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Abstract: Sinusoidal grid with nanometric precision is adopted as a surface encoder to measure
multiple degree-of-freedom motions. This paper proposes the atmospheric pressure plasma processing
(APPP) technique to fabricate an optical sinusoidal grid surface. The characteristics of removal
function and surface generation mechanism are firstly presented. Both simulation and experiment
validate the effectiveness of APPP to fabricate a sinusoidal grid surface with nanometric precision.
Post mechanical polishing experiments show that APPP features can be well maintained while the
surface roughness is greatly reduced to meet the optical requirement.
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1. Introduction

As an innovative surface encoder, a sinusoidal grid has been successfully adopted to measure
multiple degree-of-freedom translational and tilt motions of precision stages [1–3]. As shown in
Figure 1, a sinusoidal grid is superposition of two-dimensional sinusoidal curves in the X direction
and the Y direction, respectively. The surface can be described as a mathematical function,

z = A cos(
2π
λx

x + ϕx) sin(
2π
λy

y + ϕy) + B (1)

where A is amplitude, B is the offset and λx, λy are wavelengths in the two orthogonal X–Y dimension.
ϕx and ϕy are the phase angles to adjust the lateral offset of the sinusoidal structures.
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As the translational reference of a multiple degree-of-freedom encoder, the sinusoidal grid is
preferred with form accuracy in nanometric level, in order to guarantee the encoder functional
performance. Single-point diamond turning (SPDT) with tool servo technique is widely adopted to
fabricate sinusoidal grid surfaces. For example, Gao et al. [4] developed a fast tool servo (FTS) unit to
fabricate large area sinusoidal structures with 100 µm wavelength and 100 nm amplitude. A center
alignment method and discrete Fourier transform analysis were also used to evaluate the machining
accuracy. Zhang et al. [5] proposed a cylindrical coordinate method with optimized tool geometry
for slow tool servo turning. The cutting process was simulated beforehand and a sinusoidal surface
was fabricated with 5.54 nm Ra. Ji et al. [6] fabricated a compound sinusoidal grid surface, which was
added on a paraboloid basis. The tool path was generated by the combination of constant angle and
constant arc-length methods. Form accuracy of 4.25 µm (PV) and surface roughness of 89 nm (Ra)
were achieved. However, the SPDT technique is limited to certain machinable materials, tool wear and
machining efficiency [7]. In addition, it is difficult to achieve form accuracy at a nanometric level.

Optical materials, such as fused silica, are highly preferred in opto-electronics systems due to
their excellent optical, chemical and mechanical properties. Optical sinusoidal grid surfaces can be
used in the next generation of multiple degree-of-freedom encoders. Atmospheric pressure plasma
processing (APPP) is a promising technique in optical fabrication because of its deterministic high
material removal rate and non-contact removal mechanism. It is based on a pure chemical reaction
between silicon-based materials and reactive fluorine radicals generated by the plasma at atmospheric
pressure, which avoids mechanical damage and decreases the processing cost. Takino et al. [8] studied
the removal characteristics of chemical vaporization machining (CVM) with radio frequency plasma
with a pipe electrode. The results showed that the removal rate of plasma CVM could be equal to that of
precision grinding, while the roughness of the processed surfaces was the same as that of the polished
surfaces. Arnold et al. [9] proposed the atmospheric plasma jet machining-based manufacturing
chain for freeform optics. A complex finite element (FE) heat transfer model was built to compensate
spatio-temporal variation issues. The figuring efficiency was increased by an iterative correction of the
targeted removal according to modelling results [10]. Li et al. [11] established a multi-physics model
for the APPP torch, including discharge, fluid field and surface chemical reactions. It was found that
the distribution of active F atoms was Gaussian and the ratio of O/CFx affected the surface morphology
formation. The existence of cellular microstructures caused an opacification phenomenon on the silica
optics [12]. Jourdain et al. [13] adopted an inductively coupled plasma (ICP) torch with De-Laval
nozzle to Figure large fused silica optics. An adapted tool-path was applied to reduce the thermal
effect of a plasma torch for better convergence.

The controllable Gaussian-shape removal function makes APPP potential to generate structured
and freeform surfaces with nanometric form accuracy and high efficiency. However, little detailed
research has been reported on the fabrication of optical sinusoidal grid surface with APPP and post
processing issues. In this paper, APPP technique is proposed to fabricate optical sinusoidal grid surface
(fused silica material). The APPP platform is firstly presented and its removal function is analyzed.
Then, a surface generation mechanism is elaborated and simulation analysis is conducted to verify the
dwell time solution. Finally, the experimental APPP with post mechanical polishing is carried out to
validate the effectiveness to fabricate an optical sinusoidal grid surface.

