
Particle manipulation behind a turbid medium
based on the intensity transmission matrix
KAIGE LIU,1,2,† HENGKANG ZHANG,3,† SHANSHAN DU,1,2 ZEQI LIU,1,2 BIN ZHANG,4,5 XING FU,1,2,6 AND

QIANG LIU1,2,7

1Key Laboratory of Photonics Control Technology, Ministry of Education, Tsinghua University, Beijing 100084, China
2Department of Precision Instrument, State Key Laboratory of Precision Measurement Technology and Instruments, Tsinghua University,
Beijing 100084, China
3Beijing Institute of Control Engineering, Beijing 100190, China
4Beijing Institute of Electronic System Engineering, Beijing 100854, China
5e-mail: zhangbin1931@126.com
6e-mail: fuxing@mail.tsinghua.edu.cn
7e-mail: qiangliu@mail.tsinghua.edu.cn

Received 29 April 2022; revised 8 July 2022; accepted 31 July 2022; posted 2 August 2022 (Doc. ID 461172); published 14 September 2022

Although optical tweezers can manipulate tiny particles, the distortion caused by the scattering medium restricts
their application. Wavefront-shaping techniques such as the transmission matrix (TM) method are powerful tools
to achieve light focusing behind the scattering medium. In this paper, we propose a method to focus light through
a scattering medium in a large area based on the intensity transmission matrix (ITM). Only relying on the in-
tensity distribution, we can calculate the ITM with the number of measurements equal to that of the control
segments. Free of the diffraction limit, our method guarantees high energy usage of the light field. Based on
this method, we have implemented particle manipulation with a high degree of freedom on single and multiple
particles. In addition, the manipulation range is enlarged more than 20 times (compared to the memory effect) to
200 μm. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.461172

1. INTRODUCTION

Optical tweezers use the interaction between light and matter
to manipulate particles on the wavelength scale. The path of the
photon is deflected as it passes through a particle, while the
transfer of the momentum forces the particle to move away
from the direction of deflection. Thus, a Gaussian-focused
beam can create potential optical traps to bind or manipulate
particles [1,2]. Optical tweezers have achieved a wide range of
applications in biomedicine [3–6], precision measurement
[7–9], nanotechnology [10,11], and many other fields [12–15].
Optical tweezers impose high demands on the stability of the
system and the environment, and the light field distribution at
the focal point has a great impact on the manipulation quality
[16]. However, the prevalence of the scattering medium dis-
rupts the distribution of the optical wavefront, making the fo-
cused beam a diffuse patch of light. Although scattered light
fields can also be used to manipulate particles, the scattering
effect causes the dispersion of energy and the irregularity of
the spot shape, resulting in a less accurate and capable manipu-
lation [17]. Therefore, achieving a high-quality optical focus
behind a turbid medium will greatly expand the application
range of optical tweezers.

In recent years, studies on the scattering effect have shown
that light propagation in a stable scattering medium is a station-
ary process [18,19]. Using wavefront-shaping techniques, one
can effectively compensate for the aberration induced by light
scattering in a turbid medium to achieve focus or special light
field distribution at the target location [20–23]. In 2010,
Čižmár et al. used the stepwise sequence algorithm for phase
optimization to achieve light focusing behind a turbid medium
and used this focus to implement particle manipulation [24]. In
2019, Peng et al. used an improved genetic algorithm (GA) to
achieve single-point and multipoint focusing and proceeded
with particle binding and manipulation [25]. They both relied
on iterative optimization algorithms that set a specific target
distribution of the light field and then are optimized to ap-
proach it by iteratively changing the modulation mask based on
the difference between the output light field and the targeted
one. The memory effect of the scattering medium demonstrates
that the output light will maintain the same motion when the
input light is spatially moved or angularly tilted in a small range
[26,27]. This feature can be used to move the light focus and
thus manipulate the particles. However, the manipulation
range of this method is usually small and is limited by the range
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of the memory effect. In addition, when dealing with multipar-
ticle manipulation, each particle can only maintain the same
movement as the input light, and cannot have its own individ-
ual trajectory, which greatly limits the freedom of multiparticle
manipulation [25].

