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Abstract

Purpose

To improve the acceptance and compliance of treatment of amblyopia, the aim of this study
was to show that it is feasible to design an electronic frame for context-sensitive liquid crystal
glasses, which can measure the state of wear position in a robust manner and detect distinct
motion patterns for activity recognition.

Methods

Different temple designs with integrated temperature and capacitive sensors were devel-
oped to realize the detection of the state of wear position to distinguish three states (correct
position/wrong position/glasses taken off). The electronic glasses frame was further
designed as a tool for accelerometer data acquisition, which was used for algorithm devel-
opment for activity classification. For this purpose, training data of 20 voluntary healthy adult
subjects (5 females, 15 males) were recorded and a 10-fold cross-validation was computed
for classifier selection. In order to perform functional testing of the electronic glasses frame,
a proof of concept study was performed in a small group of healthy adults. Four healthy
adult subjects (2 females, 2 males) were included to wear the electronic glasses frame and
to protocol their activities in their everyday life according to a defined test protocol. Individual
and averaged results for the precision of the state of wear position detection and of the activ-
ity recognition were calculated.

Results

Context-sensitive control algorithms were developed which detected the state of wear posi-
tion and activity in a proof of concept. The pilot study revealed an average of 91.4% agree-
ment of the detected states of wear position. The activity recognition match was 82.2%
when applying an additional filter criterion. Removing the glasses was always detected
100% correctly.
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Conclusion

The principles investigated are suitable for detecting the glasses’ state of wear position and
for recognizing the wearer’s activity in a smart glasses concept.

Introduction

Amblyopia is one of the most common visual disorders in children [1]. It affects young
patients in their daily life, influences job options and increases the risk for visual loss and
trauma of the healthy eye throughout the children’s entire future [2-6]. This visual develop-
mental disorder is best reversible in the sensitive phase of vision development [7]. Therefore,
therapy should be started early. The current standard therapy of amblyopia starts with a refrac-
tive correction and usually continues with the occlusion of the better eye using a patch [8]. The
success of the therapy also depends in particular on compliance and thus on actual wearing
times of the occlusion patch. Because the better seeing eye is covered with an uncomfortable,
often disfiguring adhesive plaster the acceptance of the therapeutic approach and adherence is
often problematic [9].

Alternatively, electronic "shutter glasses" with liquid crystal lenses are known. They rhyth-
mically occlude the better seeing eye by opacifying the lens [10,11]. However, compliance with
these glasses also decreases during the course of therapy and is similar to patching over the
course of three months [12]. Nevertheless, this approach is promising because most children
need refractive correction and glasses could effectively replace occlusion patches for children
with mild to moderate amblyopia using shuttering with combined liquid crystal lenses [13].

However, with the aim of improving acceptance and wear time compliance, a user-friendly
interaction concept would have to be developed that goes beyond the current state of the tech-
nology and integrates sensor technology into the glasses to record wear and occlusion times as
well as correct wear position. In addition, through adding sensory detection of movement-
intensive activities during sports and games, the occlusion of the healthy eye could be sensibly
suppressed in such accident-prone situations that require high visual responsiveness and spa-
tial vision, so that the unrestricted vision of the healthy eye can be temporarily used.

It is the aim of this study to show in a proof of concept, that it is feasible to design an elec-
tronic frame for smart glasses that can measure wear time and occlusion time, measure the
state of wear position in a robust manner and detect distinct motion patterns for activity rec-
ognition. We describe the development, functional testing and a proof of concept in a small
group of healthy adults.

Materials and methods

The following needs were defined for the development of context-sensitive liquid crystal
glasses:

« Sensor technology for monitoring the state of wear position

« Sensor technology for activity dependent control of shutter function
o Acquisition and recording of raw sensor data

« Event data record of state of occlusion, wear position, and activity

« Memory capacity for event data record up to 3 months
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o Compliance monitoring of defined wear time and occlusion time

« Generation of an optical feedback about the correct/wrong wear position and the daily
adherence

Electronic design of glasses frame

Fig 1 shows the block diagram with the electronic design of the glasses frame.
The functional blocks were implemented as follows:

Position Check—Sensors for monitoring the state of wear position

Different temple designs were developed to realize the detection of the state of wear posi-
tion (Fig 2).

