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S1. Mathematical model of DEP force

A non-uniform electric field is induced by a light pattern to analyze DEP forces in a 2-
dimension computational domain. The chamber walls and the particle are defined to be rigid
and they are not conducive. The radius of the particle is represented by r. The particle is
located nearby the light pattern. Owing to the diameter of the particle is more than 1um and
the temperature is equal to the room temperature, Brownian motion can be ignored in the
manipulation of the OET system'.

fo represents the potential applied to the light pattern in EF. In order to simplify the calculation,
all physical quantities are considered dimensionless (the unit is 1). The number of charge
densities is zero in the computational domain. Laplace equation is adopted to describe the

electrical potential in the computational medium domain Q, expressed as’:
2 1% —
The electric field of domain Q is:
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where, ¢* =4, at light pattern EF and ¢*=( at boundary AD.

The surfaces of sidewalls and particles are electrically insulating. Therefore, the relationship
of electrical potential on surfaces I, AB, and DC can be expressed as:

nVEgE=0 )

For analyses of dipole moment in the electric field, the external field is equal to two source

charges +Q and -Q with a distance of 2D (as shown in Figure S1(a)). Thus, the electric field

intensity £= Q/2zeD?. The polarized charge (¢) and the offset position (d) are expressed as**:
q=(QR/D 4

d = R?*/D Q)



where, R is the radius of the particle. Thus, the dipole moment (p) is expressed as:

2QR3
= 4AmeR3E (6)

p= qu =
When the particle is in a non-uniform electric field, it is necessary to use multiple dipoles to

correct the dipole moment (as shown in Figure S1(b)). The effect multiple dipole moment (px)

is expressed as:

1
T (2n-1)N
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where, € is the permittivities of particles. fcm represents the Clausius-Mossotti factor.
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Figure S1. A dipole moment model of the particle in an OET device. (a) A dipole moment in
the electric field. (b) Examples of multipoles inside particles.

Thus, the dielectrophoresis force is expressed as:

F=q*d+VE(x) =px*VE(x) (8
Then, the time-averaged DEP force can be expressed as’:

F = 2nR3¢Re([fom(w)]VEZ s 9)
where, en represents the permittivity of the medium and Eims represents the root-mean-square
(rms) value of the electric field strength. It is plural. Therefore, Re[ f-p(w)] represents the real
part of CM factor that mainly depends on the dielectric properties of particles and the

suspending medium, expressed as:



Fom(w) = 2=Sm (10)

ept+2e,
where, ¢,* represents the complex permittivities of particles and e»™* represents the complex
permittivities of the suspending medium. The complex permittivity can be expressed as:
f=eg—j— (11)
where, o represents the electric conductivity of the object and @ represents the angular

frequency of the alternating current (AC) source. j represents the imaginary unit. Therefore,

_ w(ep—em)—J(op—0m)
fCM(w) - w(£p+2£m)_j(ap+20m) (12)

and
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where, g, represents the electric conductivity of particles and ¢, represents the permittivities
of particles. om represents the electric conductivity of the medium and en represents the
permittivities of the medium.

Therefore, the magnitude of DEP force mainly depends on the size of particles, the electric
field gradient, and the electric property of particles, as well as the suspending medium. The
direction of the DEP force depends on Re[fcm(w)]. When the Re[fcm(w)] is larger than zero,
the particles would be subjected to a positive DEP (pDEP would attract particles to the light
spot); Otherwise, the particles would be subjected to a negative DEP (nDEP would repel
particles from the light spot). Figure S2(a) presents the manipulated force of different
microparticles in an OET device. The negative DEP acting on the particles at different
positions is analyzed.

