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See-through optical combiner for 
augmented reality head-mounted 
display: index-matched anisotropic 
crystal lens
Jong-Young Hong, Chang-Kun Lee, Seungjae Lee, Byounghyo Lee, Dongheon Yoo, 
Changwon Jang, Jonghyun Kim, Jinsoo Jeong & Byoungho Lee

A novel see-through optical device to combine the real world and the virtual image is proposed which is 
called an index-matched anisotropic crystal lens (IMACL). The convex lens made of anisotropic crystal 
is enveloped with the isotropic material having same refractive index with the extraordinary refractive 
index of the anisotropic crystal. This optical device functions as the transparent glass or lens according 
to the polarization state of the incident light. With the novel optical property, IMACL can be utilized in 
the see-through near eye display, or head-mounted display for augmented reality. The optical property 
of the proposed optical device is analyzed and aberration by the anisotropic property of the index-
matched anisotropic crystal lens is described with the simulation. The concept of the head-mounted 
display using IMACL is introduced and various optical performances such as field of view, form factor 
and transmittance are analyzed. The prototype is implemented to verify the proposed system and 
experimental results show the mixture between the virtual image and real world scene.

Head-mounted display for virtual reality (VR-HMD) and augmented reality (AR-HMD) have gained a lot of pop-
ularity in the recent commercial market. VR-HMD uses the floating lens to image panel located near eye at the 
desired depth. With the large field of view (FOV), large eyebox, and the simplicity of the structure, the VR-HMD 
has been commercialized, recently1, 2. Given success of VR-HMD on commercialization, there have been a lot of 
approaches to realize AR-HMD3–14. Since the AR-HMD should show the real world scene as well as the virtual 
information, AR-HMD requires optical combiner to combine the virtual information with the real world scene. 
Among them, the beam splitter (BS) is widely used in the AR application3–8. The AR-HMD using BS as optical 
combiner can provide large FOV, but the form factor of the system is bulky due to the BS. In order to make com-
pact system with BS, there are several approaches such as convex half mirror and free-form optic4, 5.

There have been several systems using diffractive optical elements (DOEs) with waveguide as optical com-
biner. Since the DOEs can control the propagation direction of the light with the diffraction effect on the grating, 
the form factor of the system can be enhanced. However, in this system, the field of view (FOV) is limited by the 
structural limitation due to the high-order noise and color separation10, 11.

In this paper, we propose the novel optical combiner, index-matched anisotropic crystal lens (IMACL) and the 
AR-HMD system which can achieve the large FOV. The lens made of the anisotropic crystal is enveloped with the 
isotropic material having same curvature of the anisotropic crystal lens. When the refractive index of the isotropic 
material is same for a certain polarization state of the anisotropic crystal lens, the IMACL functions as a transpar-
ent glass or a lens according to the polarization state of the incident light. Using this multi-functional property 
of the IMACL, we demonstrate the practical HMD application using the IMACL. The IMACL is located in front 
of the human eye and the transparent screen is located in line with the IMACL. The virtual image is polarized to 
the polarization state of lens mode in IMACL and the real world image is polarized to the polarization state of the 
glass mode in IMACL.

There have been various researches utilizing the anisotropic crystal to improve the ability of the 
three-dimensional (3D) display or HMD6, 15–18. In addition, there have also been studies to utilize the polari-
zation selectivity by matching the refractive index of certain polarization axis19–22. However, to the best of our 
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knowledge, it is the first time to utilize the index-matched anisotropic crystal lens to realize the see-through near 
eye display, especially AR-HMD.

The AR-HMD system using IMACL has the significance not only because it is an initiative study with the 
novel structure but also because the FOV and the form factor can be enhanced by the proposed system compared 
with the conventional AR-HMD system. Especially, the system using the IMACL has the structure similar to the 
VR-HMD, and the proposed system has the possibility of large FOV. In addition, since the IMACL is located in 
line with the human eye and transparent screen, the system using IMACL has a large eyebox and it does not have 
aberrations caused by off-axis system using half convex lens and free-form optics. Furthermore, the system using 
IMACL can be a promising candidate with the development of transparent flat panel like transparent OLED 
because of the similarity of the structure with the VR-HMD.

Results
Index-matched anisotropic crystal lens. Basic configuration of head-mounted system using index-
matched anisotropic crystal lens. Figure 1(a) shows the concept diagram of the VR-HMD. The floating lens is 
placed in front of the human eye and the display located near eye is floated to the desired depth. The focal length 
and the lens aperture decide the FOV and the form factor of the system23, 24 so the small focal length and large lens 
aperture are recommended. Figure 1(b) represents the conventional AR-HMDs including the systems using BS 
and DOE. The display module is located at the side part of the observer and the displayed virtual information is 
bent to the human eye by the optical combiner. The floating lens is usually located in front of display module as 
shown in Fig. 1(b), so the system has the bulky form factor.

