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ABSTRACT
We present a varifocal system for generating consistent accommodation cues and providing prescription correction in
Virtual Reality Head-Mounted Displays (VR HMDs). The proposed approach mitigates the Vergence-Accommodation
Conflict (VAC), a fundamental cause of discomfort in today’s VR, and eliminates the need for corrective eyeglasses inside
head-mounted displays. We augment traditional objective lenses with a focus-adjustable optical system based on Alvarez
lenses, and demonstrate a proof-of-concept integration into a commercial mobile VR headset. This paves the way to lighter,
thinner, and more comfortable headsets, enabling the prolonged use of VR with minimal visual discomfort.
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1. INTRODUCTION
1.1 Vergence Accommodation Conflict
Virtual Reality headsets available today tend to introduce significant visual fatigue and discomfort. Eye-strain, blurred or
double vision, nausea and headaches are common symptoms associated with the prolonged use of head-mounted displays.
Vergence and accommodation are important and coupled oculomotor cues in natural vision. Vergence describes the process
in which eyeballs rotate to fixate on an object of interest, while accommodation brings the object of interest into focus by
adjusting the shape of the eye lens. Stereoscopic head-mounted displays trigger vergence by presenting slightly different
images to the left eye and right eye, whereas the accommodative stimulus remains fixed at the distance of screen. This
results in a sensory conflict known as the vergence-accommodation conflict. In such head-mounted displays, the
combination of vergence and accommodation triggered by typical stimuli frequently falls outside the zone of comfort 3, 4,
triggering asthenopia (visual discomfort).

Figure 1 Comfort limits derived from acceptance limits on prism, from use in eyewear3, 4

* Corresponding Author: Dr Rob Stevens: rob.stevens@in.adlens.com; tel: +44 1865 980 400; in.adlens.com

The vergence-accommodation conflict is extensively described in the research literature as a long-lasting problem in
stereoscopic displays5, 6. Research has shown that this conflict contributes to degraded depth perception, to visual fatigue,
and to discomfort, especially when using such displays over extended periods. Some studies isolated the effect of the
vergence-accommodation conflict, demonstrating that it affects vergence dynamics, increases the time required to fuse
stimuli and alters depth perception7-9. Software-only solutions, such as gaze-contingent rendering which dynamically blurs
the displayed image according to the user’s gaze to simulate depth of field, do not trigger the natural accommodation
response and were not shown to improve perception and comfort 10.
As a response to this problem, the industry has typically placed the burden into the hands of the content creators. Stringent
guidelines for content creation recommend placing objects in the virtual environment at a distance close to the
accommodation distance in the headset, moving objects in and out slowly, and preventing the user from bringing objects
too close. This hinders tasks such as near object manipulation and interaction within arm’s length, which rules out a number
of use cases for Virtual Reality.
Solving the vergence-accommodation conflict would potentially simplify content creation by lifting these barriers, open
the door to new applications by enabling focus on close objects and more accurate depth perception, and reduce overall
user discomfort while enabling the use of VR for extended periods.
1.2 Correction of Refractive Error
Refractive error is commonplace, and in developed nations the most common solution is eyeglasses: In the USA today,
around two-thirds of adults wear eye-glasses11. Eyeglasses may additionally be worn to correct presbyopia, or conditions
such as asphakia. Compatibility with eyeglasses has long been an issue with HMDs as their variable form and power can
cause discomfort, and a poor optical experience, and can occasionally be completely incompatible with the HMD. The
need to permit eyeglasses beneath a headset requires allowance of larger vertex distances between the eye and objective
lens for all users, and more tolerant eye-box designs that allow for the power of lenses that may be being worn. In
conclusion, comfort and optical experience may be improved by provision of refractive error correction within the HMD
itself. Such correction may indeed be part of the optical system optimisation of the headset, by design.
What does it take to correct refractive error (aka Rx, or optical prescription) for a significant fraction of the population?
For optical comfort and acuity, one must consider the factors to be corrected as follows: fitment and centration, spherical
power error, astigmatism (aka cylinder) and axis. Whilst partial solutions are possible, there is always a compromise with
the populations served.
Refractive error has been surveyed by many authors12-44, and this has shown significant variations geographically and with
age. Rather than review their individual approaches and conclusions, the authors have pooled their data and offer the
following summary statistics in the key factors identified.
Figure 2 shows the distribution of inter pupillary distance (IPD) in the US for dispensing into distance eyewear. The
distribution is ~20mm wide, where ~12mm about 63mm captures 90% of population. We observe that older Asian
populations exhibit disparity between male and female IPDs that is still wider than this.

