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Human Multi-agent Interaction for Optical Manipulation of
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Abstract— Automated optical manipulation systems are
faster and more precise than humans, but less adaptable to
uncertainty. A collaborative approach between humans and
automated agents can leverage both human reasoning skills
and the precision of automated systems. This paper describes a
human multi-agent interaction approach for dealing with unex-
pected events during optical manipulation. The proposed multi-
mode control system improves the flexibility and dependability
of existing systems, allowing for stable interaction between
humans and machines. Experimental validation confirms the
effectiveness of the proposed method.

I. INTRODUCTION

Micro-manipulation is the precise handling and manipu-
lation of micro or nanoscale objects using specialized tech-
niques. Optical tweezers use laser beams for non-invasive
and precise control of microscopic particles and biological
entities [1]-[3], and have applications in many fields for
studying micro-scale phenomena [4]-[6].

Optical micro-manipulation has evolved significantly since
its inception. Initially, optical traps were manually steered
in the specimen plane [7]-[10], but this approach was
imprecise, inaccurate, and unreliable. To address these chal-
lenges, automated techniques were developed, and several
control methods have been proposed. For instance, Ibanez
et al. [11] developed a simple control approach for handling
microscopic objects. Similarly, Banerjee ef al. [12] described
planning approaches for automated micro-manipulation oper-
ations, and Cheah et al. [13] proposed a basic setpoint control
approach for a biological cell trapped by a laser beam. Xie
et al. [14] proposed a system based on holographic optical
tweezers (HOT) for rotational and translational control of
a trapped cell. However, these approaches only allowed
manipulation of a single cell or micro-object at a time.

Multiple independent traps significantly contribute to laser
tweezers’ use in drug delivery, cell sorting, and separa-
tion [15]-[17]. Various approaches have been proposed for
automated transportation of cells, including robot-tweezer
manipulation [15], indirect manipulation planning [16], and
cooperative mobile manipulation [17]. Stochastic control
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approaches for manipulating multiple micro-objects were
also investigated [18], [19].

In time-pressed, dynamic environments, automated multi-
agent systems outperform humans, but they struggle with
unexpected circumstances. Human operators can help these
systems by providing knowledge-based reasoning, result-
ing in optimal precision and reasoning capabilities. This
collaboration between humans and automated systems has
been achieved through physical robotic manipulation. It is,
however, difficult to replicate such collaboration in the micro-
world. Ta et al. [20] introduced a primary approach to
human-machine interaction control in optical cell manipu-
lation. However, this approach has a limited scope of human
participation. It allows humans to interact with the system
solely for obstacle detection and guiding the manipulation
system around obstacles. Complex micro-manipulation tasks
necessitate more extensive human control or oversight of the
automation system.

Our study presents a novel approach that formulates a sta-
ble human-triggering method for situations where the auto-
mated system is inadequate. In these scenarios, human inter-
vention becomes necessary to support the automated process
without any disruptions. This intervention, also referred to as
an “event,’ ensures stable interaction between humans and
the automated system. Furthermore, our proposed method
enables human decision-making to identify event-triggering
scenarios without relying on specific conditions. The fully
automated micro-manipulation systems presented in [17],
[19], [21] have certain limitations that hinder their ability
to execute complex micro-manipulation tasks effectively in
unexpected scenarios. These limitations include fixed tasks,
such as fixed formations and a fixed number of micro-
objects that cannot be modified in response to changes in
the situation. Moreover, these approaches are restricted by
limited sensing capabilities, which rely solely on a camera
with a restricted field of view (FOV), making it difficult to
respond to changes. Finally, any changes to the setup require
the system to be restarted. The proposed human-triggering
in this paper addresses these limitations by increasing the
flexibility and dynamism of human intervention and inter-
action with the system. This new approach enhances the
efficiency and efficacy of the micro-manipulation process
by allowing for human oversight and intervention when
necessary, resulting in coordinated actions that achieve suc-
cessful micro-manipulation while maintaining stable human-
machine interaction in unexpected scenarios.

This paper investigates the challenges of two intricate
micro-manipulation scenarios in a limited field of view:
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Fig. 1: The proposed methodology for human multi-agent
control in optical manipulation of micro-objects.

adding/removing cells from a target cluster and reshaping its
formation for safe navigation through narrow passages. This
paper presents the design of the controller and a stability
study of the closed-loop controller. Eventually, the effective-
ness of the proposed method is experimentally validated.