The aim was to distinguish three states (correct position/wrong position/glasses taken off).
In the initial temple design, a temperature sensor array consisting of nine miniaturized digital
temperature sensors TMP112 (Texas Instruments, Dallas, TX, USA) with I*C interface, four
on each temple and one on the nose bridge was realized. In addition, there is a body-contact
sensor array consisting of nine capacitive sensors with ring-shaped electrode structures on the
board with different diameters (5/10/15 mm), four on each temple and one on the nose bridge.

In a further design of the temples, we maximized the electrode area using a rectangular
shape in expectation of improved sensing capability. As another option, we used conductive
metal temples made from round copper with lacquer coating (2 mm diameter), which might
later be covered with a thin polymer layer. The different temple designs were evaluated. For
this purpose, the electronic glasses frame was used as a tool for sensor data acquisition. Six
wrong wear positions were defined to check the sensitivity of the capacitive sensors; these posi-
tions were: Glasses are (1) too far down the nose, (2) at eyebrow level, (3) at forehead level, (4)
on the head, (5) crooked with right temple raised, and (6) crooked with left temple raised.

Activity check—Sensors for activity dependent control of shutter function. To monitor
the physical activity of the wearer, the 3-axis accelerometer LIS3DH (STMicroelectronics N.V.,
Amsterdam, Netherlands) with I>C interface was integrated.

Feedback mechanisms. LEDs are present as the feedback mechanism for the state of wear
position, illuminated either green, yellow or red. Green—if the position is correct; yellow-if
the glasses are taken off; red—if the position is wrong.

Communication

i Opt.

pController

Fig 1. Block diagram of electronic design for glasses frame.

https://doi.org/10.1371/journal.pone.0247389.g001
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Fig 2. Photographs of electronic temple designs with capacitive and temperature sensors. (A) Initial temple design
with four digital temperature sensors and four capacitive sensors with ring-shaped electrode structures with different
diameters (5/10/15 mm). (B) Temple design with maximized electrode area using a rectangular shape. (C) Conductive
metal temples made from round copper with lacquer coating (2 mm diameter), which could later be covered with a
thin polymer layer.

https://doi.org/10.1371/journal.pone.0247389.9002

Communication. USB and Bluetooth 4.2 interfaces are present for communication
between the electronic glasses frame and a PC or Smartphone/Tablet. In this study, USB com-
munication was used to transfer recorded event data to a PC.

Power supply. USB and wireless charging are used as power supply for charging the bat-
tery of the electronic glasses frame. The receiving coil for wireless charging has a diameter of
10 mm. In this study, USB connection is used to charge the battery.

Control and processing unit. The 32-bit microcontroller STM32L476 (STMicroelectro-
nics N.V., Amsterdam, Netherlands) with an ARM Cortex-M4 core is used as an energy-effi-
cient and cost-effective control and processing unit. The flash memory S25FL127SABMFI101
(Cypress Semiconductor, San Jose, CA, USA) with a storage capacity of 128 Mbit (16 MB) is
available as data memory.

The electronic glasses frame (Fig 3) is made from three pieces of FR4-based printed circuit
board (Multi Leiterplatten GmbH, Brunnthal, Germany). The main part (130 mm x 45 mm)

Fig 3. Photograph of electronic glasses frame. (1) Wireless charging and USB interface, (2) space for lithium-
polymer battery, (3) feedback LEDs, (4) microcontroller, (5) accelerometer, (6) Flash memory, (7) Bluetooth low
energy module, and (8) three push buttons.

https://doi.org/10.1371/journal.pone.0247389.g003
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Fig 4. Capacitive sensing principle for the state of wear position detection.

https://doi.org/10.1371/journal.pone.0247389.9004

plugs into the temples (150 mm x 31 mm) and runs on a lithium-polymer rechargeable battery
(3.7 V, 180 mAh). In this study, the electronic glasses frame is used as a data logger for event
data acquisition in order to proof the principles of state of wear position detection and of activ-
ity recognition.

Capacitive sensing principle for the state of wear position detection

We used the integrated touch sensing feature of the microcontroller, which is based on charge
transfer, to develop the state of wear position detection. This touch sensing feature uses the
surface charge transfer acquisition principle to measure the characteristic capacitance change
for the three defined states of wear position. This acquisition principle consists in charging a
sensor capacitance (Cx) and in transferring the accumulated charge into a sampling capacitor
(Cs). The number of charge transfers required to reach the threshold voltage of Cs is a direct
representation of the size of the electrode capacitance. Cs should have low tolerance and high
temperature stability. The sensor capacitances Cxleft and Cxright are formed by the conduc-
tive temple elements (Fig 4).