Figure 2: Distribution of inter-pupillary distance. Note: peaks at 60 and 65mm show tendency to prescribe in round values.

Figure 3 shows the distribution of nearest-equivalent spherical refractive error for the USA. The dark blue areas show
those adopting refractive error correction: positive powers for the correction of hyperopia (possibly some presbyopia), and
negative powers for the correction of myopia. The distribution extends significantly more myopically than hyperopically,
a trend that becomes significantly more extreme as the data is cut from west to east. Progressive myopia in China has been
recognized as a severe problem38, 39, 41, 42. The distribution extends over more than 20 dioptres, but a range of 12 dioptres
captures >90% of the population, although not necessarily with the same power in each eye!

Figure 3: Distribution of spherical prescription in the USA. The range -6D to +4D comprises about 90% of all prescriptions.

Finally, Figure 4 shows the distribution and cumulative rate of astigmatism. Whereas low astigmatism may go uncorrected,
for prescription cylinder of >0.5D, lenses are often prescribed and the correction or lack of it noted by the user. The
distribution of astigmatism is far narrower than spherical refractive error, and 90% capture may be achieved with ~2D of
cylinder. Some have noted an increased rate of high astigmatism correlating with high spherical refractive error.

Figure 4: Distribution of cylinder prescription (axis not shown) 90% of prescriptions are found at 2D or lower.

We have quoted these summary statistics independently, however they are not independent variables. For example, the
significance and tolerance of IPD correction increases significantly with spherical refractive error due to the prism induced
with decentered lens systems45. Whilst this can be corrected at the display level, it must be noted that the effect is more
severe at high powers. A fuller review of prescription lens fitting can be found in Jalie46.

2. REVIEW OF PRIOR WORK
2.1 Recent varifocal approaches
Multiple approaches for mitigating the vergence-accommodation conflict have been explored in the literature, and have
been extensively reviewed 47, 48. Table 1 presents a summary of different approaches.

Table 1: Comparison of methods for mitigating VAC. Adapted from Matsuda et al.2

Accommodation-invariant displays aim to mitigate the vergence-accommodation conflict by extending the depth of field
and removing the accommodation-dependent change in retinal blur 49-51. Despite successfully stimulating disparity-driven
accommodation, recent experiments using such displays did not uncover any significant impact on visual discomfort or
fatigue 49.
Light-field displays sample light rays across multiple directions52-54 enabling full parallax in 3D virtual environments, but
face significant resolution and computational challenges.
Multifocal displays create a stack of discrete focal planes by sampling projections of the scene at different depths. Such
displays may be implemented with beam splitters7 or by temporally multiplexing focus-tuneable optics55-58. Both
approaches become challenging as the number of focal planes increases; at least three focal planes would be required to
cover an accommodation range of 2 dioptres, as described by Akeley et al.7.
Varifocal displays, by contrast, have a single focal plane, which is moved according to the region observed by the user.
Existing varifocal approaches adjust the focal distance of single plane displays based on the point of regard59, 60, but suffer
from a low field of view when using electronically tuneable-lenses10, 61, 62. Other approaches rely on mechanically actuated
or deformable optical elements to offer a wider field of view, at the expense of a large form factor 63-65. Konrad et al. and
Koulieris et al.62, 66 show that adaptive lenses have a substantial effect on the accommodative response and can increase
user comfort. They use electronically tuneable lenses with a limited aperture with about 30 degree field of view. Lemnis
have shown an integrated VR system with a compact form factor where an automated optomechanical system replaces
traditional lenses and enables independent dynamic adjustment of focus for each eye 1, 67.
In the short term, while various approaches can be an effective solution to the vergence-accommodation conflict in headmounted displays only varifocal approaches maintain high resolution, wide field of view, high image quality and wide eye
box with today’s technology (Table 1).
The main challenges for varifocal displays include the need for focus-tuneable optics and accurate eye tracking. Multiple
types of optical systems are compared in Stevens et al.68 and this paper focuses on the use of Alvarez lenses as described
in 3.2. Eye tracking itself has been substantially explored in academia and the industry, and is touted as a significant feature
likely to be integrated into future headsets. While the retinal blur generated by varifocal approaches is physically correct
only in the vicinity of the observed region, gaze-contingent blur can be used in the periphery to approximate perceptuallycorrect blur.

