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Rapid Probe Engagement and Withdrawal With
Force Minimization in Atomic Force Microscopy:
A Learning-Based Online-Searching Approach

Jingren Wang and Qingze Zou®

Abstract—In this article, the problem of rapid probe
engagement and withdrawal in atomic force
(AFM) is addressed. Probe engagement and withdrawal is
needed in almost all AFM operations, ranging from imag-
ing to nanomanipulation. However, due to the highly non-
linear force—distance relation, large probe-sample interac-
tion force can be induced during the probe
and withdrawal process, resulting in nmphmman
and damage and measurement errors. Rapid probe
gagement and withdrawal is needed to achieve hgh-q:ud
AFM operations, particularly, 1o capture and inlerrogate
dynamic evolutions of the sample. We propose an online-
searching-based optimization approach to minimize both
the engagement (and withdrawal) time and the interaction

force. The force—displacement profile of the probe is parti-
tioned and then optimized sequentially, by immersing op-

timal trajectory design and Herative learning control into
the Fibonacci search process. The proposed approach is
illustrated through experimental implementations on two
different types of polymer species, a polydimethylsiloxane
sample, and a dental silicone sample, respectively.

Index Terms—Fibonacci search, high-speed atomic
force microscopy, ierative learning control, real-time
oplimization.

. INTRODUCTION

N THIS article, rapid probe engagement and withdrawal

wilh probe-sample inleraction force minimized in alomic
force microscope (AFM) operation is studied. Probe engage-
ment and withdrawal is needed in almost all AFM operations,
ranging from imaging [1], nanomechanical properties measure-
meni/mapping [2], lo nanomanipulation [3]. During the engage-
ment and withdrawal process, the “snap-in™ [4] force followed
by a large repulsive overshool [5], and a large adhesive force [6]
can be induced, respectively. When the sample is sofl, the sample
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can be stretched and/or compressed by these forces, resulting in
nol only sample deformation and damage, but also artifacts in
the AFM measurement results.

Probe engagement and withdrawal without inducing large
probe-sample interaction force is needed in AFM operations,
particularly for soft live biological specimens. Due to the highly
nonlinear force—distance relation involved [7], large probe—
sample inleraction force can be induced when the probe is
engaged to and/or withdrawn from the sample surface at high
speed [4). Rapid probe engagement and withdrawal, however, is
especially critical in AFM applications with frequent probe en-
gagemenis and withdrawals, c.g., in piecewise-scanning-based
imaging [1], [8] and discrete nanomechanical mapping [2].
The importance is more pronounced when measuring dynamic
evolutions of soft live biological specimens, for example, when
mapping the time-varying mechanical properties of a live cell
membrane during the endocytosis process [9], or those of guard
cells dunng the opening and closing processes of a stoma on
a plant leaf [10]. Rapid probe engagement and withdrawal is
needed to quickly reach the desired initial measurement condi-
tion at each sampling location, and leave that location without
inducing sample deformation or damage before and afler the
measurement. Therefore, there are needs to achieve rapid probe
force.

Achieving such an operation, however, is challenging.
During the engagement, the probe is initially driven by the
highly nonlinear attractive Van der Waals force [11], followed
by the repulsive dominant force. As a resull, it is difficult to
sieer the probe away from the “snap-in~ and the overshoot
force region, to reach a stable contact at the desired force
load [4]. During the withdrawal, the probe undergoes a reverse
swiltch from the repulsive (o the altractive dominant force,
followed by a sudden probe-sample separation [4]. Such an
unstable probe “pull-off” induces a large adhesive force [12]
followed by post-withdrawal oscillations. Morcover, the
probe-sample interaction force tends to increase significantly
as the engagement/withdrawal rale increases [4], [12]. Although
such rapid and large changes of the probe-sample interaction
might be alleviated by using vertically mounied cantilever [13],
this approach is incompatible with the existing standard AFM
systems, and moreover, largely limits the speed of AFM and
ils use in general applications. Therefore, to achieve rapid
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probe cngagement and withdrawal, the highly nonlinear
probe-sample interaction and rapid attractive-repulsive
transition mus! be addressed.

The main contribution of this article is the development
ol a leaming-based, online-scarching oplimization approach
to achieve rapid probe engagement and withdrawal on soft
samples. The basic idea is to partition the engagement and
the withdrawal process inlo different phases—based on the
inherent characteristics of the probe-sample interaction, and
then decouple and separate the time and force minimization
through a sequential optimization process. For example, in one
phase, the main objective it is to minimize the interaction force,
while in the other phase, il is to minimize the time while
maintaining the already-minimized force largely unchanged.
Thus, the complexily and robusiness issues due to the highly
nonlinear probe sample interaction are simplified. Specifically, a
Fibonacci-based iterative searching (FIS) process is proposed to
online minimize the fore or the lime, where the optimal transition
trajectory design [14] and the modeling-free inversion-based
iterative control technique [ 15] are immersed in the online search
process [ 16], [17]. This approach is illustraled by implemenling
it through AFM experiment on a polydimethylsiloxane (PDMS)
sample and a dental silicone sample, respectively. As one of
the firsl few works on rapid engagement and withdrawal with
force minimization, this article is built upon and extends our
recent preliminary results in [18), by further simplifying and
optimizing the proposed approach, and providing more enriched
and broader experimental examples.

Il. RAPID ENGAGEMENT AND WITHDRAWAL WITH ONLINE
PROBE=SAMPLE INTERACTION FORCE MINIMIZATION

A. Probe Engagement and Withdrawal on Soft Samples:
Issves and Challenges

During the engagement and withdrawal process, as the probe
(driven by the z-axis piezo actualor) approaches to or with-
draws from the sample, the pair-potential energy E(z) and
the probe—sample interaction force #'(z), can be characterized,
respectively, by the Lennard-Jones model [7] as

dE(2)

so=«[@)"- @] ro-Z

where z is the probe-sample distance, and ¢ and o are the
material-dependent constants, respectively. The first and second
terms, (0/z)"2 and (7/z)€ of E{z), describe the change of the
energy in the repulsive and the atiractive inleraction regions,
respectively.

