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Abstract A long stroke fast tool servo (LFTS) system with a
maximum stroke range of ±4 mm based on the voice coil
actuator was developed and integrated on a diamond turning
machine (DTM) for the fabrication of freeform progressive
addition lenses (PALs). The LFTS utilized a three-ring cas-
cade control system for the motion trajectory control of a
diamond tool. The numerical control codes of the tool path
were transferred from the 3D surface data with freeform fea-
tures. The complete process chain from tool path generation
and diamond machining to power measurement was experi-
mentally demonstrated. The obtained surface form accuracy
was 6.7 μm (rms), and the measured power of the PAL agreed
well with the theoretical design indicating the desirable pro-
cessing capability of LFTS for the customized freeform spec-
tacle optics.
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1 Introduction

Ophthalmic progressive addition lenses (PALs) are used in
clinics to correct presbyopia [1] in older patients and control
the progression of myopia in schoolchildren. The PAL con-
sists of a distant zone, a near zone and a corridor zone between
the distant and near zones, which is achieved by continuously

changing the radius of curvature on the surface that can be
treated as freeform geometry. As a result, the surface power
varies progressively from a minimum value at the distant zone
to a maximum value at the near zone providing the required
addition for near vision. The traditional and cost-effective in-
jection molding method has been used for massive production
of PALs. Both the glass mold [2, 3] produced by grinding
process and the aluminum alloy mold [4, 5] or copper mold
[6, 7] produced by single-point diamond turning with slow
tool servo (STS) have been introduced. However, the
injection-molded PALs suffer from refractive index variation
and geometric deformation due to the rheological properties of
polymers leading to the distortion and deviation of optical
performance for vision correction. Nowadays, when person-
alized PALs have become fashionable, the customized designs
are required for the lightweight, functional, and adaptable
PAL of each patient. Because of the great variety of custom-
ized design philosophies and the relatively low production
rate of STS due to the limitation on slide speed, the diamond
turning method with fast tool servo (FTS) becomes the best
choice for direct fabrication of personalized PALs.

FTS supported by either a piezo actuator or a voice coil
actuator has been used for the manufacture of freeform optical
elements [8–14]. Piezo-driven systems, offering the advan-
tages of higher peak acceleration and bandwidth, are limited
in the travel of several hundred microns, therefore unable to
deal with the asymmetric features usually measured about
2 mm in magnitude in freeform PALs. Voice-coil-driven sys-
tem is considered as the prime candidate for the long stroke
fast tool servo (LFTS). However, the application of LFTS in
PAL fabrication and the technical details of LFTS develop-
ment have not yet been discussed in literatures before. In this
study, a LFTS based on voice coil actuator was developed and
integrated on a diamond turning machine (DTM) for surface
machining of freeform PALs. The paper was organized as
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follows. The mechanical structure and the control system of
LFTS were introduced in “LFTS” section. The generation of
tool path for freeform machining of the PAL was investigated
in “Tool path for surface machining” section and used for the
experiment of the PAL fabrication demonstrated in “Freeform
machining of PAL” section. The measurement of the geome-
try and the optical characteristics of PAL were carried out in
“Results of freeform machining” section.

2 LFTS

2.1 Structure design of LFTS

For precision manufacture of freeform PALs, a DTM with an
additional LFTS was developed as shown in Fig. 1. The DTM
comprises four parts: a C-axis aerostatic spindle to rotate the
workpiece, an X-axis precise linear servo based on a rolling
guide to move the spindle laterally, a Z-axis LFTS with max-
imum stroke of ±4 mm and maximum acceleration of
370 ms−2 based on a voice coil actuator (TMEC0950-025,
Kunshan Tongmao Electronics), and a milling arbor driving
the milling tool for lens cribbing process.

The motion of diamond tools which is connected to the tool
bar/slider is controlled by LFTS as shown in Fig. 2. The po-
sition feedback sensor (Renishaw grating ruler) with a theo-
retical resolution of 1.2 nm operates in a closed control loop
with the voice coil actuator to control the forward and reverse
motion of the diamond tool in real time. Meanwhile, the stroke
of the diamond tool is synchronized with the encoder outputs
of the workpiece spindle and the X-axis linear servo to guar-
antee the machining process for the asymmetric freeform
surface.