II. HUMAN MULTI-MODE INTERACTION CONTROL
A. Problem statement

Human intervention becomes crucial when the automated
system is inadequate. This intervention, referred to as an
“event,” supports and stabilizes the automated process with-
out disruptions. Human decision-making plays a key role in
identifying event-triggering scenarios without specific condi-
tions. Hence, the goal is to ensure stable human intervention
to assist the automated process in uncertain or changing
conditions. Figure 1 shows how human multi-agent control
is used. The automated task operates continuously, except
during emergencies, when humans trigger an event and shift
the system to human multi-agent mode.

When undertaking micro-manipulation tasks, it is often
beneficial to have a plan in place to explicitly define a range
of event-triggering conditions or scenarios before commenc-
ing the task. This approach can help improve efficiency by
enabling a structured process to guide the manipulation pro-
cess. In the context of the two micro-manipulation scenarios
explored in this study, a number of events were identified that
could be defined to help facilitate the task. These events were
carefully selected to ensure that they effectively addressed
specific challenges that might arise during the manipulation
process. By defining these events ahead of time, operators are
able to work more effectively and efficiently, with a greater
degree of control over the process.

The proposed multi-agent manipulation system incorpo-
rates several events that facilitate the smooth and efficient
manipulation of agents in a formation. Firstly, the system
defines an event that activates a new laser tweezer to trap and
add a cell of interest into the target cluster of multi-agents.
Similarly, to release an agent or cell from the formation,
the system defines another event that deactivates the existing
laser beam. These events allow the system to add or remove
an agent or cell from the formation as required. Secondly,
to ensure smooth scaling of the desired region, the system

defines an event that varies the region’s shape and size while
maintaining a minimum distance between the agents or cells
in the formation. This enables collision-free manipulation
of the agents and allows the system to adapt to changes in
the desired region shape. Thirdly, to assist the multi-agent
system with effective obstacles avoidance, the system defines
an event that enables the provision of reference regions. This
event generates the reference positions provided by humans
and smoothly pulls the manipulated agents or cells towards
the desired location.

We propose a human multi-agent interaction control
method based on region-based control [22]. A desired dy-
namic region for the cluster of cells can be specified as [22]:

a(AX;) = [a1(AX,) as(AX) am(AX,)]T <0
(1)

where AX; = [AXin, AXp)" =T Az, (2)

Ax; = (x; — x0), ©; = [T51, 2] € R? is the position of
the trapped agent or cell ¢. The matrix T, is a differentiable
and invertible scaling matrix that varies with time, and xy =
[201,702)T € R? denotes the region’s reference point. The
set a(AX;) represents all scalar functions a;(AX;), where
Il =1,2,---,m, with m being the total number of sub-
regions. All a;(AX;) have continuous partial derivatives.
It is important to note that the desired region a(AXj;) is
the intersection of all sub-regions a;(AX;), where | =
1,2,--- ,m. For instance, a desired region with a circular
shape is achieved by defining:

a(AXZ') = {AXM}Q + {AXi2}2 — R? <0 3)

with R being the radius of the desired region. R must be
set with respect to the number of cells being manipulated.
If the number of cells are large, then the region is enlarged
accordingly to contain all the cells. Here is another example
of a rectangular region, defined by a set of inequalities:

a1 (AX;) = {AX;1}2 —a® <0,

as(AX;) = {AX;}? — b2 <0 4)
with a and b being the length and the width of the desired
rectangular region. Note that the region’s size can be varied

or scaled by the time-varying scaling matrix T, in 2D, which
can be simply given by:

T _ {Tm(s)(t) ij(t)] . 5)

with scaling factors T, (t) and T, (t). Therefore, the desired
region of circle in (3), for example, can thus be scaled
up/down by a following scaling factor

T, (tk—1)
Ty (tr-1) + AT(A%(t —t5,)°
—aor(t —t)*

+ A% (t — tk)?’)
T,(tg—1)+ AT

t <t

te <t<tp+ At

t >t + At
(6)
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Fig. 2: An illustration of scaling up the desired circular
region in 2D space to add a new cell.

where T, (tx—1) > 0 is the current (constant) scale before a
new event is triggered at t = t;, At is a predefined transition
time of the event and all other events or triggering are
disabled during this period. Figure 2 shows that the desired
reference region, represented by a circle, can be scaled up
with just one event by simultaneously modifying 7T,, and
T,y using (6). When reshaping a square or rectangle region,
it’s important to adjust only one axis at a time to ensure a
smooth and accurate transformation. In Figure 1, the original
square region is transformed into a rectangle by adjusting
T, and T}, sequentially. This requires executing the scaling
event twice, once for the x-axis variation and once for the
y-axis variation. To aid agents/cells in obstacle avoidance,
the human triggers a stop event causing the desired region
and its velocity @ to smoothly transition to zero. Reference
position is then provided by the human and reference velocity
is estimated via differentiation.