The above Lennard-Jones model in (1) clearly captures the
sliff nonlinearity of the probe-sample inleraction during the
probe engagement/withdrawal process, and speaks directy to
the control challenges involved. Due 1o a highly nonlinear
force—distance relation—the force is inverse proportional to the
distance of over six order [see (1)]. linearization-based approach
becomes ineffective. Moreover, model-based nonlinear control
also faces difficulty in modeling and robustness. Tt is difficult
o obtain an accurale model of the probe-sample interaction

in engagement and withdrawal, as such a model depends on

m
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Fig 1 (Top) Forco-time profile of probe engagemont whore the
“snap-in” and overshool force are marked out, respechively, and (botlom)
the partiion of the three phases (marked out by the vertical dashed
Ines), where "a"™="e” mark out the charadlenshc posions of the probe
(as schomatically depictad in botiom plots), of which “a” (Z,), “b" (Z,),
and “d" (Zy, _«n) ara usod later, respoctivoly

not only the characteristics of the probe and the mechanical
properties of the sample, but also the measurement environment
and the engagement and withdrawal process itsell. Furthermore,
such a high-order stiff nonlinear dynamics also implies that
the dynamics model is highly sensitive to the parameters of
the probe and/or the sample, and thereby lacks robustness in
practical implementations, i.e., it is practically infeasible o
update/correct the model when the AFM probe is modified (due
to wear) or replaced. Therefore, to overcome the limitations
of the model-based nonlinear control approach, we propose a
learning-based online-searching oplimization approach.

B. Rapid Probe Engagement and Withdrawal: Objectives

We start by describing the partition of the engagement and
the withdrawal processes each into three different phases, re-
spectively. Specifically, the engagement process is partitioned
as follows.

1) EO-I: Precontact phase, during which the probe is tran-
siled from the initial position, Z, (relatively far away
from the sample), to the position right above the onset of
the tip-sample interaction occurs (called the tip—sample
interaction border, Zy, below; see Fig. 1).

2) EO-II: Initial-engagement phase, during which the probe
is transited from the tip-sample interaction border to
the slable contact position with a prechosen preload
(called the initial engagement position, Zy, o, below;
see Fig. 1).

3) EO-III: Final-engagement phase, during which the probe
is transited from the initial engagement position (o contact
the sample with desired force load amplitude (see Fig. 1).

The withdrawal process is also partitioned into three phases.

1) WO-II: Repulsive withdrawal phase, during which the
probe is pulled up from the original contact position to the
position where the interaction force is close to zero, that
signals the transition from the repulsive lo the altractive
region (called the end-of-repulsive position, Z,, ., below;
see Fig. 2).
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Fig. 2 {Top) Force<hme profile of probe withdrawal, where the adhe-
sive force 1s marked oul, and (bottom) the partiion of the three phases,
whara “a"- n'mmmmmmmdmmm

schematically depicted in boltomn plots), of which “b" (Zw . r), “0" (Zw.a),
and “e” (Z,,, ;) are used later, respectively.

2) WO-I: Aliractive withdrawal phase, during which the
probe is withdrawn from the end-of-repulsive position
to the position where the interaction force becomes neg-
ligible (called the loss-of-contact position, Z,, 4, below;
see Fig. 2);

3) WO-Iil: Final withdrawal phase, during which the probe
is transited from the loss-of-contact position to the final
position well above the sample surface, Z,, ; (for con-
ducting the required operation nexl, see Fig. 2).

Moreover. in the rest of the article, we called the displacement
of the cantilever the probe displacement (measured by the z-
axis displacement sensor), and the inleraction force the probe
Jorce (measured via Lthe canlilever deflection). Thus, with these
partitions, the following objectives are proposed.

Optimal Rapid Probe Engagement:

1) Objective EO-I: During the precontact phase, achieve a
rapid optimal transition (specilied below immedialely) of
the probe displacement from the initial position to the
tip—sample interaction border, and then further minimize
the total precontact time.

2) Objective EO-il: 1n the initial-engagement phase, achieve
a rapid optimal lransition of the probe displacement,
and oplimize the initial-engagement time (i.e., the ime
period corresponding to this phase), such that the peak
“snap-in” force, i.e., the maximum attractive force, is

3) Objective EO-II: In the final-cngagement phase, achieve
arapid optimal transition of the probe force, and optimize
the final engagement time (i.e., the time period corme-
sponding to this phase) to minimize the cost function

Jaa (IFon(Mloos Ten) = NlFosC)lle + 12T (2)

where || - || denotes the £ — oo norm, Fo (i) is the repul-
sive force (called the overshoot force below, ||[Fx(-)|
is called below the peak overshoot force), with T, the
final-engagement time, and - > 0, 7 > 0 are the
weights, respectively.

Definition 1: Optimal Transition of Probe Displacement
For a given transition period T, an optimal transition of the
probe displacement is achieved if

1) The vibration of the probe displacement is minimized in

the sense of energy minimization

OTQEd  3)

min J; (7)) = min
0

where £(t) = [(t), 2(2)]" with z(z) and 2(t) the
displacement and velocity, respectively, and @ € R** is
a positive definite matrix.

2) No posttransition oscillation of the probe displacement is
induced.

Optimal Probe Force Transition is defined similarly by re-
placing “displacement™ with “force™ in the above definition.

Optimal Probe Withdrawal:  As the adhesive force is highly
coupled with the total withdrawal time, a tradeolT between the
adhesive force and the total withdrawal time becomes necessary.
Thus, we propose to minimize the peak adhesive force first, and
then the tolal withdrawal time aflerward, without increasing the
peak adhesive force.

1) Objective WO-I: In the attractive withdrawal phase, op-
timize the probe velocity of a constant-velocity probe
displacement trajeclory in this phase, (0 minimize the
peak adhesive force without increasing the withdrawal
time in the other two phases.

2) Objective WO-IT: In the repulsive wilhdrawal phasc, op-
timize the end-of-repulsive position, Z,, ., such that the
following cost function is minimized, under the constraint
that the peak adhesive force, || Fam(-)||x is maintained,
closely around its optimal level achieved in Objective
WO-I above, F}

Iz UFaa()lloes Tor) = BrllFaan( e + 82T

1 Faam( e = Fam| < € (4)

where Fyg(-) is the adhesive force measured during the
entire withdrawal process, T, is the toial withdrawal time,
81 > 0, 52 > 0 are the weights, and e. is a prechosen
threshold, respectively.