With glasses taken off, the sensor capacitances to earth are very small so that many charge
transfers are needed to reach the threshold voltage of Cs. These capacitances increase when the
subject is touching the temples so that less charge transfers are needed. With glasses in correct
position, these capacitances are represented by an individual count of charge transfers that can
be compared to the subject’s measurement values recorded during calibration.

A charge transfer cycle is formed by six switching steps that are described in Table 1. The
first step is a discharge of Cs. The second step is a dead time that lets all capacitors left floating.
The third step charges the sensor capacitances followed by an additional dead time. Step five
successively transfers the charge from Cxleft and Cxright to Cs. After the next dead time, step
three to six are repeated until Cs reaches the logical ,,1" level. The number of charge transfer
cycles to reach the logical ,,1" level at Cs is the measurement value that represents the size of
the sensor capacitances.

To reduce the influence of a change in ambient temperature on the capacitive sensing prin-
ciple, multi-layer ceramic capacitors C1206C104F3GACTU (Kemet Corporation, Fort Lauder-
dale, FL, USA) with temperature-compensating COG dielectric, were used for Cs in the
measurement circuit. With regard to ambient temperature, the change in capacitance is negli-
gible and is limited to £30 ppm/°C at -55 “C to +125 °C.
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Table 1. Switching steps of the capacitive sensing principle.

Step S3 S2 S1 Description

1 Closed Opened Closed Cs discharge

2 Opened Opened Opened Dead time

3 Opened Closed Opened Charge cycle (Cx charge)

4 Opened Opened Opened Dead time

5 Opened Opened Closed Transfer cycle (charge transferred to Cs)
6 Opened Opened Opened Dead time

https://doi.org/10.1371/journal.pone.0247389.t001

Activity recognition based on machine learning

The background to this effort is the sensory detection of movement-intensive activities that
require high visual reactivity and spatial vision. Once the activity has been detected, this should
then ideally suppress the occlusion of the healthy eye in a meaningful way so that the unre-
stricted vision of the healthy eye can be used temporarily.

For this part of the development, the electronic glasses frame was used as a tool for acceler-
ometer data acquisition, which was necessary for algorithm development. In contrast to the
detection of the state of wear position, the activity recognition is not based on an individual
calibration but on a machine learning algorithm. Training data are necessary to teach such an
algorithm for activity classification. For the recording of the training data, 20 voluntary healthy
adult subjects were recruited at IBMT, 5 female and 15 male subjects. All subjects signed the
informed consent for the experiment.

Each subject carried out the defined eight activities (lie, sit, stand, walk, stairs, run, jump
and cycle) according to a defined protocol. Each activity was performed for 3 to 6 minutes per
subject. When recording the data, special emphasis was put on enabling the subject to perform
the activities individually. In total, about 775 minutes of accelerometer data with a measure-
ment range of +2 g were recorded.

Fig 5 shows the workflow of activity recognition based on machine learning. After the accel-
erometer data acquisition, the recorded sensor data is pre-processed. This is necessary to apply
a windowing of the recorded data. Windowing means that a time window is determined in
which the recorded values are processed to detect any activity that has been carried out. When
a certain activity is carried out, corresponding patterns occur within the sensor signals which
can be used to assign the activity. Features are extracted within each window to describe these
patterns. Then, each window is assigned to an activity using a machine learning algorithm
(classification).

In this study, only features in the time domain and not in the frequency domain were
extracted in order to keep the complexity low for the application on the microcontroller.
According to our literature search [14-18], we selected 46 features and a window size of 2.56
seconds with a sample rate of 50 Hz and 50% overlap to begin the development of the activity
classifier using MATLAB R2017b (The MathWorks Inc., Natick, MA, USA). To avoid redun-
dant features, we performed a correlation analysis, after which 31 features were left. Then, a

Sensor
signal —~

Acquisition Preprocessing

g W) Classification SNSRI

Fig 5. Workflow of activity recognition based on machine learning.

https://doi.org/10.1371/journal.pone.0247389.9005
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feature selection was carried out to further reduce the number of features to a minimum in
order to reduce the model size while at the same time maintaining the classifiers’ accuracy as
good as possible.

