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Abstract: In structured light tweezers, it is a challenging
technical issue to realize the complete circular motion of
the trapped particles parallel to the optical axis. Herein, we
propose and generate a novel optical skipping rope via com-
bining beam shaping technology, Fourier shift theorem, and
beam grafting technology. This optical skipping rope can
induce the transverse orbital angular momentum (OAM)
(i.e., nominal OAM, whose direction is perpendicular to the
optical axis) and transfer it to the particles, so that the parti-
cles have a transverse torque, thereby causing the particles
to rotate parallel to the optical axis. Experimentally, our
optical tweezers validate that the designed optical skipping
rope realizes the orbital motion of polystyrene particles
parallel to the optical axis. Additionally, the experiments
also demonstrate that the optical skipping ropes manipu-
late particles to move along the oblique coil trajectory and
three-dimensional (3D) cycloidal trajectory. Using the laser
beam induced OAM, this innovative technology increases
the degree of freedom for manipulating particles, which is
of great significance for the application of optical tweezers
in optical manipulation, micromechanics, and mimicry of
celestial orbits.
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1 Introduction

Since the 1970s, the optical tweezers technology invented
by Ashkin [1] has revolutionized a wide range of fields
including condensed matter physics [2, 3], biology [4, 5],
and nanomaterial science [6—8]. By exploiting the photome-
chanical properties of focused laser beams, optical tweez-
ers technology enables various optical operations, such as
fixation [1], movement [9], spin [10], rotation [11], levitation
[12], sorting [13], and stretching of tiny particles [14]. At the
same time, researchers have investigated various types of
spatially structured beams, including Gaussian beams [15],
vortex beams [16], vector beams [17], and vector vortex
beams [18-20], to capture and manipulate particles. In brief,
the spatially structured beams play an important role in the
field of optical tweezers due to their rich wavefront distri-
bution and high plasticity of the light intensity distribution.

As mentioned above, the optical field manipulation
technology provides additional degrees of freedom for the
beam and enriches the motion trajectories of the trapped
particles in optical tweezers. The most typical example is the
realization of the orbital motion of particles around the opti-
cal axis with vortex beams [21, 22]. Specifically, the vortex
beam interacts with the particles to transfer the longitudi-
nal orbital angular momentum (OAM) carried by the beam
to the particles, so that the particles have a longitudinal
torque, causing the particles to make orbital motion in the
transverse plane perpendicular to the optical axis. Similarly,
if the beam carrying the transverse OAM is used in opti-
cal tweezers, the particles will perform a circular motion
parallel to the optical axis. Note that Zhan’s group has
recently generated spatiotemporal optical vortices with con-
trollable transverse OAM [23]. Due to its strict requirements
for experimental equipment and environmental conditions,
there is no report on particle manipulation using spatiotem-
poral optical vortices. Very recently, this transverse OAM
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has been employed for the self-rotation of nanorods with
high frequency [24].

In the past decade, various three-dimensional (3D)
beams have been proposed to try to realize the longitudinal
circular motion of particles. Holographic optical tweezers
are the first to realize 3D operation by adjusting the focusing
position of the beam [25]. Due to its reliance on parametric
equations and rotation matrices to manipulate the focus
position, achieving parallel rotation to the optical axis in 3D
space has proved to be challenging [15]. Another type of 3D
particle manipulation is the tractor beam, which pushes and
pulls particles [26, 27]. The tractor beam is good at realizing
the round-trip motion of particles in the direction of light
propagation, but it is still a challenge to realize the complete
circular motion parallel to the optical axis [12]. A novel
method for achieving 3D movement of particles involves
the use of a recently developed shapeable structured beam
[28-32], which allows the free customization of transport
trajectories along the parametric equations. Despite the
availability of alternative methods that do not rely on the
parametric equations [31], the limitations of the shapeable
structured beam still exist. Specifically, it cannot flip, so
it can only produce OAM at a certain angle to the z-axis,
and cannot generate the transverse OAM. Very recently,
the concept of rigid-body optical tweezers is proposed, but
this is not conducive to the independent control of multiple
targets [33]. So far, the optical tweezers lack a straightfor-
ward, reliable, and user-friendly technology to achieve the
complete circular motion of particles parallel to the optical
axis.

In this work, we propose and generate a novel optical
skipping rope by synergistically combining the 3D circular
trajectory equation with both the beam grafting technique
and the Fourier phase shifting technique. The optical skip-
ping rope allows for a selective and adjustable generation
of capture points and enables 360° flipping. Intriguingly,
laser beam induced transverse OAM increases the degree
of freedom for manipulating particles, which can realize
the circular motion of particles parallel to the optical axis.
Experimentally, our optical tweezers demonstrate that the
designed optical skipping ropes manipulate polystyrene
particles to move along circular motion parallel to the opti-
cal axis, oblique coil motion, and 3D cycloidal motion.

