itself on surface convergence. Existing evolutionary
TIF models are invariably constrained by complicated assump-
tions in theoretical material removal models, rendering them
susceptible to external environmental disturbances during the
fabrication. Consequently, utilizing a calibrated static TIF under
such conditions to calculate dwell time may introduce additional
surface shape errors, necessitating consideration of factors be-
yond the CCOS techniques. On the other hand, calculating dwell
time for dynamic TIF often faces computational challenges,
particularly due to the limitations of conventional 2-D deconvo-
lution methods in handling large-scale computations. To address
these challenges, a promising approach would involve incor-
porating the dynamic impact of processing equipment on the
TIF and devising compensation methods that maintain compu-
tational efficiency. This approach aims to establish a more robust
and universal framework for correcting LSF errors, ultimately
improving the convergence and determinacy of high-precision
optical fabrication.

B. Research Contributions and Article Organization

Considering the variable and uneven spatial task stiffness
distribution inherent in industrial robots equipped with CCOS
technology, coupled with the complex interactions between the
robot, tools, and optics arising from diverse machining tasks,
we propose a novel dwell time modification method for optical
fabrication. This method leverages dynamic TIF and the Frenet
frame under the contact theory to effectively suppress LSF
errors. To the best of our knowledge, this represents the first
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effort to address these challenges in the field, with promising po-
tential for extension to other high-precision machining scenarios
involving industrial robots. The ground-breaking contributions
and the critical outcomes with in this research are outlined as
follows.

1) We present a generalized framework for modifying the
TIF in robotic-assisted polishing, incorporating the Hertz
contact model and the Navier—Stokes assumptions. To
accurately characterize the dynamic evolution of the TIF
during machining tasks, the proposed approach integrates
a robot stiffness surrogate model with a discrete Frenet
frame derived from the task trajectory.

2) This research quantifies the detrimental effects of surface
errors induced by dynamic TIF variations resulting from
robot stiffness deficiencies. It introduces a comprehensive
tool influence matrix optimization map to correct dwell
time, enabling the rapid convergence of LSF errors across
the full aperture without modifying existing dwell time
algorithms or requiring additional hardware.

The rest of this article is organized as follows. Section II
provides a brief statement of the problem and the derivation of
the stiffness surrogate model. In Section 11, a generic TIF model
based on the Hertz contact theory and Navier—Stokes postulates,
accounting for robot stiffness defects, is developed. The novel
evolutionary TIF-based dwell time modification framework is
subsequently proposed. Section IV presents the implementa-
tion details of the designed hybridization experiment. Finally,
Section V concludes this article.

Il. PRELIMINARIES

This section initially elucidates the fundamental cause of the
regenerative error stemming from the task compliance distri-
bution characteristics inherent in the CCOS machining robot
employed for polishing. Subsequently, it delves into the stiffness
surrogate model pertinent to the machining robot.

A. Problem Description

Maintaining a constant normal polishing force through stable
loading pressure on the actuator (i.e., the voice coil actuator
here) is crucial in polishing processes. However, the inherent
stiffness deficiencies of industrial robots result in undesirable
deformation between the tool end and the intended contact
position. While the precession angle in bonnet polishing is kept
constant to maintain a stable TIF, the complex and diverse polish-
ing trajectories required for intricate optical free-form surfaces
generate multifaceted interactions among the robots, polishing
tools, and workpieces. These interactions persist without altering
the precession angle, thereby complicating the achievement of
high-precision polishing results. The interaction between the
stiffness coordinate system of the robot {Or — X7 YrZr} and
the local contact coordinate system of the workpiece {O(t) —
T (6)N(t)B(t)} results in significant discrepancies between the
TIF model and dwell time during the polishing process, as illus-
trated in Fig. 2. Active contact force control, which introduces
additional Degrees of Freedom (DoFs) in axis movement, helps
maintain a constant polishing force and mitigates derivational
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Fig. 2. lllustration of the robot-tool-workpiece interaction. The dy-
namic TIF is one of the significant causes for the LSF errors during the
high-precision optical polishing. Despite maintaining a constant included
angle between the tool axis and the optical surface normal throughout
the machining process, motion interaction with the optical surface can
still be achieved through the remaining 2 DoF within the defined stiffness
coordinate system.
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Fig. 3. Coordinate definition of the stiffness surrogate model.

effects of stiffness variations in robots. However, this approach
suppresses the effects of stiffness changes in the actuator axis
alone. The resultant force, decomposed from the workpiece
support force on the plane X OY, is influenced by the mismatch
of dwell time, resulting from varying tool penetration depths
into the optical surface (i.e., the TIF here) under the task-related,
time-varying normal contact stiffness, resulting in deviations in
material removal. Such deviations are particularly detrimental
in high-precision optical free-form machining, as they introduce
LSF errors that are repeatedly left and perpetuated during subse-
quent polishing stages due to the robot stiffness limitations and
the lack of effective compensation in the current setup, thereby
threatening the efficiency of the high-precision optical finishing
phase.

