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Three-dimensional profile measurement is perceived as an indispensable process for deterministic fab-
rication of aspheric mirrors. In this work, we develop on-machine 3D profile measurement on a suba-
perture polishing machine, namely, JR-1800. The influences of mechanical errors, misalignments,
output stability, temperature variation, and natural vibration are investigated in detail by calibration,
mechanical alignment, and finite-element analysis. Two quantitative methods are presented for aligning
the turntable, length gauge, and workpiece into together. An error compensation model is also developed
for further eliminating misalignments. For feasibility validation, two prototypical workpieces are mea-
sured by JR-1800 and an interferometer. The results indicate that JR-1800 has an RMS repeatability of
∼λ∕30 (λ � 632.8 nm). The data provided by the two systems are highly coincident. Direct subtractions of
the results from the two systems indicate that the RMS deviations for both segments are less than
0.07 μm. © 2014 Optical Society of America
OCIS codes: (220.4610) Optical fabrication; (120.0120) Instrumentation, measurement, and

metrology; (120.6650) Surface measurements, figure.
http://dx.doi.org/10.1364/AO.53.004997

1. Introduction

Aspheric segments, such as paraboloids and
hyperboloids, are widely used in modern and next-
generation optical systems, such as intense laser
systems, telescopes for astro-observation, photoli-
thography systems, etc. Compared with spheres, as-
pherics have advantages of improving image quality,
and reducing size and weight, which are significant
for space instruments (e.g., space cameras and tele-
scopes). However, due to inconsistency of curvature,
the fabrication and metrology of aspheric
mirrors are prone to be more difficult.

Currently, the fabrication of aspheric mirrors
involves three stages: (1) grinding work-blanks into
desired shapes with various diamond tools [1];
(2) iterative lapping to diminish surface roughness,

control geometrical constants, and remove most sub-
surface damages [2,3]; and (3) iterative deterministic
polishing for further improving the surface form and
roughness. The last two stages can improve the sur-
face peak to valley (PV) from tens of micrometers to
tens of nanometers [4,5], which relies on the surface
form measured by interferometers or other profilers
to close the feedback manufacturing loop. Generally
speaking, due to insufficient versatility, these grind-
ing, lapping, polishing, and measuring instruments
require cooperation to finish a task.

With respect to specular aspheric mirrors, various
interferometric methods have been developed, such
as null lens compensators [6], subaperture stitching
[7], computer-generated holograms [8], etc. However,
ground blanks in the lapping stage with a rough (i.e.,
nonspecular) surface could not meet the interfero-
metric requirement of a He–Ne laser. To measure
these blanks, one candidate is an infrared interfer-
ometer [9]. However, it is (1) expensive due to its
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expensive infrared devices; (2) has low sensitivity be-
cause of the longer laser wavelength (e.g., 10.6 μm for
CO2 laser); and (3) is still dependent on null compen-
sators for measuring aspherics. A commercialized co-
ordinate measurement machine (CMM) is also an
alternative. Form Talysurf PGI 1240 (Taylor Hobson)
is commonly used for measuring the surface profile,
but its gauge range (∼12.5 mm) and traverse range
(∼200 mm) are not enough for large aspherics (e.g.,
meter scale). The multiprobe bar profilometer devel-
oped by Itek [10] utilizes a high-precision sphere and
multi-LVDT (linear variable differential trans-
former) sensors for comparison measurement, which
has an accuracy of 0.15 μm RMS. However, it needs a
high-precision reference sphere, which is costly and
complex. Comley et al. [1] and Gray et al. [11] re-
ported the profile data of E-ELT segments (1.4 m
size) measured with an off-machine Leitz CMM.
Su and co-workers investigated a swing arm profil-
ometer for in situmeasurement of aspherics. Thema-
chine adopts a sphere coordinate and can be
calibrated by a dual probe, which achieves submicron
accuracy [12,13]. Jing and co-workers [14,15] also re-
ported a swing arm profilometer; they employed a
model to raise accuracy to 0.2 μm. Researchers also
developed on-machine measurements for increasing
fabrication accuracy [16]. Compared with off-
machine measurement, on-machine measurement
does not need remounting and realigning workpie-
ces, which is time-saving and less risky.

