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Haptic Teleoperation for 3-D Microassembly
of Spherical Objects

Aude Bolopion, Hui Xie, Member, IEEE, Dogan Sinan Haliyo, and Stéphane Régnier

Abstract—In this paper, teleoperated 3-D microassembly of
spherical objects with haptic feedback is presented. A dual-tip grip-
per controlled through a haptic interface is used to pick-and-place
microspheres (diameter: 4–6 μm). The proposed approach to align
the gripper with the spheres is based on a user-driven exploration
of the object to be manipulated. The haptic feedback is based on
amplitude measurements from cantilevers in dynamic mode. That
is, the operator perceives the contact while freely exploring the
manipulation area. The data recorded during this exploration are
processed online and generate a virtual guide to pull the user to the
optimum contact point, allowing correct positioning of the dual
tips. A preliminary scan is not necessary to compute the haptic
feedback, which increases the intuitiveness of our system. For the
pick-and-place operation, two haptic feedback schemes are pro-
posed to either provide users with information about microscale
interactions occurring during the operation, or to assist them while
performing the task. As experimental validation, a two-layer pyra-
mid composed of four microspheres is built in ambient conditions.

Index Terms—Bilateral coupling, dual-tip gripper, haptic inter-
face, microassembly, virtual guide.

NOMENCLATURE

Haptic

Fop , Fh User and haptic force, respectively.
Fhx , Fhy , Ff e

hz , F as
hz Haptic force on x, y, z (either for feel-

ing or assistance) axes.
H(s) Haptic device transfer function.
kx , ky , kz Haptic stiffness for the x, y, and z force

feedback.
n, d Number of points and distance be-

tween two points for the virtual guide
generation.

zd Equilibrium position for transport
when the haptic feedback is providing
assistance.

αa , αf , αd Amplitude, force, and displacement
scaling factor, respectively.
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Photodiode

A, F Amplitude and force measurement
from the photodiodes, respectively.

ACP Residual amplitude at full contact.
AI , AII Amplitude output of Photodiodes I

and II.
Ai

t Amplitude of the ith recorded con-
tact point during the tapping-mode
exploration.

A0 , F0 Amplitude when the tip is oscillating
at its natural frequency, force when the
tip is placed in contact with the sphere
before the grasping operation.

Fao Adhesion forces between the sphere
and the substrate.

FI , FII Force output of Photodiodes I and II.
FI0 , FII0 Force output of Photodiodes I and

II when the tip is placed in contact
with the sphere before the grasping
operation.

kn Stiffness of the cantilever.
Sn Sensitivity of the photodiode.
VI , VII Voltage output of Photodiodes I and II.
β Calibrated conversion factor of the

photodiode from voltage to amplitude.

Coordinates

h0 z-position of the tips while aligning the
gripper.

ph = [xh , yh , zh ] Coordinates of the haptic handle.
pn = [xn , yn , zn ] Coordinates of the nanostage.
pp = [xp, yp , zp ] Coordinates of the piezotube.
xCP x-position of the tip at full contact.
xi

t , yi
t , zi

t Coordinates of the ith recorded con-
tact point during the tapping-mode
exploration.

x0 , y0 , z0 Coordinates of the sphere center.
zPO z-position of the pull off.

I. INTRODUCTION

MANIPULATION of objects of less than ten microme-
ters is a challenge, as it shares many difficulties with

nanomanipulation. Among them, the visual feedback from the
optical microscope is limited and does not enable the accurate
positioning of tools and objects. Due to the scale reduction, ad-
hesion forces become predominant over gravitational ones [1].
Tools to manipulate these objects must be carefully designed [2].
Fully automated micromanipulation is difficult to achieve, given
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the high influence of environmental parameters and the lack of
repeatability. Moreover, it would result in a lack of flexibility
in the overall system. Haptic feedback appears as a promising
solution to provide assistance to operators [3], in particular for
atomic force microscopy (AFM)-based manipulation [4], [5].
Solutions to assist micromanipulations through haptic feedback
are the first steps toward intuitive nanomanipulations.

To provide high quality force feedback, haptic coupling
schemes have been developed to handle micro and nanoscale
specificity [6], [7]. In particular, passivity controllers, widely
used in macroscale teleoperation [8], [9], have been adapted to
microscale in order to preserve long-range attraction forces such
as van der Waals interactions [10], [11]. Based on these haptic
coupling schemes, several teleoperated micro- and nanoscale
tasks are reported in the literature. Early examples deal only
with feeling the shape of substrates or objects [12]. Marliere
et al. [13] report a haptic implementation of a approach/retract
task of an AFM probe.The first remote tasks inducing a mod-
ification of the sample are indentations (e.g., direct patterning
on a substrate [14]). Tasks involving pushing/pulling or cut-
ting objects are also of primary interest [15], [16]. As only
two measurements—bending and torsion—are directly avail-
able from an AFM cantilever, 3-D haptic feedback of nanoscale
interactions between the tool and the object can only be achieved
by the use of contact mechanics models [16]. Such models are
used for 3-D haptic feedback in surface indentation and touch-
ing microobjects [17]–[19]. However, so far, no manipulation
tasks have been reported. In addition to transmitting micro- and
nanoscale interactions, haptic feedback is used as an enhance-
ment for user assistance, with virtual guides for pushing and
pick-and-place by adhesion tasks [20]. In this case, haptic feed-
back is used to keep the user’s motion on a specified path.