For particle manipulation, we usually wish to manipulate
particles in a large range and with a high degree of freedom
and flexibility. We are aware that the transmission matrix (TM)
method, another powerful tool for wavefront shaping, can
achieve focus in large fields of view and multiple independent
points [21,23,28–30]. It is an ideal tool for particle manipu-
lation in scattering environments. However, the transmission
matrix method requires measurement of the response of a
set of spatially complete orthogonal bases, which usually takes
a lot of time and limits the optimization efficiency in practical
applications [23]. This makes it difficult to apply this technique
to dynamic media such as biological tissues. Therefore, a
method that can quickly compute and obtain the TM is still
desired.

Thanks to the rapid development of modulation devices, the
application of digital micromirror devices (DMDs) greatly re-
duces the time required for measurements compared to a liquid
crystal spatial light modulator (LC-SLM) by increasing the re-
fresh frequency to tens of kilohertz [31]. Computational holog-
raphy is usually needed to generate phase modulation from the
binary modulation of DMD. However, due to the diffraction
efficiency limitation, about 90% of the light is wasted [32].
This poses a great difficulty for the application of optical tweez-
ers, which are highly dependent on the focal light intensity. A
continuous sequential (CS) algorithm [22] can achieve focus
without diffractive optical paths, but it is limited by the
SNR. Afterward, the Hadamard multiplexing [33] method
was proposed. With the use of the Hadamard basis, this
method achieves focus with high speed and gets rid of the limi-
tation of the SNR. However, both of them set the targeted fo-
cus position, which corresponds to the measurement of a row in
TM. It makes them suffer from the same range limitation of the
memory effect as the iterative algorithm and cannot move the
focus over large areas. Phase retrieval algorithms [34,35] have
been proven to be able to measure the complex valued TMwith
binary modulation, but the iterative process makes them time-
consuming and prone to fall into the local minimum. The real-
valued TM method [36] requires twice as many measurements
as the number of control segments. As a result, it takes more
time to do the measurements.

In this paper, we propose what we believe, to the best of our
knowledge, is a new method to focus behind the scattering
medium in a large area with binary modulation based on
the TM method. By analyzing the link between the intensity
distributions of the input and output, we establish the intensity
transmission matrix (ITM) comprising only real-valued ele-
ments. After a number of measurements equal to that of the
control segments, the obtained ITM can realize focus in a wide
range. In addition, it does not use the diffractive optical path,
thus avoiding the loss of energy in diffraction and largely
enhancing the light intensity of the focus [32]. In the remaining
sections of this paper, we will first detail the theoretical frame-
work of the ITM, including the theoretical prediction for the

peak-to-background ratio (PBR) of the focus. Based on this
theory, we implemented particle manipulation experiments,
achieving both a large manipulation range and a high degree
of freedom during multiparticle manipulation. We believe that
this theory provides a new approach to make full use of the
energy transported through the scattering medium with high
speed. It will be significant for the application of optical tweez-
ers in a scattering environment.

2. PRINCIPLES

The determination of the TM requires a set of spatially com-
plete bases. Here, we choose Hadamard bases. The two states of
the DMD modulation cell correspond to 0 and 1 in amplitude
modulation, so we replace all −1 elements in the Hadamard
bases with 0 elements. The altered Hadamard bases are still
a spatially complete matrix, and linear combinations of its
column vectors can make up any modulation mask, so

εin � H 0−1 · α, (1)

where εin is an N-order vector recording the input modula-
tion mask, H 0−1 are the altered Hadamard bases, and α is an
N-order vector.

To establish the relationship between the ITM and the al-
tered Hadamard bases, we start with the conventional complex
TM. In conventional TM theory, the measured output light
field is in complex form, with [23]

εtar � Eout · α, (2)

TM ·H 0−1 � Eout, (3)

TM ·H 0−1 · α � Eout · α, (4)

TM · εin � εtar, (5)

where εtar is an M-order vector recording the output light field
of the input εin, and Eout is an M × N matrix recording all the
output light fields.

According to the time reversal, we can get the modulation
mask corresponding to the target output [21]:

εin � TM† · εtar, (6)

where † denotes the transpose conjugate, and TM can be
expressed as

TM � Eout ·H −1
0−1 � Eout ·

0
BBBBB@

2

N
·H −

0
BBBBB@

1 0 � � � 0

0 0 � � � 0

..

. ..
. ..

.

0 0 � � � 0

1
CCCCCA

1
CCCCCA

� 2

N
· Eout ·H −

0
BBBBB@

εout11 0 � � � 0

εout12 0 � � � 0

..

. ..
. ..

.