To choose a suitable classifier, 21 different models (2x decision trees, 2x discriminant analysis,
6x k-nearest neighbors (kNN), 6x support vector machines (SVM) and 5x ensemble classifiers)
were compared with each other on the basis of a 10-fold cross-validation. This validation method
was for example identified by Kohavi [19] as the best method for model selection in a compara-
tive study of cross-validation and bootstrap. Besides a high classification accuracy, which is the
proportion of correct predictions out of all predictions, we had the requirement that the classifier
must be suitable to run on a microcontroller in an efficient way and in real time.

Operation of the electronic glasses frame as data logger

The operation as data logger covers three modes: calibration, acquisition and data transfer via
USB.

Calibration mode. When button 1 is pressed, the capacitive sensor values for the state
"glasses taken off" are recorded. For this purpose, the glasses can lie on a table, for example,
and must not be touched. The recording of the capacitive sensor values starts with a delay of 5
seconds. A fast flashing of the green LED indicates an active recording. After the green LED
has stopped flashing, the first calibration step is finished. The next step is the recording of the
capacitive sensor values for the state "correct position". For this purpose, button 2 must be
pressed. The subject has 10 seconds to put on the glasses and to bring them into position
before the actual recording takes place (yellow LED flashes).

Acquisition mode. The recording of event data can be started by pressing button 0. An
active data acquisition is indicated by a LED flashing every second. Depending on the color of
the LED, the detected state of wear position can be recognized: Red LED means “wrong posi-
tion”, yellow LED means “glasses taken oft", and green LED means “correct position”. During
a running data acquisition, event data for activity and glasses position are logged with a time
stamp. Data acquisition is stopped by pressing button 0 again.

USB mode. Logged data is transferred to a PC via USB connection using a terminal
application.

Tool for event data analysis

A tool for simplified decoding and analysis of the raw data was implemented in Excel. An
event is characterized by decoded information such as date, time, consecutive event number
and the states for wear position, occlusion and activity. The occlusion state is recorded as
dummy data and has no effect in this study. An event is only recorded if one of the states for
wear position, occlusion or activity changes. This leads to an efficient memory usage.

Further, there are columns for data analysis. These columns contain the states for activity
and wear position recorded by the subject as well as the agreement (correct or error) with the
recorded states of the electronic glasses frame. Also, there is a column with an additional filter
criterion (referred to as the 3 windows filter) for evaluating the recorded activity and its agree-
ment with the protocol. This filter criterion was expected to optimize the activity classification
by changing the recorded activity state only if three successive classification results (windows)
deliver the same state change.

Proof-of-concept study

In order to test the above mentioned optimizations of the glasses, we carried out a proof of
concept study at the end. The study procedure complied with the Declaration of Helsinki and

PLOS ONE | https://doi.org/10.1371/journal.pone.0247389 February 19, 2021 7/15


https://doi.org/10.1371/journal.pone.0247389

PLOS ONE

Context-sensitive smart glasses

was approved by the local Ethics Committee (Arztekammer Saarland, 73/18). Informed and
written consent was obtained from all healthy subjects after explanation of the nature and pos-
sible consequences of the study.

In total, four healthy adult subjects were included in the study (2 females, 2 males). The sub-
jects were asked to wear the electronic glasses frame and to protocol their activities according
to the defined test protocol. The test persons were asked to perform the following activities: sit-
ting, standing, walking, running, jumping, cycling. This should be done with different wear
positions of the glasses (correct position, front on the nose or on the head). This test protocol
was not carried out by the subjects under controlled conditions in the laboratory, but in their
everyday life. The state of wear position and the activity were varied repeatedly and several
times in accordance with the protocol specifications. Each activity was performed continu-
ously for at least 3 minutes, except for jumping for at least 1 minute, because it is exhausting.
All time intervals and the corresponding states were recorded in writing by the subjects. We
then evaluated the protocols and used the above mentioned Excel sheet for event data analysis.
A blinded person evaluated the records and compared them with the protocols.

Results

Evaluation of temple designs

The investigation of different diameters of the body-contact sensors (5/10/15 mm) showed
that the recorded capacitive sensor values are useful to differentiate the states of wear position
(glasses put on or taken off) with all three sizes. As expected, the largest diameter provided the
best sensitivity and resolution, since the difference in the recorded sensor values increased
between the two states with increasing electrode area.