All the aforementioned works use a single AFM cantilever
and static measurement. Consequently, only one controllable
contact point is available to the user. Using the AFM in contact
mode implies also some limitations compared to using it in dy-
namic mode. The dynamic mode, where the force measurement
is obtained through variations on the amplitude or frequency of
a vibrating probe, is generally considered of finer quality than
the static contact mode, where the measured force is directly
proportional to the deflection of the probe [21]. In addition, a
frequent time-consuming factor is the preliminary scan, which
is required, especially in the case, where vision quality is poor
(for objects smaller than few micrometers), contact mechanics
models are used for 3-D feedback, or path planning is required
to implement virtual guides.

This paper validates the feasibility of using haptic feedback
for 3-D manipulation. A two-layer pyramidal structure based on
four �5 ± 1 μm microspheres is selected to illustrate the study
since these objects are commonly considered at this scale [22].
This paper is based on the analysis of haptic coupling schemes as
we did previously [23]. The first results of 2-D teleoperation of
�50 μm microspheres with haptic feedback using rolling were
obtained in [24]. This report deals with 3-D microassembly
in ambient conditions of microspheres ten times smaller. The
system uses two independent AFM probes to collaboratively
grasp and position each object, as reported in [25]. Since this

setup enables 3-D manipulation of different objects with force
measurement [26], the proposed method could be adapted to
different objects provided that the equation of their shape is
known.

Teleoperation through haptic feedback is extensively used in
every step of the operation. Since we have chosen to concen-
trate on the feasibility of a fully teleoperated 3-D manipulation,
automated manipulation is not considered even though good re-
sults could be obtained. The applications of these two modes are
complementary: automated manipulation is designed to perform
repeated tasks efficiently. Teleoperation provides high flexibility
and enables specific manipulations of individual objects, such as
placing them on a TEM grid for physical properties analysis. As
the proposed approach relies on the operator to increase the flex-
ibility of the system, the prescan step is avoided. It is replaced
by a user-guided initial exploration. This exploration allows for
online calculation of virtual guides, helping the operator to cor-
rectly align the dual-tip gripper with respect to the manipulated
object, even in the case of poor visual accuracy. Additionally,
different feedback schemes are presented for pick-and-place of
microspheres.

Compared to existing teleoperation systems at the mi-
cro/nanoscale, this paper presents two main contributions. Hap-
tic feedback based on dynamic-mode AFM data is presented
for the first time. This mode is most often used for mi-
cro/nanomanipulation as the measurement of the amplitude of
the oscillations provides accurate information about the position
of the object. From these data, the grasping point is determined
based on a least-mean-square algorithm. Next, two different
haptic feedback methods are proposed for two-probes-based
pick-and-place operations. The first one provides information
on the measured interaction forces directly, while the second
one assists the user in improving dexterity and avoiding colli-
sion. These feedbacks are proposed for the same task, but they
correspond to different applications (comprehension of physical
phenomena or safe and efficient manipulation).

This paper is organized as follows. The experimental setup
and the manipulation protocol are described in Sections II and
III, respectively. Haptic feedback based on dynamic-mode mea-
surements and online construction of virtual guides to accurately
align the grippers to microspheres is discussed in Section IV.
Section V explains and analyses in detail the pick-and-place
experiments, and Section VI, the construction of a two-layer
pyramid. A table summarizing the notations used in this paper
can be found in Section VIII.

II. EXPERIMENTAL SETUP

Detailed specifications of the manipulation setup are dis-
cussed in [27]. A brief summary is given here. The microma-
nipulation platform is depicted in Fig. 1. The AFM gripper is
equipped with an optical microscope, and two sets of nanoposi-
tioning devices and optical levers to coordinate two AFM can-
tilevers with protruding tips (namely, Tips I and II, Nanosensors
ATEC–FM) facing each other, forming a dual-tip gripper. Tip I
is fixed on an X–Y –Z motorized micropositioning stage, while
Tip II is actuated by an open-loop X–Y –Z piezotube mounted
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Fig. 1. AFM gripper-based telemicromanipulation system. (Left) Haptic de-
vice providing a user interface to control the 3-D microassembly with real-time
haptic feedback. (Right) Dual-probe gripper comprises two AFM cantilevers
with protruding tips for pick-and-place micromanipulation.

TABLE I
SPECIFICATIONS OF MOTION STAGES

on a X–Y –Z manual stage. A closed-loop X–Y –Z nanostage is
used to actuate the sample holder during microassembly. Coarse
alignment of Tips I and II is achieved under the optical micro-
scope with large displacements of motorized and manual stages.
Detailed specifications of each motion stage are summarized in
Table I.

Each cantilever disposes of its own optical lever, comprising
a laser source and a four-quadrant photodiode. Data acquisition
occurs at 500–800 Hz for static force sampling and at 600 kHz
for amplitude through a NI 6289 DAQ card.

Cantilevers can be used in two different modes: tapping and
static. For the tapping mode, a piezoceramic excites each probe
at its natural frequency. The amplitude of the resulting oscilla-
tions is measured through the variations of the voltage output
on the photodiode

A = β · ΔV (1)

where A is the amplitude measurement, β = 10−6m·V−1 is a
calibrated conversion factor, and ΔV is the differential voltage
response of the photodiode.

In static mode, the normal force applied on the cantilever F
is measured directly from the output voltage of the photodiode

F = knSnΔV (2)

where kn = 2.8 N·m−1 is the normal stiffness of the cantilever,
and Sn = 8 × 10−7 m·V−1 is the sensitivity of the optical levers.

