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Abstract: Micro-optics arrays (MOAs) with high aspect ratio (AR) have unique advantages 
in realizing the minimization of optical systems by reducing the focal distance. Fast or slow 
tool servo (F/STS) is widely regarded as an outperforming technique for the fabrication of 
MOAs featuring high form accuracy. However, in the machining of MOAs with high AR, the 
non-smooth cutting trajectory of F/STS inevitably leads to intensive tool vibrations and the 
interference between the tool flank face and the finished surface, thereby deteriorating surface 
roughness. In this study, a novel offset-tool-servo (OTS) diamond machining technology and 
the corresponding toolpath generation algorithm are proposed to achieve the flexible 
fabrication of micro-freeform lens arrays with high AR. In OTS, with the assistance of four-
axis servo motions, a spiral toolpath is generated for each single lenslet, which effectively 
avoids the tool interference induced by the steep descending movement of the tool in F/STS. 
Besides, the proposed machining strategy well ensures the smoothness of the generated 
toolpath for each lenslet, thereby effectively avoiding the destruction of the surface quality 
induced by the tool vibrations. In practice, this method is validated by fabricating different 
MOAs with aspheric and freeform structures. Compared with F/STS, the OTS method is 
demonstrated to be able to achieve two times larger AR values, and smoother and more 
uniform surface quality are simultaneously achieved. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Micro-optics arrays (MOAs) containing a large number of lenslet cells have been widely 
applied in cameras, sensors and photonic devices, due to its superior performance in large 
visual field and minimization in size [1,2]. Originally, the lenslet has been designed into 
spheric and aspheric surfaces [3]. Recently, with the fast development of optical and 
electronical devices, these simple surfaces are hard to fulfill the requirements of advanced 
optical systems for multi-function integration [4,5]. Instead, MOAs featuring complicated 
structures has received more and more attentions, such as micro-Fresnel lens arrays [5], 
compound eye structures [6], micro-grating arrays [7] and retroreflective arrays [4]. These 
MOAs generally feature high aspect ratio (AR) and discontinuous structures with ultra-high 
form accuracy. MOAs with high AR as well as complicated structures provide inconceivable 
imaginations to optical designers to realize multi-function integration and minimization of 
optics systems. However, the complex shapes with high AR of the lenslet impose great 
challenges for current machining technologies on cost-effective fabrication of these MOAs 
with ultra-smooth surface roughness and ultra-high form accuracy. 

To fulfill the requirements of MOAs, different micro manufacturing techniques have been 
proposed, which can be roughly divided into non-mechanical and mechanical machining. The 
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non-mechanical machining, dominated by chemical etching [8] and laser lithography [9], can 
achieve large-scale fabrication of MOAs. Nevertheless, these techniques commonly require 
expensive facilities and complex operations with high cost, as well as are restricted to process 
specific materials with limited geometric complexity [10,11]. Mechanical machining using 
diamond tools are widely regarded as more promising for flexible fabrication of MOAs with 
complicated structures on a wide range of engineering materials, due to its superiority in 
achieving ultra-high form accuracy. 

According to the tool configuration strategy, mechanical machining can be classified into 
fast and slow tool servo (F/STS) diamond turning and diamond milling [12–14]. In diamond 
milling, a ball milling tool is mounted on a high-speed spindle. Rotationally symmetric lenslet 
can be individually generated by the rotational diamond tool. With the assistance of three 
translational servo motions, the whole workpiece surface can be covered by machining lenslet 
cells one by one. In this way, uniform surface quality can be achieved on the whole MOAs 
surface due to the consistent cutting conditions for each lenslet. However, diamond milling is 
restricted to producing large sparse arrays with simple spheric or aspheric shape [15]. It is 
hard to satisfy the increasing demands for the MOAs with high AR as well as with arbitrary 
shapes. 