Six wrong wear positions were defined to check the sensitivity of the capacitive sensors. The
results showed that it is possible to differentiate between correct and wrong wear positions for
the diameters 10 and 15 mm. This could not be shown for the 5 mm diameter.

Fig 6 shows exemplary measurement results for the number of charge transfer cycles of the
nine capacitive sensors (A to I with 10 mm diameter, n = 10) in case the glasses sit too far
down the nose (orange bars) compared to the correct position (blue bars). In this case, the dif-
ference in the recorded values was the smallest compared to the other wrong positions. Never-
theless, there were at least three capacitive sensors (D/F/H) whose recorded values provided a
sufficient difference. However, a deterioration of the sensor sensitivity depending on the hair-
style and head shape has been recognized. Therefore, despite individual calibration, the state
of wear position may not be correctly detected with this temple design.

The results of the nine miniaturized temperature sensors showed that due to their very slow
behavior compared to the body-contact sensors, they were not suitable for providing quick
feedback on the state of wear position. In addition, there was an "asymmetrical” response
behavior, since cooling (taking the glasses off) takes considerably longer than warming (put-
ting the glasses on). In addition, a strong influence of the ambient temperature was inherent.
Fig 7 shows exemplary measurement results for the temperature values of the nine tempera-
ture sensors (A to I, n = 10) for the case that the goggles sit too far down the nose (blue bars)
compared to the correct position (orange bars). The two states could not be distinguished.
Thus, we decided not to use temperature sensors, thus reducing space requirements and costs
of the hardware.

We could achieve a slight improvement of the sensing capability using the temple design
with maximized rectangular electrode area. However, the deterioration of the sensor sensitivity
depending on the hairstyle and head shape was still there because the rigid PCB material of the
temples did not allow a sufficient fit that is as close as possible to the skin. We achieved further
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Fig 6. Number of charge transfer cycles of the nine body-contact sensors. (A to I with 10 mm diameter, n = 10) in
case the glasses sit too far down the nose (blue bars) compared to the correct position (orange bars). In this case,
recorded values of the sensors D/F/H provided a sufficient difference.

https://doi.org/10.1371/journal.pone.0247389.9006

improvement of the sensing capability using the conductive metal temples because they pro-
vided sufficient electrode area and could be better adapted to the individual head shape and
thus ensured close skin contact.

This design also has the advantage that the calibration routine is more efficient. We only
need to record the values of two electrodes instead of nine. Tests have shown that the front
electrode above the nose was also no longer needed to distinguish between different wearing
states. These results prove that the capacitive sensing principle is suitable for this application.

m Correct Position
35 m Wrong Position

A B ¢ D E F G H I

Temperature sensor position

Temperature [°c]
_ - N [} w
o (&2} o o o

(4]

Fig 7. Temperature values of the nine temperature sensors. (A to I, n = 10) for the case that the glasses sit too far
down the nose (blue bars) compared to the correct position (orange bars). The two states could not be distinguished.

https://doi.org/10.1371/journal.pone.0247389.9007
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Validation of activity classifier

Highest accuracy values in all classes were achieved by the ensemble classifier Bagged Trees,
the cubic SVM and the weighted kNN classifiers. However, it was noticeable in all of them that
the differentiation between sit and stand classes was worse than in the other classes. Due to the
positioning of the accelerometer at the forehead, this result is plausible. To achieve a higher
classification accuracy, these two classes were combined into one class. This is acceptable,
since these two activities are performed without moving the entire body and therefore a sepa-
ration of these classes is not very relevant for the activity dependent control of the shutter
function.

The highest accuracy was then achieved by the cubic SVM with 94.3%, followed by the
Bagged Trees with 93.6% and the weighted kNN with 88.0%. Decisive for the selection of the
classifier was the memory consumption of the respective model, which was highest for the
Bagged Trees with almost 25.7 MB and lowest for the cubic SVM with 2.4 MB.

For further optimization, a feature selection was carried out for the cubic SVM in order to
reduce the dimensionality of the feature matrix and at the same time the memory consump-
tion to a minimum without worsening the classification accuracy too much. By selection of 13
features (see Table 2) and a variation of the error weight (increasing the error weight means
that the number of support vectors should be reduced and thus also the size of the model) of
the SVM, the memory consumption was reduced to about 983 kB while an accuracy of 93.4%
was still achieved. By training this SVM with only two third of the recorded data, the memory
consumption could be further reduced to about 722 kB while accuracy was only little less with
92,9%.