If the AR-HMD has a structure similar to the VR-HMD, as shown in the Fig. 1(c), the compact system with 
large FOV can be realized. In order to implement the system shown in the Fig. 1(c), the transparent display or 
screen is required and the multi-function optical combiner is needed, operating as lens and glass simultaneously.

Basic concept of index-matched anisotropic crystal lens. The IMACL is proposed as the multi-function optical 
element working as glass and lens at the same time. The basic concept of the IMACL is presented in Fig. 2. The 
anisotropic crystal lens is enveloped with the isotropic material which has the same curvature of the anisotropic 
crystal lens. The refractive index of the isotropic material is matched with the smaller value of the refractive 
indices of the anisotropic crystal. In case of the positive anisotropic crystal, the isotropic material should have 
the same refractive index with the ordinary refractive index of the anisotropic crystal, and in case of the negative 
anisotropic crystal, the isotropic material should have the same refractive index with the extraordinary refractive 
index of the anisotropic crystal.

The Fig. 2(a) represents the basic structure of the IMACL. The negative anisotropic crystal is assumed 
and the R1 and R2 are the curvature radii of the anisotropic crystal lens and al is the aperture size of the aniso-
tropic crystal lens. To show the functionality of the IMACL, the incident light is assumed as parallel rays. The 
extraordinary-polarized incident rays go through the IMACL without refraction as shown in Fig. 2(b) because the 
refractive indices of isotropic and anisotropic material are same in the extraordinary-polarized light. Meanwhile, 
the IMACL operates as a lens to the ordinary-polarized incident rays, so the incident rays are focused at the focal 
plane of the IMACL as shown in Fig. 2(c). When the positive anisotropic crystal is used as lens, the basic func-
tionality is same with the Fig. 2, but the polarization state of the incident light is reversed compared with the case 
of the Fig. 2.

In fabrication step of the anisotropic crystal lens, orientation of crystal axis decides the refractive index of each 
polarization state of anisotropic crystal. The optical axis of the anisotropic crystal should be perpendicular to the 
primary direction of the incident light so that the birefringent property of the IMACL is maximized.

The focal length of IMACL is decided by lens curvature and the index difference as follows:
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Figure 1. Basic configurations of various HMDs: (a) VR-HMD, (b) conventional AR-HMD, and (c) AR-HMD 
with IMACL.



www.nature.com/scientificreports/

3Scientific RepoRts | 7: 2753  | DOI:10.1038/s41598-017-03117-w

where na and ni are refractive indices of the anisotropic crystal in lens mode and refractive index of the isotropic 
medium, respectively, and d is the thickness of the lens. As presented in Eq. (1), focal length of the IMACL is 
decided by the index difference between the two polarization states of the anisotropic crystal. Therefore, aniso-
tropic crystal having large index difference is recommended to make short focal length of IMACL, because the 
short focal length of lens guarantees the small form factor as shown in the Fig. 1.

Aberration analysis of index-matched anisotropic crystal lens. Since the AR-HMD system using IMACL merges 
the virtual information with real world scene in line, there is little aberration from off-axis configuration. 
However, since the IMACL is made of the anisotropic crystal, aberration is caused by the anisotropy. Especially, 
in case of the birefringent crystal, refractive index is different according to the angle between the crystal axis 
and the coordinate, so the astigmatism is the dominant aberration factor25. The refractive index of anisotropic 
material is generally indicated by index ellipsoid and in index ellipsoid, it is well known that the extraordinary 
refractive index varies depending on the direction of light, while the ordinary refractive index has the same 
refractive index regardless of the direction of the light. Thus, when the crystal axis of the anisotropic crystal lens 
is set to the y-direction, the focal length in the x-direction and the focal length in the y-direction become differ-
ent. There have been studies that show the index deviation induces the astigmatism of the anisotropic crystal 
lens25, 26. The astigmatism due to index deviation in extraordinary refractive index is represented in different 
types in IMACL according to the kind of anisotropic crystal. The IMACL with positive anisotropic crystal uses 
extraordinary-polarized state as lens, so the distortion is represented in lens imaging relation. On the other hands, 
the IMACL with negative anisotropic crystal uses extraordinary-polarized state as transparent glass, so the dis-
tortion is represented in see-through mode. To analyze the aberrations in IMACL, the IMACL is simulated with 
the CODE V27.