This work presents a multifunctional system,
namely, JR-1800 [17] that is competent for these fab-
rication andmetrology works. It possesses bound and
loose abrasive lapping, polishing, and on-machine 3D
profile measurement for plane, sphere, and aspheric
mirrors. Compared with single-purpose machines, it
can (1) omit the remounting and realignment works;
(2) reduce risks when carrying workpieces from one
machine to another; and (3) largely save cost and
space. The mechanical errors of JR-1800, misalign-
ments of the length gauge and workpieces, output
stability of the length gauge, temperature variation,
and natural vibration are investigated by data cali-
bration, precision alignments, and finite-element
analysis (FEA), respectively, which can be found in
Section 3. This is followed by tool radius compensa-
tion and misalignment compensation as detailed
in Section 4. The two verification experiments in
Section 5 demonstrate the feasibility of JR-1800
for use for 3D profile measurement of aspheric mir-
rors in lapping and initial polishing stages.

2. Background of Profile Measurement

A. Aspheric Surfaces

Aspheric surfaces frequently used in optical systems
can be expressed by Eq. (1), where C denotes the cur-
vature of the aspherical surfaces (C � 1∕R, where R
is the vertex radius of curvature), K is the conic con-
stant, n refers to the aspheric order, and A2i indicates
the high-order aspheric coefficient:

Z�X;Y� � C�X2 � Y2�
1�

������������������������������������������������������
1 − �K � 1�C2�X2 � Y2�

p
�

Xn
i�1

A2i�X2 � Y2�i: (1)

In particular, off-axis aspherics are now popular in
spaced three reflective cameras, collimating devices,
etc., of whom one off-center portion (OA-I) of a sym-
metric parent mirror is shown in Fig. 1. Its surface
equation in (O1 − X1Y1Z1) can be defined by Eq. (2),
where �y0; z0� refer to the coordinate of O1 in the pa-
rent mirror. Another off-axis aspheric mirror (OA-II)
seems to be symmetric, which is cut from OA-I. The
surface definition can be obtained by rotating Eq. (2)
along X1 axis by a rotating angle θ. According to the
coordinate transform theory, point �X 0; Y 0; Z0� should
satisfy Eq. (3). Combining Eqs. (2) and (3) yields
Eq. (4) and can be simplified as Eq. (5) as the theo-
retical surface equation of OA-II:

Z1�X;Y� � C�X2
1 � �Y1 − y0�2�

1�
����������������������������������������������������������������������
1 − �K � 1�C2�X2

1 � �Y1 − y0�2�
q − z0;

(2)
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��������
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��������
; (3)

AZ02 � BZ0 �Q � 0; (4)

Z0 � −B�
����������������������
B2

− 4AQ
p
2A

; (5)

where

Fig. 1. Sketch map of aspheric surfaces.
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8>>>>>>><
>>>>>>>:

A � C�KC cos2�θ�
B � �−2CY 0 sin�θ� cos�θ� − 2Cy0 sin�θ� − 2 cos�θ�
��K � 1�C�2z0 cos�θ� � 2Y 0 sin�θ� cos�θ���
Q � 2z0 � 2Y 0 sin�θ� − �K � 1�C�z20 � 2Y 0z0 sin�θ�
�Y 02 sin2�θ�� − C�X 02 � Y 02 cos2�θ�
�2Y 0y0 cos�θ� � y20�

:

�6�

B. On-Machine Measurement System JR-1800

As shown in Fig. 2(a), JR-1800 is a multifunctional
system developed in 2012 for precision fabrication
and measurement of large optical mirrors, especially,
aspheric mirrors. It adopts a gantry structure on a
base marble of 3200 mm × 4000 mm × 620 mm,
which is supported by a vibration-free groundwork.
It comprises four main parts: XYZ axis (stroke:
1840 mm × 2096 mm × 603 mm), a Φ1800 mm rotat-
ing turntable (C axis) supporting workpieces, a
changeable metrology unit with a length gauge
attached at the end of Z axis, and a swingable fabri-
cation unit (SAB axis). The fabrication unit can track
the normal direction of aspherics by the swing axis (S
axis). The maximal metrology and fabrication range
reaches up to 1800 mm for plane, sphere, and asphe-
rics. Figure 2(b) presents the lateral view of the fab-
rication and metrology unit with a 153 mm×
298 mm× 148 mm spaced offset. Figure 2(c) shows
the fabrication status; the length gauge would re-
tract to keep away from the workpieces. Figure 2(d)
presents the metrology status; the fabrication unit is
rotated in the horizontal direction. Thus, the fabrica-
tion and metrology would be independent and not
disturb mutually, and there is no need to remount
and realign the length gauge for every measurement.

