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Random micro-structured surfaces (RSS) have great application potentials as various functional surface elements,
such as optical diffusers, with homogeneous surface properties. Conventional fabrication methods for RSS, such
as chemical etching, can no longer meet modern requirements of high precision and controllability. In this study,
a novel method was proposed for fabricating micro dimple arrays with controllable randomness in dimple size
and depth by using fast tool servo (FTS)-based single-point diamond turning. Firstly, for tool path generation, a
computer program was developed to periodically arrange small patches of quadratic surfaces over a large surface
area. Then the position, height, and size of each quadratic surface were adjusted by applying random values,
whose dynamic range was preset, to control the spatial difference among the dimples. Finally, the designed RSS
was machined by continuous and segment cutting methods, respectively, to evaluate their effects on dimple edge
formation. Results showed that the segmented cutting method improved the edge accuracy, thus was effective for
RSS machining. The machined surface matched precisely with the designed surface with a form error of 10 nm
level. The machining method proposed in this study enables high-precision patterning of mold inserts for

molding/imprinting RSS on polymer materials.

1. Introduction

There are many potential applications of a random micro-structure
surface (RSS) in the industry. The unique features of RSS make it a
useful surface with a wide range of applications to realize nondirectional
and homogeneous surface properties. For examples, owing to its char-
acteristics of large surface area and random reflection, RSS is used in
anti-slip and matting technologies [1,2]. Products that utilize RSS with
improved interfacial performances are widely used in our daily lives [3].
It has been reported that RSS shows high hydrophobicity or hydrophi-
licity due to its random surface micro-structures [4-6].

In addition, RSS is widely used as an important optical element [7].
When an incident light is transmitted through an RSS made of glass or
polymer, the light is refracted by the random surface structures of the
RSS and is scattered into random directions to avoid directional
nonuniformity. There are many different types of RSS for light diffusion
[8-10]. Among these RSS diffusers, especially, a randomized microlens
array makes it possible to achieve highly homogenized light diffusion
while controlling the intensity profile of incident light [11-14]. Thus,
the microlens array RSS has been used as illumination elements in
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optoelectronic devices such as smartphones, displays, and projectors
[11,15,16].

Moreover, RSS diffusers are used in 3D sensing technology [7,16].
The 3D sensing technology using the time-of-flight method can measure
the depth of an object based on the time difference between the reflec-
tion of the irradiated diffuse light on the object and the detection of the
reflected light by the detector [17]. The broad light diffusion allows for
the expansion of the measurement range, and the homogenized light
diffusion promotes the improvement of the measurement accuracy. As
can be seen from these examples, the demand of RSS diffuser is growing
rapidly. In some recent applications, precise control of the randomness
of the size and depth of the surface microstructure of RSS is required.

To meet the increasing demand for the RSS-based devices, it is
necessary to develop new manufacturing methods for mass production
of high-quality RSS optical elements. An RSS is conventionally fabri-
cated by dry/wet etching [18-21]. The non-directional nature of ma-
terial dissolution and removal in chemical etching enables generation of
random surface structures. While etching has the advantage of enabling
mass production of large-area RSS, it is difficult to precisely control and
predict the surface structure shape and its randomness. In addition, the
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etching processes need masks, and usually employ some poisonous
chemicals as reactants, which pose a public health and environmental
risk.

To solve these problems, fabrication of RSS by using fast tool servo
(FTS)-based single-point diamond turning might be an effective and eco-
friendly approach. Diamond turning enables numerically controlled
ultra-precision machining of complicated surfaces designed by com-
puter programs [22-24]. Especially, FTS-based diamond turning, which
realizes high-speed tool motions with high positioning accuracy, can
improve the working efficiency without scarifying machining fidelity
and surface integrity [25-27]. Due to these advantages, FTS-based dia-
mond turning has been extensively explored and applied to various
fields, including fabricating freeform optics and micro-structured func-
tional surfaces [24,25].