Each event is triggered by a human at a specific time g,
but a new event cannot be triggered until the previous one
has completed. This prevents the problem of Zeno behavior,
which is an infinite number of events within a finite time
interval, from occurring.

B. Theoretical analysis

This subsection proposes a stable human-triggering strat-
egy for complex micro-manipulation scenarios, enabling hu-
man operators to interact with a stochastic cell manipulation
system through event initiation. The strategy is particularly
useful for tasks such as adding or removing cells from a
cluster and reshaping its formation for collision-free passage
through a narrow passage.

The stochastic motion process of cells in the presence of
the laser beam’s trapping force is expressed as [19]:

M;é&;, = —-B;&; + ki(q; — x;) + F; )

where M; = diag{m;,m;} € R?**? and B, =
diag{bi1, bia} € R?*? respectively represent the inertia and
damping matrices of the cell 7. The stiffness of the i optical
tweezer is represented by k; = diag{k;1, kia} € R**?, q; =
(¢i1,qi2)" € R? denotes the position of the corresponding
laser beam that traps and manipulates the agent ¢. The
force F;, = diag{\/ZkBTbil, \/ZkBTbig}(Cil,CiQ)T € R?
is the two-dimensional Brownian force where kp is the
Boltzmann’s constant, T is the absolute temperature, and
Cip = d‘;vt”’ , p = 1,2, are stochastic Gaussian white noises.

To begin, we define a potential energy function that
manipulates cell ¢ towards a target region as [21]:

)
Tp, =Y E{max[o, a(AX))}P (8)
1=1
where §, 5 > 0 and 8 > 2, ensuring that Tp, is twice
differentiable. A control force for manipulating the cells

. . Tp,
toward the target region can be designed as A&y, = a(T;):

- Oa AXZ T
Aér, = ;amax[o,almxi)]}ﬂ—l{aéixi))} O
When cells are outside the target region, the force A&y, from
(9) pulls the cells toward the region, and when the cells are
inside the region A&y, = 0.

In order to ensure collision-free transportation of cells
within the target cluster of multi-agent, a potential energy
function has been proposed for maintaining the minimum
distance between cells. This potential energy function is
formulated as follows [21]:

g,
Cig = > —H{max|0, hiy(AX,,)]"}
qeEN;

(10)

where N; represents the set of neighbor cells around cell i
within the target cluster of multi-agent, and o;, are positive
constants. The inequality h;,(AX;,) = r? — | T, Az, > <
0 defines the minimum distance between cells in the target
cluster, where Ax;; = x; — =, represents the distance
between neighboring cells ¢ and ¢ in the target cell cluster. It
is important to note that the minimum distance between cells
varies with time based on the transformation matrix T,,.

A control force for maintaining a minimum distance

between cells in the target cluster is then defined as An;q, =
6Ciq .

L [Ohig(AXig)|T
0= : . . B-1 q q
A, qEEN:fIzq{maX[O, Ria(AX i)}~ x| sonk

(1)

When the distance between two neighboring cells ¢ and ¢
is too close, that is ||T,*Axz;,|| < r, the resultant force
Amn;q, is activated to push cell ¢ away from cell g. When a
minimum distance is maintained between neighboring cells,
that is || T, ' Ax,,|| > r, the resultant force An;, = 0.

The approach involves manipulating the control forces
defined in (9) and (11) at triggering instant to achieve
complex micro-manipulation scenarios. To add a new cell
to an existing target cluster, a sequence of events is triggered.
The first event manipulates the control force An;, in (11)
to resize the desired region using the time-varying scaling
matrix T, in (5). Then, another event is triggered to activate
a new laser tweezer that uses the control force A&r, in
(9) to trap and drive the new cell ¢ towards the desired
region. To release an agent or cell from the formation, a third
event is defined to deactivate the existing laser beam. Finally,
the fourth event adjusts the control force An;, in (11) to
change the desired region shape accordingly. To achieve
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smooth multi-agent passage maneuvering, a sequence of
events is initiated to adjust the size and shape of the desired
region, with the control force An;, in (11) being manipulated
accordingly. Furthermore, an event is triggered to generate
reference positions from humans to aid in obstacle avoidance,
pulling the agents or cells towards the desired location in a
smooth manner.