A commercially available digital length gauge
MT60 (Heidenhain) with a touch-trigger probe is
mounted as a contact sensor. MT60 employs an opti-
cal linear encoder to measure the extended length of

its plunger with a maximal stroke of 60.8 mm, which
is larger than the maximal sagittal height of most
meter-scale spheres and aspherics. Therefore, the
Z axis can remain dormant during measurement,
which eliminates errors induced by the positioning
error of Z axis. On the other hand, as shown in
Fig. 2(b), the Abbe offset (225.7 mm, between the
Z axis slide and the plunger of MT60) would induce
Abbe error if the Z axis is moved. However, this error
is avoided by keeping Z axis dormant. The design of
JR-1800 meets the Abbe measurement principle that
the ruler should coincide with the distance to be
measured.

JR-1800 can measure optical segments in XY and
XC modes, which scan a segment by the combination
of XY axis and XC axis, respectively. It samples a
series of discrete data by virtue of MT60 and then
yields a surface form by comparing the measured
surface with the ideal surface.

Compared with laser interferometers, the charac-
teristics of JR-1800 can be summarized as follows:

(1) JR-1800 is suitable for any kind of surface
shape, including plane, sphere, aspheric, and free
form. However, interferometers need lots of auxilia-
ries for aspherics, such as compensators.

(2) JR-1800 is competent for any kind of surface
quality, including specular and nonspecular surfaces.
Interferometers cannot test rough surfaces due to
mass scattering of laser.

(3) JR-1800 supplies the sagittal heights of the
sampling points, which can be used to fit aspheric
parameters such as the vertex curvature and conic
coefficient. This cannot be obtained directly by inter-
ferometers.

(4) As amechanical instrument, themeasurement
accuracy of JR-1800 is relatively lower than that of
interferometers. This system is expected to achieve
an accuracy of ∼1 μmand guide lapping or initial pol-
ishing processes.

(5) The intrinsic measuring time of JR-1800 is
much longer than that of interferometers. The

Fig. 2. Schematic illustration of JR-1800: (a) overall view; (b) lateral view of themetrology and fabrication units; (c) fabrication status; and
(d) metrology status.
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maximal speed is ∼2000 points per hour and is usu-
ally at 1000–1200. However, as the measurement is
in situ, it saves time for carrying and remounting the
workpieces, so, the equivalent measuring time is
nearly in of the same order of magnitude with that
of interferometers.

3. Calibrations and Alignments of JR-1800

A. Calibrations of Mechanical Errors

For JR-1800, the mechanical errors influencing mea-
surement results involve linearity error of guide
rails, positioning error of linear or rotating axes,
etc. Mechanical errors are inherent errors, which re-
main invariant over quite a long time. Therefore,
they can be calibrated precisely. Here, the linearity
and positioning errors of XYZC axis are measured
with a Renishaw XL-80 interferometer as listed in
Table 1. The positioning error is less than 6.0 μm
for XY axis and 9.2 s forC axis, while repeat position-
ing error is ∼3.3 μm for XY axis and 4.3 s for C axis.
While moving 1600 mm, the linearity of X axis is
1.75 μm, which has a 100% print-through effect on
the measurement results. This high mechanical pre-
cision is a basic guarantee for profile measurement
on JR-1800.

There are also other mechanical errors that de-
grade the measurement accuracy of JR-1800, such
as the radial and axial run-out of C axis; the paral-
lelism of X axis and the turntable; the perpendicular-
ity of XY axis, XZ axis, and YZ axis, and so on. It is
hard to correlate themwith themeasuring results. In
this work, a calibration method is used to measure
the synthetic systemic error caused by the mechani-
cal errors of JR-1800.

The calibration process measures a 440 mm ×
440 mmstandardwindowwith JR-1800. Thewindow
has a surface form of PV � 0.23 μm, RMS �
0.029 μm,measured by a 24 in. (∼610 mm) Zygo laser
interferometer. The calibration results on JR-1800
with XC mode and XY mode (removing the surface
form measured by Zygo) are presented in Fig. 3. For
XC mode [Fig. 3(a)], the error map generally shows
rotational symmetry, with PV � 2.32 μm, RMS �
0.38 μm. The error map for XY mode [Fig. 3(b)] has
PV � 3.0 μm, RMS � 0.53 μm. The two error maps
are quite different because they represent different
combinations of the mechanical errors of JR-1800.
They serve as the system error of JR-1800 and should
be first removed from a measuring result.