The Fig. 3 shows the point spread function (PSF) of the IMACL. Figure 3(a) shows the PSF of the IMACL 
with positive anisotropic crystal and Fig. 3(b) and (c) show the PSF of the IMACL with negative anisotropic 
crystal. The refractive indices of each polarization state are 1.2 and 1.6, respectively, and the radius of curvature 
is 45 mm. Hence, the effective focal length of the lens is formed near the 58 mm. In Fig. 3(a), a point light source 
is located 55 mm behind the IMACL and the PSF is measured in lens mode because the IMACL with positive 
anisotropic crystal uses the extraordinary-polarized state as lens mode. Figure 3(a) shows the PSF variation along 
the z-direction and it is shown that the focal plane of the x-direction is formed at the depth of 1000 mm and focal 
plane of y-direction is formed at the depth of 1800 mm. Since the anisotropic crystal in IMACL is birefringent 
material, the index deviation by the anisotropic property is only represented in y-coordinate and it induces the 
astigmatism of the lens. The distance between focal plane of x-direction and y-direction is 800 mm which is con-
siderable value in imaging system.

Figure 3(b) and (c) show the simulation results of IMACL with negative anisotropic crystal lens. In this case, 
the IMACL operates as glass in extraordinary-polarized state, so the see-through mode is simulated. In Fig. 3(b), 
the point light source is located 50 mm behind the IMACL and in Fig. 3(c), the point light source is located 
1000 mm behind the IMACL. The distance between the plane that focuses in the x-direction and the plane that 
focuses in the y-direction is only 4 mm when the point light source is located 50 mm behind the IMACL. On the 
other hand, when the point light source is located far from the IMACL about 1000 mm, the astigmatism and the 
depth distortion are negligible. In the simulation specification, the variation of the incident angle to the IMACL 
is about 20 ° where the point light source is located 55 mm from the IMACL and it causes the index deviation of 
0.068. However, in case that the point light source is located far from the IMACL, the variation of the incident 
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Figure 2. The principle of the IMACL: (a) the basic structure of the IMACL, (b) when the input polarization 
is matched to the extraordinary axis of the anisotropic crystal lens (see-through mode), and (c) when the input 
polarization is matched to the ordinary axis of the anisotropic crystal lens (lens mode).
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angle is small and the index deviation rarely affects the image formation. In the simulation specification where the 
point light source is located 1000 mm behind the IMACL, the index deviation is only 0.00002.

If the point light source is located far from the IMACL, the IMACL with positive anisotropic crystal also has 
little astigmatism. However, since we focus on the applicability of IMACL in AR-HMD, the IMACL with positive 
anisotropic crystal is simulated in condition where the virtual image is formed in long distance.

Therefore, IMACL has the small distortion when the image in the long distances is observed through the 
IMACL with the negative anisotropic crystal. Because the real world of interest is located at more than 500 mm, 
astigmatism caused by index deviation can be ignored. Hence, based on the analysis, it can be deduced that the 
negative anisotropic crystal is more suitable for implementing IMACL.

Augmented reality head-mounted display using index-matched anisotropic crystal 
lens. IMACL can be utilized in various systems due to its novel property that two optical functions can be 
performed at the same time by the polarization multiplexing. Especially, IMACL can improve various optical 
performance of the HMD with its own characteristic.

Figure 4 shows the basic configuration of the proposed AR-HMD system using IMACL. As shown in left 
part of the Fig. 4(a), rays from the real object are polarized by the extraordinary polarizer located behind the 
transparent diffuser. The extraordinary-polarized rays from the real object are not refracted by the IMACL, so the 
see-through real world information can be observed. Meanwhile, the rays from projector are ordinary-polarized 
by the polarizer and diffused by the transparent diffuser. The diffused ordinary-polarized light is focused by the 
IMACL and user can observe the floated image. As a transparent diffuser, diffuser holographic optical element 
(DHOE), index-matched diffuser, and scattering polarizer can be good candidates28–31. Among them, since the 
DHOE shows real world scene with high transmittance due to its angular selectivity, we adopt the DHOE as 
transparent diffuser in this scheme.

As shown in the Fig. 4(b), the FOV and the form factor of the AR-HMD system using IMACL are decided by 
various factors such as focal length of the IMACL (f), aperture size of the IMACL (al), eye relief (de), eyebox (ae) 
and desired floating distance (df). In general, the form factor of the AR-HMD system is related to the projection 
module and the thickness of the optical combiner. In this paper, the thickness of the optical combiner does not 
refer to the thickness of the IMACL itself, but to the distance between IMACL and the DHOE which is the mini-
mum distance for the IMACL to float image to desired depth. Since the proposed system succeeds the structure of 
the VR-HMD, the FOV definition of the system is similar with that of the VR-HMD. When the eye relief and the 
eyebox are given by the target specification, the virtual information area (af) is decided and the FOV of the system 
is also decided as shown in the Fig. 4(b). The FOV is presented as follows:

b

a

c

Figure 3. The aberration analysis of IMACL: (a) shows the PSF of the IMACL with positive anisotropic crystal 
when the point light source is located 55 mm behind the IMACL. (b) and (c) show the PSF of the IMACL with 
negative anisotropic crystal where the point light source is located 50 mm and 1000 mm behind the IMACL, 
respectively.
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The size of the display should be designed to cover full FOV which is decided in Eq. (4). The size of the display 
is deducted by the lens makers’ law as presented in Eq. (6).
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where di is distance between the DHOE and the IMACL (thickness of optical combiner) and ai is size of the 
display.

Figure 5 visualizes the key factors of the proposed AR-HMD such as FOV, thickness of combiner and required 
display size based on above equations. The eye relief (de) of 10 mm and the floating depth (df) of 1000 mm are 
assumed. Figure 5(a) shows the minimum focal length according to the lens aperture and index difference. As 
shown in the Fig. 5(a), high index difference is required to implement IMACL having short focal length. The 
minimum focal length represents the focal length of the IMACL when the radius of curvature of the IMACL 
is half of the lens aperture like ball lens. Therefore, as shown in Fig. 5(a), since large lens aperture induces large 
radius of curvature, minimum focal length becomes small. However, in the case of ball lens with minimum focal 
length, it is necessary to design a lens with a larger radius of curvature in practice, because it distorts the image 
severely due to aberrations. Figure 5(b) shows the relationship between lens aperture and FOV for various eyebox 
based on Eq. (4). As shown in Eq. (4), the FOV of the proposed system is determined by the lens aperture and 
the eyebox. The FOV is in trade-off relation with the eyebox, and the large lens aperture guarantees wide FOV. 
The eyebox is area where the image from display can be seen without loss when the human eye is placed on the 
eye relief as shown in Fig. 4(b). Therefore, when the eyebox of the system is set wide, the FOV decreases because 
the active area of the display which can provide the image to the human eye becomes narrow. Figure 5(c) and (d) 
show the size of the display required to obtain the full FOV and the distance between the IMACL and the DHOE 
required to float the image at the desired depth according to the focal length of the IMACL. The display size pre-
sented in Fig. 5(c) is the value required to obtain the maximum FOV. If the display size becomes smaller than this 
value, FOV of the system becomes lower. The maximum size line (blue line) in Fig. 5(c) represents the limit of 
the display size required not to overlap with the display for the other eye. Figure 5(d) shows the thickness of the 

Figure 4. Schematic diagram of AR-HMD system using IMACL: (a) left eye shows transparent mode of the 
IMACL and right eye shows the lens mode of the IMACL, and (b) the principle of the FOV of AR-HMD system 
using IMACL.
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combiner according to the focal length. In general, for an AR-HMD that reproduces images at a distance of 1 m 
or more, the combiner thickness has a value similar to the focal length.

Therefore, at a given eye relief and desired floating depth, the FOV of the proposed system is in a trade-off 
relationship with the eye box and increases as the size of the lens aperture increases. Meanwhile, under certain 
lens apertures, the focal length of IMACL is determined by the index difference. The focal length determines the 
display size and the thickness of optical combiner that are related to the form factor of the system. Thus, short 
focal length is required to achieve small display size and optical combiner thickness. Therefore, the performance 
of the proposed system is maximized when IMACL has large lens aperture and short focal length, which are 
obtained from anisotropic crystal with high index difference. Thus, the proposed system requires the anisotropic 
crystal with high index difference.

The red point and the green point are examples of the proposed system. The red point is an example used as 
a test bed in this paper and the green point is an example of ideal case. For the red point, we assumed an IMACL 
with a lens aperture of 20 mm and a focal length of 45 mm at index difference of 0.17. This allows the system to 
have FOV of 90 ° when the eyebox is 0 mm and FOV of 53 ° when the eyebox is 10 mm. The display size required 
to implement the system with eyebox of 10 mm and FOV of 53 ° is 44 mm and the thickness of the optical com-
biner is 43 mm. For the green point, we assumed an IMACL with a lens aperture of 30 mm and a focal length of 
40 mm at index difference of 0.3. This allows the system with FOV of 112 ° when the eyebox is 0 mm and FOV of 
90 ° when the eyebox is 10 mm. The display size required to implement the system with eyebox of 10 mm and FOV 
of 78 ° is 38 mm and the thickness of the optical combiner is 43 mm.