The following Fig 8 shows the confusion matrix for this optimized cubic SVM classifier
with an error weight of 6. Highest accuracy values of more than 95% were achieved for lie,
stand/sit and run classes. Accuracy values of 94% and 90% were achieved for jump and for
cycle classes, respectively. Lowest accuracy values of 88% and 82% were achieved for walk and
for stairs classes, respectively. The differentiation between walk and stairs classes was worse
than in the other classes. Finally, this classifier was ported to the microcontroller and inte-
grated into its firmware.

Table 2. Description of selected features for activity recognition.

Feature description Formula

mean(x), mean(y)—average of an axis mean(a) =1%"" a,

sd(x)—standard deviation of an axis sd(a) = ﬁZLl(a, — mean( )2)

meanAD(x)—mean absolute deviation from mean value of an meanAD(a) = mean(|a — mean(a)|)

axis

corr(x,y), corr(x,z)—standardized linear relationship of two axes corr - — Ao abi—Gh Y a)rGh Y b
o amean@)P) (e S (b mean(b)?)

phi—magnitude of the rotation angle of the accelerometer phi=>" ﬁ

magnitude—magnitude of the total acceleration magnitude =15 /(a2 + a2 + a2)
n Lai=1 5 G T

jerk(x)—derivation of an axis according to time jerk =S Gis1 0

=Gk
minmax(y)—difference between maximum and minimum of an | minmax(a) = max,ys(a) — ming,s(a)
axis

APF(x)—average peak frequency of an axis APF(a) = Xmax(a), max(a) > minHeight

_ %Z’":] (a;—mean(a))®
- std(a)®

skewness(x)—asymmetry of an axis compared to the normal

A skewness(a
distribution (a)

kurtosis(x)—steepness/curvature of an axis compared to the
normal distribution

https://doi.org/10.1371/journal.pone.0247389.t1002

. IS (a-mean(a))’
Kurtosis(a) — Luns e
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Fig 8. Confusion matrix for the cubic SVM classifier with 13 features.

https://doi.org/10.1371/journal.pone.0247389.9008

Precision of the state of wear position detection and of the activity
recognition

Table 3 shows the individual results for the precision of the state of wear position detection
and of the activity recognition. All subjects were well recognized if the glasses were in the
wrong position. On the other hand, the correct position detection was only 47% for one of

the subjects, which can be explained by an insufficient adaptation of the temples to the head
shape. Removing the glasses was always detected 100% correctly. The individual activities were
separated from each other to varying degrees. It was possible to distinguish very well between
sitting, standing, lying, jumping and cycling. On the other hand, walking, running and going
stairs were not distinguished well in some of the subjects.

Table 4 shows the averaged results for the precision of the state of wear position detection
and of the activity recognition. On average, there is a 91.4% agreement of the detected states of
wear position. The activity recognition match is 82.2% when applying the 3 windows filter cri-
terion and is thus 6% better than the unfiltered activity classification. Overall, these results are
satisfactory, but at the same time they also show potential for improvement.

Discussion

This is the first study describing context-sensitive glasses with integrated sensors for monitor-
ing the state of wear position as well as algorithms for activity dependent control of the shutter

Table 3. Individual results of the proof-of-concept study with four healthy adults.

Subject | Wear position correct [%] Taken off [%] Sit [%] Lie [%] Stand [%] Walk [%] Run [%] Cycle [%] Jump [%] Stairs [%]
1 100 100 100 100 100 42,3 100 96,7 100 27,4
2 97,4 100 97,6 93,3 100 0 24,4 87,4 93,9 28,2
3 99,2 100 91 100 100 100 83,8 91,8 100 69,7
4 100 100 91,7 100 100 100 100 91 100 96,5
https://doi.org/10.1371/journal.pone.0247389.t003
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Table 4. Averaged results of the proof-of-concept study with four healthy adults.

Subject State of wear position [%] Activity [5] (3 windows filter) Activity [%] (each window)
1 100 80,5 73,5
2 77,6 61,2 63
3 89,9 90,9 81,7
4 98,1 96 86,9
Average 91,4 82,2 76,3

https://doi.org/10.1371/journal.pone.0247389.1004

function. Finally, we were able to test the developed wearable device that proved reliable in a
proof of concept study. The concept of our context-sensitive smart glasses will allow for the
first time the continuous monitoring of the daily wear time and activity state. Our findings are
important because they 1. potentially improve the current standard of therapy monitoring, 2.
potentially improve patient adherence and therapeutic effectiveness.