By the way, the two calibrations just obtain
the systemic error at the center of the turntable

(a 440 mm× 440 mm square). A full-aperture cali-
bration for the Φ1800 mm turntable is necessary
for measuring meter-scale workpieces. Correlative
works are now designed and a stitching method is
preliminarily confirmed. This method measures the
window multiple times with JR-1800 while realign-
ing the window to cover the full aperture of the turn-
table, and correlating results will be reported in a
later work.

B. Misalignments of the Length Gauge and Workpiece

As shown in Fig. 4(a), there are three important
coordinates: (1) the measurement coordinate
(Om-XmYmZm) located at the center of the turntable;
(2) the workpiece coordinate (Ow-XwYwZw) built in
the vertex of the workpiece; and (3) the metrology
tool coordinate (Ot-XtYtZt) originating at the ball tip
mounted on the plunger of the length gauge. Theo-
retically, these three coordinates should be aligned
together in XY direction as shown in Fig. 4(b). The
alignments for JR-1800 that are carried out carefully
to enhance the measurement accuracy are described
as follows.

1. Alignment of Length Gauge
To illustrate the influence of misalignments on mea-
surement results, here we assume six Φ1000 mm
parabolic segments with different F numbers (F#)
that are measured by JR-1800. The first series inves-
tigates the measurement error caused by increasing
offset in X direction. Assuming F# � 2, the surface
function can be expressed as Eq. (7). If the offset in-
creases from 10 to 90 μm, the resulting error can be
expressed by Eq. (8) and is plotted in Fig. 5(a). The
curves show a linear, directly proportional relation to

Table 1. Mechanical Errors of XYZC Axis

Axis
Positioning
Accuracy

Repeat Positioning
Accuracy

Slider
Linearity

Measured
Range

X 5.9 μm 3.3 μm 1.75 μm 1600 mm
Y 5.6 μm 3.2 μm 4.30 μm 2000 mm
Z 2.2 μm 1.3 μm 1.66 μm 600 mm
C 9.2 s 4.3 s — 360°

Fig. 3. Calibration results of the systemic error of JR-1800 with
(a) XC mode and (b) XY mode.

Fig. 4. Coordinates of JR-1800 (a) with offset in XY direction and
(b) aligned together precisely in XY direction.
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X position (i.e., radial distance). And the error would
be enlarged when the offset error increases, which
reaches 11.30 μm for 90 μm offset at the edge. In ad-
dition, an offset error of 10 μm would induce a mea-
surement error of more than 1 μm at the edge region.

The second set investigates the influence of tool
offset on measurement error for segments with dif-
ferent F#. As shown in Fig. 5(b), when F# varies from
F# � 2 to F# � 1, the measurement errors are en-
larged one by one, which indicates that the offset
has a larger influence on steeper (i.e., higher slope)
surfaces.

X2 � 2RZ; (7)

dz � �X � dx�2
2R

−

X2

2R
� 2Xdx� dx2

2R
≈
Xdx
R

: (8)

According to the above analysis, the alignment er-
rors should be calibrated carefully after remounting
the tool because they would directly influence the
measurement results. Over a quite long usage time,
calibration can ensure high measurement accuracy,
except for remounting the metrology tool. The tilt
error can be calibrated easily with a dial gauge con-
tacting the extending plunger, ensuring it has varia-
tion less than 1 μmwhen moving Z axis up and down
for ∼50 mm. The tool offset can also be aligned by ro-
tating the dial gauge along the plunger (the gauge tip
leaning against the side surface of the plunger). How-
ever, this method is invalid if the plunger is not a

cylinder or the sensor is a noncontact tool such as
a laser triangle or a confocal displacement sensor.