An Omega haptic interface, manufactured by force dimen-
sion1 is provided for intuitive user control of the manipulator.
This master arm is a 3 degrees of freedom device. The user

1http://www.forcedimension.com

manipulates the handle and the resulting position ph is scaled
down to be used to control the actuators (nanostage and piezo-
tube). The haptic force Fh sent to the user through the haptic
interface is based on measurements from the two photodiodes
(VI and VII). As represented by the switches S1 and S2 in Fig. 1,
different translators and feedbacks are used at each step of the
microassembly. The next sections detail the use of the haptic
interface to interactively perform a microassembly task.

III. 3-D MICROASSEMBLY PROTOCOL

At microscales, complex strategies must be used to manip-
ulate objects [28], [29]. Dual-tip manipulation has certain ad-
vantages over other 3-D manipulation techniques. These alter-
natives are adhesion-based pick-and-place or monolithic two-
finger grippers. The former requires mechanically complicated
strategies for an accurate placing on the substrate [30]. The lat-
ter suffers from the lack of force sensing of the gripper [31] and
from the ill-controlled gripper/object interactions, resulting in
serious drawbacks in a scenario requiring precision, such as the
one proposed here. On the other hand, in dual-tip manipulation,
the contact area is extremely small, and hence, gripper/object
adhesion is a minor issue. As both probes provides AFM-grade
force sensing, it is possible to monitor all interactions, includ-
ing contacts, adhesion forces, and primarily, the grasping force.
However, these advantages come at the cost of augmented com-
plexity of the overall manipulation process. Different delicate
steps are required to position each tip correctly and to coordinate
the pick-and-place of the object. An overview of the complete
manipulation scenario is depicted in Fig. 2.

In order to grasp the object between two tips, each contact
point has to be aligned with the center of the manipulated sphere.
Given the relative sizes of manipulated objects, AFM cantilevers
and their protrudent tips, a vision-based control scheme under
an optical microscope does not provide sufficient resolution and
precision. An initial AFM scan would give additional informa-
tion for correct positioning, but that is a time-consuming step
and comes at the risk of disturbing the manipulation scene.

The approach proposed here is based on a user-driven ex-
ploration of the manipulated object. Haptic feedback allows the
operator to feel when he/she touches the object while freely ex-
ploring the manipulation area. Note that during this operation,
the vertical position of the probes are constrained to a few mi-
crometers above the substrate and the operator controls only the
horizontal motion. The data recorded during this exploration is
processed online, which generates a virtual guide to pull the user
to the optimum contact point. The user “feels” and sequentially
adjusts the contact force for both tips, ensuring an adequate grip
on the object. In the third phase of the manipulation, both grip-
pers are immobilized on both sides of the object and the operator
controls the motion of the sample holder, while still receiving
haptic feedback calculated from the output of the two probes.

The choice of the particle to be manipulated is made using
a top view optical microscope (from an Olympus BX50WI mi-
croscope). The coarse positioning of the tips is also performed
using this visual feedback. They are moved using the micropo-
sitioning modules (manual and motorized stages) described in
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Fig. 2. Steps of dual-tip pick-and-place manipulation. The manipulation area
and a coarse positioning of the tips are determined using the optical microscope.
The operator then sequentially places each tip on both sides of the object using
the Omega, controlling, respectively, the sample holder through the nanostage
and Tip II through the piezotube. In both steps, haptic feedback is provided
based on the amplitude variations of each tip in tapping mode. Once the object
is held between the two tips, the liftoff and placing on the substrate are achieved
by haptic control of the sample holder. Contact-mode measurements are used
to provide the force feedback.

Table I. The positioning at the correct height is achieved by
automated detection of the substrate. The user then selects the
task to be realized using a user interface. This protocol could
be simplified by automated transitions between these steps. In
this case, the completion of the pick-and-place operation would
be determined by the user’s decision, to give him or her the
possibility of picking up again the sphere to bring it elsewhere.

Tip-alignment phases, including the haptic feedback and vir-
tual guide generation and pick-and-place phases with two dif-
ferent haptic schemes are detailed in the following.

IV. ASSISTED GRIPPER ALIGNMENT

The alignment of each tip is a user-driven process. The op-
erator moves the tip while receiving haptic feedback derived
from amplitude measurements of the AFM probe. During the
initial exploration and prior to the generation of virtual guides,
the haptic feedback is only on the x-axis [see Fig. 3(a)]. As the
operator manually scans the surface of the to-be-manipulated
object, the data are recorded to reconstruct its shape and create
the virtual guide. This virtual guide generates the haptic feed-
back along the y-axis, pulling the tip to the calculated grasp line
y0 , parallel to the x-axis, and crossing the sphere’s center.

A. Tapping-Mode Measurements

In tapping mode, each probe is excited at its natural frequency.
At constant, z-position above the substrate and away from ob-
jects, this results in oscillations at constant amplitude, noted as

Fig. 3. Schematic diagram of haptic exploration by local scan of the lower
semimicrosphere using a oscillating cantilever: (a) Top view of desired grasp
configuration. (b) Front view shows the tip tapping the microsphere while ap-
proaching on the x-axis. (c) Side view shows the tip tapping the microsphere
when scanning on the y-axis with a fixed x-position. (d) n contact points
recorded with random xi

t - and yi
t -positions with matching amplitudes Ai

t .

A0 . While approaching an object, starting from a few hundreds
of nanometers, the tip contacts the object intermittently and the
amplitude At decreases until a minimum value ACP is reached
at full contact between the tip and the object.