2. APPP Platform and Surface Generation Principle

2.1. Platform Configuration and Removal Function

APPP platform comprises a capacitively coupled plasma generation system, a gas supply module,
and multi-axis motion stages. A schematic diagram of the APPP platform is illustrated in Figure 2.
A 13.56 MHz radio frequency power is applied to the electrode as a positive electrode and the
workbench is grounded. The sample placed on the workbench serves as a dielectric barrier layer and
the plasma is generated according to the principle of dielectric barrier discharge (DBD). The inner
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mixed gases, including He, O2, and CF4, are controlled by the multichannel mass flow controller.
The plasma (He and O2) generated by radio frequency power serves as a chemical reactor and reactive
radicals (F) are generated after the decomposition of CF4. The addition of O2 is used to improve the
removal rate, as the unsaturated particles CFx produced by CF4 excitation are very likely to react
with oxygen atoms and increase the concentration of active F atoms. Then, these reactive radicals (F)
diffuse to the substrate and react with the sample surface material (SiO2). Because reaction products
are volatile, the removal process is accomplished. APPP is considered as a pure chemical reaction
because under atmospheric pressure, the maximum free path of the particles is small and the collision
frequency is extremely high, which cannot form an accelerated bombardment effect. The balanced
chemical reaction equation can be described as SiO2 + CF4 → SiF4 ↑ +CO2 ↑ .
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The electrode material is aluminum alloy (6061) and its size is changeable to meet different
processing resolution requirements. In this work, the electrode tip is selected as 1 mm diameter,
as shown in Figure 3.
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Figure 3. Schematic of needle electrode.

The investigation of removal function is essential for APPP, which is a computer-controlled
optical surfacing (CCOS) method. As shown in Figure 4, the APPP removal function is typically of
Gaussian shape, which is characterized by two parameters, removal depth rate and the full width at
half maximum (FWHM).
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The measured removal function can be fitted as follows,

r(x, y) = a · e−
x2+y2

2σ2 (2)

where a is removal depth rate and σ is standard deviation of Gaussian function.
The full width at half maximum (FWHM), which determines the fabrication resolution in lateral

scale, can be expressed as,

FWHM = 2
√

2 ln 2σ (3)

In addition, the removal volume, which indicates processing efficiency, can be derived according
to the Equations (2) and (3) as,

Vk =
x

ae−
x2+y2

2σ2 dxdy = 2aσ2


+∞∫
−∞

e−θ
2
dθ


2

= 2πaσ2 =
π

4 ln 2
aFWHM2 (4)

The removal function is experimentally obtained. The process parameters used are listed in
Table 1. A single-point removal process (totally 11 points) was performed on an SiO2 sample. The dwell
time of each point was equal to 5 min. The removal function of each point was measured by a stylus
profilometer (PGI 1240, Taylor Hobson, Leicester, UK). The results are plotted in Figure 5.

Table 1. Process parameters of APPP.

He Flow (sccm) CF4 Flow (sccm) O2 Flow (sccm) Distance (mm) Power (W)

539 48 5 3 47
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It can be seen that the removal depth rate and FWHM increase gradually with time from 0 to
20 min. In the range of 20–40 min, the changes of the two are getting slower. After 40 min, the removal
function tends to be stable. Therefore, it is necessary to stabilize the plasma source for more than
40 min before fabrication.

After the plasma stabilization process, repeatability experiments of removal function were
performed using the same process parameters as shown in Table 1.

The results indicate that the maximum deviation of removal depth is about 5%, and the maximum
deviation in FWHM is about 3.6%, which could meet the APPP requirements [14]. Therefore, using the
parameters shown in Table 1, the stabilized removal function can be obtained with a removal depth
rate 1.65 µm/min and FWHM 2.4 mm. The corresponding volume removal rate is 0.0108 mm3/min.
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2.2. Surface Generation Principle for Sinusoidal Grid

As a sub-aperture CCOS method, the surface generation of APPP is based on the control of the
dwell time of plasma torch on the sample surface according to the desired removal and removal
function. In this work, the target removal is the reversal of designed sinusoidal grid surface data and
removal function is obtained experimentally as shown in Section 2. Thus, in order to control the APPP
to generate the sinusoidal grid surface, corresponding dwell time needs to be solved and transferred to
the motion control. A schematic of APPP fabrication flow for sinusoidal grid surface is illustrated in
Figure 6.
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Mathematically, the target removal amount is the convolution (⊗) between the removal function
and corresponding dwell time. It can be expressed by the mathematical model as shown in the
following equation,