2 Methods

To generate the optical skipping rope, firstly, one needs a 3D shapeable
beam. In the initial plane, the computer-generated hologram of the
structured optical field with an arbitrary curvilinear mode is repre-
sented as [28]
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where A is the wavelength of light and f is the focal length of the lens.
X,(7),Y,(7), and z,(7) are the parametric equation of the curve, |’ (7)|
=X (0 + Y o(0)? + 2/ o(v)*]¥2 dominates the shape of the beam with
t€ [0, T = 2], ¢’ () denotes cy(z) taking the derivative of 7, y(x, y,
7) represents the phase of the beam. The presented work mainly takes
circles as an example. In this case, the parametric equation of the curve
is written as
Xo(7) =R, cos T

Yo(r) =R, sin 7, )

Zy(r) =0

where R, is the radius of the vortex beam. Note that this beam is
produced by a loop integral along a predesigned curve. Therefore, it
is possible to conveniently cut and graft the optical field by controlling
the integration process. Next one needs to select a control point on the
annular beam shown in Figure 1(al), the vortex beam is divided into
two sections via the diameter of this point. These two segments each
have topological charges (TCs) with opposite signs. To make the capture
easier, we choose to extend two semi-circular beams at the capture
point. In this way, due to TCs with opposite signs on two semicircles, the
interference will occur at the capture point to produce an interference
point with strong gradient force, as shown in Figure 1(a3). Then a chord
is chosen as the rotation axis for the capture point. At the same time,
the position of the rotation axis is controlled by adjusting the circum-
ference angle corresponding to the chord. Naturally, the height of the
arch D becomes the radius of rotation of the captured particle parallel
to the optical axis. Then, the arch corresponding to the axis of rotation
in 3D space is synchronously rotated by calculating the parametric
equations for 3D circles. Due to the arch’s rotation, the trapping point
will inevitably induce the transverse OAM. It is noteworthy that the
transverse OAM induced by this optical skipping rope is a nominal OAM
with its direction perpendicular to the optical axis. This OAM vector
is directly determined by the rotational velocity of the captured point,
which can be expressed by the formula L = r X P. Here r denotes the
particle’s position vector relative to an origin. P = mv represents the
particle’s momentum, where v is the rotational speed and m is the mass
of the particle. As illustrated in Figure 1, only part of the beam needs to
be rotated, so the components that need to be rotated do not use the
same formula as the rest of the components. This implies that in the
region of the beam depicted in Figure 1 that has undergone rotation,
there exists a normal vector, denoted as n (n,, n, n,), that is a vari-
able, while the non-rotated segment retains its original normal vector
n, (0, 0, 1). It is assumed that the normal vector is n (n,, n,, n,+An)
(An is an additional constant to prevent the rotation from separating),
where the angle of rotation ¢ determines n, and the relationship
between them is n, = tang. It is worth noting that ¢ is a quantity that
varies uniformly over time, and if the time factor is ¢, then ¢ = tAg@
(A is a parameter that determines rotation speed). Accordingly, the
transverse OAM induced by the generated optical skipping rope can be
expressed as
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Figure 1: The generation principle of optical skipping rope. (a1) the manipulation point needs to be selected, which determines the position of the
captured particles, (a2) the vortex beam is divided into two parts with opposite TC, (a3) the interference superposition is performed at the capture
point, which generates the capture point, (a4) the rotation axis is selected, (b1)-(b4) a portion of the beam is rotated along the rotation axis to drive

the particles for longitudinal movement.

L, = mD*Ag. 3

This means that for a fixed particle, the larger the height of the
arch D, the larger the induced transverse OAM; while for a certain
optical skipping rope, the greater the particle’s mass, the larger the
induced transverse OAM.

The parametric equations of a space circle can be calculated via
normal vectors

Xo(7) = Ry(a, cos T + b, sin 7)
Yo(7) = Ry(a, cos T + b, sin 7), 4

zy(7) = Ry(a, cos 7 + b, sin 1)

where a = (a,, a,, a,) =n X (1,0, 0), b= (b, by, b,) = n X a. Because
of the change in the spatial capture position, it is also necessary to use
Fourier shift theorem to prevent it from separating during rotation. In
the case, the computer-generated hologram of the optical skipping rope
with k parts is represented as

Gy(x, y,79) = U161(X7y, ) + U,G,(x, y, Tz)
+ U;G;(, y, 1)+ - - - - + UG (x, y, 7), )

here U, is a Fourier shift factor expressed as U, = exp[j2n(&,x +
1Y), where the values of &, and #, are related to the parameters of
the experimental device, which should be set in combination with the
experimental conditions. Specifically, we take &, = 256 and 7, = 490
in our experiment. When the result in Figure 1is desired, one chooses
k=47,€l0,n—-0/2],7,€n—-0/2,n+ 0], 7; €E[n — 0, + 0/2], and
7, € [n + 0/2, 2n]. The calculation shows that one needs to set ¢ =m/l to
obtain perfectly interference with the capture point [32], where [ = 30
is the TC value of the optical skipping rope. Hence, the optical skipping
rope can be achieved with the help of Fourier transform.