These particles are mainly subjected to two kinds of forces when they moving in the medium,
in which the dielectrophoresis force Fr™ is generated from the electric field and the

hydrodynamic force Fu" is generated from the flow medium. The gravity and the buoyant



force are ignored, as shown in Figure S2(b). Thus, the dielectrophoresis force Fr" is also

expressed as:
* * ]
FE=J.(TE‘”)dr*=II:E*E*—2(E*-E*)I]ndF* (14)

where, Tr" represents the MST on the particle surface which is I'*. n represents the unit
vector.
The hydrodynamic force Fu" can be expressed as:

Fy = [(T,n)dl*= [ [~p*T+(V*u*+(V*u) ] -ndl"* (15)

where, Tu" represents the hydrodynamic stress tensor. u* represents the fluid velocity. On the
ground that the fluid is laminar flow and Reynolds number is small in the OET system, the
hydrodynamic stress tensor can be replaced by Stokes’s drag force Fa*. Stokes’s drag force
limits the movement of particles driven by DEP force. Stokes’s drag force can be employed to

measure the actual strength of DEP forces and the velocity of particles, expressed as:

_ —6nAU,

r

F* =—6xnruU, (16)

where, the dynamic viscosity of the fluid h is 1.0x10kg/(m*s). U," represents the velocity of
particles. 4 = R’ is the cross-sectional area of the particle.

As the experimental results, the microbeads moved at a maximum linear velocity of
21.56um/s. According to the diameter of the object, the average diameter of the magnetic

microspheres is 20 um; therefore, the reference area is estimated as A= zR*> ~3.14 X 100X

107(-12) m>=3.14 X 10°(-10) m Thus,

6nAu  6x1.0x1073x3.14x10710%21.56x107° _
=T x . =4.062 x 10712N
r 10x10~° (17)

Fq

The magnetic microspheres (diameter 20 um) suffer a DEP force of 4.062 pN.



The E. gracilis moved at a maximum linear velocity of 15.03 pm/s. When applied the electric
field, the E. gracilis is vertical in the microfluidic chip; therefore, the reference area is

estimated as A=[*d~100X 15X 10" (-12) m*=1.5 X 10"(-9) m?*=nR>. Thus,

6nAu  6X1.0x1073x1.5x1072x15x107° _
SRULLIN =6.176 x 10"12N

Faq r 21.86x10~6 (18)

The E. gracilis suffer a DEP force of 6.176 pN.

The spirulina moved at a maximum linear velocity of 14.79 um/s. When adding the electric
field, the spirulina layed in the microfluidic chip, and the feature size of spirulina are 30 um in
diameter (D), Sum in wire diameter (d), 100um in the whole free length; therefore, the

reference area is estimated as A=m(R? -1*)~3.14 X (15X 15-10X10) X 10" (-12) m*=3.925 X

10°(-10) m?. Thus,

6nAu  6X1.0x1073x3.925x10710x14.79x107° _
=2~ =3.115 X 10"12N

Fa r 11.18x10~6 (19)

The spirulina suffer a DEP force of 3.115 pN. According to the experimental results currently,
this system is possible to generate the force up to several pN.

According to Newton's Second Law, then, the movement of the particles can be expressed as:

*dU;—F*—F* F*
Totar T T (20)

where, mp represents the particle mess. Subsequently, the actual movement of particles can

be expressed by center x," as follows:

’ 21)

where, x,0” represents the beginning position before the movement of particles.
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Figure S2. An analysis of the manipulated force of different microparticles in an OET device.
(a) Particles subjected to negative DEP or positive DEP. (b) Particles subjected to negative
DEP at different positions.

When multiple particles are placed in the electric field and the distance between two particles
is close, these particles would interact with each other®. The mutual interaction can alter the
local electric’ field and induce mutual local DEP forces. To better understand this
phenomenon, the dynamics of DEP particle-particle interactions have been examined in

several studies 1!,

A simple dipole model is used to analyze the interaction, as shown in
Figure S3. The centers of symmetry of the two particles are neutral. When two particles

interact, the force on the particles is the sum of the external electric field force and the mutual

force. The total effect dipole moment is the sum of all the dipoles. It can be expressed as'%:

Pe=—3pe12(qndn+q ,d 1) (22)
Therefore, a particle can generate the dipole moment p, which can be expressed as'?:

Pe = ﬁasefEloc (23)



where, f = (k-1)/(k+2), k= €p/er represents the ratio of the dielectric constant of particles and
liquids, a represents the radius of particles, and d represents the distance between two
interacted particles. With the adoption of a self-consistent method, the local electric field and

electric potential can be expressed as:

2B%efabEy?/d3

u = — (1_4-803§Ba3)2 (24)
E
Eoe = . (25)

1-4Ba3{(3)/d3

where, {(3) = 1.20206, and Eo represents the external electric field strength. Under the action
of the electric field, the two particles can be attracted along the z direction. By combining

Equations (23) and (25), the interacted force of two particles can be expressed as:

6B%efabEy?/d* (26)

fpair = -

4.8082Ba3
oA

4 (D0

Figure S3. A simple dipole moment model of the interaction between two particles in an OET
device.