In this study, novel methods were proposed for designing and
fabricating RSS with controllable randomness by using FTS-based sin-
gle-point diamond turning. A design method of RSS with controllable
randomness was introduced, and the effect of each parameter used in the
RSS design were discussed. Then, tool paths were generated based on the
designed RSS, and dimple arrays with random sizes and depths were
generated by FTS-based diamond turning. The proposed methods were
proved to enable flexible control of the randomness of surface structure,
and in turn, contribute to high-efficiency and high-precision machining
of ideal RSS for optical applications.

2. Theory and method
2.1. Light diffusion by RSS

The light diffusion in a microlens array RSS is shown in Fig. 1. The
diffused light is obtained by refracting the incident light through each
microlens with randomness. The randomness causes the focal point to
shift, which realizes highly homogenized light diffusion [12-14]. In
addition, microlens array RSS can control the light diffusion by the
depth and size of each lens, which can be also used for beam shaping
[11,13,14]. Diffusion angle is an important factor in determining the
performance of an optical diffuser. The diffusion angle @ is calculated
from the following equation [28]:

0:21an’]<§> @
where r is the distance from the center of the diffused light and [ is the
spacing between the diffuser and the screen, respectively. In order to
precisely adjust the diffusion angle, accurate control of the randomness
of microlens size/depth is required.

2.2. RSS design method

In this study, the targeted RSS is composed of multiple microlens
dimples with quadratic surfaces of random size and depth, which can be

Focal point

Randomized

micro-structured '.

Incident light

Precision Engineering 73 (2022) 363-376

expressed as:

_2Ed

(x—B)’+C(y—D)’} —Ed @)

where x, y, z are coordinate variables, A, B, C, D, and E are shape pa-
rameters for controlling the size, the position along X- and Y-axes, and
the depth of a dimple, respectively; d and w are the depth and width of
the basic dimple, as shown in Fig. 2. By generating random numbers for
the shape parameters, each dimple had a different quadratic surface, as
shown in Fig. 3. These randomized quadratic surfaces show that the size,
position, and depth can be flexibly adjusted by the parameters.

Each randomized quadratic surface was arranged in a grid by the
following equation to determine the center point (cy, ¢y) :

CX_,,-:%(Zi*Nxfl) (=12, N (3-a)
¢y 2(2, -1) (i=12------ .N,) (3-b)

where i, j, N, and N, are the number of each and all quadratic surface
along X- and Y- direction, respectively. A designed RSS formed by these
arranged dimples is defined by selecting and combining the smallest
overlapping value in the Z-axis direction by utilizing the mesh grid. The
point cloud data used in the mesh grid was generated according to the
following equation:

Nw Now _
x,,,:(MX71>(s—l)— 3 (s=1,2, M) (4-a)
B U P L A .
ym—<My71)(t 1) 3 (r=1,2, M,) (4-b)

where M, and M, are the number of meshes in the X- and Y-axes, s and t
are an integer value between 1 and M, or M,, respectively. Each
quadratic surface represented by these point cloud data was continu-
ously connected by using the following equation to select the minimum
value:

The case 21,1 (X (5), Y (1)) < 2ij (X (8), Y (1)) = 211 (X (5), Y (2))
=, (xm(s)vy"z(t)) (5-a)

The case 21,1 (Xu(8), Y (1)) > 2ij (X (8), Y (1)) = 201 (X (), (1))
:Zizf(xm(s)vym(t)) (5-b)

where z;; are functions representing the i-th and j-th quadratic surface
from the X- and Y- axes, xn(s) and yn,(t) are functions indicating the
point cloud coordinates of the mesh grid along the X- and Y-axes,
respectively, as shown in Fig. 4. The values of i, j, s, and t were increased
in turn, and the values of the reference point cloud data at z;; were
overwritten one after another according to the above conditional
expression. Finally, by inverting all calculated point cloud data of 2 1,
the RSS was completed.

Diffused light

Optical diffuser

Fig. 1. Schematic of light diffusion by microlens array RSS.
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Fig. 2. Diagram showing the relationship between each variable and shape of a quadratic surface: (a) 3D view, (b) Z-Y, and (c) Z-X cross-sectional views.
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Fig. 4. Schematic for applying point cloud data to achieve continuous connection of quadratic function surfaces by selecting the minimum value of z.

