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Featured Application: The spatial reality display has been shown to be useful when used within
1.0 m.

Abstract: Using 3D technologies such as virtual reality (VR) and augmented reality (AR), has
intensified nowadays. The mainstream AR devices in use today are head-mounted displays (HMDs),
which, due to specification limitations, may not perform to their full potential within a distance
of 1.0 m. The spatial reality display (SRD) is another system that facilitates stereoscopic vision by
the naked eye. The recommended working distance is 30.0~75.0 cm. It is crucial to evaluate the
observation accuracy within 1.0 m for each device in the medical context. Here, 3D-CG models were
created from dental models, and the observation errors of 3D-CG models displayed within 1.0 m by
HMD and SRD were verified. The measurement error results showed that the HMD model yielded
more significant results than the control model (Model) under some conditions, while the SRD model
had the same measurement accuracy as the Model. The measured errors were 0.29~1.92 mm for HMD
and 0.02~0.59 mm for SRD. The visual analog scale scores for distinctness were significantly higher
for SRD than for HMD. Three-dimensionality did not show any relationship with measurement
error. In conclusion, there is a specification limitation for using HMDs within 1.0 m, as shown by the
measured values. In the future, it will be essential to consider the characteristics of each device in
selecting the use of AR devices. Here, we evaluated the accuracies of 3D-CG models displayed in
space using two different systems of AR devices.

Keywords: virtual reality; augmented reality; spatial reality; dental arch; 3D display; head-mounted
display; stereoscopic display; 3D-CG; dentistry; orthodontics

1. Introduction

The use of 3D technologies such as virtual reality (VR) and augmented reality (AR)
has improved in recent years [1,2]. Technological advances have made it possible to capture
the unseen [3–5]. These advances in technology allow visual aids through visualization to
traditional blind tasks that rely on sensory approaches derived from clinical experience [6,7].
In the dental field, its use for surgical guidance, navigation, and clinical education is being
considered [2,8,9].

AR devices allow users to see 3D-CG models displayed in real space in three dimen-
sions and manipulate them freely. Evaluation of the accuracy of the displayed 3D-CG
model is essential for clinical applications. For example, in dental care, high accuracy is
required to take into account the sensitive sensation in the mouth [10]. Currently, main-
stream AR devices are head-mounted display (HMD) types. A previous study evaluated
the AR technology in HMDs [7].

However, challenges with this technology have also been reported [11]. For example,
several HMDs require the adjustment of the interpupillary distance (IPD) of the observer,
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which is processed for stereoscopic viewing. The IPD is different for each individual, and
it needs to be readjusted for each person when several people use the same device, which
is often time-consuming and labor-intensive. In addition, there seems to be an overlap of
visual information. This occurs because the 3D-CG model overlaps a few centimeters away
from the left and right eyeballs when observing the actual object.

Several HMDs used in research are not manufactured for medical use. A typical exam-
ple is the HoloLens2 (Microsoft, Redmond, WA, USA), but the manufacturer recommends
placing the 3D-CG model at least 1.0 m away [12]. In actual clinical practice, the distance
between the surgeon and the surgical field is shorter than 1.0 m. The accuracy of 3D-CG
models when the HMD is used within 1.0 m is valuable information.

As a new AR device that differs from conventional HMDs, a 3D display that enables
stereoscopic viewing with the naked eye has been developed [13]. A spatial reality display
(SRD) (Sony, ELF-SR1, Tokyo, Japan, 2020) has an automatic IPD measurement functionality.
The display recognizes the pupil of one person in front of it with the camera and provides
stereopsis for the naked eye. Unlike HMDs, SRD Shows a 3D-CG model in front of the
device. Figure 1 shows the positional relationships between the eyeball, the 3D-CG model,
the AR device during the measurement, and objects (e.g., calipers).
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Figure 1. The positional relationship between the eyes, 3D-CG model, an augmented reality (AR)
device, and objects (e.g., calipers). In the head-mounted display (HMD), the yellow area is in front
of the 3D-CG model, and overlapping objects (e.g., calipers) are displayed. For the spatial reality
display (SRD), the blue area is behind the 3D-CG model, and it is displayed without overlapping the
object (e.g., calipers).

The manufacturer’s recommended working distance for SRD is 30.0~75.0 cm. SRD
has the potential to solve the challenges presented by HMD. In addition, the emergence of
new system devices creates the possibility of using AR technology differently than before.
By clarifying the impact of system differences on the accuracy of the displayed 3D-CG
model, we can consider the criteria for selecting an AR device that meets our objectives. No
studies have discussed the accuracy of 3D-CG models observed with AR devices within
close range, which are required in clinical dentistry [14]. Although SRDs are beginning to
be used in medical and dental education, their accuracies have not been compared with
that of HMD [15]. Although SRD is beginning to be used in medical and dental education,
its accuracy has not been verified [16]. In this experiment, four conditions were used for
measurement: horizontal distance (horizontal) and depth and two postures, which were
the sitting posture (SP) and the standing posture (StP).