F/STS diamond turning has been demonstrated to be the outperforming method for 
fabrication of MOAs with ultra-high form accuracy [13,16]. With the assistance of the high 
frequent servo motion along Z-axis, lenslet featuring aspheric or even freeform shapes can be 
flexibly fabricated on a wide range of engineering materials. Nevertheless, in F/STS diamond 
turning of MOAs, the inevitable discontinuous toolpath can induce severe tool vibrations, 
thereby deteriorating surface roughness and resulting in poor surface quality [16,17]. 
Especially, the tool vibrations can be more obvious in the machining of MOAs with high AR, 
owing to the steep descending and rising movements of the diamond tool [18]. Moreover, the 
non-smooth toolpath with large slope angle in turning of MOAs with high AR inevitably 
cause the interference between the flank face of the diamond tool and the finished surface 
[19]. Even though F/STS is a promising technique for the generation of micro-structures, all 
the aforementioned issues restrict its application in the fabrication for MOAs with high AR as 
well as with complicated structures. 

Developed from F/STS, several diamond machining technologies have been proposed for 
the generation of MOAs with specific shapes. For example, polygonal Fresnel lens arrays 
have been fabricated by Neo DWK et al. [20] using an innovative diamond micro chiseling 
method. Guilloche machining technology has been proposed by Brinksmeier et al. [4] to 
fabricated retroreflective arrays. Nevertheless, these methods are only applicable to fabricate 
MOAs with the aforementioned shapes, thereby having very limited flexibility. To achieve 
large-scale fabrication of MOAs, a technique named end-fly-cutting-servo has been proposed 
by Zhu et al. [21]. This method well ensures the uniformity of the surface quality in a large 
area, and can also be applied to fabricated hybrid MOAs [17]. Nevertheless, the toolpath of 
the end-fly-cutting-servo system is also non-smooth in the generation of MOAs just like 
conventional F/STS, so this method is also restricted to fabricating MOAs with high AR due 
to the tool interference and vibration. 

To achieve the flexible fabrication of discontinuously structured micro-optics arrays, a 
virtual spindle based tool servo diamond turning technology has been proposed by Zhu et al. 
[18]. In virtual spindle turning, the workpiece is attached on the spindle following the 
rotational motion of the C-axis, while the diamond tool is fixed on a tool holder and then 
clamped on the Z translational slide. Arrayed micro-structures with uniform surface quality 
can be generated by this method through virtually constructing the rotation axis at the centers 
of all lenslet cells in sequence. However, to make the center of each lenslet cell be always 
coincident with the constructed virtual spindle, harmonic oscillations with the same frequency 
of that of the spindle rotation are necessarily assigned to X- and Y-axis. As the workpiece is 
fixed on the spindle in virtual spindle turning, very high oscillation amplitudes are required 
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OTS system is to synthesize the advantages of ball end milling and F/STS by using multi-axis 
servo motions including X-, Y-, Z- and C-axis. 

The schematic configuration of the OTS system is shown in Fig. 1(a). Different form 
conventional F/STS, the diamond tool is fixed on the spindle via a tool holder. The workpiece 
is clamped on the fixture that is installed on the Z-slide to realize the translational servo 
motion along Z-axis. Through the rotary movement of spindle, the direction of the tool rake 
face can be flexibly adjusted to be perpendicular to the projected toolpath. As there exists a 
fixed offset distance between the tool tip and the spindle axis, the rotational spindle generates 
a circular trajectory of the diamond tool as the yellow dashed-lines shown in Fig. 1(b). With 
the cooperative servo motions along X- and Y-axis directions, the circular trajectories can be 
shifted to a set of spiral toolpaths for each lenslet, just like ball end milling, as the blue lines 
shown in Fig. 1(b). The translational servo motion of the workpiece along Z-axis is used to 
deterministic generation of the desired shapes of each lenslet and compensation of tool edge 
radius, just like F/STS. By separately fabricating each lenslet cell at different locations on the 
workpiece, the whole MOAs can be acquired. Overall, in OTS, the combination of the servo 
motions in X-, Y- and C-axis determines the spiral toolpath as well as adjusts the cutting 
direction of the diamond tool, while the servo motion in Z-axis is responsible for the 
generation of the desired lenslet surface. 