2.2 Control of LFTS

To generate the correct driving voltage of voice coil actuator
for the motion control of the diamond tool, a closed loop
control system including the position loop, the velocity loop,
and the current loop was employed to achieve the three-ring
cascade control of LFTS as shown in Fig.3. The system ac-
quires the actual positions of the diamond tool which are mea-
sured by the linear displacement detection device and then
compares them both with the reference displacement signals
and the reference velocity signals given in advance to derive
the position deviation and velocity deviation, respectively.

The position controller consists of PI controller, “predic-
tion” feed forward, displacement sensor, and signal processing
circuit. The PI controller, containing the proportional element
and the integral element, was combinedwith “prediction” feed
forward to generate the input signal for the velocity controller.
The proportional element with the proportional gain was used
to realize the balance between the lag errors and the rigidity of
the control loop. The integral element with the integral action
time was employed to compensate for the stationary
disturbance.

The velocity controller comprises velocity filter, PI control-
ler, displacement sensor, and signal processing circuit. The
actual velocity provided by the velocity filter was calculated
based on the actual displacement. Then it was compared with
the input reference velocity signal to generate the velocity
deviation which was followed by the process of the PI con-
troller and then combined with the feed forward signal to
determine the input signal for the current controller.

For the current controller, the current filter containing a
notch filter and a torque limiter can guarantee a reasonable
current for the voice coil actuator and meanwhile prevent
overcurrent. The control signal can be magnified by the power
driver part to drive the actuator.

The control system was operated in the B&R Automation
Studio integrated development environment and B&R

Fig. 1 The structure layout of the T-base DTM with LFTS for surface
machining of PAL

Fig. 2 The structure layout of LFTS system
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Programming Computer Controller (PCC) with the values of
the key parameters shown in Table 1 for the desirable system
performance in practice.

2.3 Tracking performance in sinusoidal motion

The performance of LFTS working in air-cut condition was first
evaluated by tracking a series of sinusoidal motions of various
amplitudes and frequencies. The response of LFTSwas recorded
and compared with the command to derive the tracking errors as
shown in Fig. 4. For a fixed working frequency, the RMS track-
ing error increased almost linearly with the increment of ampli-
tude. Higher frequency could also worsen tracking errors.
Figure 5 shows a part of the recorded LFTS response to the
command of a sinusoidal motion. The actual trajectory of the

diamond tool controlled by LFTS appeared to match the com-
mand very well except for the maximum tracking error of about
13 μm that happened at the rising edge and the trailing edge
where the decelerated motion took place leading to the overall
tracking errors of about 8 μm (rms).

The surface finish of the PAL typically requires the shape
error of less than 12 μm (rms). Therefore, to guarantee the sur-
face form accuracy, the working frequency of LFTS can reach
30 Hz with the amplitude of 1.0 mm. This dynamic range can
cover the asymmetric variation of the freeform surface in most
PALs. As the variation of surface elevation decreases within a
smaller lens aperture especially when prism thinning method
[15] is utilized for the PAL design, higher working frequency
of LFTS could be employed for machining the interior area of
the surface to improve the processing efficiency.

Table 1 The important
parameters for the control system
of LFTS

Parameters Value Unit Description

p_kv 600 1/s Proportional amplification in position controller

p_tn 0.0004 s Integral action time in position controller

t_predict 0.0008 s Prediction time

p_max 1e + 030 Units/s Maximum proportional action

i_max 1e + 030 Units/s Maximum integral action

s_kv 0.15 Asec/rev Proportional amplification in velocity controller

s_tn 0.15 s Integral action time in velocity controller
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3 Tool path for surface machining

3.1 Freeform design of PAL

The design methods of PALs can be divided into two catego-
ries, direct methods and indirect methods. Here, a self-
developed software based on the direct design method pro-
posed by Winthrop [16, 17] was used for the customized de-
sign of PALs. The front convex surface of the PALwas chosen

to be a sphere with constant curvature; so, the progressive
change of the optical power was achieved by smoothly chang-
ing the curvature of the rear surface. The optical power of the
rear surface was first assigned along the meridian line on the
lens. Then, the surface was generated from the meridian line
by prescribing curves which were transverse to it. The shapes
of these curves were chosen to have the desired surface cur-
vatures on the meridian line.