2.2 Adjustable Lens Technology
There are several possible technologies for adjustable lenses for HMD applications which include telescopes, fluid lenses,
Alvarez lenses and liquid crystals68. Please see Table 2 for a comparison of the different properties, optical and physical,
of the different lens technologies.
Telescopes are a simple, proven technology; however, they are heavy, bulky and are not designed for the wide fields of
view found in a VR device. The adjustment mechanism requires lenses to travel along the optical axis meaning they are
not well suited to compact HMDs. The use of folded optics has been suggested69 but the use of polarising optics to achieve
this means that most of the display light (75%) is lost.
Fluid-membrane lenses are promising because they can be made almost as thin as a singlet lens. Although fluid lenses are
typically circular it is possible to generate non-round lens shapes70, 71. The response time of a fluid lens can be in the order
of 100Hz, up to a few kHz, but this is dependent of the design of the lens, particularly the tension and modulus of the
membrane68, and how quickly it can dampen transient modes as the fluid is moved. Unfortunately maintaining a good
surface profile on the membrane requires careful engineering and materials understanding so these lenses are quite
expensive to produce.

Table 2: Comparison of adjustable lens technologies, updated from Stevens et al.68

Liquid crystal lenses have been given significant interest in this area 72, 73. They can be made very thin and, since they’re
electronically controlled, should mesh well with the existing controls in a VR headset. However, they are not yet a
commercially viable technology; there are some quite severe fundamental limitations in regard to the size of the active
area, desired optical power and response time. For example, current LC lenses can switch power by 3D in 100ms but only
over a diameter of approximately 20mm. For this size of lens to be useful eye-tracking is required to position the active
area of the LC in front of the Line of Sight and this brings additional complications to any potential solution.

Alvarez lenses are adjusted by translating the two saddle-shaped lens elements in a direction perpendicular to the optical
axis74, 75. As solid lenses they can be produced cost effectively by injection moulding and, once the surface form is
generated, can be edged to any eye-shape. The power range for Alvarez lenses depends on the amount of travel available,
this is somewhat counter to the impetus to reduce the size of VR headsets, but current headsets have enough space to
accommodate power ranges to compensate for VAC if not full prescriptions, see Table 3 (later). Typical concerns with
Alvarez lenses in ophthalmic applications are related to the unusual surface shape and optical aberrations seen in the nonoverlapping areas. When used within a VR headset the lenses would be enclosed and behind the aperture of the main
objective lens which negate these disadvantages.

3. SYSTEM REQUIREMENTS
3.1 Varifocal Method
The proposed varifocal approach aims to adjust the focus in a head-mounted display dynamically, based on the distance
of the observed objects and the refractive characteristics of the user.
The varifocal platform is centred on two software components: one for dynamically estimating the optimal focus for any
frame to be displayed, and one for adjusting the stereoscopic rendering of the virtual environment. In addition, it leverages
on two essential modules combining software and hardware: an eye tracker to estimate the gaze direction, and an adaptive
optics module to adjust the focus. Figure 5 illustrates the main components of the system.