εout1M 0 � � � 0

1
CCCCCA
, (7)

where H is the conventional Hadamard basis, and εout1n is the
n-th element in the output light field corresponding to the first
Hadamard vector. Then, we discuss the calculation of the ITM
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removing the phase information. The DMD panel was subdi-
vided into several equally sized squares, which are usually
dubbed superpixels or control segments. We use the term
“control segment” in the remaining part of this paper. The sub-
tracted term on the right side of Eq. (7) only affects the mag-
nitude of the first column of TM, which represents the
transmission from the first control segment in DMD to differ-
ent output modes. In Hadamard bases, the first control
segment always stays on and can be seen as the reference.
Therefore, the first control segment can remain on while de-
termining the optimization mask for focusing. As a result, this
subtracted term, which only makes sense in deciding the first
control segment, is not necessary when calculating the optimi-
zation mask and can be ignored.

The mask corresponding to focus at the m-th output mode
is obtained from the m-th row in TM. Since the output light
field Eout is complex-valued, the target output εtar obtained
from the linear combination of α is consistent with the coher-
ent superposition in the optical transmission process, and the
calculated input mask is also the theoretically optimal one [23].
However, if no phase measurements are made, the TM is cal-
culated by relying only on the intensity distribution; in other
words, Eout is real-valued. It is important to note that the time
reversal still holds, since it is equivalent to taking a mode on
both sides of the equation, and the equation still holds when
both are real numbers.

To verify the effectiveness of ITM in wavefront shaping, we
first consider the distribution of elements in the ITM:

ITM � 2

N
· jEoutj ·H: (8)

If our target focus is placed at them-th output mode, we still
extract the m-th row of the ITM:

εin � 2

N
· � jem1j jem2j � � � jemN j � ·H , (9)

where jemj j is the amplitude of the m-th output mode with the
j-th column vector in Hadamard bases entering. Then, we de-
cide which control segment should be turned on, based on its
influence on the intensity at target output mode:�

tm1 tm2 … tmN
�
� 2

N
·
�
jem1j jem2j … jemN j

�
·H ,

(10)

tmj �
2

N
·
�
jem1j jem2j … jemN j

�
· hj �

2

N

XN
i�1

hijjemij

� 2

N

X
hij�1

jemij −
2

N

X
hij�−1

jemij, (11)

where tmj is the element of the m-th row and j-th column in the
ITM, and hj is the j-th column vector in Hadamard bases.
Here. hij takes 1 and −1 corresponding, respectively, to 1 and
0 in the altered Hadamard bases. For example, if hkj � −1
when i � k, then it corresponds to the case where the j-th con-
trol segment is turned off when the i-th Hadamard vector is
input. At this point, the light field at the j-th control segment
is not involved in the intensity superposition at the target out-
put mode. Therefore, jemk j is not affected by the light field at

the j-th control segment; that is, all the jemj j terms correspond-
ing to the value of i that match hij � −1 are obtained with the
j-th control segment turned off. On the contrary, the ones cor-
responding to hij � 1 are obtained while the j-th control seg-
ment is turned on. For Hadamard bases, control segments
turned on and off are split in half disregarding the first one.
Therefore, the Eq. (11) is converted into the difference of the
mean value of the amplitude at the target output mode when
the j-th control segment is turned on and off. Since N is much
larger than 1, the control segments other than the j-th one can
be regarded as being randomly turned on and off in both cases.
Therefore, the above equation can be translated to

tmj � hja� a1 � aj � i�b� b1 � bj�ji
− hja� a1 � i�b� b1�ji, (12)

where t � a� ib is one of the TM elements,
tm1 � tmj � a1 � aj � i�b1 � bj� (the first control segment is
always on), and hi denotes the statistical average.

When tmj > 0, the turning on of the j-th control segment
causes the mean value of the intensity at the m-th output mode
to be boosted. So, the j-th control segment has a positive effect
on the focus and should be turned on. Based on the sign of tmj,
we can qualitatively estimate the effect of all the control seg-
ments on the target output mode and thus obtain the input
mask to achieve focusing.

Finally, to evaluate ITM’s ability to focus, we can use the
statistical properties of the scattering medium to calculate
the theoretical value of PBR, which is defined as [22]

PBR � I foc

hIbgi , (13)

where I foc and Ibg are the intensity of the focus and the aver-
aged background.