The unique machining strategy of OTS achieves the following advantages in the 
fabrication of MOAs: 

(i) Avoidance of the tool interference in the machining MOAs with large AR. In OTS system, 
the lenslet is individually machined under the spiral toolpath. The center of each spiral 
toolpath overlaps to the center of the corresponding lenslet, as shown in Fig. 1(b). In this 
case, the slope angle of the toolpath is determined by the curvature change of the 
toolpath, instead of the aspect ratio of the lenslet. Figure 2(a) shows the relative position 
between the diamond tool and the generated lenslet in OTS system from the view of 
cross-sectional direction. It is seen that the slope angle of the toolpath at the cutting point 
is 0° and irrelevant to the AR of the lenslet. In comparison, the center of the spiral 
toolpath for F/STS technology is located at the center of the workpiece. Thus, very large 
slope angle can be generated at the points where the diamond tool is cutting into the 
lenslet from the primary surface, as shown in Fig. 2(b). This very large slop angle can 
cause the tool interference on the flank face, especially in the machining of MOA with 
high AR. 

 

Fig. 2. Relative position between the diamond tool and the lenslet generated by (a) OTS 
system and (b) F/STS system. 

With the consideration of the tool interference at the bottom of the lenslet, the maximum 
allowable AR for the lenslet generated by OTS can be calculated by tan(α), where α is 
the clearance angle of the diamond tool. In contrast, the maximum allowable AR for the 
lenslet generated by F/STS need to be less than 1/sin(α)-1/tan(α) to avoid the interference 
of the tool flank face [19]. For example, using the diamond tool with a clearance angel of 
7°, MOAs with the AR of tan(7°) = 0.122 can be machined by OTS, which cannot be 
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fabricated by the conventional F/STS due to the tool interference. Using the same 
diamond tool, the maximum AR that can be achieved by F/STS is only 1/sin(7°)-
1/tan(7°) = 0.061. 

(ii) Avoidance of the tool vibration. In OTS system, the toolpath is smooth and continuous 
without frequent acceleration and deceleration movements, which effectively suppress 
the tool vibration. Besides, the cutting speed for each lenslet is constant, so uniform 
surface quality for the whole optic arrays can be acquired. In contrast, discontinuous 
toolpath with impulse excitations inevitably happen in F/STS system when the tool cuts 
into and out of the lenslet, which will lead to severe tool vibrations and destroy the 
surface quality, which will be experimentally validated below. 

(iii) Flexibility in machining of MOAs with large apertures. in OTS, as the offset distance of 
the diamond tool with respect to the rotation center of the spindle is fixed, the oscillation 
amplitudes of X- and Y-axis are also fixed and have no relationship with the aperture of 
the workpiece. Accordingly, the proposed OTS method is flexible to fabricate optic 
components with very large aperture, without influencing the dynamic response of the 
machine tools. Through adopting a very small offset distance, high rotation speed rate 
can be selected to increase the machining efficiency. 

Overall, the unique cutting process of the proposed OTS system make this machining 
strategy has the advantage in machining micro-optics arrays with high AR as well as in 
machining micro-freeform optics with complicated structures. The alleged advantages will be 
further demonstrated in the following part. 

3. Toolpath determination for the OTS 

In OTS, each micro lenslet cell is independently generated, so the whole lenslet arrays can be 
obtained by repeating the basic cutting operation for the single lenslet cell at the 
corresponding places of the lenslet arrays. In the machining process, the spiral toolpath for a 
single lenslet cell is decomposed into the servo motions of four axes, including three 
translational motions and a rotary motion. Besides, the rake face of the diamond tool should 
remain perpendicular to the projected toolpath. Through analyzing the kinematics of the OTS 
system, toolpath generation strategy is proposed. 

 

Fig. 3. Schematic of the kinematics of the OST machining for a single lenslet cell in (a) initial 
stage and (b) cutting process. 
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3.1 Kinematics of the OTS 

Without loss of generality, the kinematics of the OTS in the machining of one lenslet cell is 
illustrated in Fig. 3. The coordinate systems om-xmymzm and ow-xwywzw are assigned to the 
machine tool and the workpiece, respectively. The two coordinates overlap to each other at 
the initial stage, with the xw- and xm-axis are set in the horizontal direction, as shown in Fig. 
3(a). During machining, om-xmymzm is unchanged and serve as the spatial reference. ot-xtytzt is 
the coordinate system that is fixed on the cutter location point (CLP), with yt-axis is set as 
perpendicular to the tool rake face. Before the machining process, the tool rake face is set to 
be horizontal with the assistance of the linear variable differential transformer. In practice, 
there is a is a fixed offset distance ρ and a fixed angle discrepancy α between the diamond 
tool and the rotation center of the spindle. os-xsyszs is the coordinate system of the spindle, 
with original point os is set to the spindle center. Thus, ot-xtytzt and os-xsyszs rotates with the 
rotational spindle and there are no relative motions between the two coordinates. 