3) Objective WO-III- In the final withdrawal phase, achieve

a rapid optimal transition of the probe displacement, and
optimize the loss-of-contact position, Z,;, 5, [0 minimize
the constrained cost function in (4) such that the total
withdrawal time is further minimized.

The same cosl function (4) is employed in both Objectives
WO-II and WO-III with different weighis, as reduction of
the withdrawal time can reversely increase the peak adhesive
force.

Next, we propose to seck the optimal parameters in Ob-
jectives BO-II, BO-II, WO-1, WO-II, and WO-III, respec-
tively, through a learning-based online-searching approach. We
present by showing how each of the objectives is achieved in
order.
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Fig. 3. Example of (a) the force and (c) probe displacement profile
measured n an mbal engagement test to quantify the charactenstic
proba positions (marked by 1, 2, 3), and (b) tha force and (d) dis-
placement profile (with the desired lorce load marked by 4) designed by

using the proposed LOS-RE process using those positions quantiied in
(a)and{c} respectively

C. Optimal Rapid Probe Engagement: A
Learning-Based, Online-Searching Optimization

We propose a leaming-based online-searching (LOS) tech-
nique for rapid probe engagemenl and withdrawal (called LOS-
RE and LOS-RW below, respectively) [18]. First, the charac-
teristic probe positions are estimated through an initial test to
identify the three phases of the engagement.

1) Estimation of the Probe—Sample-Contact Boundary Posi-
tions: By measuring the force-displacement profile during an
engagemenl process at low speed, the following probe positions
are estimaled [see Fig. 3(a) and (c)]: ) The initial probe position,
Z,: b) the tip-sample interaction border, Z;: and ¢) the initial
engagemenl posilion, Zi;, . The quantification of probe posi-
tions above is robust, as its uncertainty can be accounted for by
the “buffer” zone (i.e., the small vicinity above the tip-sample
interaction). Thus, accurate identification of the probe position
where the “snap-in™ occurs is not needed.

2) Objective EO-I: Rapid Precontact Probe Approach: The
goal in Objective EO-1 is to dramatically reduce the probe travel
time before the probe—sample contact. This probe travel time
is rather large in convenlional engagemenl, where to avoid the
probe/sample deformation and damage, the speed is conserva-
tive. We propose to, first, design the desired transition trajectory
of the probe displacement, and then track the desired trajectory
accurately.

Objective EO-1.1: Optimal transition trajectory design in the
preconiact phase. The desired probe displacement trajectory for
the precontact phase is designed online using the optimal transi-
tion trajectory design technique [ 14], [19]. Specifically, given the
precontact time 7., and the starting and final probe position of
the precontact, 2(0) = Z, and 2(Tjn.) = Zy, respectively [see
Fig. 3(d)]. the optimal transition trajectory [from z(0) to z(T e )]

is obtained from the solution thal minimizes the cost function
in (3) [14], [19]. as the (first) state trajectory of the following
syslem:

£(t) = (L + BeHe)E(2) + Bey(t) £ Ack() + Bey(t) (5)
under the optimal “input” 5"(t)
7'(t) = R Bf AL Tom 0 (T
X [6(Tpee) — AT Og(0)]

where, respectively, Ip =[5, Be = [0 1]7, He € K" is
chosen such that A, is Hurwitz, 9T}, is the controllable
Gramian for { A, B¢}

(6)

W) = j AeTore ) B R BT AL TNty (1)

In the following sections, we denole the optimal transition
traj obtained with a given condition B,; £
(£(0), £(T,)) and given transition time T, as $(t, By, T,).i.c.

(Boy, Tu)—m* &(t, By, Ty). (8)
For example, the above optimal transition trajectory for the
phase is given as $(t, By, Tpre).

Objective EO-1.2: Tracking of the designed transition tra-
Jjectory via online iterative learning. The optimal transition
trajectory of the probe displacement, $(t, By, T,,,.), is tracked
via ilerative leaming control technique. The control input (ie.,
the voltage profile applied to the z-axis piezo actuator), u’(f),
is obtained through the modeling-free iterative leaming control
(MTIC) technique online during the engagement process. The
MIIC algorithm [15] is described in Appendix A.

Rapid precontact is achieved by choosing a fast enough pre-
contact time T}, in the above two steps (Objectives EO-1.1
and EO-1.2). To further minimize the precontact time period,
T pre. the total transition time T, = Tpre, reduced in a bisection
search manner is used to redesign the desired optimal transition
trajectory $(t, By, Tpee) in Objective EO-L1, and then tracked
viathe MIIC above, uniil the tracking error exceeds the threshold
value.

3) Objecive EO-ll: Online Optimization of the Initial-
angagemeant Displacement Profile with Minimal “Snap-in” Force:
Under the condition that the tip-sample interaction border has
been achieved (Objeclive EO-I), the peak “snap-in" force is
online-minimized through a FIS process—without accurately
modeling the probe-sample interaction. As depicted in Fig. 4,
the FIS process is described as an algorithm below.

FIS Process. In cach jth search/update of the FIS process:

1) Design the desired initial-engagement probe displace-

ment profile, =/, (), by using the chosen method; for
example, the optimal transition trajectory design [see (8)]

2 aen(t) = 8(t, BY, TE), for £ € [ipes, o] )

with the given boundary condition B = (&(tpre),&
(¢}, _..)). and the jth initial-engagement time, T =
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Fig 4 Flow chart of the proposed FIS process.
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Fig. 5 Example of online optimization of the mibal-engagement dis-
placemant profile through the FIS process, by (a) tuning the initial-
anganemant fime pariod [marked out in (a)] of the probe displacemant,
&[t, # ,, 77), © (b) minimize the “snap-in” force [marked out in (b)),

oft ikl
F‘é‘,..,.,( Y|, via the Fibonacci search [see (10))].

t] oo — tpre» Where fp, and £ are the stan-
ing and the final time instant of the jth initial-
engagement, £(tpre) = [2(tpre), Z(tpre)|T, £(t o) =
[ty )s 2t )]s respectively.