B. System Stiffness Formulation

As presented in Fig. 3, the kinematic correlation between the
moving platform and the limbs within the parallel segment of
the hybrid robot can be delineated as follows:

r=b,+qw; —a; = Vrirw (1)
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where r and ¢; denote the vector from the base to the moving
platform center and the ith active limb length, respectively. Thus,
the relationship between velocity vectors of the active limbs and
the moving platform via the differentiation with respect to time
of (1) can be defined as follows:

JTx=qr,=| w2 s 2)

a; X w; a; Xw; az X ws

where ¢ and X = [ ] denote the linear velocity vectors of
the active limbs and the velocity twist of the moving platform,
respectively. w; represents the unit direction vector of the :th
active limb. Since the UP limb exists, the motion constraints on

the moving platform can be expressed as follows:

T

uTr —VrTrotTQ = 0,077 + VrTrut™Q =0  (3)

where u, v, and w denote the unit direction vectors of the
platform. The Jacobian of constraints in parallel section yields

03x1‘| @)

JTX =0y, d.=| ~ v

—VrTro rTru n

roa] k=[q0] . ©®

Considering the compliance between the active and passive
sections, the kinematic perturbation of sections is as follows:

Actuations. wl-Tf)r + (a; x wi)Taa = 0g,

utor — VrTroToa = 0r, — VrTroa, ©6)
vTor — VrTruToa = 0r, — VrTroa,

nToa = da,nTu + da,nTw

Const.

where Or and J« represent the elements within the deflection
twist of the platform. Meanwhile, the end deflection angle and
offset satisfy the linear condition, provided that the passive UP
limb can be regarded as a Bernoulli beam here

T T
(00 B0u) =W (0ry or,) 7
Thus, (6) and (7) can be rewritten as a whole as follows:

JOXp = HOX

J_ Ja T?H: B 7Xp=l8T1,XQ: 8q]
J. S Jda op
(1 —=VrTr)yWy  —VrTrivy, 0
Se=| —VrTerWy 1—VrTrivy 0 | € R
nTulW|, nTulW, nTw
(¢))

where X' p and X g denote the generalized micromotion of the
platform and limbs under the twist. According to the generalized
definition of stiffness, the relationship between the infinitesimal
external force (wrench) exerted upon the platform and the cor-
responding infinitesimal deflection twist yields

OF p = KpdXp €))
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where K p denotes the stiffness of the parallel section. Using
the virtual work principle, we obtain the equilibrium equation

0XpTOF +0XoT0T = 0. (10)
Assuming linear elasticity for each segment, thus
T:—KQa.?(Q,KQ:Diag[KaKC] (11)

where K, and K, represent the component stiffness matrices
of the actuations and constraints. Substitution of (8) and (11)
into (10) gives the parallel section stiffness matrix

_ OFp
T X p

K,

Kp = (H'J)T

c

12)

1(HTJ)

= AdVT(ET)KoAdv(5T)

where Adv('z T) represents the adjoint transformations of T';
w.r.t. T';. Neglecting the bending deflection as well as torsional
stiffness of the beam in series section, and taking into account
only the torsional stiffness of the drive part of the series section,
the kinematics of the series section yields

PR PC'ER

Adv(ET) = Adv(ET)Adv(AT) = [ 0 P
C

] . (13)

Assuming that the motor-driven torsional stiffness of the series
section are K g; and K g, respectively, the overall stiffness
express of the series section can be described as

AdvT (ET)K g1 Adv(ET)],
Kg:sum{[ (ET) K51 Adv({T) }

NPT K s2(cT))!
Thus, the consideration of the parallel section as an equivalent
limb results in the general stiffness matrix of the whole system

Ko = {[A0VY (ST K pAdv(ET)] + KL} (15)

(14)

Ill. PROPOSED METHODOLOGY

In this section, we initially investigate the material removal
mechanism due to polishing pressure and the motion of the bon-
net tool, with the goal of generating a generic TIF framework for
dynamic machining processes, considering the effects of robot
stiffness deficiencies. Subsequently, our focus shifts to explicitly
defining the derivative impact of varying task compliance on
optical polishing. Ultimately, we address the aforementioned
uncertainties caused by the dynamic TIF through the application
of a dwell time correction solution.

A. Material Removal Mechanism

During the bonnet polishing, the TIF model is determined by
the stress distribution p(z, y, t) and the velocity field v(z, y, t)
within the contact zone, following the Preston formula [13]:

t
dz = k/ p(x,y, t)v(x,y,t)dt. (16)
0
The physical removal process of optical polishing in CCOS is

demonstrated in Fig. 4. The ball-end polishing tool, propelled
by a hybrid robot, rotates at high velocity across an optical
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Fig. 4. Diagram for the motion details of the polishing tool and the
physical material removal process, with Section A-A and Section B-B.

free-form surface. Material removal from the surface occurs
deterministically through both normal polishing pressure and the
application of a fine-grained CeO, suspension. Sections A-A and
B-B illustrate the modeling of polishing speed and force exerted
on the ball-end tool, respectively. The unit direction vector Qp;;
of rotational angular velocity of the ball-end tool €2, as shown
in Section A-A, can be stated as

Qpir = QT/”QTH’ Qpir L (OPrOjQDirO,T—OI;) a7
where ¢ and OProj denotes the deflection angle of the tool axis
with respect to the normal direction and the vector rejection.
By employing the orthogonality relation in (17) and taking into
account that the radius of the tool Rp is significantly smaller
compared to the equivalent radius of the free-form, the velocity
field within the contact zone yields

Vp = QT X OTOP = ’C(QT,OZ,QD,Q,d)

— T
OTOpz(dtana0059 dtan o sin 0 d) (18)

—
where d = |O7rOp| = Rp — §H. The symbols §H and k()
denote the maximum depth of contact zone and the kinematics
function of the input vector, respectively.

B. Physical Field-Based Contact Model: Pressure
Outline

The presence of polishing force causes elastic deformation of
ball-end polishing tools, resulting in material removal character-
ized by a displacement field. In cases where the deformation of
a sphere is relatively small, the rolling velocity is significantly
lower than the sound speed in the material, and the character-
istic time is significantly greater than the material’s dissipative
relaxation time. We assume that the viscoelastic sphere follows
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based on the Hertz contact theory and Navier—Stokes postulates.

the Navier—Stokes postulates [22], as demonstrated in Fig. 5
F=9 (g) Linear stress yields.
fluid(.¥) :  Isotropic.

d — p. While at rest.