Let A& = aA&r, + vAn,q, where «, v > 0, be general
control force for the proposed interaction control system.
Firstly, we define the reference velocity as:

d
T,— (T YAz,
ST, )Aa
A sliding vector is introduced for each controlled agent, as
follows:

Tpy = To — - T,A;. (12)

&, = Ad; + Tvi T

8 =d; — dt( YAz + T,A¢;
=T,(AX; + A§;). (13)
Equation (7) can be rewritten as
& = —M; 'B;i; + M; 'k;(q; — ;) + M 'F;. (14)

With the aid of the sliding vectors as specified in (13), it is
possible to rewrite (14) as follows

8+ Dysi + &y + Y (&,4) ¢ + M; 'kjz; — M 'F;
= M; 'kiq; (15)

where D; = Mi_lBi, D;&,; = Y(&,;)¢; with vectors
of unknown parameters ¢; and known regressor matrices
Y (&)

We propose a controller for the human multi-agent inter-
action system as:

i)0i,

(16)
where K; € R?*? are positive-definite and diagonal gain
matrices, fi; are estimated diagonal matrices of the diagonal
matrices p; = M[lki. The terms Yu(wi)éi are utilized to
compensate for the uncertainties of parameters p; in which
Yu(wl) dlag{wﬂ ,wj2} is a known regressor matrices with
w; = Y(m”)(ﬁl + &,;. The unknown parameters 0, are
estimations of @; which are updated by

éi = _Taéi - LQY#T(LUZ')SZ',

with constant 75 > 0 and matrix Ly € R?*? diagonal
and positive definite. In (16), adaptive terms Y(a’cri)gﬁi are
used to account for uncertainties in the dynamics of the
manipulated cell, and qASi are estimations of ¢; which are
updated by

@ = i~ K8+ &t 'Y (d,4) i+ VY (w

a7

¢A’i = —"%QZH -
with constant 4 > 0 and matrix Ly € R?*? diagonal
and positive definite. By substituting (16) into (15) and after
simplification, we can derive the dynamic equations of the
closed-loop system as follows:

LyY7 (d,4)s, (18)

$i + (D + wiK)si + Y (&) A + Y, (w;) AB;
~M;'F,=0 (19)

with Ag; = ¢ — ¢s, AB; = 8; — pia; 16, and vectors
of unknown parameters ; = (I — p;fi; H,nT e r2
From (17), (18), and (19), the closed-loop equations can be
rewritten in the form of a stochastic differential equation as:

dY; = U;dt + ©,dT’;, (20)
where Y; = (s7,A¢?, AT, ¥, = (\IJ1 w7, e
with \Ill1 =—(D;+ u;K;)s; — (azm)A@ (wl)AOZ,

U2 = /%qgl + L¢YT(:i:M)sl and U3 = il (790 +
LgYT(wZ)sZ) 0, = diag{¥;,0,0} and T, =
(W# 07,0")T where 0 € R? is the null vector, ¥; =

dlag{\/QkfnZ;bll , \/Qk?n:gbiz} and W, = [Wih WiQ}T are
Wiener procésses. '

To prove the stability of the closed-loop control system de-
scribed in (20) consider a Lyapunov-like candidate function

V(t) as

1 & 1
=1 =1

N

1 AT n o —ly—1ApQ

+§Z;A0i LT AG;.

The differential generator of V' (t), denoted as D[V (t)], is
given as:

N
(] =3 (il +

1
+ §tr[diag(EiT2i, 0,0)]}

2D

av (t)

oV (t) s
O0d; v

oNG; '

v? 4+

(22)

with ¢r[-] representing the trace of a matrix. Using (20) and
(21) into (22) and simplifying yields

oo = {

i=1

— 8/ (D; + piK;)s; + ksAp] L, i

kB Tbil ijTbiQ
2

+ A0 Ly 0+ (=5,

)} (23)
The objective is to prove the following inequality:
DIV(t)] < =20V (1) +v (24)

with positive constants ¢ and v. It is worth noting that
there exists positive constants ¢,, @4 and @g such that the
following three inequalities

Si = Z @53 Si,

_ZS D+“2
11

ZqubTL ¢I<Z{m¢7u¢ IP—pord] L, Ap;}

i

w1th lg >0 and

N N l71
nl 1r—1A 0 n 112
;TGA@ L,'6; < ;mﬂneiu
N
= 0o fuip;

=1

'Ly AG;
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with lg,u > 0 hold. Then it can be proven that their

exists ¢ satisfying ¢ = min{ps,pe,pe} and v =
It ' A : v

S ke 8il2 + 70 g 1632 + (2elpa, keThiz)} such

that for all ¢ > 0 [18] '