Figure 5: The components in a varifocal VR platform

A binocular eye tracking module is used to estimate the gaze direction of the user for each eye, along with an approximate
vergence distance. We developed a video-based eye tracker to track the gaze using infrared cameras placed inside the
headset and infrared LEDs. A key assumption is that, since vergence and accommodation are coupled in natural viewing,
the vergence can be used to determine the optimal focus.
The proposed dynamic focus estimation combines the eye tracking results with a content-aware image analysis routine to
infer the depth of the observed object in the virtual environment. This computational approach mitigates the noise on the
vergence distance that would otherwise be obtained by directly combining two monocular gaze directions. The observed
depth can then also be offset according to the user’s eyeglasses prescription, leading to an optimized focus distance that
enables a sharp and comfortable viewing experience without eyeglasses. This process allows the system to account for
myopia, hyperopia, or presbyopia. The user’s prescription can be either entered directly1 if it is known or measured with
an alternative method such as shown by Laffont et al76.
The estimated target focus distance is then transmitted to an adaptive optics module, which controls the actuation
mechanism responsible for setting the focus inside the headset. While the proposed system can incorporate various types
of adaptive optics, in this paper we focus on the use of the Alvarez lenses described in 3.2, together with a closed-loop
control system described in 3.7.
If no care is taken, the change in focus introduced by the adaptive optics module would lead to a change in the magnification
perceived by the user. An optimized varifocal rendering pipeline dynamically modifies the rendered images of the VR

environment, in parallel with the change in optical focus, in order to maintain a constant perceived image size and eliminate
distortions. In addition, gaze-contingent depth-of-field blur may be applied on the rendered images to approximate retinal
blur.
Finally, the rendered images are transmitted and presented on a stereoscopic display, which typically consists of one or a
pair of liquid crystal or OLED panels. The proposed approach is oblivious to the choice of displays used and does not
require the panels to be actuated, thus simplifying the integration into existing headsets.

In the remainder of this section, we describe some of the challenges involved in designing an adaptive optics module based
on Alvarez lenses together with an appropriate control system.

3.2 Alvarez Lenses
Invented in the late 1960s by Luis Alvarez74, 75 they are composed to two complimentary saddle shape parts (see Figure 6).
The optical power of the lens changes with the relative displacement of the two parts. Due to the difficulties in
manufacturing such aspheric shapes and limited optical design software they did not receive much interest at the time, but
they were used by Humphrey (now Zeiss) in the Vision Analyser and by Polaroid in the Instamatic Camera.

Figure 6: Cross-section of an Alvarez lens. As the thinner sections are moved together the lens power becomes more negative, if the
thicker sections are moved towards each other the lens becomes more positive.

The basic form of an Alvarez lens is given by the following equation:
𝑧 = 𝐴(

𝑥3
+ 𝑥𝑦 2 ) + 𝐷𝑥 + 𝐸 + ⋯
3

Where z is the surface sag, A is a coefficient related to the ratio of power range to lens travel, D is a tilt term used to
minimise the sag over a given area and E is a constant representing the thickness at the centre of the lens.
If the two lens parts are displaced along the x-axis by ±δ then the total thickness, t, of the combined lens is:
2
𝑡 = 2𝐴𝛿(𝑥 2 + 𝑦 2 ) + { 𝐴𝛿 3 + 2𝐷𝛿 + 𝐸1 − 𝐸2 }
3
The first term of this is a spherical component with a radius proportional to the displacement and the coefficient A. The
second term is simply a constant across the whole lens so doesn’t affect the optical power.
If the lenses are also displaced along the y-axis by ±β then the combined thickness becomes:
2
𝑡 = 2𝐴𝛿(𝑥 2 + 𝑦 2 ) + 4𝐴𝑥𝑦𝛽 + { 𝐴𝛿 3 + 2𝐴𝛿𝛽 2 + 2𝐷𝛿}
3