The transmittance of the whole system is decided by the transmittance of the polarizer, the DHOE, and the 
IMACL. Among those, the DHOE has high transmittance over 0.9 and IMACL also has the transmittance over 
0.8 to the polarized incident light, so the AR-HMD system using IMACL can provide bright real world scene.

Experimental setup and results. Implementation of IMACL. The IMACL is fabricated with calcite 
(CaCO3) in our experiment which is the representative negative anisotropic crystal. There are various birefrin-
gent materials of high index difference including liquid crystal and titanium dioxide (TiO2) from 0.3 to 0.4, but 
in this paper, we use the calcite for verification of the proposed concept, which is easy to fabricate. The calcite 
is immersed in the index matching liquid to implement the IMACL and the refractive index of index matching 
liquid is 1.486 which is equal to the extraordinary refractive index of the calcite.

As following the Eq. (1), the focal length of the IMACL is calculated to be 42 mm and the measured focal 
length of IMACL is 45 mm. The detailed specification of fabricated IMACL is presented in Table 1.
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Figure 5. System performance of the AR-HMD system using IMACL: (a) Minimum focal length according to 
the index difference and lens aperture, (b) FOV according to the aperture size and eyebox, (c) required display 
size to have maximum FOV according to the focal length and lens aperture, and (d) the thickness of combiner 
according to the focal length.
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See-through head-mounted display using index-matched anisotropic crystal lens. Figure 6 represents the exper-
imental setup of the proposed see-through HMD display. As a transparent screen, the DHOE is adopted and 
light from the projector is collimated to coincide the reconstruction condition with the recording condition. The 
detailed specification of the experimental setup is presented in Table 2.

The distance between IMACL and DHOE is about 43 mm, so the projected image on the DHOE is floated 
on the 1000 mm away from the IMACL. Figure 7 shows the visualization results with see-through HMD display 
using IMACL. The dashboard, dices, stripes, and plane are augmented to the real object. The images are floated 
on the plane of the real object which is 1000 mm away from the observer. The four upper images with dices, 
dashboard, plane and stripes are captured by the camera (iPhone 7, Apple) and the camera is located in eye relief 
(10 mm). The video is also presented to show the feasibility of our prototype (Supplementary Video 1). With the 
DHOE and the IMACL, the full color virtual information is reconstructed. To show the floated image clearly, 
we show the virtual information (VI) by blocking the real world scene as well as the merged image. Two bottom 
images with letters are captured by the charge-coupled device (CCD) with lens of narrow depth of field to show 
the position of the virtual information. The real objects (red car, letters ‘H’ and ‘D’) are located in 1000 mm away 
from IMACL. The virtual information and the real object have almost same blurring effect and they are focused 
identically.

Lens specification Value

Diameter (al) 20 mm

Radius of curvature (R1, R2) 14.98 mm

Thickness of the lens (d) 10.64 mm

Extraordinary refractive index of lens (ne) 1.486

Ordinary refractive index of lens (no) 1.658

Refractive index of isotropic material 1.486

Table 1. Specification of implemented IMACL.

Projection module

Real object

CCD IMACL

DHOE

Polarizer

Figure 6. Experimental setup of proposed AR-HMD system using IMACL.

System specification Value

Resolution of the projector 1920 (H) × 1080 (V) mm

Thickness of the optical combiner 43 mm

Display(DHOE) size (eyebox of 0 mm) 87 mm (required), 50 mm (experiments)

Display(DHOE) size (eyebox of 10 mm) 44 mm (required), 50 mm (experiments)

FOV (eyebox of 0 mm) 90 ° (achievable), 60 ° (experiments)

FOV (eyebox of 10 mm) 53 ° (achievable), 53 ° (experiments)

Transmittance 31%

Table 2. Specification of proposed AR-HMD system using IMACL.
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Figure 7. Experimental results of proposed AR-HMD system using IMACL. The dashboard, dices, stripes and 
planes are captured by the cell phone camera (Supplementary Video 1). The augmented reality image (AI) is 
shown and the original image (OI) and the virtual image (VI) only are also shown. The letters are captured by 
the CCD. The real world scene (RS) and the blurred image (BI) are shown. The rendered airplane image has 
free license for personal and commercial use and publicly available on the website: http://www.cadnav.com/3d-
models/model-28772.html. The rendered dices image is under the Creative Commons Attribution-Share Alike 
3.0 Unported license (https://creativecommons.org/licenses/by-sa/3.0/deed.en) and publicly available on the 
website: https://en.wikipedia.org/wiki/File:PNG_transparency_demonstration_1.png.

