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Giant and tunable optical torque 
for micro-motors by increased force 
arm and resonantly enhanced force
Yong Geng1, Jiubin Tan1, Yongyin Cao2, Yixuan Zhao3, Zhengjun Liu1 & Weiqiang Ding  2

Micro-motors driven by light field have attracted much attentions for their potential applications. In 
order to drive the rotation of a micro-motor, structured optical beams with orbital angular momentum, 
spin angular momentum, anisotropic medium, and/or inhomogeneous intensity distribution should be 
used. Even though, it is still challenge to increase the optical torques (OT) in a flexible and controllable 
way in case of moderate incident power. In this paper, a new scheme achieving giant optical torque 
is proposed by increasing both the force arm and the force amplitude with the assistance of a ring 
resonator. In this case, the optical torque doesn’t act on the target directly by the incident beam, but 
is transmitted to it by rotating the ring resonator connected with it. Using the finite-difference in time-
domain method, we calculate the optical torque and find that both the direction and the amplitude 
of the torque can be tuned flexibly by modifying the frequency, or the relative phases of the sources. 
More importantly, the optical torque obtained here by linearly polarized beams can be 3 orders larger 
than those obtained using the structured beams. This opt-mechanical-resonator based optical torque 
engineering system may find potential applications in optical driven micro-machines.

Light with both linear and angular momenta can interact with objects and transfer the momenta to them, which 
results in optical forces (OFs) and optical torques (OTs)1–3. Mainly using the optical linear momentum4, stable 
optical trapping5,6, long distance transportation (both pushing and pulling)7–10, and optical cooling11–13 have been 
extensively investigated in various disciplines. At the same time, the angular momentum carried by photons can 
also induce a mechanical torque via scattering or absorbance, which also has countless applications. For example, 
in biology and biotechnology, OT has been used to rotate living cells and achieve motor proteins14,15. Using the 
OT, microscopic machines16–18, and integrated light devices19–25 with determined functionalities have also been 
demonstrated.

Generally speaking, there are two common methods to excite OT. The first one is using light beams with orbital 
and/or spin angular momentum26,27, as demonstrated by Allen et al., as shown in Fig. 1(a). In this case, the light 
beams with a helical wave front defined by the azimuthal angle θ of θimexp( ) (m is the topology charge, an integer) 
possess an amount of orbital angular momentum (OAM) of mħ per photon. On the other hand, the circularly polar-
ized beams possess an amount of spin angular momentum (SAM) of ±ħ per photon. Both the OAM and SAM can 
be transferred to objects (which may be symmetric and isotropic) and generate an OT28–30. The second one is using 
anisotropic or chiral medium, or asymmetric structures31–34. In this case, no structured beams with OAM or SAM 
are necessary, and OT is mainly generated by the asymmetrical distribution of the OFs inside the object35,36.

Even though the OT has been demonstrated by Beth about 80 years ago1, and has been intensively investi-
gated since Allen’s work26,27, it’s still not effortless to enhance and adjust the OT simultaneously and arbitrarily. 
This restricts the applications in micro-motor and related opt-mechanical technologies. For example, in order to 
increase the orbital torque, one has to increase the topological charge m of the vortex beams, which is challenging 
in practice, and it also has intrinsic effect to the beams’ shape. For the spin torque, one has less chances to increase 
it since only two circular polarization states are available.

In order to increase the OT significantly and tune it flexibly, here, we propose a new scheme to generate a giant 
OT which can drive a micro-motor efficiently. Since the torque is determined simultaneously by the optical force 
amplitude and force arm, both of them are enhanced in our scheme with the utilization of a ring resonator, as shown 
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in Fig. 1(b) and (c). In this scheme, the OT is not act on the target directly as usual, but is transmitted to it through 
the connected optical ring resonator, which is rotated by linearly polarized sources. The merits of this configuration 
lie in the following aspects. First, the force arm can be increased efficiently by the radius of the ring resonator but not 
limited by the light beam nor the target object. Second, the force could be enhanced and tuned flexibly by selecting 
the incident frequency detunes from the resonance center of the ring. Third, since the light does not illuminate on 
the objects directly, it is free from optical damage when the incident power is increased to an ultrahigh level. Fourth, 
no structured angular momentum source is needed, and only linear polarization sources are used. Results show that 
the OTs reported here can be 3 orders larger than those obtained using the orbital and spin angular momentums of 
light at the same incident level. Different from those OTs on levitated objects19,37–39, our model works with a fixed 
rotation shaft which ensures a stronger stability and can be applied to integrated optics more conveniently.