At the initial stage of machining as shown in Fig. 3(a), the CLP is moved to the right side 
of the lenslet cell through the translational motions of X- and Y-axis. In the cutting process, 
the spindle rotates with a constant speed, and the X- and Y-axis harmonically move back and 
forth in the same frequency to generate a local circular trajectory with its center fixed at the 
point oc, as shown in Fig. 3(b). Then, through the feed movement of the X-axis, local spiral 
toolpath with constant feed rate per revolution can be generated for the lenslet cell. The servo 
movement along the Z-axis is responsible for the generation of the desired shape of the lenslet 
as well as for the tool edge compensation. By repeating the operations for the generation of 
the single lenslet cell at different locations on the workpiece, the whole MOAs can be 
acquired. 

 

Fig. 4. Schematic of the determination of CCP in the ow-xwywzw system. 

3.2 Toolpath determination 

Assume that the desired lenslet cell has a radius of rc and the coordinate of its center point oc 
is (a,b) in the workpiece coordinate system, as shown in Fig. 3(a). Constant angle sampling 
strategy is adopted by uniformly discretizing the rotational angle of spindly into (Ns + 1) 
points for each revolution. For the n-th point of the m-th revolution, the rotation angle of the 
spindle can be expressed as: 

 ,

2
2m n

s

n
m

N

πϕ π= +  (1) 

During the machining, rake face of the diamond tool should remain perpendicular to the 
projected toolpath, so the line of xt-axis remains passing through the center point of the lenslet 
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cell oc. Based on this geometric relation, the coordinate of the CLP corresponding to φm,n can 
be expressed in the system om-xmymzm by: 

 
,( , )

,

( , )
,

cos( )
2

sin( )

m n em n
CLP c c m n c

m n
CLP c c m n

f
x d d

y d

ϕ
θ ϕ

π
θ ϕ


= − + − +


 = − +

 (2) 

where fe is the feed rate, dc and θc are the distance between the oc to om and the angel between 
line ocom and xm-axis, as shown in Fig. 3(a), which can be expressed by: 

 
2 2( )

arc tan( / )
c

c

d a b

b aθ

 = +


=
 (3) 

Assuming that a diamond tool with rake angle of 0° and edge radius of Rt is adopted, the tool 
edge profile corresponding to rotation angle φm,n can be expressed in the system om-xmymzm by: 

 

( , ) ( , )
,

( , ) ( , )
,

( , ) 2 2
0

cos( )

sin( ) , [ cos( ), cos( )]

m n m n
T CLP m n

m n m n
T CLP m n t t

m n
T t

x x l

y y l l R R

z z R l

ϕ

ϕ δ δ

 = − + ×
 = − + × = −


= − −

 (4) 

Where δ is the wrap angle of the diamond tool. The cutting edge is then uniformly discretized 
into (N0 + 1) points to conduct numerical calculation. The tangent vector of the i-th point (x 
(m,n) T,i, y (m,n) T,i, z (m,n) T,i) can be expressed as: 

 

( , ) ( , ) ( , )

0

( , , ) |

2 cos( )
cos( ) ( 1)

m n m n m n
T T T

i i

t
i t

x y z
T l l

l l l
R

l R i
N

δδ

∂ ∂ ∂
= =

∂ ∂ ∂

= − − + −



 (5) 

The surface of the lenslet cell can be expressed in the ow-xwywzw system is expressed 
( , )w w w wz F x y= . The normal vector of the surface corresponding to the i-th point of the 

cutting edge can be expressed by: 

 ( , ) ( , )
, ,( , , 1) | ,m n m nw w

i T i T i

F F
V x x y y

x y

∂ ∂
= − = =

∂ ∂


 (6) 

The cutter contact point (CCP) can be determined by finding a position where the tool 
edge is tangential to the lenslet surface, as shown in Fig. 4. Thus, CCP can be approximately 
determined by the numerical calculation of the minimum value of the tow vectors [25]: 