Navier—-Stokes
Postulates

Upon considering the initial position vectors of ¥ and 7+ 7, the
alteration in displacement between these two reference points is
given according to the deformation ()

Su(r) = orVu(r) + O(0r?), du; = ijlérjaui/ﬁrj. (19)

Furthermore, decomposing the right terms into symmetric and
antisymmetric parts, then defining dimensionless second-order
symmetric tensors &, its tensor element satisfies

3 3
1 Ou;  Ouy ou; _ % ‘
(SUZ—E ;{87’]+(9m}+;[8r] 87‘1:| (STJ.
(20)
Eij = [auz/arj + au]/an] /2 = &ji-
(21

The total stress tensor o; ; comprises the sum of the elastic

component Uflj and the dissipative component a?;f“ as follows:
El _Dis
0ij = Sum{ai’j7 o} (22)

The elastic stress tensor can be obtained with elastic constants
along with the displacement field « and the symmetric tensor
field of the deformation V° ® i, where G = E/2(1 +v), K =
E/3(1 —2v), and I denote the shear modulus, bulk modulus,
and unit tensor, respectively. Thus, the elastic stress tensor gets
(23)

]

B —alvVSei- (fv-ﬁ)/ﬂ +K(IV-a/3)

where V' @ @ = (V ® i + @ ® V) /2. Here, E,. and v, are the
Young’s modulus and Poisson’s ratio of the tool material. While,
with the shear viscosity coefficient and the velocity gradient, the
dissipative stress tensor yields

oD = |[(VE @ il) — (IV - @)/3] +n(IV -i/3) @4

where p and 7 denote the viscosity and the second viscosity
of the ball-end polishing tool. The displacement velocity field
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i = {1z, 7y, .} can be further represented as follows:

() = Q- (7 x V)i(7). (25)
Let 0ff, 0 denote the diagonal component of oF! - and UD;
onto the z-axis, which can be further expressed as
o =GR+ (K -GG+ 52+ B2) o
UDIS /Jfaau; + (77 /1‘/3)(01“ + )

According to the Hertzian contact theory [21], the diagonal
component o in the contact zone can be alternately yields

0% (2,9, 2 = 2) = 3y/1 — (4 +42)/RLEY /25, (Q7)

where Rc = +/RpdH and FéY represents the contact zone
radius and the total elastic force acting on the ball-end tool,
respectively, which can be further expressed as follows:

FY =4E*R)/*6H?)3
1/E* = (1 —-v%)/Eg+ (1 —v?)/E,

where Ep, vgr, E,, and v, are the elastic constants of the
optic surface and the polishing pad. Replacing G and K with
u and 7, the diagonal component of UP}‘ onto the z-axis in
the transformed coordinates yields, matching with the viscosity
i, 1, and Lamé’s first parameter A = Ev/[(1 + v)(1 — 2v)], the

following:

ogt (1,m) = 304\/1

Here, o = 2n+ u/3)v/x = (1 +v)(1 —2v)(2n + u/3)/E*.
To obtain the diagonal component of the o}, the necessary
preliminary is represented as follows:

(28)

(22 +y?)/RLFY /28.. (29)

i = [wsin (ydz — 20y) + w cos p(xdy — yOz))d.  (30)

The displacement 4 (r) in the vertical direction due to defor-
mation can be expressed as
u,(r) =3FY (1 —v*)(2RE — 2* — y*)/(8E*RS).  (31)

Substituting (29)—(31) into (26) and neglecting higher order
terms, the further express of o7, yields

2z __ sin <p(y82 - Zay) zz
Opis = wSum {COS o(z8y — yOr) ogr (1, 1) (32)

+(n — p/3)w sin pdyu, (r).

Thus, the total external load for polishing and the general stress
distribution o7 within the contact integral zone S, yields

F= —ﬁ// o dxdy, M = // zo& dxdy.
SC SC

C. Complex Machining Task Interactions-Based
Dynamic TIF

(33)

In this section, the complete definition of the task compliance
based on the Frenet frame is detailed, followed by a framework
for the offline correction of the dwell time. The Frenet frame
is defined on a curve in R3 space, where the coordinates of
points on the curve are denoted as . Assuming the general form,
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the tangent unit vector 7{7(¢)} of the continuous polishing
trajectory ¢ (t) = ¢(s(t)), yields

(s(t) = ¢'(s(t)) = 2 &

—— = C()/1C(#)l5s-
The preliminary, based on the definition of the principal normal

34
dt ds 34
vector n(s) = ¢"(s)/|¢" (s)|ys, is illustrated as follows:

o) = G = (FEO/OI ) 6O
= EW/EORs — SO0/ O
(35

Al /at = (S0.C0)  /IEWDl

Thereupon, according to (35) and (36) and the implicit orthog-
onal decomposition, the normal vector N'{n(t)} obtains

(36)

() — ¢"(s(t)  _ ¢(t) x (¢(t) x ¢(1))
O = e~ RORED < el
Thus, the binormal vector B{b(t), b(t) L7(¢)&n(t)}, yields
() ; y: ¢(t) $(t)
b(t) = — X — , — -
=0 lc“) <C(t) |C(t)w> |C(t)|§m]
= {(t) x C()/1¢() - (38)

To reduce the computational burden of discrete calculating the
Frenet frame from complex optical free form, we obtain the
planned discrete trajectory point data directly from the robot’s
RNC machining files. For discrete dwell point setup in the trajec-
tory, the central difference method was utilized to offline com-
pute the binormal vectors B{b;,i = 1,2,3... }. Meanwhile, the
Cartesian compliance matrix for any reference pose of the dwell
point can be derived from the stiffness model in (15). Thus, the
Cartesian compliance matrix C'¢ yields

Co = K|, = {[AdV/(3T) K pAdv(5T)) + K},

o CTrans
- T
CCou

CCou (39)

CROt

c §R6><6

where the Cryns, C ' and C’C"u represent the translational, the
rotational, and the couplmg compliance submatrices, respec-
tively. Consequently, the line deformation Oty and angular
deformation dg at the end can be sufficiently explained by
the translational force factor F', as demonstrated in Fig. 6(a) as
follows:

6Trdn - CTran 5Rot - CCOUF (40)
Thus, the combined deformation can be expressed as
5Mix = 6Tran - dTA(SRol = (CTran - dT/\C;l;u) (41)

where the defined full rank equivalent compliance matrix ¢ =
Crin — dr C;F()u satisfies the following conditions:

CXi=rZii=123 (42)
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where Z; and A; denote the eigenvectors and corresponding
eigenvalues. Due to the elastic adjustment of the actuator, the
normal support force on the tool is decomposed into a con-
stant actuator reaction force as well as a breakdown force. As
illustrated in Fig. 6(b), a compliance subspace perpendicular
to the actuator reaction force is created from the eigenvectors.
Based on the projection of Span (.27, 2>) onto the normal vector
derived from the Frenet frame, neglecting the impact of tool
axis compliance on the undesired polishing offset, the linear
equivalent compliance in the normal direction yields

Ehem — AiProj,. 21 + AoProjy,, 25

(43)
=11 (Z271,bi) b; + 1, (23, b;) b;.

Considering that the primary source of the normal support force
on the tool is the deformation of the robot system, the offset error
caused by the time-varying discrete normal linear compliance
%\, under the constant loading force Fy provided by the voice
coil actuator, can be determined as

Aznorm = GIE™ Fy / cos(ip) o< Gh™ (44)

where Azx and ¢ represents the error in polishing offset caused
by robot deformation and the tool dip, respectively. Therefore,
we can obtain the time-varying TIF residuals that account for
the derivative effects of LSF errors caused by time-varying
contact compliance related to machining tasks, considering the
imbalance stiffness deficiencies of the robot

TIFRes(xa y) = TIFExp(xa y) - TIFReal(mv y) (45)

where the TIF under scenarios with infinite and undesired stiff-
ness defects at the referenced dwell point in the machining
trajectory can be attained from Section II-B, respectively.

D. Optimized Removal Map-Based Dwell Time
Correction

Within the optical surface machining process, the optical
surface error detected from the interferometer is denoted by
S(xk, yx). Simultaneously, the removal effect stemming from
the action of the polishing tool upon the optics is expressed as
R(xx — u;, yr — v;). The disparity between the anticipated and
actual surface is defined as the surface form residuals

E(zg,yr) = S(zk, yx) — H(xk, yr) (46)

H(xk,yx) = R(@k — 4 Y — y2) © T(wx, yk)
R\ Dynamic
TIF
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i—2 X
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Fig. 7. Demonstration of the dwell time correction process. (a) lllustra-

tion of the dwell time correction method considering the dynamic TIF and
CCOS convolution effect. (b) Simplification of the difference between
ideal TIF and actual TIF to facilitate the calculation of the modified effect
matrix R.

where  H(zg,yx) = Rz — ui, yr — v;) @ T(wk, yx). The
symbol ® represents the material convolutional removal
mechanism governed by the TIF and dwell time. We rewrite
(46) to convert the dwell time deconvolutional solution
to the matrix form, considering that the time-varying
TIF in the bonnet polishing process is composed of the
ideal time-invariant TIF in an infinite stiffness scenario
and the residuals of the time-varying TIF, as illustrated in
Fig. 7(a)

H=RT = (Ry+6R)T ¢ R
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47)

where the variants NV,. and N, denote the index of trajectory
points and sampling points on the optics. Unfortunately, ob-
taining the effect matrix residuals for each dwell point is chal-
lenging, as it requires complex and computationally intensive
calculations for each specific position. To address this, we
introduce a novel approach using a linearly corrected TIF that
significantly reduces computational demands on computational
resources. Revisiting the dynamic TIF residuals for each dwell
position discussed in Section III-C, we analyze them from a
fresh perspective. As illustrated in Fig. 7(b), the current TIF
in bonnet polishing follows a Gaussian-like distribution, in
which, according to the Lyda criterion, the majority of material
removal occurs in the central region rather than at the edges.
Consequently, based on the Preston Formula, the dynamic TIF
variation resulting from undesired deformations due to robot
stiffness deficiencies can be approximated as follows:
TIFReat  VRea _ 0H) AZy

= ~ — =1— = S O7 1
TiFpyp. Vi, 01 i, ~1€OD

(48)

where 7y represents the corrected coefficient at the referenced
sampling point. Thus, we can assess the deviation of each
position in the effect matrix R w.r.t the ideal TIF and apply
corrections. Hence, the ingenious corrected process yields

T
11 e T1N, 04!
; 21 s T2N, V2
R=Ryo~'= O] (49)
TN, 1 TN, N, YN,

where the symbol ® denotes the Hadamard product operator,
performing broadcast column by column on the matrix Ry.

When the bonnet tool dwells on a particular trajectory point
for polishing during the machining process, the sparsity of the
matrix R is considerable due to the large number of trajectory
points N; and sampling points N,., while the effective material
removal area is negligible in comparison to the machining
area. The Tikhonov regularization is introduced to reduce the
ill-conditioning of (47), and the dwell time optimization problem
is further expressed as follows:

2
min (ZkNil {Zj.v_tl (rgjtj - hk) ] /N, +7?Zj.v_*1t§)
S.t. Vi, t; >0

where P denotes the regularization factor for stable solu-
tions. Thus far, we complete the overall description of the
proposed method for correcting surface form errors caused
by dynamic TIF due to the stiffness defects, without altering
the existing hardware conditions or the dwell time solution
algorithm.
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TABLE |
BAsIiC PERFORMANCE SPECIFICATIONS OF THE CCOS RoBoT
Item/ Metric Details
Number of Motion Axes 5 (3 in parallel section & 2 in series section)
UPS Limb Available Working Length 950-1750 mm
Workspace Radius 660 mm
Workspace Height 200-910 mm
Position Accuracy 0.0591 mm
Orientation Accuracy 0.0183 Deg

IV. EXPERIMENT AND RESULT DISCUSSION

In this section, several experiments were conducted on an
optical machining robot platform equipped with a bonnet polish-
ing machining system and high-precision optical measurement
instruments. The experiments included the following:

1) validation of the equivalent compliance spatial field of the
robot tool center point;

2) verification of the bonnet polishing TIF under different
machining parameters;

3) validation of the proposed dwell time compensation
method based on the robot dynamic task-independent
compliance and dynamic TIF through multiple practical
polishing tasks in Sim2Real cases.