Fig. 3 illustrates the principle of object detection from am-
plitude variations. The tip is first set to a given z-position above
the substrate h0 . This step is achieved in an initial phase and
the user controls the motion only in the (x, y) plane parallel
to the substrate. While the tip moves on the grasp direction of
the gripper, the x-axis, amplitude decreases until contact [see
Fig. 3(b)]. On the y-axis, perpendicular to the grasp direction,
both tips must be aligned with the center of the sphere. This
matches the minimum of amplitude along the y-axis, at a fixed
x-position [see Fig. 3(c)].

B. Haptic Feedback for Tip Alignment

To align the gripper with the sphere and bring it to contact the
visual feedback from the optical microscope does not provide
sufficient resolution. Haptic force aims to compensate for this
lack of visual feedback. The haptic coupling used is depicted in
Fig. 4.2 Each tip is sequentially aligned on the grasp line and
brought to contact.

1) x-Axis: The haptic feedback along the x-axis should pro-
vide the following information.

2More information about this control scheme can be found in [23]. This
remark also applies for the coupling depicted in Fig. 10.
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Fig. 4. Haptic coupling for dual-tip gripper alignment. The user manipulates
the actuators by setting the position of the haptic device. Haptic feedback is
derived from amplitude measurements. Depending on the considered tip, the
switches S1 and S2 enable the user to manipulate the nanostage or the piezotube,
and accordingly receive the amplitude measurement from Photodiode I or II.

1) R1 : Force null when the tip is far from the object.
2) R2 : Increasing force as the tip approaches the object.
3) R3 : Increasing force as the tip applies a force on the object.
According to the variation of amplitude described previously,

the following haptic feedback Fhx is proposed and satisfies
requirements R1 − R3 :

Fhx =
{−αa(A − A0), if A > ACP

−αa(A − A0) + kx(x − xCP), else
(3)

where αa is a scaling factor. The amplitude A0 is measured at
the beginning of the experiment, while the tip oscillates at its
natural frequency. Two cases are distinguished.

1) Before contact (first equation): As the amplitude is de-
creasing while the tip approaches the object, an increasing
repulsive force is sent to the user so that he or she is aware
of the presence of the object.

2) While in contact (second equation): A spring kx between
the position of the contact point xCP and the current po-
sition of the tip x is added to the feedback of the first
equation. It simulates the force applied by the tip to the
sphere. The contact point location xCP is set when the
amplitude measurement reaches ACP at full contact. ACP
is an arbitrary threshold, set according to the conclusions
given in [25].

2) y-Axis: The force perceived along the y-axis must enable
the user to align the tips with respect to the sphere on the grasp
line. The haptic feedback along the y-axis is not available before
all the points have been recorded and the computation of the
virtual guide by (7) is achieved. During this exploration in search
of the y0-position, the x-axis haptic feedback is provided to the
user so that he or she perceives the sphere’s location.

When y0 is computed, a haptic feedback Fhy simulating a
spring ky between y0 and the current position y of the tip is sent
to the user

Fhy = ky (y − y0). (4)

C. Virtual Guide Generation

During the initial exploration in tapping mode, n con-
tact points (xi

t , y
i
t ), with their matching amplitudes Ai

t (i =
1, . . . , n) are collected. The contact position data are acquired

only if the actual amplitude At is in the [15%A0 , 70%A0 ] inter-
val to avoid false positives. In order to define the zi

t -coordinate
for each contact point (xi

t , y
i
t ), the approximation zi

t = Ai
t/2 is

proposed. This is a relative position since the cantilever is oscil-
lating around the z-position h0 , set manually. The calculation
of the z0-coordinate of the sphere is thus relative to h0 , and is
not accurately known. However, as the only parameter useful
for haptic feedback is the y0-coordinate, this approximation is
acceptable.

Fig. 3(d) represents the n points (t1 , . . . , tn ) recorded during
the exploration process. These points are used to reconstruct
the shape of the manipulated sphere, calculate the grasp line,
and provide the haptic feedback along the y-axis. With prior
knowledge of the shape of the object, and the n recorded points,
the sphere can be reconstructed from the surface equation

(x − x0)2 + (y − y0)2 + (z − z0)2 = R2 (5)

where R is the radius of the sphere, and x0 , y0 , and z0 are the
coordinates of its center. This can be written as follows:

x2 + y2 + z2 − Cax − Cby − Ccz + Cd = 0 (6)

where Ca = 2x0 , Cb = 2y0 , Cc = 2z0 , and Cd = x2
0 + y2

0 +
z2

0 − R2 . Finding the coefficients Ca , Cb , Cc , and Cd allows us
to define the coordinates at the center of the microsphere and
its radius. To do so, the equation which best fits the n recorded
points is determined using a least-mean-square algorithm. The
solution of the following system of equations gives the coordi-
nates of the sphere’s center:

⎡
⎢⎢⎣

x1
t y1

t z1
t −1

x2
t y2

t z2
t −1

xn
t yn

t zn
t −1

⎤
⎥⎥⎦

⎡
⎢⎢⎢⎣

Ca

Cb

Cc

Cd

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎣

(x1
t )

2 + (y1
t )2 + (z1

t )2

(x2
t )

2 + (y2
t )2 + (z2

t )2

. . .

(xn
t )2 + (yn

t )2 + (zn
t )2

⎤
⎥⎥⎦ .