Here the 4Axyβ is a saddle shape term. This results in an astigmatism with an axis of 45° and which varies in power twice
as fast as the spherical power. The magnitude of cylinder correction required will be smaller than for NES adjustments
so this, combined with the increase in rate of power change with lens travel, means the astigmatic Alvarez lens can be
made more compact and, therefore easier to rotate to match axis RX requirements. Furthermore, the sign of astigmatism
switches between positive and negative directions of travel so we can obtain a full 180° axis prescription with only 90°
rotation of the lens.

3.3 Alvarez Design Constraints
The Alvarez equation is cubic so it’s clear that the surface sag will rapidly increase in the corners of a design. A useful
reference for the determining the size of an Alvarez lens is the contour of zero height, which forms an ellipse about the
optical centre, see Figure 7. A size parameter, α, can be defined as the distance to the point of zero gradient along the xaxis (i.e. the peak or trough of the saddle shape). This is also the minor axis dimension of the ellipse and is found to be
𝐴

= √− . The major axis of the ellipse is then 𝛼√3.
𝐷

3

𝑙𝑒𝑛𝑠 𝑡𝑟𝑎𝑣𝑒𝑙

This leads to the size of the lens being proportional to √𝑠𝑎𝑔
. The rate of change of power (dioptres/mm)
𝑃𝑜𝑤𝑒𝑟 𝑟𝑎𝑛𝑔𝑒

y/mm

affects the size as shown in Figure 7.

x/mm

Figure 7: Size of Alvarez lenses. The contour map (left) shows the surface form of the Alvarez lens, the red lines show the contour of
zero height and the circle described by the size parameter, α. The graph (right) shows how α varies with the rate of change of power.

3.4 Chromatic aberration in Alvarez lenses
One concern with Alvarez lenses is chromatic aberration when viewed through the centre. This is because when viewed
through the optical centre the Alvarez surfaces are not perpendicular to the optical axis and the resultant wedge prism will
separate the different wavelengths. While this is indeed true, the actual amount of colour separation is minimal as the
second Alvarez element almost immediately cancels out the prismatic effect of the first element so there is no resultant
angular deviation of the colours and only as much translational separation as can occur in the optical path between the two
Alvarez surfaces (Figure 7, left). What is more likely to have been observed is a ghost image from multiple reflections on
the Alvarez surfaces (Figure 7, right). A beam that reflects off the cubic surfaces several times will not experience
cancelling of the prismatic separation of the wavelengths, so different colours will end up with an angular separation as
well as a translational one. This results in a blurred ghost image around the main refracted image but this is simple to
remove with the application of normal ophthalmic anti-reflection coatings.

Figure 8: Colour separation from block prism (left) and ghost imaging (right) in Alvarez lenses.

3.5 Optical Arrangement
Once we have a formula for determining the size of an Alvarez lens we can explore how much correction can be fitted into
existing headsets. Approximate effective diameters and clearance around the lenses for a selection of VR headsets is given
in Table 3. See Figure 9 for a schematic of these measurements and example of lens shapes observed.
Not all headsets have enough space around the lenses to fit in large correction powers, for replacing glasses, for example.
But all headsets could accommodate 0to-3D lenses to compensate for VAC.
As a general rule, in order to get maximum travel for the lenses the x-axis of the Alvarez lenses is aligned to be more or
less parallel to the direction of the cut-out for the nose in the headset. If the lenses move horizontally they are in danger
of clashing with the wearer’s nose1.

Headset

Diameter/mm

Clearance/mm

Power range/D

PSVR

47

13

7.5

Gear VR

40

15

14.0

VIVE

52

12

5.0

OCULUS RIFT

51

8

4.0

FOVE

36

15

18.0

Windows MR
(Dell variant)

42

10

9.0

Table 3: Lens size and clearance for travel in a selection of commercially available VR headsets. The power ranges given here assume
a refractive index of 1.74 and an Alvarez sag of 2.5mm.