2) Track the desired initial-engagement displacement pro-
file, =} 2.n(-), by using the MIIC techaique online,
and measure the peak “snap-in” force, ||.F‘_¢{m,{-}||m (see
Fig. 5)

Tracking((t, Bl TV [P (Moo (10)

3) Online update/optimize the coresponding initial-
engagement time, 7, through the online Fibonacci-based
optimization process (see Appendix B), 1o minimize the
peak “snap-in” force, || Fg,., ()]l

T = Cpw(@(t, By, TE), |1Fdpap(llce)

for T € [TL,, T, ). (1

where, respectively, T} , and T} , are the lower and upper
bounds of the searching interval of 2. Then, the updated
initial-engagement time, T ', will be used in the design
of the desired initial-engagement displacement profile,
2231 (-), w initiate the next FIS process.

4) Repeat the above three steps until convergence is reached:
The difference between the Nith iniermediate “optimal™
peak “snap-in” force, ||F5mm( ), and the mea-
sured “snap-in” force, || FY nap (" loos is within the precho-

sen threshold value, £snap > 0, ie., |IF" opt(Moe —

||-F5J:,|p(mm| < Espap-

4) Obyective EO-IIl. Oniine Final-Engagement Force Profile
Optimization: After both Objectives EO-1 and EO-1I have been
achieved, the above FIS process is also utilized to online-
minimize the overshoot force while keeping the engagement
time small. Specifically, in the jth FIS searching/update process,
the jth final-engagement time, 7%, is obtained by minimizing
the cost function J;_(-) given in (2) as

o Ton')s T (UFL Olees TS, '()112}
where, respectively, ®(-) is the (5 — 1)th desired final-
engagement force profile designed as in (B} ubmre, mlh
the given final-engagement time period, T2, ' e|']"e"._I “i
and the boundary condition, B ' = (£(f, ), &(th")
T4, Tah. are the lower and upper bound of lhl:
searching interval of TLT! =1 — £, . and {(t], .,) =
[t ), Aty E(t2") = [Du, O where ly ' s the
final time instant in the preceding (7 — 1)th final-engagement
process, and D, is the desired force load, respectively.
||F2, ' (-)ll is the peak overshoot force, measured when @(-)
is tracked accurately by using the MIIC technigue. The weights
in the cost function J7_'(-) are chosen (o normalize the peak
overshoot force and the final-engagement time, respectively.

During the FIS process, at the end of each iteration (of each

design update), the probe is withdrawn from the sample, and
repositioned at the tip-sample interaction border, Z;. by using a
Pl feedback control. Then, the Pl feedback control is switched
off, and the next iteration starts immediately.

Finally, the optimal control inpuis, each comresponding (o
Objectives EO-L. EO-1L, and EO-111, respectively, are concate-
nated to yield the input for the entire engagement process. The
smoothness of the desired probe profile across each phase is
guaranteed by the boundary conditions used in the optimal

e e jesi

TS, = Ton(®(t, B!

D. Optimal Rapid Probe Withdrawal via [ earning-Based
Online-Searching

The above leaming-based online-searching approach is also
extended to optimize the probe withdrawal process.

1) Obtain the Characteristic Probe Positions in the With-
drawal Process: As in lhe engagement process, the charac-
lenislic probe positions of the three withdrawal phases (see
Section 11-B) are quantified via experiment. Specifically, the
desired probe displacement profile is designed via the optimal
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%0 . Then, for the attractive phase, the desired probe displacement
@ : profile is desigaed by using the probe velocity, v,
E g: : r::l,ﬂ'(t) = “L.ll‘ forte [4!?‘ t{r_]] (lsl
b ]
Lg 4: : where, to ensure a smooth repulsive-to-altractive transition, the
ﬁ ] probe velocity, v}, . is obtained as
0 ' ' :
: UL,‘ = *(t'! Bof‘ Tm)- (3= Iﬂlp'! t]’!}n] [Iﬁ}
,ﬁ, B0 : v"" = I‘i’:nn! t:.ri]
:"ﬁ : with $(-) the velocity transition profile obtained via the op-
g':m : ﬁmalumiﬁonunjeauydaign[m(ﬂ}].fmmegmve-
- ] locity transition u'me, B t},p. and given bound-
I E ool s oA ay condition B, = (e(z....). E(thon))s Where £(thyy) =
Time (ms) : Time (ms) (Vo0 et (B, P et ()]s £(Hhn) = [0, O]T. In(16), 8,,,
(o) —ren® —7ea®] is the final time instant of the velocity transition profile, and v is
= N the constant probe velocity obtained via the FIS process below,
Fig 6. Examplo of (a) the forco and (c) probo displacemant profile WMI"

measured in an inibal withdrewsl tesl to quantity the characlenstic probe
paositions (marked by 1, 2, 3), and (b) the force and (d) displacemen
profile designed by using the proposed LOS-RW process using those
positions quantified in (a), (c), respoactivaly.

transition trajectory design technique, =, .q(:), and tracked by
uging the MIIC technique online

Zp, Lowt (!) — *{tn Bofv Tm,inll}: for t € p: Thl.llﬂl] (13}

where Ty inie is (he given withdrawal time period, and B,; =
(€(0), £(Tow suit)) is the condition, with £(0) =
[2(0), O], &(Tw,init) = [Zw,s, 0|7, and Z,, 4 the final with-
drawal position, respectively. The use of the above optimal
transition trajectory is to avoid post-wilhdrawal oscillations, and
obtain a smooth probe displacement in the online profile design
later.

Through the above tesl, the following probe velocity and char-
acteristic probe positions are extracted [see Fig. 6(a) and (c)]:
(1) the velocity of the probe displacement profile, vy res (t) =
Zpest (), Tort € [0, Ty imie); (2) the end-of-repulsive position,
Z s r2 8nd (3) the loss-of-contact position, Zy, o. Zo . and Zy, 4
are the initial choice of the corresponding probe position in
the online iteralive optimization later, respectively. The above
quantification is robusl, as small vanations in the identification
will not affect the optimization of the desired withdrawal profile.
As before, the three-step FIS process is employed 1o optimize
the withdrawal profile online. We start with the first step next.