In this work, we present a quantitative method to
reduce the offset of MT60, which utilizes a dial gauge
(0.001 mm resolution) and a standard sphere (optical
surface of 0.2 μm level, radius 30 mm). The calibra-
tion procedure is described in Fig. 6. First, the stan-
dard sphere is aligned at the center of the turntable
with a dial gauge. As shown in Fig. 6(a), the tip of the
dial gauge contacting the standard sphere is aligned;
then the turntable is rotated by 360° continuously,
while realigning the XY position of the standard
sphere to ensure the variation of the dial gauge is
less than 1 μm during the rotation process. The
second step measures a profile along X direction with
MT60 as shown in Fig. 6(b) and gets a series of
discrete data. Theoretically, the tool measures the
profile of an exact radius, but due to the alignment
errors, the factual measuring data deviate from
the radius, which can be predicted by Eq. (9) where
R0 denotes the radius of the standard sphere. Sub-
tract the ideal data from the measurement data
[Eq. (10)], the measurement square error can be ex-
pressed as Eq. (11), from which we can see that the
square error has a reverse linear proportional rela-
tion with the offset along X axis, dx. Then, dx can
be fitted by the least-square method. The third step
measures the alignment error in Y direction like the
second step. Attention is paid so that the data mea-
sured would be preprocessed to remove the error re-
sulting from the radius of the tool tip (a Φ3.2 mm
sphere). According to our measurement, alignment
errors have remained in the tool tip after pre-center-
ing are 13.6 μm and 41.2 μm in X and Y directions, as
shown by Eq. (12); these were calibrated by redefin-
ing the centering XY position. Some random errors,
such as mounting error and the surface error of the
standard sphere, tool measurement error, etc., would
influence the accuracy of this method; but if this
alignment is repeated 2 or 3 times, the offset error
can be restricted to within �5 μm:

Z02 � R2
0 − ��X � dx�2 � dy2�≈R2

0 − �X2 � 2Xdx�; (9)

Z2 � R2
0 − X2; (10)

δ � Z02
− Z2 � −2Xdx; (11)

Fig. 5. Emulational measurement errors caused by tool misalign-
ment (a) with different offsets and (b) with different F#.

Fig. 6. Calibration model for misalignments of the length gauge
in XY position.
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dx � 13.6 μm; dy � 41.2 μm: (12)

2. Alignments of Workpieces
After a workpiece is mounted on the turntable, its
position should be adjusted to align to the center
of the turntable. If the workpiece has a high-quality
cylinder side surface, it can be centered well by
inspecting the variation of a dial gauge with the
tip leaning against the side face of the workpiece
while rotating the turntable by 360°. However, with
respect to an irregular workpiece, such as ellipses or
hexagons, this method would be invalid. Here, a sur-
face-measured method is presented. If an aspherical
mirror has offset error �dx; dy�, the measured error of
a circle (radial distance ρ) can be expressed as
Eq. (13), which indicates that the error would be a
trigonometric function of the rotation angle θ. As-
suming dx � 0.2 mmand dy � 0.3 mm, if ρ increases
from 10 to 50 mm, the ideal measurement data can
be obtained from Eq. (13) and are plotted as shown
in Fig. 7.

Equation (14) represents the evaluating function
for the least-square fitting method, which should sat-
isfy Eq. (15) to ensure a least-square solution. Then,
Eq. (15) is derived as Eq. (16). By a matrix division
operation, the offset errors of the workpiece can be
obtained easily. As our test on a Φ320 mm circular
workpiece, repeating this aligning process for three
times, it can be centered with about�3 μm deviation
(measured by a dial gauge sliding around the side
surface).

dz � −

Cρ cos�θ�������������������������������������
1 − �K � 1�C2ρ2

p dx� Cρ sin�θ�������������������������������������
1 − �K � 1�C2ρ2

p dy;

(13)

S�dx; dy� �
Xn
i�1

�Zi − dzi�2 �
Xn
i�1

�Zi − �Uidx� Vidy��2;

(14)

∂S
∂dx

� ∂S
∂dy

� 0; (15)

����
P

U2
i

P
UiViP

UiVi
P

V2
i

����
����dxdy

���� �
����
P

ZiUiP
ZiVi

����; (16)

Ui �
−Cρi cos�θi�������������������������������������
1 − �K � 1�C2ρ2i

q Vi �
Cρi sin�θi�������������������������������������

1 − �K � 1�C2ρ2i

q :

(17)

C. Output Stability of MT60

The output stability of the length gauge also has a
significant influence on the measurement results.
When the plunger strikes an object, the data read
by its controller (e.g., IK220) are varying back and
forth within a magnitude of ∼0.02–0.05 μm; so read-
ing the data only once for every strike may incur a
measurement error. This work studies the influence
of reading times on output stability by striking the
same point of an object 100 times, with different
reading times for every strike.