Figure 6 shows the surface-based spherical power and cyl-
inder of the PAL designed for a distant correction of −1.85 di-
opter with an add power of 2.00 diopter. The corridor is
14 mm measured from the geometric center to the nominal
add-power position. The designed rear surface of the PAL is
shown in Fig. 7. The performance of the PAL in vision cor-
rection can be furtherly simulated by ray tracing of the com-
plete PAL in front of a model eye, offering a marked improve-
ment over the surface analysis. However, the discussion of
visual correction is not included in this letter which focuses
on the manufacture issue.

3.2 Tool path generation

To process the coordinate data of the PAL surface into an
appropriate format for machining, a proprietary software
using Matlab programming was developed. The software cal-
culated the profile in at least 4.7 × 105 supporting points in a
polar mesh to transfer the 3D surface data with the freeform
features into the numerical code. The point elements were
equally spaced with an incremental size of 25 μm along the
radial direction and with a circumferential spacing of 0.4 mm.
So, the point spacing in the angular direction depends on the
fixed circumferential spacing and the radial position of the
tool node. Therefore, the point density decreased when the
tool node approached the lens center. Once the angular spac-
ing became smaller than the threshold of 2°, the method of
equal angular spacing was adopted to rule the sampling to
maintain the point density.

The required tool path for freeform machining of the PAL
followed a spiral trajectory as shown in Fig.7 where the feed

Fig. 4 The RMS tracking error of LFTS following the sinusoidal motion
of different amplitudes and frequencies in air-cut conditions

Fig. 5 The recorded response of LFTS tracking a sinusoidal motion with
1.5 mm amplitudes and frequency of 16.67 Hz

Fig. 6 The calculated power
maps of the designed PAL (add
power of 2.00 diopter). a
Spherical power and b cylinder
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rate was set to be 1 mm per revolution just for demonstration.
Typically in diamond turning applications, the tool radius
compensation is done in the normal direction [18]. However,
in this study, the radius of the tool tip is much smaller than the
local radius of the freeform surface which also possesses a
relative flat slope along the radial directions. So, the tool ra-
dius compensation only accounts for a tiny change normally
less than 0.025 diopter of the local surface power and there-
fore has little effect on vision correction and can be neglected.

4 Freeform machining of PAL

Since the freeform surface was designed for the rear surface of
the PAL, a semi-finished CR-39 blank lens with a prefabricated
front spherical surface was chosen as theworkpiece to be held by
a pneumatic chuck on the aerostatic spindle as shown in Fig. 8.
The milling tool was first used for the cribbing process to obtain
the required lens size. Then, diamond turning was conducted to
generate the freeform surface. For rough cutting, a polycrystalline
diamond tool was employed with a cutting depth of 0.5 mm. For
finish cutting, a natural diamond tool was used with a cutting
depth of 0.1mm. Themachining time of rough cutting and finish
cutting was about 50 and 90 s, respectively. The required total
stroke of LFTS was ±1.3 mm. According to the tracking error
shown in Fig. 4 and meanwhile considering the required shape
error of the PAL surface, the nominal working frequency of
30 Hz could be chosen for LFTS. To achieve a reasonable
smooth surface with slight diamond turning marks, the feed per
revolution for finish cutting was 25 μm.

The required motion of the diamond tool was plotted with
respect to the processing time as shown in Fig. 9. The spindle
speed was set to be 1000 rpm leading to the nominal working
frequency of 33.3Hz for LFTS. Themotion amplitude decreased
gradually and nonlinearly during the machining process. The
inset map in Fig. 9 demonstrates that the required trajectory of
the tool does not follow an exact sinusoidal motion but an ap-
proximate rectangular one.

The response signals of LFTS were recorded during
machining process and shown in Fig. 10a for the eval-
uation of tracking performance in position control. Due
to the limited memory space allocated for motion mon-
itor in control system, the response signals composed of
2730 sampling data within 0.82 s were stored for the
periphery zone of the surface. The tracking error leading
to the shape error of the local surface was derived by
comparing the response signals with the command.
Then, the fast Fourier transform method was used to

Fig. 7 The designed freeform surface of the PAL combined with the
corresponding tool path for diamond turning. The feed rate in radial
direction was 1 mm per revolution just for demonstration