A. General Deployment and Instruments Layout

The details of the optical machining robot and its end effector
(CCOS machining system) are illustrated in Fig. 8(a). The
optical machining robot primarily consists of three identical
active UPS limbs and one redundant constrained passive UP
limb, along with a moving platform and a 2-DoF A/C wrist
assembly. The workspace dimensions and relevant performance
parameters of the robot are outlined in Table I. Fig. 8(b) and (c)
illustrates the details of the CCOS machining system, primarily
consisting of a servo motor for bonnet polishing, a machining
spindle, and a voice coil actuator, as shown in Fig. 9. When
energized, the electromagnetic coil can apply axial polishing
pressure to the ball-end tool. Simultaneously, the bonnet tool
operates at a fixed angle relative to the normal vector of the
optical surface, ensuring a constant TIF during the machining
process while maintaining a constant polishing pressure and
tangential velocity field in the sliding contact zone.

B. Linear Compliance Field Experimental Validation

To assess the performance of the spatial discrete linear com-
pliance field, static stiffness experiments were conducted on
the aforementioned hardware platform. Stiffness loading was
performed on the experimental optical surfaces in different
positions using a reference tool at various orientations. Specif-
ically, varying degrees of displacement were applied to the
surface normal, and the stable force sensor readings after dis-
placement application were recorded. In addition, the linear
compliance numerical model outlined in Section III-C was
utilized to calculate the linear compliance coefficient at each
reference pose, and the differences were compared with the
measured values. Fig. 10 illustrates the correlation between the
measurement values and numerical calculations of the discrete
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linear compliance at various loading points. It also shows the
distribution of numerical discrete compliance at different po-
sitions within the workspace, demonstrating a close alignment
between the discrete linear compliance theoretical model based
on the previous methodology and the actual scenario. The val-
ues of actual linear compliance fall within the range of 1.04—
1.97pm/N, with mean average percentage error and maximum
percentage error being 4.19% and 6.38% , respectively, thereby
validating the accuracy of the theoretical model. In addition,
the vertical compliance stiffness of the robot exhibits continu-
ous variation throughout the workspace, displaying significant
nonuniformity both within planes at different vertical heights
and within planes at the same numerical height. Hence, during
polishing operations conducted by the optical processing hybrid

TABLE Il
PARAMETERS SETUP DETAILS FOR THE VALIDATION OF THE PROPOSED
CONTACT-REMOVAL NUMERICAL MODEL

S/N Symbol Parameter Description Value Set
1 k Preston’s Constant * 1.49E-9
2 E, Young’s Modulus of Polyurethane 29.6 Mpa
3 vy Poisson’s Ratio of Polyurethane 0.40
4 A Lamé’s First Parameter 42.29 Mpa
5 I Dynamic Viscosity of Polyurethane LP66 2.00E-4 Mpa-s
6 n Second Viscosity of Polyurethane LP66 0.80E-4 Mpa-s
7 Er Young’s Modulus of the Fused Silica 70.5 Gpa
8 VR Poisson’s Ratio of the Fused Silica 0.16

* The Preston constant here is set with the optical material as fused silica glass, the
polishing pad as polyurethane LP66, the abrasive as 1.5um (max) CeO2 @15wt.%.

robot, fluctuations in compliance resulting from changes in the
dwell point along the execution trajectory are inevitable. In the
absence of dwell time correction, there is a significant risk
of uncertainty regarding removal errors due to dynamic TIF
caused by compliance changes during high-precision optical
polishing. The presence of these fluctuations is one of the
primary factors contributing to LSF errors components on the
optics.

C. Evaluation of the Contact-Removal Model

To evaluate the precision performance of the proposed generic
TIF formula for optical surface materials under varying pol-
ishing pressures and speeds, six groups of fixed-spot polishing
experiments were conducted on experimental optical surfaces.
To minimize random errors in the measurements, each fixed-
point polishing experiment was repeated five times for each
parameter setting. The specific environmental parameters and
physical constants set in the numerical computational model are
presented in Table II. To mitigate the occurrence of black border
effects at the polishing contact boundary during interferometric
detection by a Zygo GPI laser interferometer at higher material
removal levels, the DUI Nanomefos 600S optical detection
instrument was utilized to replace the GPI laser interferometer
for detecting the planar contour after a specific duration of
fixed-point polishing. Fig. 11(b) presents the inspection results
and the normalized cross-sectional profiles along the X- and
Y-axes following fixed-point polishing. Subsequently, the per-
centage error of maximum depth and volume removed within
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TABLE IlI
SCENARIO LAYOUT DETAILS AND CONTOUR RESULTS FOR THE FIXED SPOT
POLISHING REMOVAL EXPERIMENT IN SECTION Il WITH A DURATION OF
1 MIN, COMPARED WITH THE NUMERICAL MODEL

S/N  Size Speed  Force Tool Dip Dmax-PE/ % V-PE/ % Avg. JSD/ -
1 20mm 200rpm 4N 5 Deg 3.204% 4.114% 0.298
2 20mm 400rpm 6N 10 Deg 2.965% 3.822% 0.255
3 20mm 600rpm 6N 15 Deg 2.232% 4.704% 0.206
4  20mm 1000rpm 10N 15 Deg 2.377% 4.046% 0.172
5 40mm 1000rpm 12N 15 Deg 2.604% 3.930% 0.107
6 40mm 1000rpm 12N 20 Deg 3.971% 4.184% 0.132

the clear aperture, along with the Jensen—Shannon divergence
of normalized cross-sectional profile distributions, are reported
in Table III. Notably, the numerical results for the fixed-point
polishing experiments accounted for and corrected the effects
of robot stiffness defects on the TIF. The results clearly indicate
that the experimentally obtained removal spot shapes closely
align with those predicted by numerical model. Across various
parameter settings, the removal spots exhibit a bivariate Gaus-
sian distribution. The profile along the X-axis generally shows
an M-shape, while the profile along the Y-axis presents a skewed
Gaussian distribution due to the combined effects of tool dip and
asymmetric dissipative stress. This alignment in profile further
validates the precision of the contact-removal model discussed
in Section ITI-A.