Due to the attraction force between two particles relies principally on the range of «, the
mutual DEP force is determined by the specific dielectric properties of particles. As shown in
Figure S4, we used the dipole moment to analyses the interaction between the particles.

When the opposite side of the dipole is close, the two particles would be attracted (yellow



area). Otherwise, the two particles would be repelled when the same side of the dipole gets
closely (blue area). It shows that the interaction effect on the same particles and the different
particles is opposite in the same area. This would make the particles forming a different chain

(a vertical chain or a horizontal chain).

(a) Interaction between (b) Interaction between the e
the same particles different particles -
e
- —q

Figure S4. Image of the interaction process between two particles via a simple dipole moment
model. (a) Interaction between the two same particles. (b) Interaction between the two
different particles.

In the simulation model, the OET sandwich structure is used in COMSOL 5.5 model, as
shown in Figure S5(a). The depth of the fluid medium is 150um. The ITO glasses layers are

connected to the power supply. The voltage and frequency of the input signal are @;=10Vyp

and f=w/(2m)=2 kHz, respectively. The density of the medium is set as r/=1.0x10°kg/m? and
the viscosity of the medium is set as h=1.0x10°kg/(m*s). In terms of the dielectric properties
of the medium, the conductivity and permittivity are set as sy= 2.0x102S/m and es= 80,

respectively. The DEP force acting on a particle can be positive or negative, due to the
difference in electrical properties of the medium and particles, as shown in Figure S5(b) and

(c¢). With the adoption of different DEP forces in the OET system, the density of two kinds of

9



particles can be set as 1.05g/cm?’. The conductivity and permittivity of particle 1 driven by p-
DEP force are sp=0.2 S/m and ep=2.56, respectively; those of particle 2 driven by n-DEP force
are si=4.0x10* S/m and ex=2.6, respectively. The different effects of dielectrophoretic force
polarity on the particles in a non-uniform electric field are shown in Figure S5(d) and (e), in
which the respective trajectories of the particles reflect the attractive and repulsive effect of

the light spot on the positive and negative particles, respectively.
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Figure S5. Simulation of DEP effect of different particles. (a) Illustration of the relative
position of light pattern and particles in 3-Dimension model. (b) Simulation results show the
n-DEP force vectors on a negative particle (particle 2) by the light pattern. (¢) Simulation
results show the p-DEP force vectors exerted on a positive particle (particle 1) by a light
pattern. (d) Positive micro-object and negative micro-object do not separate in OET without
the electric field. (e) Positive micro-object and negative micro-object separate in OET under
the electric field.

S2. The force of a single particle influence by the frequency (f) of the power source

10



The frequency of the power source can be regarded as an initial parameter in the OET system.
Manipulating a single particle can be changed by adjusting the frequency, which is a defined
function related to the CM factor. Therefore, it can determine the direction of DEP force and
the magnitude of force. In order to measure the DEP force exerted on particle 1 and particle 2,
the frequency is changed from 1Hz to 10''Hz individually, as shown in Figure S6. There is a
sharp decrease from 9.457x10'N to -4.959%107'2N in DEP force of particle 1 and the
property of DEP force switches from “pull” to “push” between the frequency of 10°Hz and
108Hz. As for particle 2, a smooth rise from -5.156x10'?N to -4.968%107!2N in DEP force can
be noticed in the same frequency range. These tendencies in two particles are caused by the

difference in conductivity (0.2S/m and 4*10°*S/m) changing the CM factor.
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Figure S6. The relationship between DEP force and input frequency. (a) DEP forces of
particle 1 (blue squares) and particle 2 (red dots), expressed as a function of AC frequency. p-
DEP force is above the dotted line and n-DEP force is below the dotted line. (b) Partially
enlarged view of DEP force changes in particle 2.