1. Therapy monitoring: The success of occlusion therapy depends on the compliance that
has been shown to be unsatisfactory [20-22]: Patients might wear the occlusion patch <50% of
the recommended time [9]. By measuring the wear time and position of the glasses, and thus
detecting true compliance, therapy schedules could be better adapted through feedback to
parents and physicians. This is particularly important since there is a lack of evidence-based
treatment of amblyopia.

The problem of objective measurement of compliance: temperature sensors on patches are
reliable but are large and complicated to handle [23-26]. The lack of accuracy in temperatures
higher than 33 °C [23,24] and no real position control are also a disadvantage [26]. This is in
accordance with our results. We were able to show that the body-contact sensors integrated
into the electronic glasses frame can safely and correctly detect the state of the glasses’ wear
position and are even more reliable than the data from our temperature sensors. It would
therefore be advisable to rely only on body-contact sensors reducing weight and power con-
sumption of the electronic design. The fact that the conductive metal temples yielded reliable
measurements makes an integration into smaller electronic frames possible.

2. Improving patient adherence and therapy effectiveness: The integration of sensors into
the frame of the glasses and not into patches also has the advantage that any refractive correc-
tion can be compensated at the same time. Glasses could also be less stigmatizing than patches
and studies have already shown that such occlusion therapy glasses are a promising alternative
treatment for amblyopia in children [10,11,13]. In addition, the presented context-sensitive
sensors in the glasses including algorithms for real-time evaluation could potentially detect the
child’s activity and thus ideally adapt the occlusion to the situation, so that the unrestricted
vision of the healthy eye can be temporarily used. In addition to safety, this also might increase
the comfort and acceptance of the shutter glasses and thus the willingness of young patients to
undergo therapy.

New perspectives: The integration of networked multimodal real-time sensor and actuator
technology and computing capability in liquid crystal shutter glasses could provide feedback
to both the patient and the parents if the glasses are worn or taken off incorrectly. In this
study, we were able to show that the array of body-contact sensors placed in the temples and
nose bridge of the glasses frame, together with a microcontroller algorithm, could successfully
detect whether the glasses were correctly positioned. In addition, immediate feedback could be
provided if the glasses were not correctly positioned or even if the glasses were removed. A cor-
rect position of the glasses is of crucial importance in therapy because it would theoretically be
possible to "wear" the glasses at the tip of the nose and look over the glasses.
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Based on this, context-sensitive control algorithms were developed which reliably detected
the activity state in a proof of concept in adults. However, it should be mentioned that the
accelerations and daily behavior differs significantly between adults and children. We consider
the data of the protocols reliable and consider the measurements of activity and position moni-
toring robust. However, this is only a proof of concept study on a small number of subjects.

In a next step a miniaturization and integration into a glasses frame for children is already
planned.

Conclusion

This is the first study showing that the principles studied for measuring the correct position
and recognizing the wearer s activity level are suitable and can be integrated into a concept of
smart glasses.

Acknowledgments

We thank Carlos Alfonso Rodriguez Gomez for firmware programming and Melina Nikode-
mus for supporting the development of the activity recognition algorithm including training
data acquisition.

Author Contributions

Conceptualization: Kai Januschowski, Frank R. Thmig, Thomas Velten, Annekatrin
Rickmann.

Data curation: Frank R. Thmig, Timo Koch, Annekatrin Rickmann.
Formal analysis: Frank R. Ihmig, Timo Koch.

Funding acquisition: Kai Januschowski, Frank R. Thmig, Thomas Velten, Annekatrin
Rickmann.

Investigation: Frank R. Thmig, Annekatrin Rickmann.

Methodology: Frank R. Thmig.

Project administration: Frank R. Thmig, Annekatrin Rickmann.

Software: Frank R. IThmig, Timo Koch.

Supervision: Kai Januschowski, Frank R. IThmig, Thomas Velten.

Validation: Frank R. Ihmig, Timo Koch, Annekatrin Rickmann.

Writing - original draft: Kai Januschowski, Frank R. IThmig, Annekatrin Rickmann.

Writing - review & editing: Kai Januschowski, Frank R. Thmig, Thomas Velten, Annekatrin
Rickmann.