To better visualize the adverse effects of dynamic TIF on
optics, specifically due to variations in the robot’s dwell posture
during the machining process, we conducted a brief experi-
ment on a cylindrical lens that had previously been shaped
by magnetorheological finishing. To highlight the differences
in evolutionary TIF, we polished the surface using identical
dwell times, repeating the process ten times to obtain more
intuitive detection results. Theoretically, the removal depth
across the clear aperture should be uniform. However, post-
polishing measurements unexpectedly revealed inconsistencies
in material removal, leading to a significant increase in sur-
face error, as illustrated in Fig. 12. Furthermore, we compared
the correction coefficient reshape distribution ~y, calculated in
Section III-D for the task, with the removal depth distribution.
The alignment of these distributions underscores the necessity
of applying lower coefficients in regions with insufficient ma-
terial removal to expand the dwell time and mitigate surface
eITOrS.
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Validation of the contact-removal model. (a) The detection process. (b) Results comparison and normalized crosssectional profiles.
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Fig. 12.  Visualization of the adverse influence of dynamic TIF.

D. Sim2Real Demonstration: Hybridization Design

The current real-world comparative experiments for optimiz-
ing dwell time in optical processing face significant challenges.
Given the inherent complexities of process characteristics and
machining processes, obtaining two identical surfaces for a
controlled comparative environment is virtually impossible. To
address this challenge, a dual approach was employed. First,
the differences between algorithms were validated through nu-
merical simulations, emphasizing variations in dwell time distri-
bution to ensure an objective comparison. Second, a hybrid ap-
proach was utilized in the practical processing experiments. This
involved minimizing clamping errors and standardizing process
parameters to the greatest extent possible, thereby creating a
stable comparison environment that enabled various comparison
tasks to be conducted on the same optical surface. During
the finishing stage, the difficulty of surface error convergence
varies depending on different precision levels. Consequently, the
sequence of comparative machining tasks was adjusted accord-
ingly. The original intention of this comparative experimental
design was to demonstrate the effectiveness of the proposed
method by achieving faster and more robust convergence in
higher precision machining stages. Therefore, to further verify
the effectiveness of the proposed method in suppressing LSF
errors while achieving accelerated convergence for optical pro-
cesses, a set of comparative experiments was conducted under
various scenarios in a real-world environment. The experimental
scenarios were designed as follows:

1) without compensation;
2) with competitive methods [17];
3) with the proposed method.

To ensure a fair assessment of the convergence performance

of the comparison methods, all methods uniformly adopted
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Fig. 13.  Dwell time distribution results under simulation demonstration.

TABLE IV
DETAILS OF THE COMPARISON METHOD UTILIZED AND THE FINAL RESULTS
OF THE SIMULATION DEMONSTRATION

Task Applied Compensation CCOS  Solution Reconstruction

S/N TIF Method Convolution Method Error Metrics [nm]
1 Static NaN. Fit MIM PV: 16.81 RMS: 5.62
2 Dynamic Upon reference dwell time. Unfit MIM  PV: 8.91 RMS: 4.95
3 Dynamic Upon dynamic TIF. Fit MIM  PV: 6.57 RMS: 1.93

the matrix-form-based MIM method for calculating dwell time
distribution [23].

1) Simulation Demonstration: To objectively evaluate the
performance of the three scenarios, the same initial surface error
profile was utilized in the simulation-based demonstration. In
detail, consistent task parameters were established, including
a TIF with a radius of 20 mm, a speed of 1000 r/min, a
tool tilt angle of 15°, a polishing pressure of 12 N, a grid
trajectory spacing and dwell intervals of 1 mm, and identical
workpiece coordinate system settings. Fig. 13 illustrates the
initial surface error, the target material removal distribution, and
the corresponding dwell time distributions for each scenario.
In addition, the correction coefficient distribution related to
the task was provided to highlight the relationship between
dynamic TIF and dwell time correction. The results indicate
that both the competitive method and the proposed approach
adjusted the dwell time distribution to address removal errors
caused by dynamic TIF under conditions of stiffness deficiency.
Table IV outlines the detailed differences between the three
methods and their respective removal reconstruction errors. The
proposed method significantly outperformed both the uncom-
pensated scenario and the competitive method. Although the
competitive method demonstrated some improvement over the
uncompensated approach, it introduced considerable root mean
square (RMS) error due to its failure to account for convolution
effects.

2) Practical Verification: As illustrated in Fig. 14, two off-
axis aspheric lenses with diameters of 452 and 430 mm were
utilized in the practical validation cases. The processing pa-
rameters employed were identical to those in the simulation
environment. Based on the detection results observed upon the
real-world experiments illustrated in Table V and Fig. 15, it

6299

Practical Experimental Case 1: Off-axis Aspherical Lens with 452mm Diameter

(b)

Fig. 14. Real-world cases of optical fabrication with hybridization de-
sign. (a) Hybridization experiments for each scenario in real-world Case
1. (b) Hybridization experiments for each scenario in real-world Case 2.