Figure 9: Schematic of headset dimensions required for fitting Alvarez lenses (left) and
example of lens shapes found in VR headsets (right)1

Figure 10: Possible lens configurations for combining Alvarez lenses within a VR HMD 1.

There are several possible schematics for adding Alvarez lenses depending on the type of solution required, as shown in
Figure 101, 77.
A 0D to -3D correction for alleviating VAC and allowing viewing of close up virtual images. This does not require a large
power change so can be fitted within all VR headsets we’ve examined.
A larger range, e.g. 9D, for nearest equivalent sphere (NES) correction. This can be used for correcting prescriptions
without cylinder or for replacing longitudinal travel of the screen (as seen in the HTC Vive or Samsung GearVR) or
progressive lenses (as used in the Oculus Rift).
Both of the above solutions can be achieved with a single Alvarez pair placed after the main focusing objective; the
difference simply being the amount of travel and, therefore, the size of the lens elements required. From our examination
large power ranges will be difficult to fit into some headsets.
The next step in the optical correction is to use second Alvarez pair for also correcting cylinder. This would lead to a full
prescription device allowing glasses to be removed and the device makers to have full knowledge of all the optics for
optimising the display. For example, if you are aware the distortion of the lenses at a given power then this could be
corrected in the displayed image. Finally, if you can use an NES Alvarez lens of sufficiently high power range you could
correct both RX and compensate for VAC (where the VAC correction is basically a -3D addition to the power range
required for RX correction). The use of a second lens for the cylinder correction is suggested here because the NES
correcting lens will likely require more linear travel and would be difficult to rotate within the space constraints of the
HMD.

3.6 Design parameters of Alvarez
Since this is an ophthalmic device, rather than an optical device like a SLR camera lens, the main optical design
consideration is oblique astigmatism. But, naturally, we still have to consider the field of view (FoV) of the device and
the eye-box to ensure good optics for all users.
There are also the industrial design factors of the HMD to consider, such as compactness, overall weight and weight
distribution. Adding extra lens components and the actuators/controls associated with them will tend to work against those
aims. But removing glasses may allow the headsets to move closer to the face distributing weight better than before. The
increase in VR immersion will also have to be considered in the trade-off with these factors.
In designing these lenses we would recommend Alvarez lenses be placed after objective so they are not subject to the
extreme ray angles present if positioned between the display and the main objective. This would also be beneficial to the
objective lens since the object plane of the screen will not change and the high power objective lens need only be optimised
to work for one object distance. However, with full design freedom over the whole package it might still be possible to
move components inside headset for additional compactness.

3.7 Lens control
The lens position and speed control is of extreme importance for providing the correct focus cues and immersion to the
user enjoying virtual reality environment. We propose a closed-loop lens system control. A controller receives the optimal
focus from the software application and drives the actuator for a swift and precise positioning of the Alvarez lens pair to
achieve the correct optical power. We tune the PID control for a critically damped system to ensure fast settling time for
the lens position with no overshoot. An overall schematic design of the lens control system is shown in Figure 11.

Figure 11: Schematic design of the lens control.

4. VARIFOCAL MOBILE HEADSET
4.1 Varifocal Module Development
In order to demonstrate VAC mitigation in a VR headset with Alvarez-based varifocal approach, a motorised stage is
designed and developed to move the Alvarez lens pair. The goal is to design a compact, lightweight and low powerconsuming module for a headset to be worn comfortably by a user 67. A single micro-stepping actuator translates the rotary
motion into two opposing linear motions. The Alvarez lens pair is mounted onto the opposing linear motion stage to move

each lens element to ±5 mm from the centre as shown in Figure 12. A 3-diopter Alvarez lens pair has been used for the
developed module.