Fig. 5(a) and Table 1 show the basic quadratic surface array created
by the developed program before adding randomness and the value of
each configuration variable, respectively. The width, depth and the
number of quadratic surfaces were as set, and the program was
confirmed to work properly. The RSS created by randomizing the size of
these basic quadratic surface arrays is shown in Fig. 5(b). The
randomness of the size was achieved by generating random values in the
dynamic range 0.25-1.0 at the coefficients A and C in Equation (2). In
this case, the relationship between the randomness of the size and the

365

random value is expressed by the following equation.

w

max — 6-
v vrand,, (6-a)
w
‘min = 6-b
" vrand,,g, (6-b)

where Wmnax, Wmin, TaNdma, and rand,;; are maximum and minimum
values for the size variation range of a quadratic surface and the dy-
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Fig. 5. Surfaces created by using the proposed design method: (a) basic quadratic surface array; RSSs with randomized (b) size, (c) position, (d) depth, and (e)

combination of size, position and depth.
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Table 1

RSS design parameters.
Design parameters Value
Basic dimple width w (ym) 180
Basic dimple depth d (ym) 10
Number of dimples on X-axis Ny 5
Number of dimples on Y-axis N, 5
Number of meshes on X-axis M, 1000
Number of meshes on Y-axis M, 1000

namic range of random values.

In the same way, position-only and depth-only randomized RSSs
were created by generating random numbers in the dynamic range —25
to 25 at coefficients B and D, and 0.6 to 1.0 at coefficient E in Equation
(2), respectively, as shown in Fig. 5(c) and (d). The dynamic ranges of
position and depth generated by random values are defined by the
following equations.

Prax = TNy (7-a)
DPmin = randyin (7-b)
ypar = randgd (8-a)
dyin = rand,,d (8-b)

where Pmax, Pmin, dmax and dmip are maximum and minimum values for
the position and depth variation range of a quadratic surface. Each of the
randomness of quadratic surfaces can be freely combined as the example
in Fig. 5(e), which was randomized in size, position, and depth by
generating random values at every coefficient in Equation (2). These RSS
in Fig. 5 showed a wide variety of RSS design possibilities by this
method.

In addition, the proposed RSS design method allows for the control of
randomness by adjusting the random value range, as shown in Fig. 6.
The minimum value for the dynamic range of random values was halved
to 0.5, 0.25, and 0.125 for the RSS whose size was randomized only.
Based on Equation (6), the randomness of the RSS size increased as the
minimum value of the random number range decreased. The same
phenomenon occurred for RSS with only randomized positions and
depths, and even for RSS with a combination of these randomness. These
design results show that it is possible to control the randomness of RSS
by adjusting the random value range.

Narrow

Dynamic range of random values
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2.3. Tool path generation method

Tool path generation was performed to command the tool motion for
ultra-precision cutting of the designed RSS by diamond turning. A tool

Constant angle

(b)

Contact point Compensated

Original

Extra removal

Fig. 7. (a) Point cloud data of tool path programs arranged by the isometric
method; (b) schematic of tool radius compensation for each point cloud data.
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Fig. 6. A dimple array randomized only in size, created by gradually widening the dynamic range of random values from (a) 0.5 to 1.0, (b) 0.25 to 1.0, and (c) 0.125

to 1.0.
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path program consisting of point clouds data arranged by the isometric
method, as shown in Fig. 7(a), is effective for machining intricate sur-
faces such as freeform lenses [29,30]. Cutting of the designed surface is
realized by moving the tool according to the depth at each coordinate of
the tool path program and the shape interpolated by spline interpola-
tion. Simply moving the tip of the tool according to the coordinates of
the designed surface results in extra removal of material, which reduces
the form accuracy of the workpiece [31,32], as shown in Fig. 7(b).
Therefore, in this study, the depth of cut at each coordinate was deter-
mined by using the tool radius compensation method [33], where the
depth of cut was modified according to the tool radius to make the tool
edge profile tangential to the ideal surface profile for preventing
overcut.