3 Experimental setup

To generate the optical skipping rope proposed above and subsequently
manipulate particles, Figure 2 shows an experimental setup of optical
tweezers including the holographic technology. The laser beam with
a wavelength of A = 532 nm is produced by a continuous-wave laser
with a power adjustable from 0 to 4 W. The output Gaussian beam is
expanded and collimated by the combination of a concave lens (L1,
f =—5cm) and a convex lens (L2, f = 15 cm) to form a parallel beam,
and the uniform illumination part is taken as a flat-top beam with the
apertures (Al). The flat-top beam becomes a linearly polarized light
after passing through a polarizer (P1), then it is reflected by the mirrors
(M1, M2) and incidents to the spatial light modulator (SLM) at an angle
of less than 5°. The SLM is loaded with a predesigned phase mask.
According to the generation principle of phase holographic plates, it
is essential to initially perform plane wave phase interference on the
phase of the target beam. Subsequently, to improve the beam quality, it
is necessary to add an annular diaphragm. Therefore, the phase mask
can be expressed as T (x, y) = circ [(X* + y»)¥?] X exp{j-angle[G,(x, y,
7,)] + j2nx/d}, where angle[ ] is a function of the phase angle and d
is the period of the blazed grating. The beam modulated by the above
phase mask passes through the mirror (M3) and enters the coupled
optical path composed of a 4f system (L3, f = 20 cm; L4, f = 20 cm).
Meanwhile, the aperture (A2) only allows +1 order diffracted light to
pass through. B is a band-pass filter with the central wavelength of
620 + 6 nm. The coupled optical path mainly controls that the optical
skipping rope can perfectly reflect into the microscopic objective (MO1,
oil, 100x, NA = 1.49), and then be tightly focused by the microscopic
objective to manipulate particles. The background light source is an
LED with the wavelength of 620 + 10 nm, which is focused by a micro-
scopic objective (MO2, 10X, NA = 0.3) and recorded by the camera
(CCD1, 1280 x 1024 pixels, pixel size: 5.3 X 5.3 jum?). Note that when it is
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Figure 2: Schematic of the experimental setup. L1, concave lens; L2-L5, convex lenses; P1 and P2, polarizers; A1 and A2, apertures; SLM, spatial light
modulator; M1-M5, mirrors; CCD1 and CCD2, charge-coupled devices; MO1 and MO2, microscopic objectives; LED, backlighting source; B, band-pass
filter. (a) Phase mask diagram, (b) beam intensity before tightly focusing, and (c) particle manipulation diagram.

necessary to photograph the intensity distribution of the beam before
tightly focusing, CCD2 should be placed at A2 position. The experimental
results in Figure 3 are all captured at this position.

4 Results and discussion

The adjustability of spatially structured beam directly deter-
mines its applicability. Therefore, it is necessary to modu-
late the optical skipping rope, verify the influence of each
parameter on the optical skipping rope, and analyze its
possible role in particle manipulation applications. First,
let’s look at the manipulation of individual particle in more
detail and set the number of manipulated particles to p =
1. Here, setting 8 = n/2, Figure 3(a) shows the measured
intensity distributions of optical skipping ropes with dif-
ferent rotation angles ¢. In manipulation applications, it
is preferred to change the height of an arch D by setting
the angle 6. Next, one needs to give the conversion rela-
tionship between the angle 6 and the height D by D = Ry[1
— c0s(8/2)] (Unless otherwise specified, all experiments in
this work are taken as R, = 0.6 mm). The optical skipping
ropes for single-particle manipulation are shown in Figure
3(aD)—(ab). It is seen that a part of the optical skipping rope
rotates parallel to the optical axis along the rotation axis
(For more details, see Visualization 1, which shows the full
360° rotation). To gain an intuitive understanding of the