In this part, the polarization changing process is also used to explain the simulation results
above. The dielectric will be charged due to an external electric field on the surface of
particles (containing bound and free charges), as shown in Figure S7. The DEP force is
generated from the charge that accumulates at the particle surface owing to polarization,

known as the Maxwell-Wagner (MW) process’. The asymmetric distribution of positive and

negative electric charges will also be affected by the original non-uniform electric field. Here,
11



electric polarization vector P is introduced to measure electric dipole moment density in

particles. It is proportional to electric field intensity E, expressed as'’:

P=y.eE
0 27)
where, y, represents the electric susceptibility. Therefore, P has the same direction as E.
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Figure S7. Simulations of potential distribution and space charge density of different particles
with changes of the input frequency. (a) Simulated potential distribution (contour lines) and
electric field (red arrows) of particle 1 with changes of the input frequency. Space charge
density (blue and red part) and electric polarization vector P (black arrows) are shown in a
partially enlarged view. AC frequencies of (i), (i), (iii), and (iv) are 1Hz, 1.78x10’Hz,
5.62x10’Hz, and 1x10''Hz, respectively. (b) Simulated potential distribution (contour lines)
and electric field (red arrows) of particle 2 with changes of the input frequency. Space charge
density (blue and red parts) and electric polarization vector P (black arrows) are shown in a
partially enlarged view. AC frequencies of (i), (i), (iii), and (iv) are 1Hz, 1.78x10’Hz,
5.62x10"Hz, and 1x10'"Hz, respectively. Scale bars are 20um.

Thus, the electric field related to each point in space would be subjected to the force from

electric charges according to Maxwell Theory. Figure S7(a) presents the distribution of

12



potential and electric field (red arrows) in the medium and particle 1 when a light pattern is
projected on the OET chip. The length of red arrows represents the strength of the local
electric field. When the power source frequency is low, it is obvious that the electric potential
near a light pattern would be relatively high. Furthermore, the strength of the electric field in
the medium is higher than that in particle 1 near the surface of particle 1. It is an electric field
area with low strength inside particle 1. Positive and negative electric charges would be
generated on the solid-liquid contact surface. The black arrows represent the polarization
effect in particle 1 visually. Thus, electric dipole moment would emerge in particle 1. With
the increase of frequency, the direction of polarization would change. In high frequency,
particle 1 experiences n-DEP force rather than p-DEP force. As for particle 2 that experiences
p-DEP force in the whole frequency range, the changes of DEP force are much fewer than
that in particle 1. The mechanism can also be explained in Figure S7(b). Due to a slight
change in charges from 1Hz to 10''Hz, the electric field almost remains unchanged, so that

the DEP force changes a little.

S3. The force of a single particle influence by the voltage (V) of the power source

The voltage is closely connected with the electric field. Figure S8(a) presents the effect of
voltage on DEP forces in particle 1 and particle 2. The force of both particle 1 and particle 2
is in an upward trend with the increase of the voltage. The ascent velocity of particle 2 is
much higher than that of particle 1. The different changes of DEP forces would occur on
account of the distribution of the electric field and polarization in the particles, as shown in
Figure S8(b) and (c). The outer electric field would induce polarization inside the particle and

the moving charges would affect the electric field in turn. Here, the DEP force of particle 1 is

13
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Figure S8. The relationship between DEP force and input voltage. (a) DEP forces of particle
1 (blue squares) and particle 2 (red circles), expressed as a function of the voltage of power
source. (b) Simulated potential distribution (contour lines) and electric field (red arrows) of
particle 2 when the voltage is 1V, 50V, and 100V, respectively. (c) Simulated potential
distribution (contour lines) and electric field (red arrows) of particle 1 when the voltage is 1V,
50V and 100V, respectively. Space charge density (blue and red parts) and electric
polarization vector P (black arrows) are shown in a partially enlarged view. (d) Space charge
density (blue and red parts) and electric polarization vector P (black arrows) of particle 1(left)
and particle 2(right) when the voltage is 100V. The diameter of particles is 20um. (e)The
polarization and the cut line position of particle 1. (f)The distribution of polarization norm
along the cut line of particle 2. (g)The distribution of polarization norm along the cut line of
particle 1. The diameter of these particles is 20um.
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larger than that of particle 2 in that the conductivity and permittivity differ in the polarization
inside particles, as shown in Figure S8(d). The directions of polarization vector P are
opposite in two particles, which indicates that the directions of DEP forces are also different.
Polarization density is used to analyze the DEP forces. As shown in Figure S8(e), the particle
part near the light pattern is exposed to a higher polarization density than the farther part. It
means that the particle generates a multipole moment effect in this non-uniform field. Figure
S8(f) and (g) present the data of polarization density along the cut line of particle 1 and
particle 2. These show that the polarization will increase largely with the increase of the

voltage, and it would result in larger DEP forces shown in Figure S8(a).