2) Online Design the Dasired Proba Withdrawal Profile:

Based on the characteristic probe positions quantified above,
the desired probe withdrawal profile in each of the jth FIS
process, 2 (), is designed phase-by-phase in sequence [see
Fig. 6(b) and (d)]. First, for the repulsive phase, the desired
prube displacement profile is chosen as the measured one in the
initial tesl, 2y o (2), 38

2 p(t) = 2w (), forteo, )] (14)

where t{ap is the lime instant for the final probe position in the
repulsive phase, 7%, v, i 24 rp(thap) = Z4 -

Next, for the final phase, the desired probe displacement
profile is obtained via the optimal transition trajectory design,

?:, ﬂ(” =®(t, B, ,-» Tutry), forte u{r,n t{f!] (17
with agwmwiu'lchwal time period, Tyer s = 8, ; — ], (. and

boundary condition B3, = (£(t7,), £(8 ;). where £(¢;,,,) =
1280, ¥2I", ﬂ‘}’rf) = [Zuw,s, O], with “t’r,l and " tr,s the
time instant to the starting position of the final
phase, Z‘{m, and the final withdrawal position, Z,,J. respec-
tively. The smooth transilion from the atiractive phase to the
final phase is guaranteed by the boundary conditions used in the
optimal transition trajectory design.

Finally, the entire desired probe withdrawal profile for the
gth design update is obtained by concatenating the above three
profiles together in order

L) = [Lrplt), Hsrl®), )], for o, )
(18)
Then, the final probe position in the repulsive phase, Z ..
the constant probe velocity in the artractive phase, vJ, and the
starting probe position in the final phase, Z{, ., are tuned through
the FIS process, to optimize the probe displacement
in the corresponding phase, =, ,.,(), zJ, (), and
respectively.

3) Objsctve WO-I Online-Minimize the Adhssive Force:
The probe velocity in the attractive phase is tuned oaline to
minimize the peak adhesive force via the FIS process. During
the tuning process, the probe profiles in the preceding repulsive
and the following final phase are maintained the same as those
nbuinedindichiﬂalduign,i.e obtained by using Z,, , and

Zwa 10 (14) and (17), respectively. Specifically, |nthe1lhﬂS
searching/update process, the jth constant probe velocity, vl

-hﬂ(t]l

searched via the FIS process
vl = rmtzJ.:'(e, vi™), IFAa () (19)
where v2 ' € [v],, v],'] is the (7 — 1)th constant probe ve-

lod:y,wmug and 7 the lower and upper bounds of the
searching interval, respectively, and ||F:=;,:()||m is the peak
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{a. left axis) llerative tracking of the desired probe displacement in the pre-conlact phase along with (a. right axis) the tracking emror in the

last iteration. (b) Updates of the probe force profile in the mibal-engagement phase wa the FIS process () Updates of the probe force profile n the
final engagement phase wa the FIS process (d) The comesponding online racking of the desired force profile in the nial design mn (c) va MIIC,

raspactivaly, on tha PDMS sampla with the dasired force load at 47 nN

adhesive force, measured when the desired probe withdrawal
profile, zJ,'(t, v~ "), is tracked accurately by using the MIIC
technique, respectively. The jth constant probe velocity vl is
used to update the probe displacement profile in the attractive
phase via (15) and (16), and obtain the entire desired probe
withdrawal profile through concatenation [see (18)].

4) Objective WO-I1. Online-Optimize the Repuisive Transi-
tion Profile: Next, the final probe position in the repulsive phase,
Z1, vy is tuned via the FIS process to minimize the total with-
drawal time withoul increasing the peak adhesive force. The
optimal constant probe velocity, v, in the altractive phase
and probe withdrawal profile in the final phase obtained in
Objective WO-1 are maintained. Specifically, in the jth FIS
searching/update process, the jth repulsive final position, Z7, .,
is searched online to minimize the cost function J{_(-) in (4),

Z,, = Tew(=l ' (6, 25, F IF A O e, Té_l}ﬁo )
where 7371 e [Z17), 73] is the ( — I)th final position
of the repulsive phase, with Z % and Z] ), the lower and

w,rh

upper bounds of the searching interval, respectively. ||FJ{‘:(-}||‘m
and 72" are the peak adhesive force and the total with-
drawal time, measured when the desired probe withdrawal pro-
file, =4, '(¢, Z]}). is wacked accurately by using the MIIC

The weights in the cost function .77~ (-) are uned (afler the
initial scarching interval, [Z0, ,. Z7 1. is chosen appropri-
ately) to ensure that the force in the repulsive phase does not
exceed the peak adhesive force. The jth repulsive final position,
Zi . is usad to updale the probe displacement profile in the
repulsive phase via (14). and obtain the entire desired probe
withdrawal profile through concatenation [see (18)].

5) Objective WO-II. Online-Optimize the Final Withdrawal
Profile: Similarly, the total withdrawal time is further minimized
by online-tuning the starting probe position in the final phase via
the FIS process, under the condition that the peak adhesive force
is closely mainlained around the oplimal peak adhesive force,
F*, 45 The optimal constant probe velocity, v;. and the optimal
repulsive final position, Z§, ;, obtained in Objectives WO-T and

WO-II are maintained. Specifically, the jth starting position of
the final phase, Z] ,, is searched online to minimize the cost
function J]_(-) of (4) via the FIS searching/update process,

Zl’r.c = rp"b(""’-l(te Zn{':) JJ-I(I Fi&;(')"ma Tt‘:-l) (21)

where Z1-! € (Z2 ), Z1 1] is the (j — 1)th starting position
of the final phase, with Z ;. ZZ . the lower and upper bounds
of the searching interval, respectively, and =1 '(t, Z1 J) is the
desired probe withdrawal profile 1o track by using the MIIC
technique, respeclively. Then, the jth starting position of the
final phase, Z7 _. is used to update the probe displacement
profile in the final phase via (17), and obtain the entire desired
probe withdrawal profile via concatenation [see (18)].

Finally. the optimal control inputs, each corresponding to Ob-
jective WO-1, WO-11, and WO-111, respectively, are concatenated
together to yield the control input for the entire withdrawal
process. The smoothness of the probe withdrawal profile is
guaranteed by the smoothness and precision tracking of the
desired probe displacement profile.