Collimated laser beam

Beam splitter

Reference wave

Signal wave

Photopolymer

Diffuser

Figure 8. Recording experimental setup of DHOE.
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As shown in Fig. 5(c), the display size is important to provide the maximum FOV of the proposed system. The 
display size depends on the size of the projected image and the size of DHOE. In our laboratory environment, 
the maximum recording size of the DHOE is about 50 mm, and the maximum size of projected image from the 
projector is also about 50 mm. Since Fig. 7 is captured at a fixed camera position (eyebox of 0 mm), the display size 
for FOV of 90 ° should be at least 87 mm. However, as the display size and projected area are limited to 50 mm, 
the FOV of our prototype is limited to 60 °. On the other hand, the maximum FOV is 53 ° with required DHOE 
size of 43 mm when the eyebox is 10 mm. In other words, our experimental prototype has the limitation to show 
the maximum FOV when the camera is fixed (eyebox of 0 mm), but it has enough display size for the eyebox of 
10 mm.

As presented above, since the AR-HMD system using IMACL is similar with the VR-HMD, the IMACL will 
become worthy of notice with the development of the transparent display. The concept of the flat panel type 
AR-HMD system is also proposed and the feasibility of the system is shown in Supplementary document.

Discussion
The novel optical combiner which is called IMACL to realize the AR-HMD has been proposed. The IMACL 
is made of the anisotropic crystal lens enveloped with the isotropic material. Hence, the IMACL can be 
a multi-function optical element according to the polarization state. Because of the property of the IMACL, 
the IMACL can be located in line with the human eye as optical combiner. Therefore, we have proposed novel 
AR-HMD structure using IMACL. With the proposed AR-HMD system, the large FOV can be realized. We 
have verified the proposed idea with the prototype. The calcite is used as anisotropic crystal and the FOV of the 
prototype reaches up to 60. It is expected that the study about AR-HMD system using IMACL will be adopted 
significantly to have large FOV and small form factor.

Methods
Diffuser holographic optical element. The DHOE provides an image in the proposed system as a trans-
parent screen without losing transparency30, 31. A photopolymer (HX film provided from Covestro AG) is used 
for holographic material and red (Cobolt Flamenco, 660 nm), green (Coherent Verdi, 532 nm), and blue (Spectra-
Physics Excelsior, 473 nm) lasers are used to realize the full color DHOE with the wavelength multiplexing. The 
recording setup of the DHOE is presented in Fig. 8.

Figure 9. Measured luminance distribution of (a) DHOE with diffusing angle of 10 ° and (b) DHOE with 
diffusing angle of 60 °.

Figure 10. Transmittance of the optical devices.
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In our prototype, the diffusing angle of 26 ° is required for light from DHOE at a distance of 43 mm to cover 
lens aperture of 20 mm. Also, the DHOE of 44 mm is needed to provide system with eyebox of 10 mm and FOV 
of 53 °, and in this case, diffusing light at the edge of the DHOE requires a diffusing angle of about 62 ° to cover 
the whole eyebox. Therefore, we record DHOE using a diffuser with a diffusing angle of 60 °. To verify the effect 
of diffusing angle of DHOE on the performance of the system, we record DHOEs with diffusing angle of 10 ° and 
60 °. The luminance distributions of each diffuser are measured at the position of the eye relief in the proposed 
system using luminance meter (Konika Minolta, CA-210) as shown in Fig. 9.

The luminance of this system is measured by moving a luminance meter with interval of 1 mm. The aperture 
size of the luminance meter is 1 mm and a white image is projected on the DHOE. The DHOE with diffusing 
angle of 10 ° shows nonuniform luminance distribution because the diffusing light from the DHOE does not 
sufficiently cover the lens aperture shown in Fig. 9(a). On the other hand, as shown in Fig. 9(b), the DHOE with a 
diffusing angle of 60 ° can obtain uniform luminance distribution. Luminance varies less than 10 percent within 
the eyebox of 10 mm which is target specification of prototype. The DHOE with diffusing angle of 60 ° provides 
uniform luminance distribution, but it has lower intensity of diffusing light than that of DHOE of 10 ° due to its 
wide diffusing angle. However, in general, since the intensity of the projector is bright enough, the it is sufficient 
to provide augmented virtual information to real world scene using the DHOE with diffusing angle of 60 °.

Transmittance of optical devices. The transmittance of the optical devices is measured with the spec-
trometer (Oceanoptics, USB4000-VIS-NIR-ES) as presented in Fig. 10. Figure 10 includes the transmittance of 
the optical devices of flat panel type AR-HMD system in Supplementary document as well as prototype in this 
paper. The moving average values of transmittance are presented for clear recognition. TBL is the transparent 
backlight, and PR is polarization rotator. The transmittance of the IMACL is measured for the polarized light and 
one polarizer of the SLM is detached because the polarization rotator has linear polarizer in it.