generated light field, it is imperative to experimentally mea-
sure the 3D intensity distribution of representative optical
skipping ropes. Figure 3(d1) shows the measured intensity
distributions in the x—y plane for an optical skipping rope
with 6 = 7/2 and @ = w/4, while Figure 3(d2)-(d5) are the
measured intensity patterns at planes from S1 to S4 with
the separation of 0.5 mm marked in (d1). As shown in Figure
3(d2)—(d5), it is found that the top and bottom focal positions
at S1and S2 planes are identical, whereas the focal positions
at S3 and S4 planes move to the right, indicating that a
portion of the beam has already rotated. Then, we select the
corresponding two points for the symmetric two-particle
manipulation. When simultaneous control of two or more
control points is required, the introduction of a new position
parameter, denoted as g;, becomes imperative. As depicted
in Figure 3(b1), the entire circular domain can be likened
to a clock, encompassing a range of 0—2x. In this scenario,
selecting q; = m/4 and g, = 5n/4. The parameters should take
ask=6,0,=0,=n/2, 7, €[0 — 0, 0,)2], 7, € [0,/2, ® —
0.2, 1€l -0, n+o0l, 7, €+ 0,4+ 6,2], 75 €
[r + 0,/2, 2n — 0,/2], 74 € [2n — 0,/2, 21 + o], where 6,
and 6, are the parameters controlling the arch height of
two different capture points, respectively. Accordingly, the
experimentally measured intensity distributions are shown
in Figure 3(b1)—(b5) (For more details, see Visualization 2,
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Figure 3: Experimentally measured intensity distributions of optical skipping ropes with different parameters of 8, ¢, and p. (al1)-(a5) intensity
distributions of the optical skipping ropes with 8 = /2 and different ¢, for the single-particle manipulation (p = 1). (b1)-(b5) Intensity distributions of
the optical skipping ropes with 6, = 8, = n/2 and different ¢, for the symmetric two-particle manipulation (p = 2). (c1)-(c5) Intensity distributions of
the optical skipping ropes with 8, = n/4, 6, = n/2, and different ¢, for the asymmetric two-particle manipulation (p = 2). (d1) 2D intensity distribution
of an optical skipping rope with 8 = n/2 and ¢ = nt/4. (d2)-(d5) Measured intensity patterns at planes (S1to S4) with separation of 0.5 mm marked in

(d1).

which shows the full 360° rotation). And finally, two asym-
metric captured point is obtained via setting the parameter
G =m/4,q, =3n/4, k=6,0,=n/4,0, =72, 7, € [0 — 0,
0,/2], T, € [0,/2, n2 — 0,/2], T4 € [72 — 0,/2, T2 + ©], 7,
€ [n2 — o, /2 + 0,/2], 75 € [n/2 + 6,/2, 2 — 0,/2], 74 €
[2r — 6,/2, 21 + o). Figure 3(c1)-(c5) show the measured
intensity distributions of the optical skipping ropes with
@ = 0 — 2x, for asymmetric two-particle manipulation
(p = 2) (For more details, see Visualization 3, which shows
the full 360° rotation).

To demonstrate the ability of optical skipping ropes
to induce particle rotation parallel to the optical axis,
experimental verification is required. In our experiment,
polystyrene pellets were employed as the object parti-
cles of manipulation. Firstly, we used the optical skipping
rope illustrated in Figure 3(al)—(a5) to operate polystyrene

pellets with a diameter of R, = 3 pm, and the outcomes of
the particle manipulation are depicted in Figure 4(al)—(a5)
(For additional details, refer to Visualization 4. The change
rate Ag in Visualization 4 is w/50 per second). Addition-
ally, Figure 4(b1)—(b5) present a diagram of two particles
being manipulated by the optical skipping ropes in Figure
3(b1)—(b5) (For more details, see Visualization 5. The change
rate A in Visualization 5 is ©/50 per second). Finally, the
results of asymmetrical manipulation of two particles by
the optical skipping ropes in Figure 3(c1)-(c5) are shown
in Figure 4(c1)—(c5) (For more details, see Visualization 6.
The change rate A in Visualization 6 is /50 per second).
From the manipulation video, it is evident that the parti-
cles successfully move in a complete circle parallel to the
optical axis under the irradiation of the optical skipping
rope. This is because the rotation of the beam causes the
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Figure 4: Optical skipping ropes manipulating the particle to rotate parallel to the optical axis. (a1)-(a5) Single-particle rotation, (b1)-(b5) symmetric
two-particle rotation, and (c1)-(c5) asymmetric two-particle rotation. The white dashed lines represent the outline of the beam and its axis of rotation.