Results and Discussions
Structure design and simulation configurations. The schematic structure investigated here is shown 
in Fig. 1(b) and (c). For comparison, Fig. 1(a) shows the traditional method to generate an OT, where the target 
object is illuminated by a structured light beam with angular momentum. In this case, the object and the beam 
cross section should be matched in size in order to transfer the angular momentum efficiently. Figure 1(b) shows 
the three dimensional (3D) schematic diagram to generate a giant and tunable OT. It includes two main parts: 
The first one is the optical part formed by the ring resonator and two feeding waveguides and the second is the 
mechanical part consisting of the target and the connector (i.e., the sphere and the core shaft, respectively). The 
light source is imported into the system through one or more ports of waveguides (blue part) and coupled into 
the ring resonator. Then the ring resonator can rotate around the core shaft driven by optical torque. Suppose the 
target, which is a sphere in current situation and also can be any other complex micro-motor (not shown in this 
figure), is connected rigidly to the connector (the rigid core shaft), as shown in Fig. 1(b), it will rotate synchro-
nously with the connector at the same angular velocity. Ultimately, the target is driven by the input light indirectly 
(through the ring resonator and the connector), which is different from the mechanism of direct illuminating by 
light, shown in Fig. 1(a).

Figure 1. Schematic diagram of the giant and tunable optical torque on an object with the assistance of a ring 
resonator. (a) Traditional optical torque generation on the object by direct illumination with a structured light 
beam carrying angular or spin momentum. (b) Giant optical torque generation on the object by rotating the 
optical ring resonator (the red part), which mainly includes two parts: the optical part (the ring resonator and 
two feeding waveguides) and the mechanical part (the target and the connector, i.e., the sphere and the cores 
shaft, respectively). The ring resonator is feed through two fixed bus waveguides (the blue part) with linear 
polarization sources. Through the four connecting spokes, the ring resonator can rotate smoothly around the 
core shaft when driven by the optical torque. Owing to connecting rigidly with the connector (the rigid core 
shaft), the target (the gold sphere) will rotate synchronously with the connector at the same angular velocity. 
Suppose the bus waveguides, motor resonator, spokes and shaft are all made of silicon (refractive index of 
3.4). (c) Two dimensional (2D) projection of the structure on the xy-plane, which is used in the numerical 
investigation of this paper. The ring resonator and the core shaft both centered at the coordination origin of 
(0,0). The parameters used in the simulations are r0 = 320 nm, r1 = 2.2 μm, r2 = 2.4 μm, h = 0.2 μm, hs = 54 nm, 
d1 and d2 are the separation between the waveguides and ring d1 + d2 = 0.4 μm. With these parameters, the 
resonant wavelength of the ring resonator is near the communication wavelength 1550 nm.
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From the analysis above, we can see that the target object, the connector, and the ring resonator are connected 
with each other rigidly, and can rotate synchronously. Thus they can be regarded as a whole entirety. From this 
point of view, we regard that the optical torque on the ring resonator is transferred to the target object without 
loss. Due to this reason, we only focus on the optical torque investigation on the ring in this work. We believe that 
this lossless transfer of torque can be realized in practice (either exactly, or approximately at least), provided the 
connector is a rigid one.