. EXPERIMENTAL DEMONSTRATION
The proposed LOS-RE and LOS-RW techniques were illus-
trated through AFM experimentis. We start by describing the
experimental setup.
A. Experimental Setup

The experiments were performed on a commercial AFM
system (Dimension FastScan, Bruker Inc.), in which the piezo-
electric actuators can be directly controlled via external drives,
and the cantilever displacement (=-sensor signal) and the probe-
sample interaction force (cantilever deflection) can be directly
measured. The Matlab-xPC-target, combined with a dala acqui-
sition system, was used to implement the algorithms and process
the data. The sampling rate was set at 25 kHz and 10 kHz for the
probe engagement and withdrawal experiment (under the data
acquisition limitation), respectively.

A PDMS sample made by mixing Sylgard 184 silicone elas-
tomer base and curing agent together at a mass ratio of 15:1 was
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used as the test sample. The PDMS sample is hydrophobic, with
an elastic modulus of around 1.3 MPa. A cantilever with aspring
constant of 0.8 N/m {model: FastScan-C, Bruker Inc.) was used.

B. [ esaming-Based Online-Searching Aapid Probe
Engagement: Implementation and Resulis

First, the characleristic probe positions of the engage-
ment process were quantified through an experiment test (see
Section MI-C.1). Then, to achieve rapid precontact probe ap-
proach (Objective EO-I), the desired probe displacement tra-
jectory fTor the precontact phase was designed by using the
pre-contact time at 4 ms and tracked online by using the MIIC
technique (see Section TI-C.2). The convergence was reached
with three iterations (with the relative RMS error less than 4%),
as shown in Fig. 7(a). Next, to minimize the peak “snap-in” force
(Objective EQ-IT), the time period of the inilial-engagement
phase was online-optimized through the proposed FIS process
(see Section 11-C.3). The desired probe displacement profile
for the inilial-engagement phase was updated by using the
initial-engagement lime and accuralely tracked online by using
the MIIC lechnique. The convergence was reached with two
iterations (with the relative RMS error less than 5%). A total
number of N = 4 updates (with . = 0.05) was implemented

Force (nN)

tonsss

Force (aN)

b usR =

Force (nN)

#&.gtal

ol 003 00 001 0&2 043 Obé

Time (s) Time (s)
[ htwldsp — indsip — addsip —Inidsigm — Opamal &sg)

) Qo

Fig. 10. (a), (c), and {e) Updales of the probe force and (b), (d), and
() the conirol input i the LOS-RW process (o achieve Objeclives WO,
WO, and WO-IIl on the PDMS sample with inthal force load al ~-60 nN,
respoactively

in the FIS process, and the comresponding probe force profiles
were measurcd and shown in Fig. 7(b). Finally, afier Objectives
EO-1 and EO-1I had been achieved, the time period of the
final-engagement phase was also online-optimized to minimize
the peak overshool force and reach the desired force load at
47 nN (Objective EO-I1I) via the proposed FIS process (sce
Section 11-C.4). The desired probe force profile was updated by
using the final-cngagement time and tracked accurately online
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Fig. 12. Comparison of (a) the adhesive force and (b) tha total with-
drawal tima obtained by using the proposad LOS-RW mathod, the slow-
ramp withdrawal (SRW) and the fasl-ramp withdrewal (FRW), respec-
tively, on the PDMS sample for the inilial force load of ~ 34, ~44, and
~60 NN, raspactivaly.

by using the MIIC technique. The convergence was reached
afler five iterations (with the relative RMS error between the
desired and measured force load less than 5%). A total of four
FIS online updates were conducted, and the probe force profiles
were measured and shown in Fig. 7(c). As an example, the
iterative tracking of the desired force profile in the initial design
is presented in Fig. 7(d). Then, all the obtained optimal control
inpul profiles for the three phases were concalenated together o
obtain thal Tor the probe engagement process.

For comparison, the probe engagement without control (i.e.,
the open-loop engagement) and with the P1 control (called
the Pl-engagement below), respectively, were also measured in
the experiment under the same experimental conditions (e.g..
the same sample location, the same desired force load). For
the upen-loop engagementl, a smooth probe displacement profile
was online designed and tracked (o transit the probe from the
tip—sample interaction border at ~ 538 nm to reach the estimated
probe position commesponding Lo the desired force load [see (22)]
within ~6 ms. For the Pl-engagemenl, a ramp input with a
velocity of ~30 nm/ms was applied initially, and then the P1
control was switched on once the conlact force was detected until
the desired force load was reached. The experimental resulls via
these three methods were also obtained for two other desired
force loads of 25 and 67 nN, respectively. The probe force for
these three methods with three desired force loads was measured
and shown in Fig. 8(a)-(c), where a zoomed-in view of the
“snap-in" forces is shown in Fig. 8(d)(f). The peak “snap-in™

force, peak overshool force, and the total engagement time were
also quantified and compared in Fig. 9(a) and (b), respectively.

C. Learning-Based Online-Searching Rapid Probe
Withdrawal: Implementation and Results

Next, the proposed LOS-RW lechnique was implemenied.
The initial stable contact was established a priori at a force load
of ~60 nN. The characteristic probe positions were estimated
experimentally through a withdrawal test (see Section 11-D.1).
First, the probe velocity in the attractive phase was optimized to
minimize the peak adhesive force online (Objective WO-I) via
the FIS process (see Section 11-D.3). The desired withdrawal
profile was updaied by using the probe velocity and tracked
accuralely online by using the MIIC technique. The convergence
was reached with two iterations (with the relative RMS error less
than 5%}). The FIS process was stopped after four design updates,
and the comresponding probe force profiles and control inpuls
were measured and shown in Fig. 10(a) and (b), respectively.
Then, the repulsive final position was also online-optimized by
minimizing the cost function in (4) (Objective WO-I1) via the
FIS process (see Section 11-D.4). The desired withdrawal profile
was updated by using the repulsive final position and tracked
accurately online by using the MIIC technigue. The convergence
was reached in two iterations (with the relative RMS error less
than 5%). The FIS process was terminated after four design
updates, and the probe force profiles and control inputs were
measured and shown in Fig. 10(c) and (d). respectively. Finally,
to further minimize the total withdrawal time, the starting po-
sition of the final phase was optimized (Objective WO-IIT) via
the FIS process (see Section I11-D.5). The desired withdrawal
profile was updated by using the starting position and tracked
accuralely online by using the MITC technigue. The convergence
was reached in two iterations (with the relative RMS emor less
than 5%). Four FIS online updates were conducted. and the
probe forces and control inputs are shown in Fig. 10(e) and
(f), respectively. The optimal control input profiles obtained in
the above three phascs were concalenaled together to obtain the
entire optimal input profile for the probe withdrawal.