(a6), (b6), and (c6) are their corresponding 3D model, respectively.

particles to constantly deviate from the center of the capture
point, resulting in a gradient force, the direction of which is
always tangent to the circumference of the rotating optical
skipping rope. The principle of particle rotation induced by
this method is different from that caused by direct opti-
cal radiation force, although the effect of particle rotation
is similar. The underlying mechanism of the experimental
observations is explained as follows: the optical skipping
rope induces the transverse OAM described by Eq. (3) and
transfers it to the particles, which makes the particles have
a transverse torque, causing the particles to rotate parallel
to the optical axis. Without a doubt, the realization of such
particle motion provides the possibility for colloidal assem-
bly in the microscopic world, and even for the construction
of an assembler using spatially structured light.

To optimize the practicality of the presented technol-
ogy, we analyze the maximum velocities in various scenar-
ios to manipulate the movement of particles with different
sizes. Our approach involves a test that affects the circu-
lar motion of polystyrene particles. Specifically, with the
increasing of the Ag value, the critical particle’s velocity
is recorded when the particles could no longer complete
a circle. This velocity represents the maximum velocity at
which the optical skipping rope can support particles to
complete circular motion. In this study, two comparative
measurement experiments are conducted (The laser power
is kept at 600 mW). In the first measurement experiment,
the diameter of the particle is R, = 1 um, and the beams’

radii are set to R, = 0.5 mm, 0.6 mm, and 0.7 mm, respec-
tively. Correspondingly, for the optical skipping ropes with
6 = ©/2, the maximum velocities of particles are measured
to be v, = 2.36 pmy/s, 1.41 pm/s, and 0.33 pm/s, their trans-
verse OAMs are calculated to be L, = 9.90 X 10~ g pm?/s,
713 x 107" g pm?/s, and 1.94 x 10~ g um?/s, respectively.
As theoretically expected, we observe that the maximum
velocity of particles decreases as the beam radius increases.
This is because the larger the radius of particle rotation,
the greater the centripetal force required. Therefore, at a
constant light intensity, the maximum velocity it can sup-
port becomes slower and slower. This phenomenon can be
attributed to the increase of torque and centripetal force
required to maintain the orbital motion. In the second
experiment, we focus on particles with a diameter of R,
= 2 pm and a beam’s radius of R, = 0.6 mm with 6§ = /2.
The maximum velocity that can support particles to make
orbital motion is measured to be v_,, = 0.85um/s. Com-
bined with the first experimental results of R, = 1pm, R,
= 0.6 mm, 6 = 7/2, and v,, = 1.41 pm/s, it is shown that
the larger the particle size, the slower the motion speed.
This is because larger particle experience greater viscous
resistance, leading to a decrease in their velocity. In short,
we generated the optical skipping rope and demonstrated
its function of manipulating particles to make the orbital
motion parallel to the optical axis. This work only provides
a glimpse of the potential for optical skipping ropes, as the
partitioning of the ring presented in this study is arbitrary.
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In practical applications, users can easily select combination
points based on specific situational requirements. The next
step is to extend our technique with two usage examples.
In the aforementioned scenario, we employ a station-
ary capturing arch that is oriented parallel to the x—y plane.
It is noteworthy that the said arch can also be dynami-
cally adjusted to achieve greater flexibility in controlling
the trajectory of particle according to specific requirements.
For example, according to the configuration depicted in
Figure 4, it is now necessary to implement the particle
manipulation illustrated in Figure 5(a6). Consequently, the
normal vector of the stationary segment of the circular
equation should be modified as n, (0, tanf, 1). This means
that the entire optical skipping rope has an angle of & —
p with respect to the x—y plane. Figure 5 shows the exper-
imental results of optical skipping ropes manipulating par-
ticles to move along an oblique coil trajectory when § = 60°.
To achieve the outcome shown in Figure 5, we introduce an
initial parameter value a and set the parameters of k = 4,
T, €0+a,n—-02+al, 7€ —02+a,n+ 0+ al,
3€M—c+a,n+62+al,andr, €[n+ 02+ a,2n +
a]. This rotational adjustment causes orbit O, to rotate along
the trajectory of orbit O,. It is pertinent to observe that « is
a variable quantity, and the motion trajectory of particle is
determined by its relationship with ¢. In the case illustrated
in Figure 5, we take a = @. Therefore, as the particle com-
pletes one revolution around the z-axis, it precisely returns
to its initial position by following the trajectory of orbit O,
(For additional details, refer to Visualization 7. The change
rate Ag in Visualization 7 is 1/100 per second). Similar to ¢,
the parameters of « and f are also time-dependent, where
a =tAa and § =tAp. The orbital radius and rotation speed
of particles can be independently adjusted by controlling
the parameters ¢, @, and f. In other words, OAM induced
by optical skipping rope is no longer limited to transverse
OAM. Since the inclination angle of the three orbits and
the changing velocity are freely controlled, i.e., the induced
OAM can be controlled in any direction at this time. The
velocity vectors generated by orbits ¢, a, and g are assumed
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to be vy, v,, and v, respectively. Hence, the induced OAM
vector can be expressed as

L =mD(v,; X v, X U3). (6

Here, the three velocities follow the principle of vector
superposition, and the induced OAM of their superposition
can be oriented in any 3D direction. By manipulating only
three variables, namely, ¢, a, and g, a helical particle trajec-
tory can be achieved, which can incline at any desired angle
with any number of turns. Compared with other methods
such as holographic optical tweezers [15] and shaped beams
[34, 35] that involve using inverse integration of diffraction
theory to calculate motion paths, our approach is signifi-
cantly simpler and conserves computational resources.