TABLE V
COMPARISON OF OPTICAL SURFACE ERROR CONVERGENCE PROCESSES
Scenarios Setup CASE 1 CASE 2

/ Surface Form Error Metric [nm] PV RMS PV RMS
Initial Surface (A) 150.711 18.533 225.024 13.902
With Competitive Method [17] -7.33% -17.26% -10.64% +10.58%
Surface Result (B) 139.664 15.334 201.077 15.377
Without Compensation -12.33% +19.69% -8.80% +26.60%
Surface Result (C) 122.438 18.354 183.387 19.459
With Proposed Method -1.14% -44.14% -35.76% -43.96%
The Final Surface (D) 121.048 10.253 117.803 10.905

PV & RMS Metric [nm] 1D Power Spectral Density (1D PSD) [nm?mm]
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Fig. 15. PV and RMS metrics and PSD enhancement for the cases.

was found that, without compensation, the convergence rates
for both peak-to-valley (PV) and rms errors were mediocre
across both lenses. While the both cases demonstrated some
improvement in the PV value, the rms index exhibited nega-
tive convergence, suggesting that, without compensation, the
removal distribution deviated significantly from the intended
profile due to complex variations in machining compliance. This
instability ultimately led to increased surface morphology errors.
Conversely, the application of competitive methods resulted in
nonrobust convergence of rms errors for both lenses. In Case
2 with lower rms, the competitive method further exacerbated
the rms errors for surface B. This unexpected outcome arises
from the linear correction approach for single dwell point times
employed by the competitive method, which does not account
for the convolution effects inherent in CCOS. Consequently,
when adjacent dwell points with similar correction coefficients
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encounter localized peaks and valleys, the risk of increased
removal errors is significantly heightened. Although the com-
petitive method adversely affected the rms metric, it did manage
to address low-frequency errors induced by dynamic TIF under
varying machining conditions, as reflected in the PV metric.
In contrast, the proposed method, which incorporates dynamic
TIF compensation based on the machining trajectory, achieved
effective convergence for both PV and rms metrics from surface
C to surface D, demonstrating superior correction capabilities
for the high-precision optical surface form errors.

Fig. 15 illustrates the power spectral density (PSD) changes
for four surface phases in practical Case 2, as defined by Par-
seval’s theorem. The proposed method demonstrates a signif-
icant improvement in power spectral intensity over the other
three surfaces within each spectrum of LSF errors, showcas-
ing its strong capability to suppress LSF errors. In addition,
while the method demonstrates some degree of suppression for
intermediate-frequency error components, further postprocess-
ing techniques, such as magnetorheological finishing, are still
necessary to achieve suppression comparable to that of LSF
errors. Overall, the proposed method facilitates rapid conver-
gence of surface errors, substantially reducing the time required
for the subsequent precision polishing stage, which is typically
less robust and more time-consuming, thereby enhancing the
efficiency and stability of the optical fabrication.

V. CONCLUSION

To address low-frequency spatial errors in polishing processes
arising from task-related stiffness deficiencies and resulting
uncertainties in polishing dwell time, this study proposes a
novel dwell time correction framework that accounts for these
processing uncertainties. The framework quantifies and corrects
the uncertainties in dwell time through an in-depth exploration
of the compliance field of the polishing task and the motion
interactions of the Frenet frame under the machining task.
The effectiveness of the proposed method is validated through
real experiments, demonstrating strong suppression of low-
frequency spatial errors when accounting for these uncertainties,
thus outperforming the State-of-the-Art method. Future work
will concentrate on exploring virtual reality environments using
agent-based interaction models to simulate the formability of
optically machined robots, with the aim of implementing an
integrated digital twin approach.

REFERENCES

[1] M. S. Turner, “Extremely large telescopes at risk,” Science, vol. 382,
no. 6673, 2023, Art. no. 857.

[2] S. Kruk et al., “The impact of satellite trails on Hubble Space Telescope
observations,” Nature Astron., vol. 7, no. 3, pp. 262-268, 2023.

[3] J.Li, G.Cheng, and Y. Pang, “A novel deep learning-based spatio-temporal
model for prediction of pose residual errors in optical processing hybrid
robot,” IEEE Trans. Ind. Inform., vol. 20, no. 6, pp. 8749-8762, Jun. 2024.

[4] C. Hu et al., “Specifications and control of spatial frequency errors of
components in two-beam laser static holographic exposure for pulse
compression grating fabrication,” High Power Laser Sci. Eng., vol. 12,
2024, Art. no. el.

[5] S.Chen,T.Lin, H. Feng, Z. Xu, Q. Li, and Y. Chen, “Computational optics
for mobile terminals in mass production,” I[EEE Trans. Pattern Anal. Mach.
Intell., vol. 45, no. 4, pp. 4245-4259, Apr. 2023.

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 30, NO. 6, DECEMBER 2025

[6] J.Li, Y. Guan, H. Chen, B. Wang, and T. Zhang, “Robotic polishing of
unknown-model workpieces with constant normal contact force control,”
IEEE-ASME Trans. Mechatron., vol. 28, no. 2, pp. 1093—-1103, Apr. 2023.

[7]1 R. Pan et al., “Evaluation of removal characteristics of bonnet polishing
tool using polishing forces collected online,” J. Manuf. Process., vol. 47,
pp. 393401, 2019.

[8] R.Pan et al., “Qualitative motion control optimization of the pad dressing
process for bonnet tool,” IEEE-ASME Trans. Mechatron., vol. 24, no. 3,
pp. 1141-1152, Jun. 2019.

[9] Z.Wuetal., “Research on polishing aluminum alloy optical elements with

anew solid flexible bonnet tool,” J. Manuf. Process., vol. 103, pp. 168—180,

2023.