Under the condition of tmj > 0, Eq. (12) is equivalent to

hja� a1 � aj � i�b� b1 � bj�ji > hja� a1 � i�b� b1�ji,
(14)

hja� a1 � aj � i�b� b1 � bj�j2i > hja� a1 � i�b� b1�j2i:
(15)

According to the first-order statistical properties of the scat-
tered light field, we can obtain the joint probability density
function of the real and imaginary parts of each point in
the scattered light field [37]:

pr,i�r, i� �
1

2πσ2
exp

�
−
r2 � i2

2σ2

�
, (16)

where r and i are, respectively, the real and imaginary parts of
the output light field, and σ is the variance of the Gaussian
distribution. Then, we can calculate the values on both sides
of the Eq. (15):
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hja� a1 � i�b� b1�j2i

�
ZZ

∞

�a� a1�2 � �b� b1�2
2πσ2

exp

�
−
a2 � b2

2σ2

�
dadb

�
ZZ

∞

a2 � b2

2πσ2
exp

�
−
a2 � b2

2σ2

�
dadb

�
ZZ

∞

a21 � b21
2πσ2

exp

�
−
a2 � b2

2σ2

�
dadb

�
ZZ

∞

2aa1 � 2bb1
2πσ2

exp

�
−
a2 � b2

2σ2

�
dadb

� 2σ2 � a21 � b21, (17)

hja� a1 � aj � i�b� b1 � bj�j2i
� 2σ2 � �a1 � aj�2 � �b1 � bj�2: (18)

If the control segment has a positive effect, we get

�a1 � aj�2 � �b1 � bj�2 > a21 � b21: (19)

Here, tm1 is taken as the statistical average:

jtm1j �
ffiffiffi
π

2

r
σ, φm1 � 0, (20)

a1 �
ffiffiffi
π

2

r
σ, b1 � 0, (21)

where jtm1j and φm1 are, respectively, the amplitude and phase
of the tm1. Therefore, the value of tmj must satisfy�

aj �
ffiffiffi
π

2

r
σ

�
2

� b2j >
π

2
σ2: (22)

From the probability density function [Eq. (16)], the stat-
istical characteristics of tmj can be calculated by

pon �
ZZ

�x�
ffiffi
π

p
2 σ�

2�y2>π
2σ

2

1

2πσ2
exp

�
−
x2 � y2

2σ2

�
dxdy

≈ 0.5809, (23)

hjtmjji �
1

pon

ZZ
�x�

ffiffi
π

p
2 σ�

2�y2>π
2σ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

p
2πσ2

exp

�
−
x2 � y2

2σ2

�
dxdy

≈ 1.5252σ, (24)

hjtmjj2i �
1

pon

ZZ
�x�

ffiffi
π

p
2 σ�

2�y2>π
2σ

2

x2 � y2

2πσ2
exp

�
−
x2 � y2

2σ2

�
dxdy

≈ 2.7297σ2, (25)

hexp�iφmj�i �
1

pon

ZZ
�x�

ffiffi
π

p
2 σ�

2�y2>π
2σ

2

x � iy

2πσ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

p

× exp
�
−
x2 � y2

2σ2

�
dxdy ≈ 0.3828, (26)

where pon is the possibility for any control segment to be turned
on, and jtmjj and φmj are, respectively, the amplitude and phase
of the tmj. Thus, the focus intensity at the m-th output mode
can be derived from the superposition of the complex distribu-
tions of the control segments turned on as

I foc �
����
XN on

n�1

Atmn

����
2

�
XN on

n�1

A2jtmnj2 �
XN on

n≠h
A2t�mntmh, (27)

where A is the normalization factor, and N on is the number of
control segments turned on. The statistical mean of the focus
points is

hI foci � A2
XN on

j�1

hjtmjj2i

� A2
XN on

j≠k
hjtmjjihjtmkjihexp�iφmj�ihexp�iφmk�i

� A2 × 0.5809N �2.7297σ2 � �0.5809N − 1�
× 1.52522σ2 × 0.38282	: (28)

The average intensity of the background field is

hI bgi � A2
XN on

j�1

hjtmjj2i � A2 × 0.5809N × 2.7297σ2, (29)

and the focus PBR is

PBR � hI foci
hI bgi �

A2 × 0.5809N �2.7297σ2 � �0.5809N − 1� × 1.52522σ2 × 0.38282	
A2 × 0.5809N × 2.7297σ2

� 1� 0.1249�0.5809N − 1� ≈ 0.0726N :

(30)