2.4. Segment cutting method for interpolation error elimination

While the tool path generation based on isometric control point
distribution is suitable for machining complex geometries with discon-
tinuous profiles, such as microlens array, an interpolation error may
take place and lead to distortion of dimple edges [32,34]. An interpo-
lation error is the difference between the interpolated shape in the point
cloud of the tool path program and the designed shape. For optical el-
ements, edge distortion leads to functional degradation, such as reduced
light transmission and intensity. Therefore, it is necessary to take
countermeasures against the edge distortion in machining of RSS. To
solve this problem, the segment cutting method was proposed by
Mukaida and Yan in slow tool servo (STS) diamond turning [34]. By
dividing the dimples into separate groups and cutting the dimples group
by group, the generation of sharp edges becomes possible by using a
continuous tool path, as shown in Fig. 8. The proposed segment cutting
has also been shown to be effective in forming sharp edges in other study
[35]. In order to achieve sharp dimple edges, this study utilized the
segmented cutting method in FTS-based diamond turning of RSS.

As shown in Fig. 9(a), each randomized quadratic function surface of
the designed RSS was arranged in a square matrix. To partition the
designed surface, i and j in Equation (3), which represent the numbers of
quadratic surfaces in the X- and Y-axes, were added together. The
quadratic surfaces were then arranged in two groups: Group 1 where i +

s

Designed form

-+

Interpolation error

\
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j was an even number, and Group 2 where i + j was an odd number. The
partitioning of the designed RSS was done by reconnecting the quadratic
surfaces corresponding to each group as in the RSS design process, as
shown in Fig. 9(b). The segmented surfaces were machined sequentially
to reproduce the original designed surface. In this study, to create an RSS
with controllable randomness by ultra-precision cutting using FTS, both
continuous and segment cutting experiments were conducted, and the
results were compared to determine their effects on dimple edge
distortion.

3. Experimental procedures
3.1. Surface design and tool path generation

Using the method described in Section 2.2, an RSS was designed.
Fig. 10(a) illustrates the designed RSS for applications as polymer op-
tical diffusers, which was constituted by 576 (24 x 24) convex quadratic
surfaces in total. The size and height of basic quadratic surface of the
dimples were 100 pm and 5 pm, respectively. Randomness was added to
the size and depth of each quadratic surface by substituting a random
value ranging from 0.45 to 1 for shape parameters A and C, and 0.6 to 1
for E, in Equation (2). Therefore, the size and depth of each quadratic
surface vary randomly in the range of 100 pm-150 pm and 3 pm-5 pm,
respectively. Fig. 10(b) shows the reverse topography of the same RSS in
Fig. 10 (a), which is composed of concave dimples and can be used as a
mold for molding/imprinting the designed polymer RSS shown in
Fig. 10 (a). In the subsequent cutting process, Fig. 10(b) was used as both
the ideal surface for machining and the reference surface for evaluating
the machined mold surface. The setting parameters of the designed RSS
in Fig. 10 (b) are summarized in Table 2.

For creating the designed surface in Fig. 10(b) by segment cutting,
the dimples were divided into two groups based on the method
described in section 2.4 (Fig. 9). The tool path for creating each group of
dimples constructs a virtual surface, as shown in Fig. 11. The virtual
surface shown in Fig. 11(a) is a 3D presentation of the tool path for
creating dimples of Group 1 (dimple areas and cross sections indicated
by blue color in Fig. 9); the virtual surface in Fig. 11(b) is a 3D pre-
sentation of the tool path for creating dimples of Group 2 (dimple areas

Tool path

(a) Continuous cutting

Tool path #2

Designed form
-+

T " Tool path #

Sharp edge

(b) Segment cutting

Fig. 8. (a) Schematic of form error generation due to interpolation errors in continuous cutting; (b) segment cutting for generating sharp edges.
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Fig. 10. (a) RSS and (b) its molds surface designed by using proposed design method for cutting experiments.
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Table 2

Parameters of designed RSS for cutting experiment.
Design parameters Value
Basic dimple width w (pm) 100