B. Zhong, W. Deng, X. Chen, S. Wen, J. Wang, and Q. Xu, “Frequency

division combined machining method to improve polishing efficiency of

continuous phase plate by bonnet polishing,” Opt. Exp., vol. 29, no. 2,

pp. 1597-1612, 2021.

Z. Huang, G. Chen, H. Liu, Z. Rao, and J. Wu, “Research

on robot bonnet polishing silicon carbide optical element machin-

ing method based on improved traveling salesman problem pseudo-

random polishing path planning,” Opt. Eng., vol. 61, no. 2, 2022,

Art. no. 25102.

R. Pan et al., “Research on an evaluation model for the working stiffness

of a robot-assisted bonnet polishing system,” J. Manuf. Process., vol. 65,

pp. 134-143,2021.

J. Zhang and H. Wang, “Generic model of time-variant tool influence

function and dwell-time algorithm for deterministic polishing,” Int. J.

Mech. Sci., vol. 211, 2021, Art. no. 106795.

Y. Zhang, J. Feng, Y. Zhao, M. Rao, and Y. Yin, “Towards understand-

ing and restraining the mechanical relaxation effect in polishing silicon

carbide with a detachable bonnet tool,” Int. J. Mech. Sci., vol. 246, 2023,

Art. no. 107962.

Z. Wang et al., “Modelling of polyurethane polishing pad surface topogra-

phy and fixed-point polished surface profile,” Tribol. Int., vol. 195, 2024,

Art. no. 109646.

D. Liao, F. Zhang, R. Xie, S. Zhao, J. Wang, and Q. Xu, “Deterministic

control of material removal distribution to converge surface figure in full-

aperture polishing,” J. Manuf. Process., vol. 53, pp. 144—152, 2020.

X. Huang, Z. Wang, L. Li, and Q. Luo, “Research on the modification

of the tool influence function for robotic bonnet polishing with stiffness

modeling,” Robot. Comput.-Integr. Manuf., vol. 86,2024, Art. no. 102674.

C.Lv, L. Zou, Y. Huang, H. Li, T. Wang, and Y. Mu, “A novel toolpath for

robotic adaptive grinding of extremely thin blade edge based on dwell time

model,” IEEE-ASME Trans. Mechatron., vol. 27, no. 6, pp. 4429—4439,

Dec. 2022.

P. Ji, D. Li, Y. Jin, X. Su, and B. Wang, “Compensation of the tool

influence function changes under neighborhood effect in atmospheric

pressure plasma processing,” Opt. Exp., vol. 31, no. 24, pp. 39465-39482,

2023.

R. Wang, Z. L. Li, Z. Fan, X. Q. Zhang, M.-J. Ren, and L.-M. Zhu,

“Surrogate-model-based dwell time optimization for atmospheric pressure

plasma jet finishing,” Int. J. Mech. Sci., vol. 281, 2024, Art. no. 109547.

K. L. Johnson, Contact Mechanics. Cambridge, U.K.: Cambridge Univ.

Press, 1985, pp. 11-106.

D. J. Acheson, Elementary Fluid Dynamics. Oxford, U.K.: Oxford Univ.

Press, 1990, pp. 201-220.

T. Wang et al., “A comprehensive review of dwell time optimization

methods in computer-controlled optical surfacing,” Light, Adv. Manuf.,

vol. 5, no. 21, pp. 422451, 2024.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

Jun Li (Graduate Student Member, IEEE) re-
ceived the M.Sc. degree in mechanical design
and theory in 2019 from the China University of
Mining and Technology, Xuzhou, China, where
he has been working torward the Ph.D. degree
in mechanical engineering since 2020.

His research interests include cyber-physical
systems (CPS) fusion theory, deep-learning-
based robotics, and advanced optics.

Dr. Li is a Member of the IEEE Industrial
Electronic Society (IES) and IEEE Robotics and
Automation Society (RAS).

ol v bn

Authorized licensed use limited to: TU Delft Library. Downloaded on January 15,2026 at 08:50:32 UTC from IEEE Xplore. Restrictions apply.



Ll et al.: NOVEL DWELL TIME MODIFICATION FRAMEWORK FOR LOW SPATIAL FREQUENCY ERRORS

Gang Cheng received the B.Sc. degree in me-
chanical design and theory from Wuhan Univer-
sity, Wuhan, China, in 2000, the M.Sc. degree
in optoelectronics engineering from the Institute
of Optics and Electronics, Chinese Academy of
Sciences, Chengdu, China, in 2003, and the
Ph.D. degree in mechanical design and theory
from the China University of Mining and Tech-
nology, Xuzhou, China, in 2008.

He currently works as a Professor with the
China University of Mining and Technology. He
is currently involved in research on robotics and fault diagnosis of
mechatronics.

Dr. Cheng is a Member of the American Society of Mechanical Engi-
neers (ASME).

Bin Fan received the Ph.D. degree in opti-
cal engineering from the Institute of Optics
and Electronics, Chinese Academy of Sciences,
Chengdu, China, in 2006.

He worked as a Visiting Scholar with the Uni-
versity of Arizona, Tucson, AZ, USA, in 2010.
He currently works as a Research Fellow with
the Institute of Optics and Electronics, Chinese
Academy of Sciences. His research interests in-
clude advanced optical manufacturing technol-
ogy and diffraction imaging technology.

Dr. Fan is a Member of Society of Photo-Optical Instrumentation
Engineers (SPIE).

6301

Yusong Pang received the M.Sc. degree in
electrical engineering from the Taiyuan Univer-
sity of Technology, Taiyuan, China, in 1996, and
the Ph.D. degree in intelligent belt conveyor
monitoring and control from the Delft University
of Technology, Delft, The Netherlands, in 2007.
In 2010, he was appointed as an Assistant
Professor with the Department of Transport En-
gineering and Logistics, Delft University of Tech-
nology. His current research interest include
the intelligent control for large-scale material
handling systems and logistics processes.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 15,2026 at 08:50:32 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