References
 1. Oculus VR, LLC., Oculus rift. https://www.oculus.com/rift/ (Date of access:06/04/2017) (2015).
 2. Samsung Electronics, Ltd., Samsung Gear VR. http://www.samsung.com/global/galaxy/gear-vr/ (Date of access: 06/04/2017) (2015).
 3. Meta Vision, Co., Meta Vision. http://www.metavision.com (Date of access: 06/04/2017) (2015).
 4. Hu, X. & Hua, H. Design and assessment of a depth-fused multi-focal-plane display prototype. Journal of Display Technology 10, 

308–316 (2014).
 5. Hua, H. & Javidi, B. A 3d integral imaging optical see-through head-mounted display. Optics express 22, 13484–13491 (2014).
 6. Lee, C.-K. et al. Compact three-dimensional head-mounted display system with savart plate. Optics Express 24, 19531–19544 (2016).
 7. Fisher, R. W., Evans & Sutherland Computer, Corp. Head-mounted projection display system featuring beam splitter and method of 

making same. United States Patent US 5,572,229. Nov. 05 1996.
 8. Cheng, D., Wang, Y., Hua, H. & Talha, M. Design of an optical see-through head-mounted display with a low f-number and large 

field of view using a freeform prism. Applied optics 48, 2655–2668 (2009).
 9. Microsoft, Co., Microsoft HoloLens. https://www.microsoft.com/microsoft-hololens/en-us (Date of access: 06/04/2017) (2014).
 10. Levola, T. Diffractive optics for virtual reality displays. Journal of the Society for Information Display 14, 467–475 (2006).
 11. Levola, T. 7.1: Invited paper: Novel diffractive optical components for near to eye displays. In SID Symposium Digest of Technical 

Papers vol. 37, 64–67 (Wiley Online Library 2006).
 12. Li, G., Lee, D., Jeong, Y., Cho, J. & Lee, B. Holographic display for see-through augmented reality using mirror-lens holographic 

optical element. Optics letters 41, 2486–2489 (2016).
 13. Ando, T., Yamasaki, K., Okamoto, M. & Shimizu, E. Head-mounted display using a holographic optical element. In Photonics 

West’98 Electronic Imaging 183–189 (International Society for Optics and Photonics 1998).
 14. Maimone, A. et al. Pinlight displays: wide field of view augmented reality eyeglasses using defocused point light sources. In ACM 

SIGGRAPH 2014 Emerging Technologies 20 (ACM 2014).
 15. Lee, C.-K., Park, S.-G., Moon, S. & Lee, B. Viewing zone duplication of multi-projection 3d display system using uniaxial crystal. 

Optics express 24, 8458–8470 (2016).
 16. Love, G. D. et al. High-speed switchable lens enables the development of a volumetric stereoscopic display. Optics express 17, 

15716–15725 (2009).
 17. Park, C.-K., Lee, S.-S. & Hwang, Y.-S. Depth-extended integral imaging system based on a birefringence lens array providing 

polarization switchable focal lengths. Optics express 17, 19047–19054 (2009).
 18. Fiala, W. J, Allergan, Inc. Multifocal birefringent lens system. United States Patent US 4, 981, 342 1991 Jan. 01.
 19. Nieuborg, N., Kirk, A., Morlion, B., Thienpont, H. & Veretennicoff, I. Polarization-selective diffractive optical elements with an 

index-matching gap material. Applied optics 36, 4681–4685 (1997).
 20. Ruffieux, P., Scharf, T. & Herzig, H. P. Polarization sensitive diffuser. In Photonics Europe 69920N–69920N (International Society 

for Optics and Photonics 2008).
 21. Wang, C. et al. Anisotropic wet etching on birefringent calcite crystal. Applied Physics A 81, 851–854 (2005).
 22. Shestak, S., Kim, T.-h. & Kim, D.-S. Screen for projection-type 3d image and projection system having the same. US Patent App. 

11/449, 762 (2006).
 23. Robinett, W. & Rolland, J. P. A computational model for the stereoscopic optics of a head-mounted display. Presence: Teleoperators 

& Virtual Environments 1, 45–62 (1992).
 24. Fischer, R. E. Fundamentals of HMD optics (McGraw-Hill, New York 1997).
 25. Lesso, J. P., Duncan, A. J., Sibbett, W. & Padgett, M. J. Aberrations introduced by a lens made from a birefringent material. Applied 

optics 39, 592–598 (2000).
 26. Gajdátsy, G. & Erdélyi, M. Analysis of focus distortion based on birefringence. Journal of Optics A: Pure and Applied Optics 9, 982 