 [ ]{ }( , )
0arg min , 1, 1

i

m n
T i i

l
d V T i N= × ∀ ∈ +

 
 (7) 

The coordinate of CLP at the rotation angle φm,n in the om-xmymzm system can be expressed 
by: 
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ϕ ϕ
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

 = − + − + × − + ×  

 (8) 

As the diamond tool is fixed on the spindle with a fixed offset distance with respect to the 
rotation center, so there is no relative motion between the ordinances ot-xtytzt and os-xsyszs. As 
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and then absorbed on the spindle via the vacuum chuck. In the machining, the spindle and the 
three translational slides works under servo motion mode. The workpiece material is copper. 
A diamond tool provided by Contour company is adopted. The tool nose radius is 0.28 mm 
and the rake and clearance angle are 0° and 7°, respectively. To observe the shape and micro-
topogriphies of the machined surface, a non-contact optical measurement system (Zygo 
Nexview) is used under proper magnification. An optical micro-scope (Olympus BX60) is 
also used to capture the topographies of the machined structures. 

Table 2. Machining parameters for OTS and STS. 

Machining parameters Hybrid micro-aspheric surface Hybrid sinusoid surface 

Spindle rotation rate (rpm) 15 30 

Feed rate (μm/r) 2 2 

Depth of cut (µm) 5 5 

Offset radius (mm) 5.45 none 

To validate the advantages of the proposed OTS in machining of MOAs with high AR, 
micro-aspheric arrays were fabricated using OTS, and the results were compared with that 
generated by F/STS. The expression of the micro-aspheric lenslet is [26]: 

 
2 2

0

2 2 2 2
0

( , )
( , )

4 4 1 (1 ) 4 4 1 (1 ) ( , )

sCR sC x y
z x y

k C R k C x y

ρ
ρ

= −
+ − + + − +

 (10) 

where R0 denotes the aspheric radius; k and C controls the conicity and the curvature, 
respectively; s is the shape coefficient. As discussed above, the highest AR that can be 
achieved by OTS is 0.122 using a tool with 7° clearance angle, while only 0.061 can be 
achieved by conventional F/STS. To leave margin, micro-aspheric arrays with an AR of 0.11 
are fabricated by OTS, and micro-aspheric arrays with an AR of 0.04 are fabricated by slow 
tool servo (STS), whose coefficient is shown in Table 1. The machining parameters are 
detailed in Table 2. 

The workpiece dimension is 40 × 10 mm2. As the basic dimension of each lenslet cell is 
only 0.35 × 0.35 mm2, the workpiece is large enough to cover hundreds of lenslet cells. In the 
present study, the dimension of the whole MOAs is 3.5 × 3.5 mm2 covering one hundred 
lenslet cells. 

Micro-freeform optics with more complicated structures, namely radiant micro-structure 
arrays, are fabricated using the same machining parameters to further validate the superiority 
of the proposed OTS. The radiant micro-structure arrays can be regarded as a spheric surface 
imposed by radiant micro-structures, which can be expressed in the local cylindrical 
coordinate system by: 

 2 2 2 2( , ) sin(6 )ball ball lz R R R Aρ ϕ ρ ϕ= − − − +  (11) 

where Rball is the radius of the spheric surface, Rl denotes the radius of the lenslet, A is the 
amplitude of the radiant micro-structures. The coefficients of the radiant micro-structure 
arrays are shown in Table 3. 

Table 3. Coeffecients of the Radiant micro-structure arrays. 

Coefficient Radiant micro-structure arrays 

Spheric radius Rball (mm) 0.22 

Radius of the array Rl (mm) 0.18 

Amplitude A (mm) 0.002 
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In contrast, obvious fluctuations along cutting direction were observed on the microscope 
image of the lens arrays generated by STS, as shown in Fig. 10(b). These undesired 
fluctuations are majorly caused by the tool tip vibrations in F/STS [16]. In F/STS, each lenslet 
can be regarded as an impulse excitation of the diamond tool, which can result in the impulse-
like acceleration and deceleration of the diamond tool when the tool cuts into and out from 
each lenslet, as illustrated in Fig. 6(f). The tool vibrations can severely destroy the micro-
topography of the generated lenslet and result in a large surface roughness, as illustrated by 
the micro-topography of the lenslet S-1 in Fig. 11(c). Compared with S-1, much smoother 
micro-topography is observed for the lenslet S-2 whose position is closer to the center of the 
workpiece, as shown in Fig. 11(d). The different micro-topographies of S-1 and S-2 is 
attributed to the radial dependent cutting condition of F/STS. As a result, it is validated that 
compared with F/STS, the proposed OTS effectively suppress the tool vibrations in the 
machining of MOAs and enhance the surface uniformity. 