Basic dimple depth d (pm) 5

Number of dimples on X-axis Ny 24
Number of dimples on Y-axis Ny 24
Number of meshes on X-axis M, 1000
Number of meshes on Y-axis M, 1000
Dynamic range of random value for Coef. A and C 0.45-1.00
Dynamic range of random value for Coef. E 0.60-1.00

and cross sections indicated by orange color in Fig. 9). The two virtual
surfaces in Fig. 11 intersect with each other, constructing the designed
surface in Fig. 10(b). Comparing with the designed surface in Fig. 10(b),
the two virtual surfaces in Fig. 11 have larger dimple size and depth.
This is because the openings of the virtual surfaces are larger than those
of the intersected surface on the workpiece, as seen in Fig. 9(b). How-
ever, by fitting the cutting depth value to the original design surface,
same dimple size of the original design surface can be machined in
segmented cutting. By enlarging the same area (the upper right corner)
of both virtual surfaces in Fig. 11 (a) and (b), it was confirmed that the
adjacent quadratic surfaces were properly segmented from each other.

Based on the virtual surfaces shown in Fig. 11, tool path programs
were created with tool radius compensation. The created tool path
programs consist of point clouds arranged at an equal interval of 1.0 pm

O Group 2
i+j=2n+l
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and an equal angle of 0.5 °.

3.2. Cutting experiment

To fabricate the designed RSS, diamond turning was performed by
using a fast tool servo FTS-5000 (AMETEK Precitech Inc.), equipped on
an ultraprecision lathe Nanoform X (AMETEK Precitech Inc.), as shown
in Fig. 12. The FTS control system detects the coordinates of the X, C,
and Z axes of the Nanofoam X in real time, and cutting was performed by
moving the W axis in accordance with the tool path program for those
coordinates. Compared with a slow tool servo where the entire machine
tables are reciprocated, only the diamond tool is reciprocated for an FTS,
which improves the acceleration and speed of the movement and reduce
the follow-up errors. With the aid of FTS-based diamond turning, the
total cutting time is significantly reduced compared with an STS system.
The FTS unit used in this study has a maximum frequency of ~440 Hz
and a maximum stroke of ~5.0 mm.

A round-nosed single-crystal diamond tool with a nose radius of 0.09
mm, a rake angle of 0°, and a clearance angle of 17° was used in the
experiment. The selection of tool radius and clearance angle was made
by considering the minimum width and maximum tilt angle of all
quadratic surfaces in the designed RSS. An oxygen-free copper cylinder
with a diameter of 20 mm was used as workpiece. In consideration of the
tool radius and clearance angle, the maximum depth of cut was set to
~3.0 pm. Three cuts, two rough cut and a fine cut at depths of cut of 3.0
pm and 1.0 pm were made for finishing the designed surface. To facili-
tate comparative observations of the random structures, the feed rate

Depth (uum)

Fig. 11. Segmented designed surface for creating dimples: (a) Group 1 (dimple areas and cross sections indicated by blue color in Fig. 9) and (b) Group 2 (dimple
areas and cross sections indicated by orange color in Fig. 9) with comparison of a magnified view at the same area (upper right corner). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Photograph of the main section of experimental setup of FTS-based diamond turning.

was set to 5 pm/rev, which is larger than the usual resolution of naked
eyes. The cutting parameters are summarized in Table 3. After
machining, a digital microscope VHX1000 (KEYENCE Co., Ltd.) and a
white-light interferometer Talysurf CCI1000 (AMETEK Co., Ltd.) were
used to observe and measure the finished surface of RSS.

4. Results and discussion
4.1. Surface topography in continuous cutting

Fig. 13(a) shows a photograph of the machined RSS by continuous
cutting. It can be observed that random scattering of nature light
occurred as spots with different brightness. Fig. 13(b) shows a digital
microscope image of the RSS. It is clearly seen that the machined RSS is
composed of various micro dimples with different size. Comparing the
machined surface (Fig. 13(b)) with the designed surface (Fig. 13(c)), it
can be found that the shape of the designed surface has been reproduced.
For more detailed measurements, topography of the machined RSS was
measured by using a white interferometer. Fig. 13(d) shows the
measured topography of the machined RSS, and Fig. 13(e) shows the
error map created by fitting the measured topography to the designed
surface topography. From Fig. 13 (d) and (e), it can be found that the
size, depth and edge position of each quadratic surface matched well