For comparison, the ramp withdrawal experiments at two dif-
respectively, were also conducted. One fast ramp velocity was
sel at ~ 20 nm/ms (called the fast-ramp withdrawal below). The
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Fig. 14 Companson of (a) the probe force and (b) the lotal engage-
ment time obtained by using the proposed LOS-RE methoad, the aopen-
loop angagemant (WC), and the Pl-angagament (P1), on the dental <ili-
cone sample for the desired force load of 30, 45, and 70 nN, respectively.

other velocity was chosen such thal the time instant correspond-
ing to the loss-of-conlact posilion malched well with that of the
proposed LOS-RW process (called the siow-ramp withdrawal
below). Moreover, the experiments via these three methods were
also implemented al two other initial stable contacts at ~ 34 nN
and ~44 aN, respectively. The probe forces for these three
methods are compared in Fig. 11(a)~{c) for the three initial
force loads, respectively. The peak adhesive force and the total
withdrawal time were quantified and compared in Fig. 12(a) and
(b), respectively.

IV. RESULTS AND DISCUSSION

The experimental results demonstrated that, by using the pro-
posed LOS-RE approach, the proposed Objectives EO-I, EO-TI,
and EO-1IT were achieved. First, (he (otal engagement lime was
substantially reduced by over 85.0% and 93.4%, when compared
to that of the Pl-engagement and the open-loop engagement,
respectively, from 72.0ms (PI-engagement) and 165.0 ms (open-
loop) to 10.8 ms, respectively [see Figs. 8(b) and 9(b)]. Also, by
using the LOS-RE process, the desired force load of ~47 aN

was reached with an error less than 5%, whereas the open-loop
engagement could not achieve the desired force load. Further-
more, the peak overshoot force was also reduced dramatically
to 1.7 nN, an over 93.9% reduction from that in the open-loop
engagement at 28.0 nN [see Figs. 8(b) and 9(a)]. Although the
peak “snap-in” force and the overshoot force were smaller when
using the Pl-cngagement [sce Figs. 8(b) and (c¢) and 9(a)], such
a force reduction was accompanied with a much larger engage-
ment time—over 5.7 times. Such a long time engagement is nol
suitable in applications where rapid probe engagement is needed,
such as the piecewise-scanning-based imaging [ 1] or the discrete
nanomechanical mapping [2]. Contrarily, by using the proposed
method, the engagement time was reduced by over 85%. The
proposed method also provides an optimal trade-off between the
interaction force and the engagement time, i.e., the interaction
force can be further reduced by allowing a larger engagement
time. These results—the dramatic reduction of the force (over
the open-loop engagement) and the engagement time (over both
the open-loop and Pl-control ones)—were also observed in the
other two force load cases, as can be seen cleary in Figs. 8
and 9. Therefore, the proposed LOS-RE process was highly
efficient and effective in achieving rapid probe engagement with

The experimental results also demonstrated that by using the
proposed LOS-RW approach, the proposed Objectives WO-1,
WO-1L, and WO-111 were achieved. First, by using the LOS-RW
process, the peak adhesive force of the probe withdrawal was
reduced by over 21.7% and 47.7% compared to that when using
the slow- and fast-ramp withdrawal, respectively, from 23.5 aN
(slow-ramp) and 35.2 aN (fast-ramp) to 18.4 aN, respectively
[see Figs. 11(c) and 12(a)]. Furthermore, the total withdrawal
lime was reduced dramatically to 22.3 ms, an over 34.4% reduc-
tion from that of the slow-ramp withdrawal at 34 ms. Although
the total withdrawal time was smaller when using the fast-ramp
wilhdrawal [see Figs. 1 1(c)and 12(b)]. such a lime reduction was
obtained at the cost of a much larger peak adhesive force—the
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Fig. 15 Comparison of (a)-(c) the probe force obtained by using the proposed LOS-RW method, the slow-ramp withdrawal, and the fast-ramp
withdrewal, on the dental siicone sample for the iniial force load of ~25, ~40, and ~ 60 nN, respechively.

peak adhesive force increased by over 91.3%. Large adhesive
force deforms and damages soft samples, especially live bi-
ological specimens, and becomes even worse in applications
where repetilive withdrawal operations are required [1], [2].
Contrarily, by using the proposed method, the adhesive force was
reduced by over 48%. Moreover, the proposed method provides
an optimal trade-off between the adhesive force and the with-
drawal time, i.c., the adhesive force can be further reduced by
allowing a longer withdrawal time. These results—the dramatic
reduction of the adhesive force (over both the fast-and slow-ramp
withdrawal) and the tolal withdrawal time (over the slow-ramp
withdrawal)—were also observed in other two initial force load
cases, as can be seen clearly in Figs. 11 and 12. Therefore, the
proposed LOS-RW process was highly efficient and effective
in achieving rapid probe withdrawal with the adhesive force
online-minimized.

To further validate the efficacy of the proposed approach,
experiments were also conducted on a hydrophilic dental sil-
icone sample prepared by using nanoimprint lithography with
a quasicrystalline stamp. The above three engagement methods
were applied under three different force loads at 30 nN, 45 nN,
and 70 nN, respectively. In the proposed LOS-RE process, the
convergence of tracking the desired displacement and force
profile were reached with two and five ilerations, respectively
(with the relative RMS error less than 5%). The corresponding
probe forces measured are compared in Fig. 13(a)-{c), with a
zoomed-in view of the “snap-in” forces shown in Fig. 13(d)(1),
respectively. The quantified peak “snap-in" force, overshool
force, and (otal engagement time are also presented in Fig. 14(a)
and (b). The probe withdrawal experiment was also conducted
on this sample by using the above three withdrawal methods
at three different initial force loads of ~25, ~40, and ~60 nN,
respectively. In the proposed LOS-RW process, the convergence
of tracking the desired displacement profile was reached with
two ilerations (with the relative RMS error less than 5%). The
measured probe forces are shown in Fig. 15(a)-{(c), and the
quantified peak adhesive force and the total withdrawal time
are summarized in Fig. 16(a) and (b).

