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Abstract: In order to overcome the shortcomings of the existing direct design method of freeform surface and
the large amount of calculation, according to the structural characteristics of the off-axis display system, a three-
dimensional direct design method of freeform surface based on Marius's law is proposed. First, according to
Marius's law, all the characteristic data points of the freeform surface are solved in the full field of view and the
full aperture. Then the characteristic data points are fitted into a freeform surface characterized by polynomials,
and the initial structure of freeform off-axis system with good imaging quality is obtained directly. Finally, the
polynomial coefficient is optimized with the merit function and the best fitting coefficient is determined. The
required freeform surface mirror is generated and the final structure of the off-axis head-mounted display optical

system is obtained. This method simplifies the design process and has high calculation efficiency. Based on the
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proposed method, a single-mirror head-mounted display optical system and a two-mirror head-mounted display

optical system are designed with an entrance pupil diameter of 3 mm, a field angle of 19.12°x14.4° and an

entrance pupil diameter of 8 mm, a field angle of 23°x16°, respectively. The design results show that single/two-

mirror head-mounted display system designed by proposed method has good imaging quality and compact system

structure. Tolerance analysis shows that the single/two head-mounted display system can finally achieve MTF

greater than 0.3 Ip/mm and 0.35 lp/mm in full field of view after introducing tolerances.

Key words: optical design;  freeform surface;
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Fig.1 Diagram of three-dimensional direct design method based on
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Fig.2 Flow chart of three-dimensional direct design method based on
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Fig.4 (a) Layout of freeform surface single-mirror optical system in YOZ

plane; (b) Diagram of freeform surface construction in full FOV
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Tab.1 Specifications of freeform surface off-axis single-

mirror HMD optical system design

Parameter Specifications
Full field of view/(°) 24(19.12x14.4)
Exit pupil diameter/mm 3
Effective focal length/mm 14.25
Pixel size/pum 14.1
Distance of exit pupil/mm >15

Spectral range Visible light band

Image quality >30%@35 Ip/mm
Distortion <5%

Size of the micro display 0.25 in(6.35 mm)
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Fig.6 (a) Sag map of freeform surface fitted; (b) Layout of the optical
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Tab.2 Zernike polynomial coefficients of freeform
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Fig.7 (a) Layout of the single-mirror HMD optical system after optimi-

zation; (b) Grid distortion; (¢) MTF curves of the optical system
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Tab.3 Specifications of freeform surface two-mirror

HMD optical system design

Parameters Specifications
Micro display
Micro display OLED
Size 0.61 in (12.36 mmx9.36 mm)
Resolution/pixel 800x600
Pixel size/um 15

Head-mounted display system

Structure Off-axis two-reflective system

Exit pupil diameter/mm 8
FI# 4

Distance of exit pupil/mm >30

Full field of view/(°) 28(23x16)
Performance
MTF >0.4@30 Ip/mm, with a 4 mm exit pupil
Maximum distortion <5%
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Fig.8 Layouts of freeform surface two-mirror HMD system. (a) Both
Fl and F2 are spheres; (b) Flis a freeform surface; (c) Both

F1 and F2 are freeform surfaces
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zation; (b) Grid distortion; (c) MTF curves of optical system
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Tab.4 Tolerance data for freeform surface single-mirror HMD optical system
Manufacture tolerance Alignment tolerance
Shape error PV/A Air thickness/mm Decenter X/mm Decenter Y/mm Tilt X/(°) Tilt Y/(°) Tilt Z/(°)
Ml 1/4 - £0.2 +0.2 £0.2 £0.2 0.2
x5 BHHENRHELBETELERELE S
Tab.5 Tolerance data for freeform surface two-mirror HMD optical system
Manufacture tolerance Alignment tolerance
Shape error PV/A Air thickness/mm Decenter X/mm Decenter Y/mm Tilt X/(°) Tilt Y/(°) Tilt Z/(°)
F1 1/4 £0.2 +0.2 +0.15 +0.2 £0.2 +0.2
F2 1/4 £0.2 +0.2 +0.1 +0.2 £0.2 £0.25
*6 BEHHERRHELBETLERZLENTER
Tab.6 Tolerance analysis of freeform surface single-mirror HMD optical system
Field X field/(°) Y field/(°) Theoretical MTF avg Toleranced MTF avg MTF change
1 0 0 0.378 0.368 2.7%
2 0 7.2 0.416 0.405 2.6%
3 0 =7.2 0.495 0.482 2.6%
4 6.76 0 0.407 0.401 1.5%
5 6.76 7.2 0.356 0.338 5.1%
6 6.76 -7.2 0.535 0.530 0.9%
7 9.56 0 0.455 0.438 3.7%
8 9.56 7.2 0.328 0.315 3.9%
9 9.56 -7.2 0.532 0.528 0.7%
x7 BEHHENRHELBETLERELENTER
Tab.7 Tolerance analysis for freeform surface two-mirror HMD optical system
Field X field/(°) Y field/(°) Theoretical MTF avg Toleranced MTF avg MTF change
1 0 0 0.516 0.478 7.4%
2 0 8 0.560 0.506 9.6%
3 0 -8 0.574 0.533 7.1%
4 11.5 0 0.453 0.397 12.4%
5 11.5 8 0.579 0.539 6.9%
6 11.5 -8 0.407 0.370 9.1%
7 5.75 0 0.569 0.526 7.6%
8 5.75 8 0.738 0.687 6.9%
9 5.75 -8 0.505 0.462 8.5%
2.4 TR (b) 73591 Ry XU S 1 Sk B Sk s 2 48 H A D FLL F2 2%

Xt 1 A T 2 AR AT 20 A, P11 D R rlE . B 12(c). (d) 20908 F1, F2 fE A R0EE H RN
B Sk Sk B R R AT b i TR R PEURA RGE G FERE L B R, R A ROE DG HAR N AR
FEARER I, BIR AR T YRR B 12(),  RAERG A, BB ER BN T2, AR T A hil
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Fig.11 Surface sag and slope diagram of freeform surface single-mirror HMD system. (a) Surface sag diagram of M1; (b) Surface slope diagram of M1
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Fig.12 Surface sag and slope of diagram of freeform surface two-mirror HMD system. (a) Surface sag diagram of F1; (b) Surface sag diagram of F2;
(c) Surface slope diagram of F1; (d) Surface slope diagram of F2
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