(2007).
 27. Optical solutions. CODE V: Optical Design Software. Synopsys, Pasadena, California URL https://optics.synopsys.com/codev/.
 28. Hong, J.-Y. et al. See-through multi-projection three-dimensional display using transparent anisotropic diffuser. Optics Express 24, 

14138–14151 (2016).
 29. Hong, J. et al. 3d/2d convertible projection-type integral imaging using concave half mirror array. Optics Express 18, 20628–20637 

(2010).
 30. Yeom, J. et al. Reflection-type integral imaging system using a diffuser holographic optical element. Optics Express 22, 29617–29626 

(2014).
 31. Yeom, J. et al. Three-dimensional/two-dimensional convertible projection screen using see-through integral imaging based on 

holographic optical element. Applied Optics 54, 8856–8862 (2015).

https://www.oculus.com/rift/
http://www.samsung.com/global/galaxy/gear-vr/
http://www.metavision.com
https://www.microsoft.com/microsoft-hololens/en-us
https://optics.synopsys.com/codev/


www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 2753  | DOI:10.1038/s41598-017-03117-w

Acknowledgements
The rendered airplane image has free license for personal and is commercial use and publicly available on 
the website: http://www.cadnav.com/3d-models/model-28772.html. The rendered dices image is under the 
Creative Commons Attribution-Share Alike 3.0 Unported license (https://creativecommons.org/licenses/by-
sa/3.0/deed.en) and publicly available on the website: https://en.wikipedia.org/wiki/File:PNG_transparency_
demonstration_1.png. The authors acknowledge the support by Covestro AG, (formerly, Bayer MaterialScience 
AG) for providing the photopolymer Bayfol HX film used for recording the DHOES. This research was supported 
by’The Cross-Ministry Giga KOREA Project’ of The Ministry of Science, ICT and Future Planning, Korea. 
[GK16D0200, Development of Super Multi-View (SMV) Display Providing Real-Time Interaction].

Author Contributions
J.-Y.H. conceived the ideas and performed the simulations. J.-Y.H., C.-K.L., S.L., B.L., D.Y., J.K., and J.J. executed 
the experiments. J.-Y.H. and C.J. analyzed the results. B.L. initiated and supervised the project. All of the authors 
discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03117-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://www.cadnav.com/3d-models/model-28772.html
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://en.wikipedia.org/wiki/File:PNG_transparency_demonstration_1.png
https://en.wikipedia.org/wiki/File:PNG_transparency_demonstration_1.png
http://dx.doi.org/10.1038/s41598-017-03117-w
http://creativecommons.org/licenses/by/4.0/

	See-through optical combiner for augmented reality head-mounted display: index-matched anisotropic crystal lens
	Results
	Index-matched anisotropic crystal lens. 
	Basic configuration of head-mounted system using index-matched anisotropic crystal lens. 
	Basic concept of index-matched anisotropic crystal lens. 
	Aberration analysis of index-matched anisotropic crystal lens. 

	Augmented reality head-mounted display using index-matched anisotropic crystal lens. 
	Experimental setup and results. 
	Implementation of IMACL. 
	See-through head-mounted display using index-matched anisotropic crystal lens. 


	Discussion
	Methods
	Diffuser holographic optical element. 
	Transmittance of optical devices. 

	Acknowledgements
	Figure 1 Basic configurations of various HMDs: (a) VR-HMD, (b) conventional AR-HMD, and (c) AR-HMD with IMACL.
	Figure 2 The principle of the IMACL: (a) the basic structure of the IMACL, (b) when the input polarization is matched to the extraordinary axis of the anisotropic crystal lens (see-through mode), and (c) when the input polarization is matched to the ordin
	Figure 3 The aberration analysis of IMACL: (a) shows the PSF of the IMACL with positive anisotropic crystal when the point light source is located 55 mm behind the IMACL.
	Figure 4 Schematic diagram of AR-HMD system using IMACL: (a) left eye shows transparent mode of the IMACL and right eye shows the lens mode of the IMACL, and (b) the principle of the FOV of AR-HMD system using IMACL.
	Figure 5 System performance of the AR-HMD system using IMACL: (a) Minimum focal length according to the index difference and lens aperture, (b) FOV according to the aperture size and eyebox, (c) required display size to have maximum FOV according to the f
	Figure 6 Experimental setup of proposed AR-HMD system using IMACL.
	Figure 7 Experimental results of proposed AR-HMD system using IMACL.
	Figure 8 Recording experimental setup of DHOE.
	Figure 9 Measured luminance distribution of (a) DHOE with diffusing angle of 10 ° and (b) DHOE with diffusing angle of 60 °.
	Figure 10 Transmittance of the optical devices.
	Table 1 Specification of implemented IMACL.
	Table 2 Specification of proposed AR-HMD system using IMACL.