F(x, y) = r(x, y) ⊗ T(x, y) (5)

where F(x, y) is target removal, r(x, y) is removal function and T(x, y) is the corresponding dwell
time. The linear equations method is used to calculate the dwell time with high efficiency and
accuracy [15,16]. The convolution process is transformed into matrix multiplication. In Equation (5),
n2-dimensional column vector F is the ideal removal amount of the designed surface shape. The ideal
removal distribution is divided into n × n discrete points based on the processing step. T equals dwell
time at discrete points. R is the removal function matrix. The element rij in matrix R denotes the unit
removal amount at point i when the plasma torch dwells at point j. Then, the Equation (5) can be
converted into the matrix-based form as follows,

F = R · T
f1
f2
...

fn2

 =


r′11 r′12 · · · r′
1n2

r′21 r′22 · · · r′
2n2

...
...

...
...

r′
n21

r′
n22

· · · r′
n2n2




t′1
t′2
...

t′
n2


(6)
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The solution of the linear equations is the dwell time of APPP to fabricate sinusoidal grid surface.
According to the two conditions of the minimum of the residue error and the non-negative dwell time,
the optimization objective and constraints of the linear equations are expressed as the follows,

min
t

g(t) = ‖R · T − F‖2
s.t. t ≥ 0

(7)

where ‖·‖2 is the 2-norm of the residual error. The linear equations in Equation (7) can be solved using
the non-negative linear square method [17].

3. Experiment and Results

3.1. APPP of Sinusoidal Grid

Before the actual fabrication, simulation is carried out to validate the dwell time solution. In the
simulation, the design surface is a 6 mm × 6 mm sinusoidal grid with 100 nm amplitude and 2 mm
period in both X–Y direction (as shown in Figure 7) and the selected removal function is experimentally
obtained (as shown in Section 2.1). The raster scanning path was adopted and the dwell time was
solved using the linear equations method. The computing environment is CPU (Pentium(R) Dual-Core
E5300 @2.6GHz) and 3.25 GB memory. The simulation results are shown in Figure 8. It can be seen
that the simulated residue error is almost negligible (as the PV and RMS values of the error reach
5.32 × 10−1 nm and 6.40 × 10−2 nm, respectively), which verifies the dwell time solution of APPP to
generate the design sinusoidal grid.
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Based on the simulation results and calculated dwell time, the experimental fabrication was
performed using the processing parameters as shown in Table 1. The plasma torch was stabilized for
1 hour beforehand. The fabricated sinusoidal grid surface was then measured by a phase shifting
interferometer (Zygo Corp, Middlefield, CT, USA) and the results are shown in Figure 9. The surface
error (shown in Figure 9b) shows that the processing error RMS value is 3.2 nm, which indicates the
potential of APPP to fabricate optical sinusoidal grid surface with high accuracy.
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3.2. Post-Processing by Mechanical Polishing

Although the sinusoidal grid surface has been successfully generated, the surface roughness of
the fused silica may deteriorate as shown in Figure 10. Due to the chemical etching mechanism of
APPP, the surface and subsurface damage evolves to small rough pits, and high density of cellular
microstructures are formed, which will increase the surface roughness.
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Figure 10. Scanning electron microscope (SEM) images for APPP processed and original surface.

To improve the surface quality, rapid post-polishing based on conventional mechanical polishing
method is adopted. A low hardness pitch with 0.2 µm cerium oxide slurry is used to avoid the
influence of mechanical polishing on the surface shape and minimize the potential subsurface damage.
Figure 11 shows APPP processed surface appearance before and after rapid polishing. The polishing
was performed along the vertical direction in the red square.
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It can be seen that the roughened area was smoothed and became optically transparent, indicating
that the surface roughness was reduced. Atomic force microscopy (AFM) was used for quantitative
roughness measurement. After mechanical polishing, the surface roughness reduced from Ra 60.0 nm
to Ra 3.5 nm, which is similar to the surface roughness after SPDT.

In order to evaluate if the post-polishing will generally affect the form accuracy after APPP, a series
of grooves (totally 36) with different FWHMs and depths were fabricated by APPP and followed by
rapid mechanical polishing. The geometry parameters of grooves are listed in Table 2. The grooves are
divided into 3 groups with FWHM of 5, 3 and 1 mm respectively. And each group contains 12 grooves
of different depths. Profile measurement (Taylor Hobson PGI 1240) was carried out before and after
rapid mechanical polishing.