S4. The DEP force influence by the conductivity and permittivity of the medium

The conductivity and permittivity of the medium are also regarded as initial parameters of the
medium that affect DEP forces. Figure S9(a) and (b) present the effect of the conductivity of
the medium on the DEP forces of particle 1 and particle 2. Both particles would be subjected
to p-DEP forces first and then n-DEP forces. These two particles will experience a turning
point where DEP force is 0 as the conductivity goes up, due to the conductivity of the medium
and particles is equal at this point. When the conductivity of the medium is relatively lower
than that of particles, particles will be subjected to the p-DEP force. There would be an
electric field area with low strength inside the particle, and the distribution of charges
indicates that particles are subjected to the p-DEP force. It should be noted that the maximum
n-DEP force is much larger than the maximum p-DEP force. The colored band in Figure S9(a)
and (b) represent the same conductivity range. The increase in red and blue bands is caused by
a large change in the electric field. However, the electric field would be subjected to dramatic
changes near the turning point, as shown in Figure S9(c) and (d). There is a slight change in

the polarization when the conductive of the medium is far away from the turning point. The

15



polarization density of particle 1 and particle 2 along the cut line is shown in Figure S9(e)
and (f). Otherwise, there is a large change in polarization density around the turning point,

which would result in a change in the direction and the strength of DEP forces.
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Figure S9. The relationship between DEP force and medium conductivity. (a) DEP forces of
particle 1(blue) and particle 2(red), expressed as a function of the conductivity of the medium.
(b) CM factors of particle 1(blue) and particle 2(red), expressed as a function of the voltage of
conductivity of the medium. (c-d) Simulated potential voltage distribution (contour lines) and
electric field (red arrows) of particle 1 when the conductivity of medium is 0.01S/m and
0.2S/m, respectively. The diameter of these particles is 20um. (e) The distribution of
polarization norm along the cut line of particle 2 in different medium conductivity. (f) The
distribution of polarization norm along the cut line of particle 1 in different medium
conductivity.

In addition, Figure S10 also presents the DEP effect of the permittivity of the medium. The
DEP force is proportional to the permittivity of the medium in case that the voltage is constant

and AC frequency is 2kHz. However, the permittivity could exert slight impacts on the
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electric field, which would remain almost the same in the simulation process. Then, several
common media are selected to analyze the medium effect on the DEP force of different
particles, as shown in Figure S10(b). It shows that we need to configure high permittivity and

low conductivity solutions that could induce enough DEP force to manipulate particles.
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Figure S10. The relationship between DEP force and medium conductivity. (a) DEP forces of
particle 1(blue) and particle 2(red), expressed as a function of permittivity of the medium. (b)
DEP forces of particle 1 and particle 2 in different media.

SS. The Effects of input power on the interaction between two particles.

An effect of external input signals on particle interactions is shown in Figure S11(a) and (b).
In this experiment, the distance between two particles was set as 30um and the input voltage
was set as 10Vpp. The input frequency was charged from 1Hz to 10''Hz. According to
Newton's Third Law, the interacted forces between both particles are equal in magnitude and
opposite in direction. The DEP force of particle 1 was measured. In terms of the interaction
between two particles with different dielectric properties, the DEP force has the opposite
direction as a p-DEP force in the low-frequency range (from 1Hz to 10°Hz) and n-DEP force
in the high-frequency region (beyond 10'°Hz). There is a sharp decrease from 1.269x10"''N
to -1.096x10'!N in the DEP force of particle 1, which shows that the property of DEP force

switches from “attract” to “repel” between frequencies of 10°Hz and 10%Hz. In terms of the
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interaction between two particles with the same dielectric properties, the DEP force decreases
from -1.167x107''N to -1.096x10"''N in the same frequency range (from 10°Hz to 10°Hz).
The changing frequency and electric parameters result in the changes of the CM factor which
defines the direction and magnitude of DEP force. Because the conductivity of particle 2 is
much smaller than that of particle 1, the interaction force between particle 1 and particle 2 is

larger than that between particle 2 and particle 2 in the low-frequency range.
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Figure S11. Effects of input power on the interaction between two particles. (a) The
relationship between DEP force and input frequency. (b) The relationship between DEP force
and input voltage. (c) The distribution change of space charge density of the particle with the
increase of the input voltage.