This study aimed to use two different AR device systems to evaluate the accuracy of
the visibility of the 3D-CG models displayed stereoscopically in space.

2. Materials and Methods
2.1. Measurement Model

This study used a typodont maxillary dental model (NISSIN, D13-509, Tokyo, Japan)
as a control model (Model). The models were scanned using intraoral scanners (iTero
element2, Align Technology, San José, CA, USA) to create 3D-CG models. The scan data
was exported as STL data and converted to OBJ data in a blender (Blender Foundation,
Amsterdam, The Netherlands). Figure 2 shows the Model used, and Figure 3 shows the
digital model created.
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Figure 3. Digital model with a mark on the measurement cusp.

For the HMD used in the experiment, we selected the HoloLens2 (Microsoft, Redmond,
WA, USA), which is used in several AR types of research [17]. For the SRD, we used ELF-
SR1 (SONY). We created an application to output OBJ data created using Unity (2019.4.14)
on the HMD and SRD. Figure 4 shows the 3D-CG model displayed on the HMD, and
Figure 5 shows the 3D-CG model displayed on the SRD.
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Figure 5. 3D-CG model displayed on SRD.

2.2. Measurement Method

The experiment was conducted by 14 dentists from the Department of Orthodontics,
Kanagawa Dental University Hospital, who had sufficient diagnostic experience with
orthodontic treatment. All participants had normal or corrected-to-normal vision and little
experience with using the AR devices.

The dental arch width diameter, which is one of the model measurement items in
orthodontic clinical practice, was selected as the measurement item. The dental arch width
diameter is the distance between the buccal cusps of the left and right first premolars.
In clinical practice, it is measured using calipers. Figure 6 shows the orientation of the
horizontal model and measurement area, and Figure 7 shows the direction of the depth
model and the measurement area.
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Figure 8 shows the position of the measurement target and the person taking the
measurement in the SP, and Figure 9 shows the position of the measurement target and the
person taking the measurement in the StP.
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Figure 9. The positional relationship between the person taking the measurement and the measured
object in the StP.

Initially, the participant measured the dental arch width diameter of the Model three
times. A digital caliper (SHINWA, 19975, Niigata, Japan) with a self-tolerance error of less
than 0.03 mm was used for the measurements. The display of the caliper was hidden from
the participant to avoid bias. The same caliper was used for all measurements. All sizes
were made to the nearest 0.01 mm.

Next, the participant measured the IPD with the HMD and adjusted the device
according to the manufacturer’s instructions. IPD measurements and calibration were
performed automatically using a built-in camera. After changing the interfocal distance,
the visibility of the displayed 3D-CG model was verified for the absence of issues. The
dental arch width diameter of the 3D-CG model was then performed three times with the
HMD.

Then, the participant measured the dental arch width diameter of the 3D-CG model
three times with the SRD.
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Finally, the participant evaluated the distinctness and three-dimensionality of each
AR device using the visual analog scale (VAS); VAS scores ranged from 0% to 100%
(100% = equivalent to the Model). Three-dimensionality is defined as the degree to which
the participant perceived three-dimensional depth without any inconvenience.

Distinctness is defined as the degree of accuracy with which the participant could see
the 3D-CG model compared to the Model.

Two weeks later, the Model, HMD, and SRD were measured at SP + horizontal to
verify accuracy.

Figure 10 shows the 3D-CG model for the HMD measurement, and Figure 11 shows
the 3D-CG model for the SRD measurement.
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Figure 11. 3D-CG model at the time of measurement by SRD.

Photographs were created using a capture function and a camera. The participant can
evaluate in three dimensions by the parallax obtained from the left and right views. The
started photo will be different from the actual visual information.

2.3. Statistical Analysis

Statistical processing was performed using the SPSS statistical package version 25
SPSS (IBM, Chicago, IL, USA).