The theoretical PBR for binary modulation using a complex
form transmission matrix is [22]

PBR � 1� 1

π

�
N
2
− 1

�
≈ 0.1592N : (31)

The theoretical PBR of the ITM is about 1/2 of the conven-
tional one.
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3. EXPERIMENT

A. Experimental Setup
The experimental setup is shown in Fig. 1. In our experiment, a
532 nm laser (homemade, solid-state, continuous wave) with a
maximum output power of 6 W was employed as the light
source. It was first expanded by a beam expander and then went
through the combination of a half-wave plate and a polarizer to
modulate the polarization state. The modulator was a high-speed
DMD (V7001, ViALUX; resolution: 1024 × 768, pixel size:
13.7 μm × 13.7 μm), which selected part of the beam to reflect
it into the subsequent system. A 4f telescope system (f 1 �
600 mm, f 2 � 300 mm) and a 50:50 beam splitter (BS) were
employed to image the modulation mask on the aperture of the
objective (Obj1, TU Plan ELWD 50×, Nikon, NA � 0.6).
Then the modulated beam was focused onto the scattering
medium by the objective. The scattering medium was a ground
glass scatterer (120 grits, Edmund Optics), through which the
light was scattered. The scattered light then passed through the
particle sample (5 μm diameter, polystyrene) in water accom-
modated by a slide and coverslip. Another objective (Obj2,
MPLAN-N 20×, Olympus, NA � 0.4) and a tube lens (f 3 �
180 mm) were used to image the transmitted light to a CMOS
camera (edge 4.2 bi, PCO; pixel size: 6.5 μm × 6.5 μm), and
used as the microscopic objective for the observation of particle
sample motion. The LED was used to provide illumination
while manipulating the particle. When observing the particle
movement, the 532 nm light was blocked by a 532 nm cen-
tered band-blocking filter to improve the observation contrast.
The control program for the camera and DMD was written in
C�� (Visual studio 2019 community).

B. Intensity Transmission Matrix
We first experimentally verified the ability of the ITM in light
focusing behind the scattering medium. The ITM was mea-
sured using the altered Hadamard bases of order 4096, indicat-
ing that the number of control segments was N � 4096.

In this case, the central 768 × 768 pixels were selected as the
modulation area. We divided this area into 4096 segments in
which the adjacent 12 × 12 pixels have the same modulation
state. Then, we loaded these modulation masks sequentially
onto the DMD and acquired the corresponding speckle pat-
terns with the camera. We can select any pixels in the camera
as the output, which then determine the focus range. Here, we
selected 4096 pixels in the central part of the camera and then
transformed them to 4096 order vectors. These vectors were
arranged to form the ITM. With only 4096 measurements,
we obtained the full-sized ITM with a 4096 × 4096 order.
Using time reversal, an optimized mask to focus at the target
output mode could be calculated. Then, we loaded the mask on
the DMD, and the focused spot was observed on the image
plane. The normalized light field distribution before and after
optimization is shown in Figs. 2(a) and 2(b), respectively.
To quantitatively evaluate the contrast between the focus and
the background, we calculated the PBR defined in Eq. (13).
The light intensity was determined by the grayscale value of
the pictures taken by the camera. In our experiment, we got
a PBR of 215.66. The theoretically predicted value could be
calculated according to the previously inferred theoretical value
of PBR by Eq. (30); i.e., 0.0726 × 4096� 0.8751 � 298.24.
In addition, this method can also achieve multipoint focus-
ing when the target output light field increased to several
points. The results are shown in Fig. 2(c). The corresponding
PBRs at three focal points were 71.27, 70.13, and 75.59,
respectively.

When we changed the number of the control segments and
performed focusing experiments using different orders of
Hadamard bases, we obtained the PBR curve, as shown in
Fig. 2(d). When the number of the control segments was small,
the PBR agreed well with the theoretical prediction. However,
when the number of the control segments was large, the PBR
of the focus was lower than the theoretical value. This error
was attributed to the speckle decorrelation [38] and the

Fig. 1. Experimental setup. F1, F2, and F3, lens; HWP, half-wave plate; P1 and P2, polarizer; BE, beam expander; M, mirror; BS, beam splitter;
S, scattering medium; and Obj, objective lens.
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measurement noise in the experiment [22]. We also used the
angular spectrum method [39] to simulate the process of light
focusing under ideal conditions. The parameters of the simu-
lation were initialized to meet the experimental conditions. The
incident beam was 532 nm with a diameter of 1 μm. The scat-
tering medium has the transport mean free path l 0 � 10 μm
and the thickness of l � 100 μm. The scattering medium was
divided into 20 pieces in the transmission direction. It has a
mean refractive index of 1.4. The simulation results of focusing
with a different number of control segments agreed well with
the theoretical prediction.