According to the theoretical formula of DEP forces in the OET, the force is positively
proportional to the square of the electric field intensity. Figure S11(b) presents the effect of
voltage on DEP forces under the interaction of particles. In this simulation, the distance

between two particles was set as 30um and the input frequency was set as 2kHz. The

difference is that the direction of forces is opposite in two different particles. Then, the space
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charge density polarized in the particle would also show the voltage effect, as shown in

Figure S11(c). The polarization vector P (blue arrow) represents the increased DEP forces.

S6. The microfluidic chip and OET system

The OET chip is fabricated as a sandwich structure, which is composed of the indium-tin-
oxide (ITO) glasses, aqueous solution, and indium-tin-oxide (ITO) glasses coated with a
photoconductive thin film layer, as shown in Figure S12(a). Subsequently, the chip is
integrated into the OET platform, as shown in Figure S12(b), which is employed to
manipulate microparticles and microorganisms with opposite dielectric properties and

different sizes and dimensionalities.
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Figure S12. Simple OET system and a-Si microfluidic chip. (a) Structure of fabricated a-Si
microfluidic chip. (b) Schematic of installed OET system with a microfluidic chip. Image
projection path through lenses L1, L2, and objective lens and reflection from mirror. L4, PBS,
L5, and CCD comprise the observation path; LED, L6, PBS, and L4 comprise the
illumination path.

S7. Image identification for wireless control

There are two methods designed for two distinct operational situations. In terms of the
situation in which the targeted particles have regular round contours, a pattern extraction
approach can be applied, through which key contour features can be extracted through

preprocessing procedures, including graying, blurring, and binarization, and the coordinates
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can be determined with a Hough circle transformation. For the situation in which the objects

are irregular particles, a pattern match method involving the application of graying can be

adopted.
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Figure S13. OET control system display and data server transmission principle. (a) Cloud
data transmission via WebSockets. (b) Schematic and model of Cloud-based wireless control.
(c) Wireless-control display in fixed- and free-control modes.

The scheme of the Cloud-based wireless-control platform is shown in Figure S13(a). The
platform is composed of a Cloud server, multi-platform interactive terminals, and an
executive terminal including the OET equipment. The three modules are deployed under a
wireless local area network and could conduct safe communication based on the WebSocket
protocol. The wireless-data transmission principles are shown in Figure S13(b). The wireless

control platform separates various OET functions into different modules; the efficiency and

specialization of the system can be enhanced by performing complicated centralized data
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processing within the high-performance Cloud server. The operation of the Cloud wireless
control system via iPad is shown in Figure S13(c) and the projected pattern is designed with
the iPad GUI and sent via the Cloud server to the executive terminal computer. Movie 8

presents the wireless control process of OET via the interactive iPad GUI.

S8. Supplementary Movies:

Movie S1. Simulation of the different dielectric property particles suffered the DEP effect
under the same non-uniform electric field.

Movie S2. Simulation and experiment of the light moving to manipulate particles in the OET.

Movie S3. Simulation of the distribution of space charge density of the two microparticles
when the positive particle interacts with the negative particle in different positions.

Movie S4. Simulation and experiment of two microparticles in the interaction process.

Movie S5. Controlled positive dielectric micro-object to interact with multiple negative
dielectric microparticles via OET.

Movie S6. Positive dielectric swimming euglena gracilis interact with micro-objects via
optoelectronic tweezers. The polystyrene microbeads are adhered to the Euglena gracilis and
transported by euglena gracilis.

Movie S7. Positive dielectric micro-spirulina interact with negative dielectric micro-object
transportation via optoelectronic tweezers.

Movie S8. Wireless control display through the iPad interaction interface in the OET platform.
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