For convenience, the four ports are named 1, 2, 3 and 4, respectively. One or two of the ports will be excited 
in order to tune the OTs. Here, it should be noted that the excitation of some port means that a light source is 
injected into the waveguide from this port. The two dimensional (2D) projection of the structure is shown in 
Fig. 1(c), which is the model used in numerical simulation. The ring resonator shown in Fig. 1(c) with a core shaft 
(red, at the original center of (0,0)) and bus waveguides (blue) are all made of silicon with a refractive index of 
nWG = 3.4, and thickness of h = 0.2 μm (The thicknesses of the two bus waveguides and the ring resonator are the 
same). The radius of the small core shaft is r0 = 320 nm, and the inner and outer radiuses of the ring resonator are 
r1 = 2.2 μm, r2 = 2.4 μm, respectively. The two bus waveguides are fixed on the substrate, while the ring resonator 
restricted the core shaft can rotate smoothly in the xy-plane when driven by the OT. The whole system is embed-
ded in water with a refractive index of nBG = 1.33.

It is noted that, in this work, the light source is feed into the system through the waveguides, and is confined 
into the waveguides and the ring resonator very well since is propagates in them as a guiding mode. Thus, the 
target object and the connector (the core shaft) do not affect significantly the light propagation inside the wave-
guide and the ring resonator. Based on this fact, the two dimensional structure, as shown in Fig. 1(c), is used in 
the simulation, but all the results and conclusions presented here can be extended to 3D straightforwardly. On the 
other hand, due to the similarity of the TE and TM modes in this 2D structure, only the results for TM polariza-
tion (with Hx, Hy and Ez nonzero) are shown.

The simulation method used in this work is the finite-difference in time-domain (FDTD) method with well 
tested accuracy and convergence. When all the electromagnetic fields are extracted from the simulation pro-
grams, the time averaged OT 〈Γ〉 exerted on the ring resonator is calculated using the formula of40.

Γ
↔

=− ⋅ 〈 〉 ×∮ ˆ dn T r l
L

Here, 
↔
T  is the Maxwell’s stress tensor, and L is the integral contour loop surrounding the ring, as denoted in 

Fig. 1(c), r is the position vector of the integral contour related to the ring center, and n̂ is the unit outer normal 
vector of the contour L. Please refer the section of Methods for more details used in the simulation.

Giant optical torque at off resonant wavelengths. In the ring resonator structure, investigations 
showed that the optical force is strongly dependent on the detune of the source wavelength related to the res-
onant center41. In order to select proper source frequency, the transmission spectrum from the drop port 2 is 
calculated when port 1 is excited only, as shown in Fig. 2(a) (left y-axis). The resonant central wavelength is at 
λ0 = 1.55655 μm. The transmission efficiency is slightly less than 1 is due to the scattering loss introduced by 
the four spokes. The scattering of the central shaft, however, can be neglected, since there is almost no overlap 
between the guiding modes and the shaft, which is also verified in our numerical simulations. The optical forces 
are also shown in Fig. 2(a) (right-y axis) for the analysis of optical torque.

Figure 2(c) shows the OT exerted on the ring resonator when port 1 is excited. The four gray solid vertical 
lines denote four different excitation wavelength λb2, λ0, λa, λr3(λ0 is the resonant wavelength) which will be ana-
lyzed in detail. The direction of the OT is perpendicular to xy-plane (along the z direction). The upper region with 
Γ > 0 means the ring will rotate counter-clockwise, and the lower gray shaded region with Γ < 0 means clockwise 
rotation. Figure 2(c) shows that both the direction and the amplitude of the torque can be tuned by the detune of 
wavelength. One can also notice that the negative maximum OTs at λb2 is as large as −25 × 10−16(pN ⋅ m/mW). 
Comparison with the OTs obtained in traditional method using spin angular momentum beams, the OT obtained 
here is giant. For example, in ref.21, the OT generated by the spin angular momentum is about 1000 pN ⋅ nm(about 
10−18 N ⋅ m), which is 3 orders smaller than the torque shown in Fig. 2(c).