Figure 8 gives the PV and RMS of output the out-
put stability of MT60 with different reading times
(n � 1 to n � 200) for 200 strikes on a the same po-
sition; it can be seen that two the two curves reach an
asymptote when n ≥ 20 and the PV value can be
controlled restricted within to within 0.08 μm. The
reading times is reasonable from n � 20 to n � 50.
By the way, the controller can read the position of
the plunger ∼10; 088 times per second.

D. Influence of Temperature on Measurement Results

Temperature variation also induces the deformation
of JR-1800, which reduces the measurement accu-
racy. Here, the FEA method is adopted to simulate
the deformation of JR-1800 due to temperature varia-
tion. The machine was meshed with a size of 50 mm,
producing 731,444 elements. The material parame-
ters are listed in Table 2. Figure 9 presents the defor-
mation of the machine when the temperature
increases 1°C (reference at 20°C). Themaximal defor-
mation is ∼23 μm. The measurement results are
prone to be influenced by deformations of the mount-
ing positions of the length gauge (point A in Fig. 9)
and the supporting workpiece (point B in Fig. 9).
The deformation difference at points A and B is

Fig. 7. Measurement error if the workpiece has offset error. Fig. 8. Output stability with increasing reading times.
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0.91 μm∕°C. Indeed, the temperature of JR-1800 is
maintained at 20� 0.2°C; then the maximal error in-
duced by temperature variation is about �0.182 μm.

Deformation of MT60 due to temperature varia-
tion should also be considered. According to the
specification of MT60, the temperature dependence
is 0.16 μm∕°C. Then, the error induced at �0.2°C
is 0.032 μm. The influence of temperature on the de-
formation of the workpieces depends on the dimen-
sion and material of the workpieces, and should be
analyzed in particular.

E. Vibration Mode and Natural Frequency of JR-1800

Modal analysis can confirm the fundamental vibra-
tion mode shapes and the corresponding frequencies.
Here, the vibration modes of JR-1800 are analyzed
and its natural frequencies are confirmed by FEA.
The first six order modal analysis and relative
frequencies are given in Fig. 10, inducing different
pitches, rolling, torsions, and bending to XZ axis.
Thereinto, all of these six vibrations would induce
a large deformation to the mounting position of
the length gauge, which is ∼113 μm in maximal.
Therefore, these validation shapes should be avoided
in the measuring process. It should be noted that the
first natural frequency is 56.289 Hz, which is far
more than the operating frequency of the seven servo
motors. Thus, these fundamental vibration modes
can be avoided for JR-1800.

4. Error Compensation

A. Tool Radius Compensation

As in the model illustrated in Fig. 11, as the tool tip
has a sphere with radius Rt � 1.6 mm, the factual
contact point Q on the curved surface is not the point
to be measured (point P), and the length gauge gives

Fig. 9. Deformation diagram of the proposed system when tem-
perature increases by 1°C.

Table 2. Parameters of Materials

Parameter Marble 45# Steel Cast Iron

Density (kg∕m3) 3070 7750 7850
Young’s modulus (Pa) 6.0E� 10 1.93E� 11 1.5E� 11
Poisson ratio 0.25 0.31 0.27
Shear modulus (Pa) 2.4E� 10 7.69E� 10 4.77E� 10
Bulk modulus (Pa) 4.0E� 10 1.67E� 11 1.46E� 11
Coefficient of thermal
expansion (/K)

4.6E − 6 12E − 6 10.2E − 6

Thermal conductivity
(W/m/K)

3.0 60.5 51.5

Fig. 10. First six mode vibration shapes and the corresponding natural frequencies.
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the sagittal height of pointU (the lowest point on the
sphere), which consequently induces a nonlinear er-
ror in themeasurement results. A commonmethod to
eliminate this error is adding or subtracting the theo-
retical sagittal deviations of pointsU and P as shown
in Eq. (18), where XP and YP are given by the mea-
surement path, ZQ and ZP can be given by Eq. (1),
and γ is the angle between the normal vector of Q
and Z axis. Moreover, the tip sphere is made of spe-
cial hard-wearing steel and can be replaced by a new
one. Thus, tool wear is not considered.

ZUP � ZVP − ZVU � ZQ − ZP − ZVU

� Z�
������������������������
�X2

P � Y2
P�

q
� Rt sin�γ�; 0�

− Z�
������������������������
�X2

P � Y2
P�

q
; 0� − Rt�1 − cos�γ��: (18)

B. Tilt and Offset Compensation

The calibrations and alignments mentioned above
can suppress the degeneration of measurement accu-
racy, but cannot eliminate misalignment errors com-
pletely. A compensation model is then presented to
eliminate residual misalignments, which takes the
tilt and offset errors into account simultaneously.