Figure 12: Motorised Alvarez module showing optical power and three different positions

Two motorised Alvarez modules are then fitted into a commercially available Samung Gear VR 2017 headset. The modules
are placed between the user’s eyes and the headset (objective) lens, along the user’s nose for maximum clearance as
explained in 3.5. These modules add a total weight of ~80g to the headset prototype inclusive of Alvarez lenes. The
electronics include a microcontroller alongwith two motor drivers for the stepper motors and two respecitve encoders
residing inside the headset. All the electrical power is drawn from a smartphone (Samsung Galaxy S8) through USB OnThe-Go (OTG). The overall current consumption from the USB OTG is just around 70mA.
This prototype which we call Ringlet, as shown in Figure 13 can achieve the positional accuracy of ~50m and speeds up
to 10D/s. The headset tracks user’s head movement using the smartphone’s Inertial Measurement Unit (IMU) and
determines the optimal focus using the centre gaze. In future, an eye tracker may be integrated to determine user’s gaze in
a particular virtual environment.

Figure 13: Ringlet prototype: software and motorisation developed by Lemnis Technologies; Alvarez lenses developed by Adlens Ltd.

4.2 Optical Performance
Since, with the addition of the Alvarez lenses, the optical module now contains multiple elements this may allow for some
additional aberration correction. Initial models (using an approximation of the 2017 Gear VR objective lens) show some
improvement, see Figure 14. However, position within the eye box is very important for the high-power objective lenses
so this improvement may not be the case for all eye positions. Obviously to achieve best performance one would design
the Alvarez lens and objective together. As can also be seen in Figure 14 the field distortion does not change significantly
and is similar to the baseline distortion from just the objective lens.

Figure 14: Astigmatism and distortion plots for 3D Alvarez lens combined with VR objective Lens.

5. SUMMARY & CONCLUSIONS
5.1 Preliminary learnings
To the best of our knowledge, we have built and described the world’s first varifocal mobile HMD based on Alvarez lenses.
Preliminary user studies confirm that the effect of VAC mitigation is significant for the large majority of subjects. This is
more pronounced in scenarios where the user manipulates close objects (especially those involving hand tracking), and in
scenes with large depth variations. The prototypes tested included only rotational (3 Degree of freedom (DoF)) head
tracking – we expect the effect to be even more pronounced when using headsets with full positional and rotational head
tracking (6DoF).
Younger individuals appeared to be more sensitive to the vergence-accommodation conflict, as also observed in
Padmanaban et al.78. Interestingly, many older individuals with some degree of presbyopia still reported an improvement
in comfort; possible reasons may include depth-of-field perception, residual accommodation79, 80, or changes in pupil size
with accomodation81.
The perception of improved optical quality with the optimised additional optical elements was remarked upon by several
subjects with the adaptive optics enabled. Once disabled, the subjects noted differing responses including decreased
sharpness of image, or momentary dual images at the moment of deactivation.
Open questions remain for future work. In particular, the latency of the adaptive optics is a key factor in the design of
varifocal systems, but an upper bound on the acceptable latency is yet to be defined. Furthermore, we have constrained our
studies thus far to static objects, and it is noted that the sensitivity is likely to increase with dynamic vergenceaccommodation changes82. We expect this to be investigated in future clinical studies.

5.2 Summary and Conclusions
In this paper the authors have examined two factors that affect the visual and general comfort of HMDs, and particularly
VR devices. Having reviewed approaches for correcting vergence-accommodation conflict and selecting the varifocal
method, and the requirements for correcting refractive error, it was concluded that an Alvarez-Lohman lens is currently
the optimal solution for correcting both, in a selection of optical configurations that are also able to improve the optical
experience across a broad section of users.
An Alvarez varifocal device was presented with fast adjustment of optical power (10D/s) using an Alvarez lens. The
control system and interaction with the display were presented. The preliminary wearer findings were presented alongside
the key questions for further work.
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