 

Fig. 11. Micro-topographies of the lenslet cells at different places (a) and (b) generated by 
OTS and (c) and (d) generated by STS. 

According to the principle of OTS system, the X- and Y-axis harmonically move back and 
forth in the same frequency of the spindle rotation, in order to generate a local spiral 
trajectory with its center always coincident with the center of the local lenslet cell. Different 
from the conventional virtual spindle turning [18], the diamond tool in the OTS system is 
clamped on the spindle with a fixed offset distance. Accordingly, the amplitudes of the 
harmonic motions in sine or cosine are equal to the offset distance of the diamond tool, and 
the amplitudes has no relationship with the aperture of the MOAs. The frequencies of the 
harmonic motions are equal to the frequency of spindle rotation. Therefore, the spindle speed 
can remain uniform in the OTS system even in the machining of the optics with large 
apertures. 

The overall cutting time for the MOAs with an area of 3.5 × 3.5 mm2 is about 4.5 hour. It 
is known that the constraint for the spindle speed in the servo machining technologies is 
mostly attributed to the data transfer rate of the control system [27]. To guarantee the form 
accuracy of each lenslet cell, a large number of control points are required, especially for the 
lenslet with freeform shapes and with high aspect ratio, which further reduces the spindle 
speed [28]. This is the common issue for the proposed OTS method and the conventional 
F/STS. Due to the repeated cutting operation of OTS, the number of the controlling points for 
OTS is much less than that of conventional F/STS, thereby leading to a relatively higher 
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6. Conclusions 

In the present study, a novel offset-tool-servo (OTS) diamond machining technology has been 
proposed to achieve flexible fabrication of micro-optics arrays (MOAs) with high aspect ratio 
(AR). Different from conventional fast and slow tool servo (F/STS), the diamond tool is fixed 
on the spindle with a fixed offset distance from the rotation center. Through the servo motions 
of three translational axes and a rotational axis, each lenslet is individually fabricated by 
spiral toolpaths just like ball end milling. This machining approach effectively avoid the tool 
interference and tool vibration in the fabrication of MOAs with high AR using conventional 
fast and slow tool servo (F/STS), thereby ensuring the form accuracy and surface uniformity 
of the generated MOAs. Through considering the offset distance between the diamond tool 
and the rotation center of the spindle, toolpath determination strategy is proposed. The main 
conclusions can be summarized as follows: 

(1) In OTS, spiral toolpath with its center overlapping to the center of the corresponding 
lenslet is generated for each lens lenslet. In this case, the toolpath is smooth and 
continuous without steep descending movement of the tool even in the machining of 
MOAs with high AR. Attributing to this, MOAs with two times higher AR can be 
fabricated by OTS compared with conventional F/STS using the same diamond tool. 

(2) In OTS, the diamond tool periodically contacts and departs form the workpiece 
surface, but there is no velocity and acceleration fluctuations of the diamond tool 
during the machining process. The unique cutting process of OTS well ensures the 
surface smoothness and uniformity of the generated MOAs. 

(3) To validate OTS, micro-aspheric arrays with the AR of 0.113 is fabricated using a 
diamond tool with a clearance angle of 7°. In comparison, the maximum AR that can 
be achieved by F/STS is only 0.06 that is much smaller than that of OTS. Compared 
with F/STS, more uniform and smoother surface quality with roughness of 3 nm is 
acquired by OTS attributing to its uniform cutting condition. 

(4) A kind of freeform lens arrays, namely MOAs with radial structures, are also 
fabricated by OTS to validate the potential of the proposed OTS in machining of 
MOAs with complicated shapes as well as with high AR. The good agreement 
between the generated surface and the desired surface well validates the flexibility of 
OTS in the machining of MOAs with complicated structures. 
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