In particle manipulation, the light intensity at the focal
point is an important factor in determining the magnitude
of the light force. We experimentally compared the focusing
effect of ITM and TM. For the TM measurements, we used
computational holography and filtered out the diffracted light,
except for the�1 level [32]. The other parts of the experimen-
tal setup were kept consistent with the ITMmeasurements. We
also used the same camera exposure time in all the control ex-
periments, so we could obtain the intensity of the focus visually
from the grayscale value in the picture. Due to the absence
of phase information, the PBR of the focus achieved by the
ITM was only 0.45 to 0.5 times that of the TM, as shown
in Fig. 2(e). This result was consistent with our theoretical pre-
diction. However, because of the limitation of the diffraction
efficiency, only about 10% of the light can be effectively used
[32]. Therefore, the light intensity of both the focus and the
background was relatively low in the TM focusing experiments.
The background light intensity in the ITM experiment was
9.18 times higher than that of TM, and the focus intensity

was about 3.7 to 4.6 times higher, as shown in Fig. 2(f ).
Therefore, although the PBR of the ITM was lower than that
of the TM, the light intensity of the achieved focus was in-
creased by several times, greatly improving the light force in
the particle manipulation.

C. Particle Manipulation
The ITM method allows for rapid acquisition of single-point
and multipoint focus close to the diffraction limit. The large
light intensity gradient can be used to capture particles under-
going Brownian motion in liquid. The particles can be captured
by the focus as they move randomly near the focus and will be
stably bound to the focus [1,2]. Due to the low NA objective
used in the experiment, the particles were also subjected to a
force in the direction of the beam propagation because they are
attracted to the center of the beam. Thus, we set the observing
plane at the upper edge of the sample to ensure the stability of
particles in the direction of beam propagation. As the focus is
moving, the particle will be dragged to the center of the focus
continuously, thus moving in the same path as the focus.

After the transmission matrix was measured, we calculated
the optimized masks to focus at different output modes and
then loaded these masks sequentially onto the DMD to achieve
an arbitrary trajectory movement of the focal point on the im-
aging plane, which is perpendicular to the direction of the light
beam propagation. With this method, we could move the focus
in a large range. Without the limitation of the memory
effect, the range of the manipulation could be enlarged to
200 μm. We pulled the particle in a straight line from the left
of the imaging plane to the right for about 200 μm (see
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Fig. 2. Focusing result with ITM. (a) Speckle pattern before optimization. (b) Experimental result and target output light field of single focus.
(c) Experimental result and target output light field of multiple foci. (d) PBR with different number of control segments in theory, simulation, and
experiment. (e) Comparison of TM and ITM in terms of PBR. (f ) Comparison of TM and ITM in terms of focus intensity.
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Visualization 1), as shown in Fig. 3. And, with a larger imaging
area and more output modes, the range of manipulation could
be further expanded.

Figures 4(a)–4(e) show particle manipulation with special
trajectories (see Visualization 2). In addition, using the results
of multifocusing, we could manipulate multiple particles at the
same time. When calculating the optimization mask, the posi-
tions of the multiple targets were calculated independently,
allowing multiple particles to move independently with their
own trajectories. When performing multiparticle manipula-
tion, each particle could operate independently and would
not be affected by the other particles. Figures 4(f )–4(j) show
the result of manipulating two particles moving around a circle
(see Visualization 3).

4. RANGE OF MANIPULATION

During the process of particle manipulation, fluctuations of the
focus intensity cause changes in the gradient force, which refers
to the force generated by the focus that pulls the particles to-
ward the center of the focus. When the gradient force decreases,
the particles will have a higher probability of escaping the bind-
ings [40]. In the memory effect, the variation of the focus in-
tensity depends on the distance away from the original focus.

As the distance increases, the intensity decreases smoothly [25].
In contrast, the focus achieved by ITM does not depend on the
distance but is limited by the inhomogeneity of the focus in-
tensity at different points.