Undoubtedly, the potential of optical skipping ropes
extends well beyond the aforementioned applications. For
instance, by setting f = 0 and a = ¢, both the particle
and the center of orbit O; would rotate around orbit O,,
as depicted in Figure 6(a6). Furthermore, we introduce a
rotation parameter for the entire optical skipping rope U,
which is expressed as follows: U, = explj2n({ xcosy +
noysiny)], where y is the parameter that controls the rota-
tion speed in the orbit O;. When y = ¢, the center of orbit
0, will rotate one around orbit O, while the center of orbit
0, will rotate one around orbit O;. And the total computer-
generated hologram of this beam is expressed as

Go(X, Y, to) = Upz[U1G(X, , 11) + Us Gy (X, ., 1)
+ U3Gy(x, Y, 73) +- -+ - - + UG (X, v, 71|
(7

As a result, we obtain a trajectory comprising of three
coexisting orbits, as illustrated in Figure 6(a6) (For addi-
tional details, refer to Visualization 8. The change rate Ag
in Visualization 8 is /100 per second). The actual trajectory
of a particle in 3D space corresponds to a 3D helical cycloid.
Significantly, the parameters «, f, and y are independently
adjustable, thereby conferring independent degrees of free-
dom to orbits O;, O,, and Os. It should be emphasized that

Figure 5: Optical skipping ropes manipulating particles to move along an oblique coil trajectory. (a1)-(a5) experimental screenshot, the white dashed
lines represent the outline of the beam and its axis of rotation. The lower left inset of each picture is the intensity distribution of the corresponding
optical skipping rope. (a6) 3D Model of the optical skipping rope and schematic of orbit. O1 is the motion orbit of the particle, 02 is the motion orbit of

the center of O1, and the arrow shows the direction.
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Figure 6: Optical skipping ropes manipulate particles to move along a 3D cycloidal trajectory. (a1)-(a5) experimental screenshot, the white dotted line
is orbit O1, the larger virtual circle is orbit 02, and the smaller dotted line is O3. The upper right inset of each picture is the intensity distribution of the
corresponding optical skipping rope. (a6) 3D model of the optical skipping rope and schematic of orbit. O1 is the motion orbit of the particle, 02 is the
motion orbit of the center of 01, 03 is the motion orbit of the center of 02, and the arrow shows the direction.

although we have demonstrated the longitudinal manipula-
tion of a single particle, the optical skipping ropes can also
capture and manipulate multiple particles simultaneously,
such as the two-particle manipulation shown in Figure 4.
In this sense, it can mimic the trajectory of celestial bodies
at a microscopic scale, such as the planet rotates around
the star. Although the sample capture points described in
this work are symmetric, it is noteworthy that the selection
of capture points does not have to be symmetric (e.g., see
Figure 4(c)). Furthermore, the number of capture points is
not limited to one or two; it can be any number of multiple
capture points as you desire. This technology is scalable, and
future enhancements can be achieved by integrating optical
skipping rope with other curves [31, 36], thereby enabling a
broader range of particle-capturing methods.

5 Conclusions

In summary, we have combined the 3D circular trajectory
equations with both beam grafting technique and Fourier
phase shifting technique to propose, design, and gener-
ate a novel structured light beam, named optical skipping
rope. This optical skipping rope allows for a selective and
adjustable generation of capture points and enables 360°
flipping. Intriguingly, the designed optical skipping rope
induces a transverse OAM, which makes the particles have
a transverse torque, thereby causing the particles to rotate
parallel to the optical axis. Our optical tweezers experi-
ments have validated that the generated optical skipping
rope drives the orbital motion of polystyrene particles par-
allel to the optical axis. Additionally, we have experimen-
tally demonstrated the effectiveness of the optical skipping
rope in particle trajectory design by creating two trajecto-
ries, namely an oblique coil trajectory and a 3D cycloidal
trajectory. The proposed technique solves the longstand-
ing problem that spatially structured light tweezers cannot
manipulate particles to orbital motion parallel to the optical
axis. The optical skipping rope is easy to implement, operate,

and use, which injects new vitality into the application of
structured light tweezers in optical manipulation, microme-
chanics, and mimicry of celestial orbits.