The experimental results obtained on the denlal silicone sam-
ple also showed similar improvements as those obtained on the
PDMS sample previously. Both the probe—sample interaction
force and the engagement or withdrawal time were reduced by
using the proposed approach, as can be seen in Figs. 13-16,

Em
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Comparison of (a) the adhasive forco and (b) total withdrawal
tima obtainad by using the proposed LOS-RW mathod, the slow-ramp
wilhdrawal (SRW), and the fast-ramp withdrawal (FRW), on the dental
siicone sample for the indial force load of ~25, ~40, and ~60 NN,
respactively

swsaB38RE

Withdrawal time (ms)

respectively. Thus, this experiment further demonstrated the
proposed method in achieving rapid probe engagement and
withdrawal. A preliminary work of using the proposed approach
in AFM applications has been illustraled recently for discrete
nanomechanical mapping [2].

V. CONCLUSION

An online-searching-based leaming approach to achieve rapid
probe engagement and withdrawal with the probe-sample-
interaction force minimized is proposed. The proposed approach
explored the idea of piecewise sequential optimization to tackle
the challenges in the highly nonlinear stiff force—distance rela-
tionship involved. The probe engagement and withdrawal pro-
cess had been partitioned into three phases and online-optimized
in sequence. A Fibonacci-based iterative optimization approach
had been proposed for online optimization. The proposed ap-
proach was illustrated through experimental implementations
on a polydimethylsiloxane (PDMS) sample and a dental silicone

sample.

APPENDIX A
MODELING-FREE ITERATIVE LEARNING
CONTROL TECHNIQUE

The MIIC technique [15] is used to achieve precision track-
ing of a given desired trajectory ya(t). Specifically, the MIIC
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algorithm is given in the frequency domain as

Uy (jw) = aya(w), 22)
. -LEH" . jw), ifk>1,yeer(inw)#£0
U 1,2r () = {(‘;mf w wa(jw) ™ = Viar(Jw) #
(23)

where, respectively, o is the reciprocal of the de-gain of the
7-axis piezoclectric actualor, yi v»(Jw) and ug ¢ (jw) are the
Fourier transform of the measured trajectory (i.e., the probe
displacement or the probe force) and the control input applied
1o the z-axis piezo actuator in the kih iteration, and y,(jw) is the
Fourier transform of the desired trajectory to track. The MIIC
algorithm is iteratively implemented until the convergence is
reached, ie., the tracking error, ||y e (-) — #a(-) ||z, cannot be
further reduced. In practice, usually only a few ilerations (< 5)
are needed [20]).

APPENDIX B
ONLINE FIBONACCI-BASED OPTIMIZATION

In the proposed FIS process, the Fibonacci algorithm is uti-
lized to update the parameter to be optimized,

VI =pp(¥-' (8, VI, SV (29)

where V7 is the parameter to be oplimized in the jth updale,
BV) is the response value that is minimized through the
optimization of V, and ¥(t, V') is the trajectory (i.e., function)
that depends on the parameter V', respectively. Moreover, #(V)
is measured when the trajectory W(¢, V') is tracked. ie.

Tracking(¥(t, V)% (V).

(25)
First, for each jth design update (2 <35 < NN, N:mcfxe-
chosen total number of search times), let V™" and V7~ be
the lower and upper bounds of the search interval of V7-!,
respectively, VJ; be the intermediate “optimal” parameter,
and 33,;' {Vjp]' ) be the corresponding intermediate “‘optimal™
response value, respectively. Then, after the (7 — 1)th desired
trajectory, ¥7-1(2, ¥7-1), has been tracked accurately, the re-
sponse value, .#7'(V7-1), is measured and compared to the
int:rfmdiztlc “optimal” response value. Whea F7-1(v7-1)
.F’o;, [Vgl; ), we set

V;J . ;,r!:il—lT

=V, VIV 4t

if VI~' > Vilor
= -1

Vi=vi vl=vl, VI=V]-pa,
i 1-1
if V' < Vm (26)

and keep the jth intermediate “optimal™ values the same, i.e.
Vi =Vim'» FouVi) = F5/ V) @n
where, respectively, Ay is the jth search interval length, A, —
Vil = V7, and py is the updale coefficient determined by py =
| — Fx—y1/Fxn-y22, § = 1,2,..., N — 1, with the Fibonacci

sequence Fy, F, - -+ given by

R=F=1,F=F_+Fp, j=23,....N+1
(28)

The length of the Fibonacci sequence N is determined by the
prechosen threshold level  for the oplimal parameter via (1 +
24)/Fa 41 < 6/ Asniz, with A a prechosen threshold to update
pn = 0.5 — A in the Nth step.

Otherwise, when #7 ' (VI-!) < $12(VL'), we set

y;! —yi-!

o Vi=VL VI=V]-pa,

iVt > vilor

Vi=V, Vi=VL' Vi=V]!+p4,
V- < V3

V=V, L 02) =81 (V)

At the beginning, the lower and upper bounds of the search in-
terval, V™" and V™", will be chosen a priori, and the parameter
1o be optimized for the initial and the first design update, V°,
V1, are determined as

(29)
(30)

VII — Vllnll. + PlAﬂ‘ Vl — Vhlllll. . PIAﬂ'- (3])

After the initial and the first design of the desired trajectory,
¥O(t, V®) and ¥'(z, V'), have been tracked accurately, the
response values, #Y(V?), and #'(V"'), are measured and used
1o determine the first intermediate “optimal” parameter and the
intermediate “oplimal™ response value
Ve =V, IV )= _PYY")
if F(v) > FV%or
Vie =V, FL(Vh)=F' V")
if F1(V') < F2(VY).

These values serve ag the initial conditions needed to start the
Fibonacci search process described above.

(32)
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