Figure 2(c) shows that the OT is zero at the wavelength of λa, while the optical force is not zero (see Fig. 2(a)). 
In order to understand this feature, we plot one part of density vector of OF (green arrows) on the integral con-
tour and the sum of four components (positive/negative of the optical force in the x and y direction, i.e., OFxp, 
OFxn, OFyp and OFyn, respectively) of the optical force (pink and green arrows) at the original center of (0,0) with 
four different excitation wavelengths λb2, λ0, λa, and λr3 as shown in Fig. 2(b1–b4), where the distribution of the 
electrical field Ez is shown as the background. Accordingly, the sum of the positive and negative components of 
the OTs are shown in Fig. 2(d1–d4). Comparing Fig. 2(b3) and (d3), one can find that after the cancellation of 
OFxp + OFxn and OFyp + OFyn, the optical force still remains a very large value. However, at this case, the absolute 
values of positive and negative components of the OT are the same and cancel each other out, which results in the 
final OT being zero. On the other hand, at the wavelengths of λr3 = 1.55772 μm and λb2 = 1.55570 μm, the optical 
force does not reach the maximum, but the OT reaches its positive and negative maximums, respectively.

Optical torques with double-port excitation. It has been reported that the optical forces exerted on the 
ring can be tuned flexibly by the selected excitation of the ports41. Here, we find that the OT can also be tuned 
flexibly by the similar method. Figure 3 shows the different OTs at 3 various double-port excitation ways of ports 
1 & 2 (blue, dashed curve), ports 1 & 3 (violet), ports 1 & 4 (pink), respectively. For comparison, the case of only 
port 1 (red, solid curve) excitation is also shown.
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From Fig. 3, one can observe that the OTs with double-port excitation are smaller than the case single port 
excitation. Extreme example is the case of ports 1 & 4, where the torque is exactly zero. This is easy to understand 
since the two incident modes are collinear but with opposite propagation direction, which means that the total 
linear momentum and angular momentum of the incident beams are zero.

Figure 2. Optical force and torque on the ring resonator when it is located at (0,0), and only port 1 is excited. 
(a) Transmission spectrum T1,2 of the system (left y-axis, red solid curve) and the x, y components of the optical 
forces (right y-axis, green color for x component, and cyan color for y component) exerted on the ring resonator. 
The four gray vertical solid lines represent four typical wavelengths λb2, λ0, λa, λr3 (resonant wavelength is λ0) 
and the eight blue star labels represent different extent excitation wavelengths that λb1–b4(λr1–r4) are the blue 
(red) detuned wavelength, which are analyzed detailedly in the following sections. (b1~b4) Distribution of 
electric field Ez and optical force density vector on the integral path (green arrows) overlapped by the positive 
and negative components of the optical forces in x and y directions, respectively (denoted by OFxp, OFxn, OFyp 
and OFyn, respectively). (c) Optical torque exerted on the ring resonator (right y-axis, blue dotted curve). The 
transmission curve (left y-axis, red solid curve) is also drawn for reference. Here, negative (positive) OT means 
clockwise (anti-clockwise) rotation of the ring resonator. (d1–d4) Relative values of the positive and negative 
components of OT. For comparison, the blue arrows are also shown next to the red ones.
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When ports 1 & 2 are excited simultaneously, the OT should also be zero since the total angular momentum 
of the two sources are zero due to the symmetry of ports 1 & 2 with respect to x axis, which is inconsistent with 
the blue dashed line shown in Fig. 3. The fact is, in order to quantify the effect of the asymmetrical of the ring 
resonator as the rotation occurs, that we designedly rotate the ring resonator to a maximal asymmetrical position, 
seen in Fig. 2(b1–b4). It turns out that the broken symmetry generated by the rotation of the ring resonator is 
insignificant.

When ports 1 & 3 are excited simultaneously, we have known that there is no optical force acting on the ring 
resonator41, which is due to the asymmetric Fano transmission42,43. Owing to the core shaft is at the point of (0,0), 
the geometric center of the whole model, it’s understandable that the OT (violet dotted curve in Fig. 3) remains 
zero with different excitation wavelengths.