As shown in Fig. 12, in O-XYZ, O is the center of
the turntable. Theoretically, O0-x0Y 0Z0 (i.e., the work-
piece coordinate) should be coincident with O-XYZ.
Due to the existence of a tilt error �α; β� and an offset
error �dx; dy�, the practical surface acts as the blue
curve as in Fig. 12. Take a two-order aspherical
surface as an example; if we measure point
A�XA; YA; ZA� on the ideal surface, actually we get
the sagittal height of B�XB;YB; ZB� on the practical

surface. As the tool stretches out, its plunger is
oriented perpendicular to the XOY plane; then we
have Eq. (19):

XA � XB; YA � YB: (19)

Therefore, the measurement error dz is the height
difference between A and B, as shown in Eq. (20).
ZA could be obtained from Eq. (1). To get dz, we
need to know ZB. In O0-x0Y 0Z0, the coordinate of B,
�X 0

B; Y
0
B; Z

0
B� can be obtained from Eq. (21):

dz � ZB − ZA; (20)

���������

X 0
B

Y 0
B

Z0
B

1

���������
�

0
BBB@
2
6664

cos�β� sin�β�sin�α� sin�β�cos�α� dx

0 cos�α� −sin�α� dy

−sin�β� cos�β�sin�α� cos�β�cos�α� 0

0 0 0 1

3
7775
1
CCCA

−1

×

���������

XB

YB

ZB

1

���������
: (21)

In O0-x0Y 0Z0, �X 0
B; Y

0
B; Z

0
B� satisfies Eq. (1). Combin-

ing Eqs. (21) and (1), and removing high-order small
data, we get Eq. (22):

�K � 1�Z2
B � 2�KXB sin�β� − KYB sin�α� − R�ZB

� X2
B � Y2

B − 2XBdx − 2YBdy − 2RXB sin�β�
� 2RYB sin�α� � 0: (22)

Equation (22) is the equation of the practical sur-
face in O-XYZ. Assign practical surface equation
z1 � f 1�x; y�; Eq. (22) could be simplified as Eq. (23)
and solved as Eq. (24). So dz is derived as in Eq. (25),
which is separated as the summation of dx, dy,
sin�α�, and sin�β�:

az21 � bz1 � c � 0; (23)

where

(a�1�K
b�2Kxsin�β�−2Kysin�α�−2R
c�x2�y2−2xdx−2ydy−2Rxsin�β��2Rysin�α�

,

z1 �
�

−b�
������������
b2−4ac

p
2a �K ≠ −1�

−c∕b �K � −1� ; (24)

Fig. 11. Sketch map of tool radius compensation.

Fig. 12. Schematic illustration of the error separation model.
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8>>>>>>><
>>>>>>>:

dz � 1
K�1

h�
K � 1��������������������������������

1−�K�1�C2�x2�y2�
p

�
y sin�α� −

�
K�

1��������������������������������
1−�K�1�C2�x2�y2�

p
�
x sin�β�

i
−

xdx�ydy��������������������������������
1−�K�1�C2�x2�y2�

p �K ≠ −1�

dz �
h
−x − �x2�y2�

2R2 x
i
sin�β� �

h
y� �x2�y2�

2R2 y
i

sin�α� − Cxdx − Cydy �K � −1�

: �25�

These errors can be fitted by the least-square algo-
rithm. As an example of K ≠ −1, assign S � dx,
T � dy, U � sin�α�, V � sin�β�, and

8>>>>>>><
>>>>>>>:

si � Cxi��������������������������������
1−�K�1�C2�x2i �y2i �

p
ti � Cyi��������������������������������

1−�K�1�C2�x2i �y2i �
p

ui � 1
K�1

�
K � 1��������������������������������

1−�K�1�C2�x2i �y2i �
p

�
yi

vi � −

1
K�1

�
K � 1��������������������������������

1−�K�1�C2�x2i �y2i �
p

�
xi

: �26�

Then the ideal measurement error can be ex-
pressed as

dz � si � S� ti � T � ui �U � vi � V: (27)

Define W�S;T;U;V� as in Eq. (28), where dz0 de-
notes the actual measurement error:

W�S;T;U;V��
Xn
i�1

�dz0−dz�2

�
Xn
i�1

�dz0−�siS�tiT�uiU�viV��2: (28)