Table 3
Cutting conditions.
Cutting Parameters Value
Depth of cut (pm) Rough: 3
Fine: 1
Spindle rotation rate (rpm) 100
Feed per revolution (pm/rev) 5

Cutting tool

Tool material Single-crystal diamond

Nose radius (mm) 0.09
Rake angle () 0
Clearance angle ( ) 17
Workpiece
Material Oxygen-free copper
Diameter (mm) 6
Cutting area diameter (mm) 2.4
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with the designed surface. The peak-valley (PV) and RMS values of the
form error were 425 nm and 52 nm, respectively, which indicates that
high-precision machining of the designed RSS was achieved in this
experiment. This result validates that the randomness of RSS can be
controlled by the proposed design method and the fabrication of high-
precision RSS can be realized by FTS-based diamond turning.

4.2. Interpolation error-induced edge distortion

Fig. 14 shows two topography images of the machined RSS at the
workpiece center and an outer area (0.9 mm from the center). Sharp
edges were formed among the dimples near the workpiece center
(Fig. 14(a)), while distorted edges were formed in the outer area (Fig. 14
(b)). The cause of edge distortion was the interpolation errors in the tool
path program. As shown in Fig. 15, the tool path program was defined by
individual cutting points placed by a constant angle of workpiece rota-
tion. The equiangular arrangement of the cutting points results in a
dense arrangement of cutting points in the center area and a sparse one
in the outer area. Between the cutting points, cutting is performed at a
tool position determined by interpolation based on neighboring cutting
points. The interpolation error, which is the difference between the
designed curve and linearly interpolated curve, depends on the density
of cutting points and the discontinuity of the designed surface. In the
outer area, cutting points are sparse, causing a bigger interpolation
error, which distorts the edges of the machined RSS.

Simulation was done to predict the interpolation error based on the
tool path program and was compared with experimental results. Fig. 16
(a) shows a map of interpolation error created by calculating the dif-
ference between the interpolated surface and the designed surface. The
value of the interpolation error depends on the direction of the dimple
edge and cutting direction. In the case of the edge direction is parallel to
the cutting direction, the interpolation error is small and edge distortion
is less likely to occur, while for the case of the direction is perpendicular
to cutting direction, edge distortion is more likely to occur. These fea-
tures of the interpolation error can clearly be seen in the error map. In
the area shown in Fig. 16(b), the dimple edge and cutting direction
intersect diagonally, resulting in an interpolation error at the overall
edge. In contrast, in the area shown in Fig. 16(c), a large interpolation
error occurs at the point where the dimple edge and cutting direction
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(nm)
0.25

-0.15

Fig. 13. Observation and measurement results of a machined RSS: (a) optical image; (b) enlarged view by laser microscope; (c) designed surface topography; (d)
measured topography by white light interferometer; (e) error map created by comparing Fig. 12(c) and (d).

intersect perpendicularly, whereas no obvious interpolation error can be
identified at the point where the dimple edge and cutting direction
intersect parallelly. Fig. 16(d) and (e) show comparison of an error map
and a microscope image of the machined surface. It can be confirmed
that the location of the edge distortion corresponds exactly to the
interpolation error of the error map.

4.3. Surface topography in segment cutting

Segmented cutting as described in Section 2.4 was performed to
prevent edge distortion. Fig. 17 shows a comparison of surface topog-
raphy obtained by the continuous and segment cutting, respectively, in
the same outer area of the workpiece. Although the size, depth, and edge
direction of the dimples in the two methods are generally consistent, the

372

edge distortions that occurred in continuous cutting were improved
significantly in segmented cutting. The segment cutting could compen-
sate the interpolation error and generate sharp edges close to the
designed surface.