The intra-class correlation (ICC) was used to validate the reliability of the raters based
on the horizontal Model measurements of the first and second SPs. Plots of the limits of
agreement were created and compared using Bland–Altman analysis. The Wilcoxon signed-
rank test was used to analyze the HMD, SRD, and Model values. Model measurements
were used instead of ground-truth. The reason for this is that there may be individual
differences in the selection of measurement points due to occlusal morphology when
measuring the dental arch width diameter. Statistical significance was set at p < 0.01
based on the number of tests required. Bland–Altman analysis was used to compare
the deviations of the HMD and SRD measurements from the Model values for the same
participants. Pearson’s correlation coefficients were used to examine the relationship
between distinctness, three-dimensionality VAS scores, and measurement accuracy.
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3. Results
3.1. Measurement Value

The person taking the measurement verified that there was no problem with the
visibility of the 3D-CG model.

Comparing the measured values for the four parameters of the direction and posture,
SP + horizontal (Model, 42.77 ± 0.38; HMD, 44.70 ± 0.78; T = 6 p = 0.0035) and StP +
horizontal (Model, 43.46 ± 0.33; HMD, 45. 16 ± 0.61; T = 5 p = 0.0028) showed significantly
higher values.

On the other hand, the difference between the SRD and Model values ranged from
0.02 ± 0.32 mm to 0.59 ± 0.37 mm, and there was no significant difference between the
SRD and Model values for any of the items.

HMD showed significantly larger values than SRD for SP + horizontal (HMD, 44.70 ± 0.78;
SRD, 42.80 ± 0.32; T = 7 p = 0.0042) and StP + horizontal (HMD, 45.16 ± 0.61; SRD,
42.87 ± 0.37; T = 0, p = 0.00098). Table 1 shows the measured values.

Table 1. Aggregation of measurement results.

Posture Direction Mean SD

Model

SP
Horizontal 42.77 0.38

Depth 42.52 0.40

StP
Horizontal 43.46 0.33

Depth 43.29 0.37

HMD

SP
Horizontal *,† 44.70 0.78

Depth 42.82 1.55

StP
Horizontal ‡,§ 45.16 0.61

Depth 43.66 1.00

SRD

SP
Horizontal 42.80 0.32

Depth 42.11 0.77

StP
Horizontal 42.87 0.37

Depth 43.27 0.63
Model, control model; HMD, head-mounted display; SRD, spatial reality display; SP, sitting posture; StP, standing
posture; SD, standard deviation. Wilcoxon signed-rank test (α = 0.01). *: HMD + SP + Horizontal vs. Model + SP
+ Horizontal (T = 6 p = 0.0035). †: HMD + SP + Horizontal vs. SRD + SP + Horizontal (T = 5 p = 0.0028). ‡: HMD +
StP + Horizontal vs. Model + StP + Horizontal (T = 7 p = 0.0042). §: HMD + StP + Horizontal vs. SRD + StP +
Horizontal (T = 0 p = 0.00098).

3.2. Consistency

The results of the horizontal measurements in the SP, which were re-measured after
2 weeks, confirmed no reliability issues (ICC > 0.78). From the Bland–Altman analysis,
14 out of 14 raters obtained results within the confidence interval for the Model, 12 out
of 14 for HMD, and 13 out of 14 for SRD. Table 2 shows the results of the ICC. Figure 12
shows the results of the Bland–Altman analysis.

Table 2. Intra-rater reliability of 14 raters.

Intra-Rater Reliability

ICC 95% Confidence Interval p

SP + Horizontal

Model 0.79 0.55 to 0.92 0.00 *

HMD 0.79 0.56 to 0.92 0.00 *

SRD 0.78 0.54 to 0.92 0.00 *
ICC, intra-class correlation. * p-value < 0.01.
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Figure 12. Bland–Altman analysis of first and second measurements. Scatter plots of Bland–Altman
limits for SP + Model + Horizontal (a). Bland–Altman plot of SP + Model + Horizontal measure-
ments (b). Scatter plots of Bland–Altman limits for SP + HMD + Horizontal (c). Bland–Altman plot
of SP + HMD + Horizontal measurements (d). Scatter plots of Bland–Altman limits for SP + SRD +
Horizontal (e). Bland–Altman plot of SP + SRD + Horizontal measurements (f).

3.3. Reproducibility

Bland–Altman analysis was used to evaluate the differences between the measure-
ments of the AR device and the control model. Horizontal and SRD measurements in the
StP for the HMD were consistent with the Model values for all the items. Figures 13 and 14
show the Bland–Altman analyses.
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Figure 13. Scatter plot of the Bland–Altman match limits for the measurements by condition. SP +
HMD + Horizontal (a). SP + SRD + Horizontal (b). SP + HMD + Depth (c). SP + SRD + Depth (d).
StP + HMD + Horizontal (e). StP + SRD + Horizontal (f). StP + HMD + Depth (g) and StP + SRD +
Depth (h).
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Figure 14. Bland–Altman analysis of the measurements by condition. SP + HMD + Horizontal
measurements (a). SP + SRD + Horizontal measurements (b). SP + HMD + Depth measurements
(c). SP + SRD + Depth measurements (d). StP + HMD + Horizontal measurements (e). StP + SRD
+ Horizontal measurements (f). StP + HMD + Depth measurements (g) and StP + SRD + Depth
measurements (h).