(7)
The coefficients Ca , Cb , Cc , and Cd can be deduced from:
[Ca Cb Cc Cd ]T = M−1 · Y , where T is for the matrix
transposition and

M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

∑
(xi

t)
2

∑
xi

ty
i
t

∑
xi

tz
i
t −

∑
xi

t∑
xi

ty
i
t

∑
(yi

t)
2

∑
yi

tz
i
t −

∑
yi

t∑
xi

tz
i
t

∑
yi

tz
i
t

∑
(zi

t )
2 −

∑
zi
t

−
∑

xi
t −

∑
yi

t −
∑

zi
t n

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

Y =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

∑
xi

t [(x
i
t)

2 + (yi
t )

2 + (zi
t )

2 ]
∑

yi
t [(x

i
t)

2 + (yi
t)

2 + (zi
t )

2 ]
∑

zi
t [(x

i
t)

2 + (yi
t )

2 + (zi
t )

2 ]

−
∑

[(xi
t)

2 + (yi
t)

2 + (zi
t )

2 ]

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

.

The position of the grasping point along the y-axis is then com-
puted as y0 = Cb/2. Note that as all the points are on the same
side of the sphere along the x-axis (x < 0 for Tip I and inversely
for Tip II), the calculated x0-coordinate may be inaccurate.
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Fig. 5. (a) Optical image of a microsphere under 100× optical magnification
(the scale bar represents 5 μm). (b) FM image scan on the microsphere.

However, as stated earlier, the only parameter used for virtual
guide is y0 .

The generation of this virtual guide depends on the number of
points n and their respective positions. An empirical analysis to
define a minimum value for n and the distribution of the points
recorded is presented in the following along with experimental
analysis.

D. Experimental Validation of Tip Alignment

Manipulated objects are microspheres, with a diameter of 4–
6 μm. An image of a sphere from an optical microscope, and
one from an AFM scan are presented in Fig. 5(a) and (b). Before
aligning the tips with the spheres, they are first positioned manu-
ally at the correct vertical position (around 500–600 nm) above
the substrate. Bolopion et al. [23] propose a haptic feedback
solution for this step. Each tip is then sequentially positioned by
the operator at each side of the object. For Tip I, the user actually
controls the nanostage transporting the sample holder. As the
nanostage includes a closed-loop position controller, the Omega
supplies directly set-point values for its motion. For the align-
ment of Tip II, the piezotube actuator is used. As this actuator is
in open loop, it does not provide accurate positioning. However,
coupling the piezotube with a haptic interface is equivalent to
a closed-loop force-feedback scheme with the operator as the
controller. All experimental data presented in the following are
acquired using the nanostage and provides accurate position
information. The piezotube, although lacking precise position
measurements, gives qualitatively similar results.

1) x-Axis Haptic Feedback: Experimental results acquired
while moving the tip along the x-axis and contacting the mi-
crosphere are depicted in Fig. 6. The position of the tip is rep-
resented in Fig. 6(a), the amplitude measurement is depicted in
Fig. 6(b), and the haptic feedback in Fig. 6(c). In area 1, the tip is
away from the sphere and the feedback is null. In area 2, the user
distinctly perceives the haptic feedback as the tip approaches the
sphere and intermittent contact starts. An additional feedback
is transmitted when an effort is applied by the cantilever on the
sphere in area 3, increasing the sensation of stiffness.

Compared to using direct force measurement from a can-
tilever in static mode, the tapping-mode amplitude measurement
provides a better sensitivity on the x-axis. In static mode, as the
measurement direction is almost aligned with the probes’ length,
the equivalent stiffness is extremely high compared to kn on the
z-axis. Hence, a static detection on the x-axis would only occur

Fig. 6. Haptic feedback along the x-axis while exploring the to-be-
manipulated sphere. (a) Tip position. (b) Measured tip oscillation amplitude.
(c) Force sent to the user. For the haptic feedback, the coefficients are set to:
αa = 3 × 106 N·m−1 , kx = 10 × 106 N·m−1 , and aCP = 0.1 μm.

TABLE II
PARAMETERS USED FOR VIRTUAL GUIDE GENERATION

when a quite important force is already applied on the object. In
contrast, the use of the tapping mode allows earlier detection of
the object, as only intermittent contact with the object produces
a detectable signal. This allows users to be aware of the object’s
presence and prevents their involuntarily pushing.

2) Generation of the Virtual Guide: As stated earlier, the
preliminary exploration provides the data points to generate the
virtual guide and the associated y-axis feedback. The influence
of two parameters—the number of points n used in (7), and
the minimum distance between two points (noted d)—is ex-
perimentally explored in order to optimize the virtual guide.
Table II summarizes the different trials. Each experiment (for a
given (n, d) couple) is repeated five times.

Fig. 7 compares a reference AFM scan and y0 obtained by
shape reconstruction, for the considered (n, d) couples. The
standard deviation is displayed in Fig. 7(c). As all these results
are user dependent—since users are free to choose any tra-
jectory for the initial exploration—they should be treated only
qualitatively.

The first observation is that increasing the number of points
n has little impact on the accuracy of the virtual guide if these
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Fig. 7. Results of the virtual guide generation. (a) Reference scan at sev-
eral x-positions from the sphere (the dash line represents the grasp line y0 ).
(b) Estimated location of the grasp line. (c) Standard deviation. (d) Time needed
to complete the localization of y0 .