To evaluate the stability of the particle manipulation, we
measured the focus intensity at different output modes. We
can select any pixels in the pictures captured by the camera
as the output modes. In our experiment, most of the energy
of the light field after traveling through the scattering medium
was in the area of 640 × 640 pixels in the center of the camera.
First, we selected pixels at intervals in this area to examine the
focus effect in a large area. Here, we selected pixels at intervals
of 10 pixels. After that, we selected the center 64 × 64 pixels
without intervals to examine the focus effect more finely in
a smaller area. In both cases, we obtained 64 × 64 output
modes, measured the ITM separately, and achieved focus at
all output modes. By recording the PBR values of all focus,
we obtained the planar distribution of the PBR. The PBR dis-
tribution in a large and small area is shown, respectively, in
Figs. 5(a) and 5(b). To quantitatively evaluate the fluctuation
of the focus intensity at different output modes, we calculated
the mean value and variance of the PBR in circular regions with
a different radius in pixels, as shown in Fig. 5(c). Among them,
for the discussion of the mean value, we divided into two cases.

t=3s t=50s t=96s t=143s t=190s50µm

(a) (b) (c) (d) (e)

Fig. 3. Particle manipulation with single particle along a straight line.

t=1s t=26s t=44s t=63s t=82s

t=16s t=31s t=44s t=57s t=70s

20μm

20μm

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 4. Particle manipulation. (a)–(e) Single focus with a square path. (f )–(j) Double foci with a circle path.
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One was to average the PBR of the pixels on the edge of the
circular region to evaluate the range of particle manipulation.
The other was to average over all pixels in the circular region to
evaluate the particle manipulation ability within different sizes
of regions. As the radius increased, the mean value within the
region showed a decreasing trend. This was because the beam
was first focused by the objective lens and then scattered by the
scattering medium. The concentration of energy still tended to
be in the form of a Gaussian distribution. Therefore, the closer
to the edge part of the imaging plane, the less energy could be
optimally converged to, and the lower the PBR of the focus
obtained. The variance in the region stayed at a low level, al-
most constant with increasing radius. This was due to the in-
homogeneity of the focus intensity distribution caused by the
inhomogeneity of the incident light field and the errors intro-
duced by environmental perturbations. The variance of select-
ing pixels without intervals was lower overall compared to that
with intervals. Although the variance of both was close at a large
pixel radius, the former could get a very low variance at a small
pixel radius. Therefore, selecting output modes without inter-
vals in pixels could reduce the instability in the particle manipu-
lation process. In addition, the output modes in this case had a
smaller spatial distance between modes and were less likely to
lose particles during focus shifting.

The intensity on the edge of the circular region determines
the range of particle manipulation. It showed a gradual decrease
along the radial direction and dropped to half at the radius
68 μm. At a radius of 104 μm, the mean value of PBR de-
creased to 32.5%. The farther the scattering medium was
placed from the focal point of the focusing objective, the larger
this width became. In addition, it also led to a decrease in the
focal energy. Therefore, when performing particle manipula-
tion, we must choose appropriate system parameters to obtain
the best manipulation performance. In addition, we tested the
range of movement of the memory effect under our experimen-
tal conditions. By shifting the position of the beam entering the
scattering medium within a small range, we observed the fol-
lowing shift of the focal point. The further away from the origi-
nal position, the lower the intensity was, as shown in Fig. 5(d).
Based on the formula for the memory effect [26,27],

I�θ, L� � k0θL∕ sinh�k0θL�, (32)

where I�θ, L� is the focus intensity, k0 is the wave factor, θ is the
angle of deviation from the initial position, and L is the effective
thickness, we fitted the theoretical curve. Its FWHM was
6.2 μm, and the intensity decreased to less than 1/3 of the peak
value outside the 7.5 μm range. Therefore, compared to the
memory effect, the manipulation range could be extended
by more than 20 times using ITM.

5. SUMMARY

In this paper, we proposed a new method to focus behind a
scattering medium based on the measurement of ITM. It only
demands a number of measurements equal to that of the con-
trol segments. In addition, there is no diffraction limitation in
this method, thus promising high usage of the light field energy.
Based on the ITM, we achieved single-point and multipoint
focusing. Then, we applied the ITM to particle manipulation,
taking advantage of its large range and a high degree of freedom
in manipulation. The manipulation range was enlarged more
than 20 times to about 200 μm compared to the memory ef-
fect. Furthermore, multiple particles could be manipulated at
the same time with their own trajectories.
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