Although the OTs are smaller in cases of double-port excitation, one advantage of double-port excitation 
is the tunability of the torque with the longitudinal position x of the ring. As shown above, when the incident 
wavelength is fixed, the OT cannot be tuned in case of single port excitation. When ports 1 & 3 are excited simul-
taneously with the fixed wavelength, however, the torque can be tuned sinusoidally with the central position x of 
the ring resonator, as shown in Fig. 4.

From Fig. 4, one knows that the OT, both the amplitude and direction, can be tuned by the position of the ring 
resonator. In practice, however, it’s inconvenient to change the position of the rotation shaft since it is connected 
with the substrate. Here, we find the solution to this disadvantage by tuning the relative phase difference Δθ13 of 
the two excitation sources of ports of 1 & 3, which is equivalent to shift the ring resonator along x axis.

Effect of transverse position on optical torque. In the analysis above, the ring resonator is supposed to 
be just on the middle of the two waveguides, i.e., y = 0. In practice, however, there may be a small deviation from 
the y = 0 unavoidably. Our results show that a small offset from the center does not affect the torque significantly, 
as shown in Fig. 5.

Figure 5 shows the OT versus the transverse shift of the ring resonator from y = 0. Figure 5(a) shows the results 
of port 1 excitation. When the core shaft shifts to the negative y direction, one can see that the OT decreases due 
to the coupling strength between the feeding waveguide and the ring becomes smaller and smaller. When the 
ring shifts to the positive direction, however, the amplitude of OT can be larger than 60 × 10−16 (pN ⋅ m/mW) 
at the case of λb4 and y = 0.06 μm, which is larger than the case shown in Fig. 2. Similar results can be obtained 
when ports 1 & 4 are excited simultaneously, which are shown in Fig. 5(d). Figure 5(b) and (c) show the results 
of simultaneous excitation of ports 1 & 2 and ports 1 & 3, respectively. These results reveal that the direction and 
amplitude of the OT can also be adjusted by the transverse location of the ring resonator and excitation wave-
length together.

Figure 3. Optical torques with different double-port excitations.

Figure 4. Optical torques versus the central position of the ring resonator when ports 1 & 3 are excited 
simultaneously with the same frequency and power. OT can be tuned sinusoidally with the position in this case.
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Effect of force arm on optical torque. As stated above, the force arm in current scheme can be very large 
and plays an important role for the giant OT. In order to demonstrate this point, we calculate four different radiuses 
of optical motors with different radiuses of 2.4 μm, 3.3 μm, 4.0 μm and 4.7 μm, respectively. For convenience, we 
name them motor 1 to motor 4, respectively, and the results are shown in Fig. 6. Figure 6(a–d) shows the transmis-
sion spectrum T1,2 of the motor 1~4. For a fair comparison, the wavelengths of λ01–λ04 with similar peak transmis-
sion coefficients are selected for the 4 motors in the OT calculation. When only port 1 is excited, and the optimized 
transverse positions y are selected, we calculate the absolute peak values of the OT, and results are shown in Fig. 6(e). 
From Fig. 6(e), we can observe that the OT is proportional to the radius of the ring, i.e., the force arm. For example, 
when the radius of the motor is increased from 2.4 μm to 4.7 μm, the amplitude of the OT acted on the motor is also 
doubled roughly. Compared to the popular way to generate an OT using the structured angular momentum beams, 
the mechanical adjustability of the force arm is another great advantage in our scheme.

Discussions
The scheme of OT generation using simple guiding modes of linear polarization in a ring resonator has great advan-
tages in practice. In previous research results, vector and/or vortex beams are popular ways to excite the OT, which 
are inefficient in order to increase the OT. Firstly, one has to generate a structured optical beam for the OT in the 
traditional method, which is not so easy, especially for a large topological charge. In our scheme, however, only 
simple guiding mode of linear polarization in a conventional waveguide is used, instead of complex vector and 
vortex beams. Secondly, since the light beam is incident on the object directly in traditional method, the high light 
intensity may damage the sample when the incident power is increased to a large level. In our new scheme, the light 
beam propagates in the ring resonator and the waveguides but not in the sample, thus it is free from optical damage. 
Thirdly, the OT generation efficiency is much higher in our new scheme than that in traditional method. In our 
scheme, the resonant coupling between the waveguide and the resonator increases the force significantly, and the 
large radius of the ring increases the force arm, which may be much larger than the dimension of the object. Those 
two factors result in the giant and tunable OT as demonstrated in the previous sections. In traditional method, 
the force arm is limited by the object size and the transverse extension of the light beam. Also, the scattering or 
absorption of the object to the structured beam is not flexible to control. Finally, we introduce the OT transfer in our 
scheme. On one end of the shaft, the ring is rotated by the incident beam, and a giant OT is generated. The other end 
of the shaft can couple with any kind of micro-motors, which makes current scheme broad potential applications.