Research funding: National Nature Science Foundation of
China (Grant Nos. 12074066, 12274074, 12134013, 12304360).
Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: Authors state no conflicts of interest.
Data availability: Data sharing is not applicable to this arti-
cle as no datasets were generated or analysed during the
current study.

References

[11 A. Ashkin, “Atomic-beam deflection by resonance-radiation
pressure,” Phys. Rev. Lett., vol. 25, no. 19, pp. 1321—1324, 1970.

[2] A.V.Ponomarev, S. Denisov, and P. Hanggi, “ac-Driven atomic
quantum motor,” Phys. Rev. Lett., vol. 102, no. 23, p. 230601,

2009.

[3] D.Barredo, V. Lienhard, S. De Leseleuc, T. Lahaye, and
A. Browaeys, “Synthetic three-dimensional atomic structures
assembled atom by atom,” Nature, vol. 561, no. 7721, pp. 79—82,
2018.

[4] T.T.Ngo, Q.Zhang, R. Zhou, ). G. Yodh, and T. Ha, “Asymmetric
unwrapping of nucleosomes under tension directed by DNA local
flexibility,” Cell, vol. 160, no. 6, pp. 1135—1144, 2015.

[5]1 M. Bugiel and E. T. Schaffer, “Three-dimensional optical tweezers
tracking resolves random sideward steps of the kinesin-8 Kip3,”
Biophys. J., vol. 115, no. 10, pp. 1993 —2002, 2018.

[6] L.W.Russell, E. C. Dossetor, A. A. Wood, D. A. Simpson, and
P.J. Reece, “Optimizing optical tweezers experiments for magnetic
resonance sensing with nanodiamonds,” ACS Photonics, vol. 8,
no. 4, pp. 1214—1221, 2021.

[71 Q. Sun, K. Dholakia, and A. D. Greentree, “Optical forces and
torques on eccentric nanoscale core—shell particles,” ACS
Photonics, vol. 8, no. 4, pp. 1103—1111, 2021.

[8] Y.Zhang, C. Min, X. Dou, et al., “Plasmonic tweezers: for nanoscale
optical trapping and beyond,” Light: Sci. Appl., vol. 10, no. 1, p. 59,
2021.



DE GRUYTER

(9]

(0]

(1]

2]

(3]

(4]

(3]

(6]

(71

[18]

(9]

[20]

[21]

[22]

[23]

P. Zemanek, G. Volpe, A. Jonas, and O. Brzobohaty, “Perspective on
light-induced transport of particles: from optical forces to phoretic
motion,” Adv. Opt. Photonics, vol. 11, no. 3, pp. 577—678, 2019.

Y. Zhou, Y. Zhang, X. Xu, et al., “Optical forces on multipoles
induced by the belinfante spin momentum,” Laser Photonics Rev.,
vol. 17, no. 11, p. 2300245, 2023.

A.T. O’neil, I. MacVicar, L. Allen, and M. J. Padgett, “Intrinsic and
extrinsic nature of the orbital angular momentum of a light
beam,” Phys. Rev. Lett., vol. 88, no. 5, p. 053601, 2002.

Y. Liang, S. Yan, Z. Wang, et al., “Simultaneous optical trapping and
imaging in the axial plane: a review of current progress,” Rep.
Prog. Phys., vol. 83, no. 3, p. 032401, 2020.

M. P. MacDonald, L. Paterson, K. Volke-Sepulveda, J. Arlt,

W. Sibbett, and K. Dholakia, “Creation and manipulation of
three-dimensional optically trapped structures,” Science, vol. 296,
no. 5570, pp. 1101—1103, 2002.

A. S Bezryadina, D. C. Preece, J. C. Chen, and Z. Chen, “Optical
disassembly of cellular clusters by tunable ‘tug-of-war’ tweezers,”
Light: Sci. Appl., vol. 5, p. €16158, 2016.

Y. Cai, S. Yan, Z. Wang, et al., “Rapid tilted-plane Gerchberg-Saxton
algorithm for holographic optical tweezers,” Opt. Express, vol. 28,
no. 9, pp. 12729—-12739, 2020.

H. Zhang, X. Li, H. Ma, et al., “Grafted optical vortex with
controllable orbital angular momentum distribution,” Opt. Express,
vol. 27, no. 16, pp. 22930—22938, 2019.

Y. Pan, X. Z. Gao, G. L. Zhang, Y. Li, C. H. Tu, and H. T. Wang, “Spin
angular momentum density and transverse energy flow of tightly
focused kaleidoscope-structured vector optical fields,” APL
Photonics, vol. 4, no. 9, p. 096102, 2019.