Fig. 8. Sphere reconstructed based on n = 12 and d = 0.4 μm. The red dots
represent the points acquired during the exploration step.

points are close to each other. Moreover, if n is set too high,
more points on the edges of the semisphere are required. As the
position data at these locations are less accurate, the standard
deviation is higher. On the other hand, setting a minimum value
for d forces data points to be more evenly distributed on the
surface and leads to a better estimation (see Fig. 8) as supported
by the decrease of the standard deviation.

Fig. 7 also shows that except for small d values, increasing the
number of points highly increases the time cost of the virtual
guide generation. Since only the hemisphere facing the tip is
accessible and the tip is constrained in the vertical direction,
setting d to a minimum value limits the maximum number of
points that can be acquired.

Choosing d = 0.3 μm and n = 12 is a good tradeoff between
precision of the results and time cost of the guide generation.
These values are selected for the following manipulations.

3) y-Axis Haptic Feedback: The y-axis feedback is effective
as soon as the virtual guide is generated. Its value is calculated
using (4). Fig. 9 represents the force perceived by the user.

Fig. 9. Haptic feedback along the y-axis while aligning the tip with the sphere:
position of the tip and force computed with ky = 10 × 106 N·m−1 .

Fig. 10. Haptic coupling for pick-and-place. The user manipulates the nanos-
tage with respect to the two tips by setting the position of the haptic device.
Haptic feedback is derived from force measurement from the sum of the two
photodiodes’ outputs.

The position of the tip as well as y0 are also given. The haptic
feedback on the y-axis helps the user to align the tip with respect
to the sphere, as y0 is at the equilibrium point of the virtual
spring.

Precise positioning is achieved since contact information is
transmitted to the user through the x-axis of the haptic device
Fhx , and alignment is ensured due to the haptic force Fhy .

V. PICK-AND-PLACE WITH HAPTIC FEEDBACK

After the object is grasped between the two tips, it will be
lifted from the substrate, transported to the target location, and
placed on the substrate. Two different haptic feedbacks are pro-
posed for this task. The first one renders to the user directly
the forces measured by both probes, with proper scaling. The
second one calculates a virtual guide using these measurements
to assist the user to liftoff the object to a vertical position set
sufficiently high to avoid any contact with other objects or the
substrate. It also ensures that the placing is voluntary. In both
cases, as depicted in Fig. 10, the Omega haptic device is used
for position control of the sample holder through the nanostage,
while the two tips holding the microsphere are immobilized.
The force data are obtained in static mode, from the deflection
of each probe measured directly on photodiodes using (2).
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Haptic feedback is rendered along the vertical ascending z-
axis. Hence, a positive value results in a force pushing the haptic
handle upward, away from the substrate; it is hence called “re-
pulsive,” while a negative value pulls the handle downward
toward the substrate (“attractive”).

The manipulation is carried out in ambient conditions, at
20 ◦C, and relative humidity of 48%.

A. Haptic Feedback of Nanoscale Interactions

This first haptic feedback returns to the user the nanoscale
interactions of the pick-and-place operation as faithfully as pos-
sible. It is synthesized from force responses of Tips I and II. As
detailed in [25], adhesive forces Fao between the sphere and the
substrate can be estimated as follows:

Fao = FI + FII (8)

where FI (respectively, FII) is the force applied to Cantilever I
(respectively, II). Hence, the haptic force rendered to the user is
computed as follows:

Ff e
hz = αf (Fao − F0)

= αf [(FI − FI0 ) + (FII − FII0 )] (9)

where F0 = FI0 + FII0 is the force measured when the tips are
holding the sphere before liftoff and it is naturally proportional
to the grasping force applied by the tips to the object. Removing
this offset allows the user to discard the grasping force, which
is not useful for pick-and-place. Moreover, in the case, where
the grasped object is lost hazardously during the liftoff, the
measured forces FI and FII will fall back to zero, and (9) will
give a negative value, pulling back the probes to the substrate.

A force amplification factor αf is used to scale the measured
forces and the haptic force sent to the user. The nominal value
used here is αf = 2.0 × 106 . This coefficient is set considering
the magnitude of nanoscale interactions that should be felt by
the user (in particular the pull-off force). Detailed discussion on
the definition of this parameter can be found in [23].

Fig. 11 represents the haptic feedback during a pick-and-
place operation of a 5 μm sphere from a glass substrate and
the insert depicts forces measured from probes. The curve’s
starting point is the contact state between the microsphere and
the substrate. As the nanostage moves down (hence the object
held by the tips is lifted), probes are bent down measuring
negative forces (inset i). During the pickup, when the nanostage
position reaches around −900 nm, the microsphere pulls off
the substrate with a minimum force of −1125 nm overcoming
the adhesion. Note that after the pulloff, the measured force
falls to −550 nm, and not to the prepick-up null value (inset
ii). Actually, as the tip/object contact points are in the lower
hemisphere, during the liftoff, the object slides slightly down,
increasing the grasping force.3 During the transport phase, a

3Both pick-up and unintentional loss of a sphere yield a negative force feed-
back until the pull off (either the pull off of the sphere from the substrate, or
the tips from the sphere). After the pull off, in case of picking-up the sphere,
the force feedback remains negative due to the grasping force. In case of an
unintentional loss of the sphere, the cantilevers will go back to their neutral
position, i.e., with no bending. In this case, the haptic feedback sent to the user

Fig. 11. Measured normal force responses from both microcantilevers during
the pick-and-place manipulation of a microsphere. (i) Pick-up occurs. (ii) Mi-
crosphere is detached from substrate after the pull off. (iii) Microsphere snaps
into the substrate. (iv) Gripper/microsphere pulls off. (v) Gripper snaps into the
substrate. (vi) Manipulation ends with slight bending of the microcantilevers.

change on the force can be noted. This is again due to the
sliding of the sphere in the gripper. This hypothesis is backed
up by the approximate 0.2 μm, difference seen between pickup
and touch down positions along the z-axis.