Based on the least-square method, Eq. (28) should
satisfy Eq. (29), which can be simplified as Eq. (30).
Solving it by the numerical computation method, S,
T, U, and V can be obtained; then we can get dz and
the final surface form:

∂W
∂S

� ∂W
∂T

� ∂W
∂U

� ∂W
∂V

� 0; (29)

���������
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P

tiui
P

tiviP
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P
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u2
i

P
uiviP
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P

viti
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viui
P

v2i

���������

���������

S
T
U
V

���������
�

���������

P
dz0siP
dz0tiP
dz0uiP
dz0vi

���������
:

(30)

5. Experiments for Feasibility Validation of JR-1800

A. Validation Experiments for Repeatability

A Φ400 mm optical plane is measured three times by
JR-1800 for repeatability. The process employs a con-
centric circle path with a space interval of 8mm, with
2030 points in total, and takes about 85 min; the am-
bient temperature is 20.0� 0.1°C. The surface forms
after compensation are given in Fig. 13, which show
high coincidence with each other in surface form
distribution. The RMS deviation of the three mea-
surements is less than 1∕30λ, which validates that
JR-1800 has high repeatability (RMS < 1∕30λ).

B. Validation Experiments for Measurement Accuracy

To validate the measurement accuracy of JR-1800,
the above workpiece is measured with a 24 in. Zygo
interferometer as shown in Fig. 14(a), with PV �
1.249λ, RMS � 0.231λ. The RMS deviation of JR-
1800 from Zygo is 0.013λ. Comparing the surface
forms of the two instruments, we can find that
JR-1800 can provide reliable data with a highly

Fig. 13. Comparing the results of a plane measured with JR-1800: (a) first, PV � 1.15λ, RMS � 0.231λ; (b) second, PV � 1.39λ,
RMS � 0.259λ; and (c) third, PV � 1.24λ, RMS � 0.244λ.
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coincident surface form distribution to interferome-
ters. In addition, utilizing the averaged data of
JR-1800 to subtract the interferometric result, the
relative measurement error presented in Fig. 14(b)
indicates that PV is 0.247 μm and RMS is 0.042 μm,
which validates that JR-1800 can be used for guiding
the lapping and initial polishing of optical mirrors.

C. Validation Experiments for Aspherical Mirrors

Figure 15(a) presents the measurement results of a
Φ320 mm (R � 4000) paraboloid by Zygo laser inter-
ferometer (with an optical null compensator). It
shows 2.88λ PV and 0.459λ RMS (with tilt and
defocus removed). A concentric circle path with
2900 points (15 mm interval) is used in the measure-
ment process of JR-1800, which costs 143 min. The
result shown in Fig. 15(b) indicates PV � 2.92λ,
RMS � 0.529λ. It can be seen that the surface form
distributions measured by two systems have high
resemblance. The RMS deviation from the interfero-
metric result is 0.07λ. Direct subtraction of the two
results is shown in Fig. 15(c), which indicates that
PV is 0.512 μm and RMS is 0.067 μm. The results
given by JR-1800 can be used for guiding the lapping
or initial polishing of large aspheric mirrors.

6. Conclusions

In this work, the profile measurement of aspherics by
an on-machine 3D profile measurement system
(JR-1800) is investigated in detail. Themeasurement
errors induced by mechanical errors, misalignments

of the length gauge and workpieces, the output sta-
bility of the length gauge, temperature variation,
and natural vibrations are analyzed. The synthetic
systemic error is calibrated by measuring a standard
window. Two quantitative methods are presented for
aligning the length gauge, turntable, and workpiece
together. The influences of temperature variation
and fundamental vibrations on measurement results
are simulated by the FEA method, which confirms
that the temperature dependence is 0.91 μm∕°C,
and the first natural vibration frequency is much
higher than the operating frequencies of the ma-
chine. In particular, tool radius and misalignment
compensation models are built. The system is vali-
dated to be effective by two experiments, in which
RMS repeatability reached 1∕30λ, and direct sub-
traction of the measurement results with JR-1800
and Zygo laser interferometer revealed that the RMS
deviation is less than 0.07 μm for both workpieces.

This work was supported by the National Natural
Science Foundation of China (Grant Nos. 61308075
and 61222506) and the Specialized Research Fund
for the Doctoral Program of Higher Education (Grant
No. 20131101110026).
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