Q. Wang, C. H. Tu, H. He, et al., “Local angular momentum induced
dual orbital effect,” APL Photonics, vol. 7, no. 8, p. 086102, 2022.

Y. Zhou, X. Xu, Y. Zhang, et al., “Observation of high-order
imaginary Poynting momentum optomechanics in structured
light,” Proc. Natl. Acad. Sci. U. S. A., vol. 119, no. 44, 2022, Art. no.
€2209721119.

X. Xu and M. Nieto-Vesperinas, “Azimuthal imaginary Poynting
momentum density,” Phys. Rev. Lett., vol. 123, no. 23, p. 233902,
2019.

S. Fu, Y. Zhai, ). Zhang, et al., “Universal orbital angular momentum
spectrum analyzer for beams,” PhotoniX, vol. 1, p. 19, 2020.

Y. Shen, X. Wang, Z. Xie, et al., “Optical vortices 30 years on: 0OAM
manipulation from topological charge to multiple singularities,”
Light: Sci. Appl., vol. 8, p. 90, 2019.

A. Chong, C. Wan, J. Chen, and Q. Zhan, “Generation of
spatiotemporal optical vortices with controllable transverse

[24]

[25]

[26]

[27]

L. Zhu et al.: Optical skipping rope induced transverse OAM for particle orbital motion === 4359

orbital angular momentum,” Nat. Photonics, vol. 14, pp. 350 —354,
2020.

Y. Hu, J. J. Kingsley-Smith, M. Nikkhou, et al., “Structured
transverse orbital angular momentum probed by a levitated
optomechanical sensor,” Nat. Commun., vol. 14, no. 1, p. 2638, 2023.
L. A. Shaw, R. M. Panas, C. M. Spadaccini, and J. B. Hopkins,
“Scanning holographic optical tweezers,” Opt. Lett., vol. 42, no. 15,
pp. 2862 —2865, 2017.

S. H. Lee, Y. Roichman, and D. G. Grier, “Optical solenoid beams,”
Opt. Express, vol. 18, no. 7, pp. 6988 —6993, 2010.

V. R. Daria, D. Z. Palima, and J. Gliickstad, “Optical twists in phase
and amplitude,” Opt. Express, vol. 19, no. 2, pp. 476 —481, 2011.

[28] J. Rodrigo and T. Alieva, “Freestyle 3D laser traps: tools for

studying light-driven particle dynamics and beyond,” Optica, vol. 2,
no. 9, pp. 812—815, 2015.

[29] J. Rodrigo, M. Angulo, and T. Alieva, “Programmable optical

transport of particles in knot circuits and networks,” Opt. Lett.,
vol. 43, no. 17, pp. 4244—4247, 2018.

[30] J. Rodrigo, M. Angulo, and T. Alieva, “Dynamic morphing of 3D

31

[32]

[33]

[34]

[33]

[36]

curved laser traps for all-optical manipulation of particles,” Opt.
Express, vol. 26, no. 14, pp. 18608 — 18620, 2018.

E. Franco, O. Martinez-Matos, and J. A. Rodrigo, “Curve-shaped
ultrashort laser pulses with programmable spatiotemporal
behavior,” Optica, vol. 10, no. 3, pp. 379—392, 2023.

K. M. . O’HolleranPadgett and M. R. Dennis, “Topology of optical
vortex lines formed by the interference of three, four, and five
plane waves,” Opt. Express, vol. 14, no. 7, pp. 3039—3044,

2006.

L. Zhu, Y. Tai, H. Li, et al., “Multidimensional optical tweezers
synthetized by rigid-body emulated structured light,” Photonics
Res., vol. 11, no. 9, pp. 1524—1534, 2023.

C.Chang, Y. Gao, J. Xia, S. Nie, and J. Ding, “Shaping of optical
vector beams in three dimensions,” Opt. Lett., vol. 42, no. 19,

pp. 3884—3887, 2017.

M. Woerdemann, C. Alpmann, M. Esseling, and C. Denz, “Advanced
optical trapping by complex beam shaping,” Laser Photonics Rev.,
vol. 7, no. 6, pp. 839—854, 2013.

Y.Yang, Y. X. Ren, M. Chen, Y. Arita, and C. Rosales-Guzman,
“Optical trapping with structured light: a review,” Adv. Photonics,
vol. 3, no. 3, p. 034001, 2021.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2023-0551).


https://doi.org/10.1515/nanoph-2023-0551

	1 Introduction
	2 Methods
	3 Experimental setup
	4 Results and discussion
	5 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