Table 2. Grooves with different full widths at half maximum (FWHMs) and depths.

FWHM (mm) Depth (µm)

5 2.8–8.6
3 0.8–3.8
1 0.5–2.8

The influence of the mechanical polishing on the groove profiles was analyzed by calculating the
deviation of the groove depths and the FWHMs before and after the mechanical polishing, which is
expressed as,

Depth (FWHM) deviation =
Depth (FWHM) a f ter polishing−Depth (FWHM) be f ore polishing

Depth (FWHM) be f ore polishing × 100% (8)

The results are summarized in Figure 12 and Table 3. When the groove FWHM is 5 and 3 mm,
the influence of mechanical polishing on the groove profile is small and the mean deviation value
of the groove depth and FWHM is less than 3%; when the FWHM is 1 mm, the effect of mechanical
polishing is slightly increased, but the mean deviation value of the groove depth and FWHM is still
controlled within 6%. The above results show that APPP features can be well maintained (less than
6% deviation) after rapid mechanical polishing while the roughness is greatly reduced to meet the
optical requirement.

Table 3. Depth and FWHM deviation of grooves after mechanical polishing.

FWHM (mm) Depth Deviation
(%)

Depth Deviation
Mean (%)

FWHM Deviation
(%)

FWHM Deviation
Mean (%)

5 −3–4 0.92 −5–8 1.62
3 −3–7 2.29 −3–2 1.02
1 −7–10 5.28 −8–10 4.94
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As for the sinusoidal grid surface fabricated in Section 3.1, the post-polishing was also carried
out. The surface form was measured again by the phase shifting interferometer. The difference of
two measurements before and after polishing is regarded as the deviation induced by mechanical
polishing. As shown in Figure 13, the RMS value of induced deviation is 5.4 nm and acceptable for
optical sinusoidal grid.Micromachines 2019, 10, 828 10 of 11 
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4. Conclusions

This paper has presented the APPP technique to fabricate an optical sinusoidal grid surface.
The characteristics of removal function was investigated and linear equations method was adopted
to solve the dwell time to generate the design sinusoidal surface. Both simulation and experiment
validate the effectiveness of APPP to fabricate a 6 mm × 6 mm sinusoidal grid surface with nanometric
precision. Finally, post mechanical polishing was also proposed to reduce the surface roughness after
APPP. The groove and sinusoidal grid polishing experiments have shown that APPP features can be
well maintained while the roughness is greatly reduced to meet the optical requirement.

Author Contributions: Conceptualization, D.L. and N.L.; Investigation, N.L., X.S.; Methodology, N.L.; Resources,
B.W.; Supervision, B.W.; Writing—original draft, D.L.; Writing—review & editing, D.L. and P.J.

Funding: This work was supported by grants from the National Natural Science Foundation of China (No.
51175123) and National Science and Technology Major Project (No. 2013ZX04001000-205).

Acknowledgments: The authors also would like to sincerely thank the reviewers for their valuable comments on
this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kiyono, S.; Cai, P.; Gao, W. An angle-based position detection method for precision machines. JSME Int. J.
Ser. C Mech. Syst. Mach. Elem. Manuf. 1999, 42, 44–48. [CrossRef]

2. Gao, W.; Dejima, S.; Shimizu, Y.; Kiyono, S.; Yoshikawa, H. Precision measurement of two-axis positions and
tilt motions using a surface encoder. Cirp. Ann. Manuf. Technol. 2003, 52, 435–438. [CrossRef]

3. Gao, W.; Dejima, S.; Yanai, H.; Katakura, K.; Kiyono, S.; Tomita, Y. A surface motor-driven planar motion
stage integrated with an XYθZ surface encoder for precision positioning. Precis. Eng. 2004, 28, 329–337.
[CrossRef]

4. Gao, W.; Araki, T.; Kiyono, S.; Okazaki, Y.; Yamanaka, M. Precision nano-fabrication and evaluation of a
large area sinusoidal grid surface for a surface encoder. Precis. Eng. 2003, 27, 289–298. [CrossRef]

5. Zhang, X.; Fang, F.; Wang, H.; Wei, G.; Hu, X. Ultra-precision machining of sinusoidal surfaces using the
cylindrical coordinate method. J. Micromech. Microeng. 2009, 19, 054004. [CrossRef]