During the placing operation, the microsphere snaps-in the
substrate (inset iii). As the object is pushed to the substrate, be-
tween (iii) and (iv), the contact force compensates the grasping
force, until the tips pull off the sphere (inset iv) and slide down
from the object to the substrate (inset v). At this point, it is suf-
ficient to move apart both tips along the y-direction to release
the sphere from the gripper and achieve the operation. Note that
since the contact area at object/tip interface is much smaller than
at the object/substrate interface due to the sharp tips used, the
problem of the object adhering to a probe is limited.

B. Haptic Feedback Providing Assistance

The haptic scheme presented earlier allows the user to feel
the nanoscale interactions, especially the adhesion and the well-
known pull-off phenomena. However, it is arguable if this feed-
back has a positive effect on manipulation dexterity. It may be
more interesting to conceal these effects of which the operator is
unfamiliar with and to replace the haptic feedback with a virtual
guide. An assistive haptic feedback, with a positive effect on the
dexterity, should fulfill following requirements.

1) The user does not have to use great effort to lift the sphere
off.

2) The sphere should be kept at a given z-position during
transport to avoid contact.

3) The sphere should be placed voluntarily only, not because
the operator touches the substrate accidentally.

4) While placing the sphere, the effort applied should be as
little as possible to enable an easy release of the tips.

will become positive, since the zero haptic feedback corresponds to the initial
grasping force applied on the sphere. The user will thus be able to distinguish
the pick-up and the unintentional loss of the sphere.
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Fig. 12. Haptic feedback assistance for pick-and-place operation. (A) Pick-
and-place operation begins, the sphere is on the substrate. (B) and (C) Sphere
pulls off. (D) Sphere is maintained above the substrate at a given vertical posi-
tion. (E) Sphere is moved toward the substrate. (F) Sphere is placed down on
the substrate.

Sufficient haptic information should be provided so the
user can effectively feel that the placing has been achieved.

The proposed approach is based on the use of the opposite of
the measured interaction force as haptic feedback. As such, for
example, the pull-off force will result in a positive force on the
haptic handle, actually pushing the held object away from the
substrate. The expected perception is comparable to releasing a
pressed keyboard button.

As previously, the haptic feedback is computed from force
measurement from both photodiodes. To fulfill the requirements
stated earlier, the output of the photodiode is converted into the
haptic force F as

hz :

F as
hz =

{
−αf (Fao − F0), if z < zPO
−αf (Fao − F0) + kz (z − zPO), else

(10)

where αf is a force amplification factor, F is the force measured
from the photodiode, F0 is the grasping force as earlier, z is the
position on the vertical axis, and zPO is the vertical position
of nanostage corresponding to the end of pull-off phenomena.
Its value is detected online during the manipulation from the
sudden drop in force measurement; kz is the stiffness of the
virtual spring of the haptic guide, which will effectively pull the
object above zPO and keep it at a constant vertical position.

The result of this feedback scheme is depicted in Fig. 12 for
a pick-and-place operation on the substrate. A repulsive force,
proportional to the opposite of the measured adhesive forces,
assists the user to lift the object during the pull off. Immediately
after the pull-off phenomena, the measured force does not fall
back to its initial value, due to the sliding of the sphere between
the tips as explained earlier. Thus, a residual portion of the
repulsive force remains at z ≥ zPO . As the spring kz is activated
at zPO , this force is counterbalanced by the virtual guide at zD ,
above zPO . Then, users can freely move the sphere above the
substrate in the horizontal plane, while the spring analogy of
the virtual guide ensures that they keep a relatively constant

TABLE III
ASSISTANCE BASED ON HAPTIC FEEDBACK FOR PICK-AND-PLACE OPERATION

Fig. 13. Task planning of the micropyramid assembled by four microspheres.
The right-side diagram shows the assembly protocol, in which microspheres 1,
2, and 4 are assembled by pick-and-place manipulation, while microsphere 3 is
pushed to its target position.

position on the z-axis. To place the sphere on the substrate, the
user has to counteract the spring kz between zD and zPO , and
the residual repulsive force below zPO . This condition ensures
that the object is not be placed by mistake.

When the force measurement falls below F0 , the vertical
motion is automatically stopped, so that no additional force is
applied as the sphere reaches the substrate. This facilitates the
releasing of the tips and protects fragile objects and the gripper.
As this results in the haptic force becoming null, the user clearly
discerns the placing.

For haptic feedback, the parameters are set to: αf = 2.5 ×
106 , kz = 1 × 106 N·m−1 . Forces higher than 3 N are truncated.
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Fig. 14. Teleoperated 3-D microassembly demonstration of a micropyramid: (a)–(d) Four photos intercepted from the assembly process of the first layer of the
micropyramid. (e) and (f) Assembly process of the second layer (the fourth microsphere) of the micropyramid. The top view photos (a)–(f) are captured under
magnification of 20×. (g) Microassembly result magnified 100×.

TABLE IV
COMPARISON OF HAPTIC FEEDBACK METHODS FOR PICK-AND-PLACE

OPERATIONS

The perception of this haptic feedback is equivalent to pushing
a keyboard button: the object is kept at the vertical position zPO
during the transfer and the user has to voluntarily push it back
to the substrate to place it. Table III details each step of the
pick-and-place operation using this virtual guide with phase
transitions and user perception.