Conclusions
In conclusion, we have proposed a new scheme to achieve giant OT with the assistance of a ring resonator struc-
ture, which can increase both the force arm and the force amplitude simultaneously. In this scheme, only linear 
polarized optical modes supported in the ring resonator and the waveguides are used, which convert the linear 
momentum of the incident beams into OT through the asymmetrical force distribution on the resonator and the 
assistance of a supporting shaft. Results show that the OT is rather large comparing with those torques obtained 
in the popular method of using the orbital and/or spin angular momentum beams. This giant OT can provide a 
powerful engine for micro-motors, and may find potential applications in related technologies.

Methods
In this paper, the FDTD method was adopted to calculate the coupled electromagnetic fields (E,H) between two 
parallel bus waveguides and the ring resonator, as shown in Fig. 1(b). The FDTD method discrete the Maxwell’s 
equations directly in temporal and spatial domains by utilizing difference quotient to replace partial derivative, 

Figure 5. OT versus transverse position y for the four different excitation ways. (a) Port 1 is excited. (b) Ports 1 
& 2 are excited. (c) Ports 1 & 3 are excited. (d) Ports 1 & 4 are excited.
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and subsequently simulate the propagation of electromagnetic waves to get the field distributions. After the elec-
tromagnetic fields are obtained, the time averaged optical force and torque are able to be calculated by integrating 
the Maxwell’s stress tensor (MST) 

↔
T  on a closed curve surrounding the ring resonator, as shown in Eqs (1) and 

(2)41,44.

↔
= 〈 〉⋅∮ dF T l (1)L

Γ
↔

=− ⋅ 〈 〉 ×∮ ˆ dn T r l (2)L

Where L is the closed curve surrounding the ring resonator, →r  is the position vector of any point on L with respect 
to the mass center of the ring resonator, and the MST is defined by 

↔ ↔
= ⊗ + ⊗ − ⋅ + ⋅T D E B H I D E B H( )1

2
, 

the average MST of a period about the total electric and magnetic fields (E, H) is expressed as

= ⊗ + ⊗ − ⋅ + ⋅∗ ∗ ∗ ∗
↔ ↔

⟨ ⟩ { }T D E B H I D E B H1
2
Re 1

2
( )

(3)

Where ⊗ is the dyadic operator, 
↔
I  is the unit tensor of 3 × 3. From the OT, the light-driven behaviors of the ring 

resonator can be investigated. The Perfectly Matched Layer (PML) Boundary condition is set to the simulation 
boundaries, which aims to create a nonphysical absorber adjacent to the outer boundary that has a wave imped-
ance independent of angle of incidence and frequency of outgoing scattered waves45.

Figure 6. Optical torque versus the radius of the ring resonator. All other parameters, including the refractive index, 
width of the waveguide and ring, and the gap between them, are the same as those in Fig. 2(a–d). Transmission curve 
T1,2 of the four different ring resonators with radiuses of 2.4 μm, 3.3 μm, 4.0 μm and 4.7 μm, respectively, and the peak 
value coordinate are labeled by red stars, which show that the resonant wavelength λ01~04 are 1.55655 μm, 1.54974 μm, 
1.59619 μm, 1.53323 μm and the peak transmission of motor 1~4 are 0.90717, 0.86960, 0.90509, 0.87230, respectively. 
(b) OT peak values changes with the radius of the ring resonator for different excitations.
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