In order to quantitatively verify the improvement of edge distortion
by segmented cutting, the edge cross sections of the machined dimples
by continuous and segmented cutting were measured. At the edge of the
dimple in workpiece center area, as shown in Fig. 18(a) and (b), three
cross-sectional profiles, namely the designed, predicted, and measured
profiles, are consistent, confirming that the dimple shape was repro-
duced precisely. The P-V values of the edge cross-sectional error of the
center area for continuous and segmented cutting are 68 nm and 85 nm,
respectively. These results indicate that both cutting methods achieved
high accuracy at the center area. However, at the outer area, the
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Fig. 14. Topography images of (a) workpiece center area and (b) outer area.
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Fig. 15. Interpolation error in toolpath program generation.

designed edge profile did not match the measured one in continuous
cutting, resulting in a large form error, as shown in Fig. 18(c). The P-V
and RMS values of the form error between the designed shape and the
measurement result were 228 nm and 149 nm, respectively. On the
other hand, the P-V and RMS values of the form error between the
measured and predicted edge profiles by simulation were 161 nm and
39 nm, respectively. Based on a comparison of the RMS values, it can be
estimated that the ratio of the form error due to interpolation error to the
total error was ~74%. This percentage indicates that the interpolation
error is the major factor of edge distortion.

Edge distortion has also been reported in STS diamond turning, and
machine follow-up error was considered as one of the major factors. A
dimple edge is a place where the machine table motion changes, and
therefore large follow-up errors are likely to occur. It is assumed that the
follow-up error also affects the edge distortion in FTS-based diamond
turning. However, compared with STS, the follow-up error in FTS is far
smaller. Thus, the interpolation error has a larger effect on the edge
distortion than the follow-up error.

On the contrary, significant improvement of edge profile was
observed in the segment cutting. Fig. 17(d) shows a cross-sectional
profile of a dimple edge in outer area of the workpiece machined by
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segment cutting. Compared with continuous cutting, the improvement
of edge profile can be confirmed in segment cutting. The P-V and RMS
values of the form error were 66 nm and 42 nm, respectively, 71% and
72% lower than those of continuous cutting. It is considered that the
form error caused by the interpolation of the tool path program, which
was a major cause of edge distortion, was greatly reduced by segmented
cutting. Therefore, segmented cutting is an effective machining method
for RSS with controllable randomness.

5. Conclusions

New design and fabrication methods for RSS with controllable
randomness by using FTS-based diamond turning were proposed and
their effectiveness were verified by experiments. The main conclusions
are summarized below:

(1) An RSS design method was developed by utilizing quadratic
function surfaces and random numbers. Mesh structure was used
to create a surface by comparing the point cloud data of each
quadratic surface. The randomness of the size, position, and
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Cutting (pm)
direction 0.5

Fig. 16. Simulated interpolation error map and comparison with experimental result: (a) simulated error map; enlarged views of locations where the cutting di-
rection and dimple edge direction cross (b) diagonally and (c) vertically/parallelly; comparison of (d) simulated error map with (e) microscope image of a machined
surface at the same area.

(a) Segment cutting (b) Continuous cutting

Fig. 17. Comparison of machined surfaces in the same outer area by (a) segment and (b) continuous cutting.

depth of each quadratic surface can be controlled by adjusting the (3) In continuous cutting of RSS, sharp edges were only formed near
dynamic range of random values. the center of the workpiece, while edge distortion was observed

(2) The designed RSS was fabricated by FTS-based diamond turning. on the outer area. The edge distortion was mainly caused by the
The measurement of the machined surface confirmed that the interpolation errors in the toolpath program created by the iso-
size, depth, and edge position of each quadratic surface matched metric method.

precisely with those in the designed surface.
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Fig. 18. Comparison of edge cross-sectional profiles: center area edge generated by (a) continuous and (b) segment cutting, and outer area edge generated by (c)

continuous and (d) segment cutting.

(4) Simulation was performed to predict the form error due to
interpolation error. The predicted results were consistent with
the experimental results.

(5) The RSS fabricated by segmented cutting showed higher
machining accuracy than continuous cutting. The edge distortion
problem observed in continuous cutting was solved by segment
cutting. The form error was controlled below 10 nm level PV.

This study demonstrates that FTS-based diamond turning is an
effective method to fabricate RSS with controllable randomness. The
results of this research showed the possibility for high-precision
patterning of mold inserts for molding/imprinting processes of poly-
mer RSS components in the optical industry and so on. The optimal
design and fabrication of optical diffusers by using the proposed method
and the evaluation of their optical performance will be conducted in our
future research.
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