X
MV (D) < 2 +(v<o>—“) 2t 5)

2¢ 2¢

with M[V(t)] denoting the expectation of V(¢), and [-]* =
max(-,0). From equation (25), it can be concluded that
M(V (t)] is bounded. Consequently, s;, A¢;, and ABi for
i = 1,--- N are also bounded. Furthermore, since A&i,
A&r,, and Amn;, are bounded, the boundedness of s;, as
defined in (13), guarantees the boundedness of AXi for
i = 1,--- ,n. The next statement presents the following
theorem:

Theorem 1. The proposed controller (16), along with update
laws (17) and (18), ensures the stability of human multi-
agent interaction during complex optical manipulation of
cells, even in the presence of stochastic perturbations.

IIT1. EXPERIMENT

The proposed approach for human multi-agent interaction
was implemented on an E3500 optical tweezers system
at Nanyang Technological University. The system mainly
consists of a device for steering multiple optical traps (Elliot
Scientific), an inverted microscope (Nikon, Eclipse TiU),
and a CCD camera (Basler, pi640-210gm). The manipulation
space for cells under the field of view of the camera is a rect-
angular area with dimensions of 47.95um x 36.11um. The
proposed control algorithm that enables human multi-agent
interaction was written in National Instrumental LabVIEW
so as to control the position of laser beams.

In the following experiments, yeast cells with diameters
ranging from 3-5um were utilized to be the manipulated ob-
jects. The cells were immersed into ultra pure water (BioRev,
Singapore), and then brought onto the sample plane of the
microscope. With the usage a computer mouse, humans
were able to interact with the automated control system for
optical manipulation of biological cell through a Graphical
User Interface (GUI). The following experiments address two
scenarios that are commonly required in many biological
applications. These are adding cells of interest or removing
unwanted cells during manipulation, and manipulating a
group of cells through constraint environments.

A. Adding cells of interest or removing unwanted cells

Micro-manipulation poses challenges in identifying cells
of interest due to the limited field of view (FOV), necessitat-
ing human intervention for positive selection and negative
selection or removal of unwanted cells. Ensuring stable
human-machine interaction is critical. Figures 3 and 4 show
the addition and removal of cells in a target cluster through
human intervention. During manipulation process, humans
were able to interact with the automated cell manipulation
system to either add more cell of interest, or remove un-
wanted cells. The control parameters were set as d = 1,8 =

4,04 = 1,a =1,y = 1, K; = diag{0.025,0.025}, Ly =
107515, and Ly = 0.5 x 1075 x Iy with I, being a 2 x 2
identity matrix.

B. Multi-agent group maneuvering through narrow passage

In dynamic micro-manipulation environments, human in-
tervention may be needed to guide multi-agent clusters
through narrow spaces. Figure 5 illustrates a sequence of
events used by a human operator to navigate the target cells
through an obstacle. In this experiment, a square region
specified in (4) was utilized for group manipulation of cell,
with a = b. The control parameters were set the same as in
the previous experiment.

IV. CONCLUSION

Future work can improve the proposed framework for
stable human-multi-agent interaction in optical manipulation
of micro-objects, including enhancing its adaptability and
robustness, expanding its capabilities, and exploring machine
learning algorithms for better decision-making.
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Fig. 3: Adding cells sequentially to a dynamic region. (a). Initial positions. (b). Three cells are manipulated to a dynamic
region. (c)-(e). During manipulation, the human operator notices two other cells of interest and plans to add them into
the formation. The proposed approach for human multi-agent interaction thus enables the operator to do that in a stable
manner without the need to stop the automated process. The operator left-clicks on these cells’ positions, and two laser are
generated to trap and move these cells accordingly. (f). The cells are manipulated as a whole group while being kept inside
the dynamic region.

(a)

(b)

(c)

Fig. 4: Removing cell from a dynamic region. (a). A group of cells are manipulated while being kept inside a dynamic
region. During manipulation, the human operator notices an unwanted cell and plans to remove it from the formation. The
operator right-clicks on that cell’s position so as to remove it from the formation in a stable manner (b)-(c).
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Fig. 5: Multi-agent passage maneuvering. (a) A group of manipulated cells are inside a square dynamic region. (b) While
manipulating, obstacles are detected, and the human operator resizes the region into a rectangle by adjusting one axis at a
time. (c)-(d) The rectangular region is then smoothly dragged through obstacles using the mouse wheel. (e-f) The region is
reshaped back into a square, and cells are manipulated as a group within it using automation.
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