3.4. Visibility

The mean VAS scores for distinctness (HMD: 57.5 ± 17.2, SRD: 88.7 ± 7.3, T = 0
p = 0.00015) showed significant differences. The person taking the measurement pointed
out that the overlap between the caliper and 3D-CG model resulted in a challenge with
measurements with the HMD.



Appl. Sci. 2021, 11, 12076 11 of 13

The means of the three-dimensionality scores were 72.4 ± 14.6 for HMD and 83.6 ± 14.6
for SRD, which were not significantly different.

Figure 15 shows the VAS score of distinctness and three-dimensionality.
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Figure 15. Three-dimensionality and distinctness of HMD and SRD compared with those of the
Model.

There was no correlation between distinctness and three-dimensionality related
to the measurement error of the Model values. However, SRD distinctness and three-
dimensionality showed a very high positive correlation (distinctness, 88.7 ± 7.27; third-
dimension, 83.6 ± 14.6; r = 0.93 p = 0.00). The results show a highly positive correla-
tion. Table 3 shows the correlations between measurement error, distinctness, and three-
dimensionality.

Table 3. Measurement error and correlation coefficients of distinctness and three-dimensionality.

Distinctness Three-Dimensionality

r p Value r p Value

HMD

SP
Horizontal 0.484 0.079 0.232 0.426

Depth 0.198 0.498 0.026 0.931

StP
Horizontal 0.037 0.900 0.017 0.954

Depth 0.185 0.527 0.122 0.678

SRD

SP
Horizontal 0.128 0.663 0.098 0.738

Depth 0.285 0.323 0.230 0.429

StP
Horizontal 0.137 0.642 0.119 0.685

Depth 0.037 0.900 0.043 0.885

HMD Three-dimensionality 0.413 0.142

SRD Three-dimensionality * 0.927 0.000
Pearson’s correlation coefficients (α = 0.01). * SRD + distinctness vs. SRD + three-dimensionality (p = 0.000).

4. Discussion

In this experiment, two different AR device systems, HMD and SRD, were used to eval-
uate the visibility of 3D-CG models displayed stereoscopically in space. The Bland–Altman
analysis suggested good agreements between the Model, HMD, and SRD measurements.
The SRD and HMD measurements showed a minor variance. This experiment showed
significant differences in the horizontal measurements in the SP and StP for the HMDs.
The clinical accuracy of HMD for up to 5.0 mm has been previously reported [16,18].
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The SRD showed no significant difference across all the measurements; the range of
the differences from the Model measurement was −0.58~0.02 mm. The VAS scores showed
significant differences in the distinctness of HMDs and SRDs. It has been reported that 3D
objects displayed on HMDs can overlap with the actual surgical field and block the view [4].
It is thought that the overlap between the caliper tip and the object caused a variation in
the measurements. However, the measured values did not show any correlations between
the distinctness and the three dimensions. Problems with convergence distance and focal
length have been reported when using HMDs [19], and HMDs at distances closer than
1.0 m can cause visual strain. The positional relationship between the eye, the AR monitor,
and the object at a close range has also been reported to cause convergence and adjustment
conflicts [20].

In this experiment, the object-head position was set at approximately 30.0 cm for SP
and 70.0 cm for StP. The suboptimal distance of the HMD may have influenced the large
measurement values. The recommended working distance was used for the SRD.

SRD may reduce the effects of congestion and adjustment conflicts that occur with
traditional HMDs.

5. Conclusions

In this experiment, we evaluated the visibility of the 3D-CG model within 1.0 m for
the HMD and SRD. The measured error ranged from 0.29 to 1.92 mm for HMD and 0.02
to 0.59 mm for SRD. There is a specification limitation for using a HMD within 1.0 m, as
shown by the measured values. The recommended distance for SRD is 35.0 to 70.0 cm,
which is different from that of conventional HMD for stereoscopic viewing. The accuracy of
the SRD is comparable to that of the Model values. The accuracy of SRD was comparable to
that of the Model. It is crucial to consider the characteristics of each device when selecting
AR devices for use in the future. For example, SRD has shown certain advantages in
dentistry, which requires close range and high accuracy. In this study, we evaluated the
accuracy of 3D-CG models displayed stereoscopically in space using two different AR
device systems. We hope that the results of this research will contribute to the selection of
the right device for the right job.
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