Using this scheme, the pick-and-place operation is made eas-
ier and safer as the haptic feedback helps the user to perform
the given steps correctly.

C. Comparison of Two Haptic Feedback Rendering

Two haptic feedback methods are presented in this paper for
pick-and-place operation. However, the resulting feedback in the
users is different (see Table IV). Haptic feedback of nanoscale
interactions aims at transmitting physical phenomena. The user
directly feels the adhesive forces, the pull-off phenomena, and
the contact with the substrate. It improves the understanding
of these interactions. The haptic feedback for assistance is not
designed to be related to the physical forces but to facilitate

the manipulation operation. The choice of the method will thus
depend on user needs and the specificities of the task.

VI. CONSTRUCTION OF A TWO-LAYER PYRAMID

In order to validate 3-D manipulation capabilities of the haptic
system, a microstructure is built. The example of a two-layer
pyramid composed of four nylon microspheres with diameter
of 4–6 μm is chosen [22]. Microspheres were deposited on
a freshly cleaned glass substrate. An area of interest for the
experiments was selected under an optical microscope with 20×
optical magnification. Fig. 13 shows the selected area and the
inset shows the assembly sequence. After a coarse positioning
under the optical microscope, the total manipulation, which
includes the alignment of the gripper and the pick-and-place
operation, takes less than five minutes per sphere. Since this
manipulation is based on the operator, this time mainly depends
on users’ skills. It is given only as an indication here.

The 3-D micropyramid is built using pick-and-place ma-
nipulation. Fig. 14 shows the 3-D micromanipulation process.
Fig. 14(a) and (b) is captured when the first sphere is picked
and placed. Fig. 14(c) shows the second sphere manipulated
and released at its final position. The first layer is finished af-
ter the third microsphere has been manipulated by pushing [see
Fig. 14(d)]. Fig. 14(e) and (f) describes the transport of the last
microsphere, which completes the assembly. The ultimate re-
sult is shown in Fig. 14(f), and with a magnification of 100× in
Fig. 14(g).

Fig. 15 shows the haptic feedback of nanoscale interactions
during the manipulation of the fourth sphere. As this sphere is
put back above the others, the placing occurs ∼4μm above the
initial position.

In the case, where assistive feedback is used for manipulation
of the fourth sphere, two points are considered.

1) The given vertical position at which the sphere is main-
tained with zero-force feedback must be higher than the
first layer of the spheres. This is adjusted by changing the
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Fig. 15. Haptic feedback during the microassembly operation of the fourth
microsphere. (i) Pick-up occurs. (ii) Microsphere is detached from the substrate.
(iii) Microsphere snaps into the first layer of microspheres. (iv) Gripper/sphere
pulls off. (v) Grippers snap into the first layer of microspheres.

value of the stiffness kz . To increase the z-position above
the substrate, this stiffness should be decreased.

2) While placing the sphere, the z-position will not become
lower than zPO . The force feedback will not decrease
before placing the sphere. When the measured force will
be such that F ≤ F0 (the sphere is deposited onto the
pyramid), the vertical motion of the sphere will be stopped
and the force feedback will become null.

In these circumstances, assistive haptic feedback produces
results similar to the ones presented in Fig. 12. Moreover, if
the height at which the sphere should be placed is known, (10)
can be adjusted by tuning kz so that haptic feedback is identical
to the one transmitted when the sphere is placed down on the
substrate.

VII. CONCLUSION

Haptic feedback is used to perform a 3-D microassembly op-
eration using AFM. Although a complex tool composed of two
cantilevers as a dual-tip gripper has to be used to perform accu-
rate grasping and pick-and-place at this scale, users unfamiliar
with the setup were able to carry out the task, as haptic feedback
ensures a high intuitiveness of the setup. To sequentially place
the two tips in the grasp line and in contact with the object, both
cantilevers are used in dynamic mode. This approach enables
sufficient feedback to detect the sphere even if the measurement
direction is almost aligned with the probe. Data acquired during
this exploration are processed online to compute virtual guides,
which pull the user to the grasp line. For the pick-and-place step,
haptic feedback allows us to either faithfully render microscale
interactions or provide assistance to the operator for improved
dexterity and collision avoidance. These feedbacks are based
on force measurements from both cantilevers in static mode.
A two-layer pyramid is built from four �5 ± 1μm spheres in
ambient conditions for experimental validation of the usability
of the overall setup.

This paper concentrates on the feasibility of a teleoperated
system with haptic feedback for 3-D AFM-based manipulation.
To design an efficient setup, it is necessary to clearly define
which tasks could be automated, and which ones require the
high flexibility of teleoperation, depending on the application.
User-based tests should then be carried out to measure the per-
formance of the proposed systems. A user evaluation will also
compare the pick-and-place haptic feedback schemes in terms
of efficiency and perception. In this paper, the example of a
pyramid is chosen to illustrate the analysis. The methodology
presented could be extended to other type of objects, such as
carbon nanotubes or nanowires. In particular, the virtual guide
along the y-axis could be adapted to nonspherical objects by
taking the object geometry into account.

The system presented is a first step toward haptic feedback
nanomanipulation. Prior to using it, though, a real-time virtual
reality scene should be generated and displayed in 3-D, along
with virtual guides, to compensate for the complete lack of
visual feedback.
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