6. Li, D.; Jiang, X.; Tong, Z.; Blunt, L. Kinematics Error Compensation for a Surface Measurement Probe on an
Ultra-Precision Turning Machine. Micromachines 2018, 9, 334. [CrossRef] [PubMed]

7. Paul, E.; Evans, C.J.; Mangamelli, A.; McGlauflin, M.L.; Polvani, R.S. Chemical aspects of tool wear in single
point diamond turning. Precis. Eng. 1996, 18, 4–19. [CrossRef]

8. Takino, H.; Yamamura, K.; Sano, Y.; Mori, Y. Removal characteristics of plasma chemical vaporization
machining with a pipe electrode for optical fabrication. Appl. Opt. 2010, 49, 4434–4440. [CrossRef] [PubMed]

9. Arnold, T.; Boehm, G.; Paetzelt, H. New freeform Manufacturing Chain Based on Atmospheric Plasma Jet
Machining. In Proceedings of the Freeform Optics 2015, Arlington, VA, USA, 7–11 June 2015; p. FTh1B-3.

10. Meister, J.; Arnold, T. New process simulation procedure for high-rate plasma jet machining. Plasma Chem.
Plasma Process. 2011, 31, 91–107. [CrossRef]

11. Li, D.; Li, N.; Su, X.; Liu, K.; Ji, P.; Wang, B. Modelling of removal characteristics and surface
morphology formation in capacitively coupled atmospheric pressure plasma processing of fused silica optics.
Opt. Mater. Express 2019, 9, 1893–1906. [CrossRef]

12. Li, D.; Li, N.; Su, X.; Liu, K.; Ji, P.; Wang, B. Characterization of fused silica surface topography in capacitively
coupled atmospheric pressure plasma processing. Appl. Surf. Sci. 2019, 489, 648–657. [CrossRef]

13. Jourdain, R.; Castelli, M.; Shore, P.; Sommer, P.; Proscia, D. Reactive atom plasma (RAP) figuring machine for
meter class optical surfaces. Prod. Eng. 2013, 7, 665–673. [CrossRef]

14. Li, D.; Li, N.; Su, X.; Liu, K.; Ji, P.; Wang, B. Continuous Phase Plate Structuring by Multi-Aperture
Atmospheric Pressure Plasma Processing. Micromachines 2019, 10, 260. [CrossRef] [PubMed]

15. Carnal, C.L.; Egert, C.M.; Hylton, K.W. Advanced matrix-based algorithm for ion-beam milling of optical
components. In Current Developments in Optical Design and Optical Engineering II. Int. Soc. Opt. Photonics
1992, 1572, 54–62.

http://dx.doi.org/10.1299/jsmec.42.44
http://dx.doi.org/10.1016/S0007-8506(07)60619-2
http://dx.doi.org/10.1016/j.precisioneng.2003.12.003
http://dx.doi.org/10.1016/S0141-6359(03)00028-X
http://dx.doi.org/10.1088/0960-1317/19/5/054004
http://dx.doi.org/10.3390/mi9070334
http://www.ncbi.nlm.nih.gov/pubmed/30424267
http://dx.doi.org/10.1016/0141-6359(95)00019-4
http://dx.doi.org/10.1364/AO.49.004434
http://www.ncbi.nlm.nih.gov/pubmed/20697447
http://dx.doi.org/10.1007/s11090-010-9267-y
http://dx.doi.org/10.1364/OME.9.001893
http://dx.doi.org/10.1016/j.apsusc.2019.06.026
http://dx.doi.org/10.1007/s11740-013-0467-1
http://dx.doi.org/10.3390/mi10040260
http://www.ncbi.nlm.nih.gov/pubmed/31003501


Micromachines 2019, 10, 828 11 of 11

16. Wu, J.F.; Lu, Z.W.; Zhang, H.X.; Wang, T.S. Dwell time algorithm in ion beam figuring. Appl. Opt. 2009, 48,
3930–3937. [CrossRef] [PubMed]

17. Chen, D.; Plemmons, R.J. Nonnegativity Constraints in Numerical Analysis. In The Birth of Numerical Analysis;
World Scientific: Singapore, 2010; pp. 109–139.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/AO.48.003930
http://www.ncbi.nlm.nih.gov/pubmed/19593344
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	APPP Platform and Surface Generation Principle 
	Platform Configuration and Removal Function 
	Surface Generation Principle for Sinusoidal Grid 

	Experiment and Results 
	APPP of Sinusoidal Grid 
	Post-Processing by Mechanical Polishing 

	Conclusions 
	References