Fig. 8 Diamond turning of the PAL with LFTS mounted on the DTM

Fig. 9 The required motion
trajectory of the diamond tool for
freeform surface machining of the
designed PAL. The spindle speed
was set to be 1000 rpm. The inset
map zooms in on the motion
trajectory within 0.42 s
corresponding to the seven
revolutions of the spindle
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analyze the frequency spectrum of the tracking error as
shown in Fig. 10b. The spectrum component at frequen-
cy of 16.67 Hz which is half of the nominal working
frequency of LFTS may bring local prism deviation to
the PAL. The other spectrum components at higher fre-
quency (e.g., 33.3, 50.0, 66.7 Hz …) mainly accounted
for the unwanted deviation of the surface curvature as
well as the surface power. The overall tracking error
shown in Fig. 10a was calculated to be 12 μm (rms).
It is believed that the tracking error can be reduced
especially in the interior zone of surface because of
the decreased motion amplitude of the diamond tool
(see Fig. 9).

Upon the completion of surface machining using LFTS, the
PAL was polished with a freeform polisher to remove the dia-
mond turningmarks. Due to the rotational asymmetric features of
the freeform surface, a flexible lap tool supported by the air
chamber was used to achieve the uniform polishing effect across
the surface.

5 Results of freeform machining

The physical geometrical characterization of the polished sur-
face was measured by the coordinate measuring machine
(QVS-3020, Jiaten Corp) using a small ruby stylus tool with
a tip radius of 0.5 mm as shown in Fig. 11a. The measurement
range of the device is 300 × 200 × 200 mm covering the entire
surface geometry of the PAL. The accuracy of profile mea-
surement within the lens aperture, normally 60 mm in diame-
ter, was 0.5 μm which was verified by testing a standard
optical flat sample. The surface of the PAL within the central
square zone of 41 × 41 mm was scanned with a lateral scan-
ning step of 1.0 mm in both the x and y directions. The mea-
sured coordinates were fit with a set of Zernike basis functions
to reconstruct the surface which was then compared with the
theoretical design to calculate the minimum shape error via
surface tilting and rotation. Figure 11b shows the final surface
deviation within a circular aperture of 40 mm in diameter
when the minimum shape error was obtained. The shape error
was calculated to be 6.7 μm (rms) which was a sum of differ-
ent error sources such as the tracking error of LFTS, absence
of tool radius compensation, over polishing, and the profile
measurement accuracy due to the local surface slope. The
surface deviation in the peripheral region seemed to be worse
than that in the central region mainly due to the tracking error
of LFTS suffered from the relatively large motion amplitude.

For the evaluation of the optical characterization of PAL, a
spectacle lens inspection system (Rotlex, Class Plus) operat-
ing on the Moire interferometer was used to simultaneously
measure the distributions of the spherical power and cylindri-
cal power with the accuracy of 0.03 diopter as shown in
Fig. 12. The measured spherical power was −1.87 diopter

Fig. 10 Motion tracking of LFTS during the diamond turning of the
periphery zone of the PAL surface. The spindle speed was set to be
1000 rpm. a The comparison of the recorded motion controlled by
LFTS and the command. b Frequency spectrum of the tracking error

Fig. 11 Geometrical
characterization of the polished
PAL surface. a Surface profile
measurement with coordinate
measuring machine (41 × 41 mm,
1 mm/step). b Shape deviation
from the designed freeform
surface
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for distant correction with add power of 1.96 diopter matching
well with the theoretical design.

The complete process chain from surface machining to
polishing of the PAL takes about 5 min and is considered to
be feasible and flexible for various design philosophies of the
PAL since the diamond tool path can be generated for each
design case very quickly. Therefore, the freeform machining
based on our LFTS provides an efficient solution to the pro-
duction of customized PALs which is still out of the capability
of traditional molding techniques [2–7].

6 Conclusion

Surface machining of PALs using FTS can be challenging
because of the large magnitude of the asymmetric features of
the freeform surface. To solve the problem, we developed a
prototype of LFTS to control the motion of the diamond tool
using the closed loop control system and investigated the fab-
rication process of the PAL. Both the shape error and the
power distributions measured in experiments verified the ca-
pability of LFTS for the freeform machining of PAL. We
believe that the utilization of LFTS allows for the efficient
fabrication of personalized PALs that differ in various design
philosophies therefore paving the way for the massive cus-
tomized production. As part of future investigation, we will
may develop an aerostatic guider and replace the rolling guid-
er now employed in LFTS to improve precision of position
control accuracy and machining efficiency. The correction
cycles to improve the shape of freeform surface after a metrol-
ogy step will also be included.
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