References

1. Elflein HM, Fresenius S, Lamparter J, Pitz S, Pfeiffer N, Binder H, et al. The prevalence of amblyopia in
Germany: data from the prospective, population-based Gutenberg Health Study. Dtsch Arztebl Int.
2015; 112:338—44. https://doi.org/10.3238/arztebl.2015.0338 PMID: 26043421

2. Chua B, Mitchell P. Consequences of amblyopia on education, occupation, and long term vision loss. Br
J Ophthalmol. 2004; 88:1119-21. https://doi.org/10.1136/bjo.2004.041863 PMID: 15317699

3. RahiJS, Cumberland PM, Peckham CS. Does amblyopia affect educational, health, and social out-
comes? Findings from 1958 British birth cohort. BMJ. 2006; 332:820-5. https://doi.org/10.1136/bm)j.
38751.597963.AE PMID: 16520328

PLOS ONE | https://doi.org/10.1371/journal.pone.0247389 February 19, 2021 13/15


https://doi.org/10.3238/arztebl.2015.0338
http://www.ncbi.nlm.nih.gov/pubmed/26043421
https://doi.org/10.1136/bjo.2004.041863
http://www.ncbi.nlm.nih.gov/pubmed/15317699
https://doi.org/10.1136/bmj.38751.597963.AE
https://doi.org/10.1136/bmj.38751.597963.AE
http://www.ncbi.nlm.nih.gov/pubmed/16520328
https://doi.org/10.1371/journal.pone.0247389

PLOS ONE

Context-sensitive smart glasses

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

Rahi JS, Logan S, Timms C, Russell-Eggitt |, Taylor D. Risk, causes, and outcomes of visual
impairment after loss of vision in the non-amblyopic eye: a population-based study. The Lancet. 2002;
360:597-602. https://doi.org/10.1016/s0140-6736(02)09782-9

Tommila V, Tarkkanen A. Incidence of loss of vision in the healthy eye in amblyopia. Br J Ophthalmol.
1981; 65:575-7. https://doi.org/10.1136/bjo.65.8.575 PMID: 7295619

van Leeuwen R, Eijkemans MJC, Vingerling JR, Hofman A, de Jong PTVM, Simonsz HJ. Risk of bilat-
eral visual impairment in individuals with amblyopia: the Rotterdam study. Br J Ophthalmol. 2007;
91:1450-1. https://doi.org/10.1136/bjo.2006.113670 PMID: 17522151

Birch EE. Amblyopia and binocular vision. Prog Retin Eye Res. 2013; 33:67—-84. https://doi.org/10.
1016/j.preteyeres.2012.11.001 PMID: 23201436

Berufsverband der Augenérzte e.V., DOG. Leitlinie 26a Amblyopie. 2010. Accessed 16 Aug 2020.

Wallace MP, Stewart CE, Moseley MJ, Stephens DA, Fielder AR. Compliance with occlusion therapy
for childhood amblyopia. Invest Ophthalmol Vis Sci. 2013; 54:6158-66. https://doi.org/10.1167/iovs.13-
11861 PMID: 23882695

BenEzra O, Herzog R, Cohen E, Karshai |, BenEzra D. Liquid crystal glasses: feasibility and safety of a
new modality for treating amblyopia. Arch Ophthalmol. 2007; 125:580—1. https://doi.org/10.1001/
archopht.125.4.580 PMID: 17420393

Spierer A, Raz J, BenEzra O, Herzog R, Cohen E, Karshai |, et al. Treating amblyopia with liquid crystal
glasses: a pilot study. Invest Ophthalmol Vis Sci. 2010; 51:3395-8. https://doi.org/10.1167/iovs.09-
4568 PMID: 20164454

Wang J, Jin J, Malik A, Shoge R, Meiyeppen S, Pang Y, et al. Feasibility of monitoring compliance with
intermittent occlusion therapy glasses for amblyopia treatment. Journal of AAPOS: the official publica-
tion of the American Association for Pediatric Ophthalmology and Strabismus. 2019; 23:205.e1-205.
e5. https://doi.org/10.1016/j.jaapos.2019.04.009 PMID: 31271842

Wang J, Neely DE, Galli J, Schliesser J, Graves A, Damarjian TG, et al. A pilot randomized clinical trial
of intermittent occlusion therapy liquid crystal glasses versus traditional patching for treatment of mod-
erate unilateral amblyopia. Journal of AAPOS: the official publication of the American Association for
Pediatric Ophthalmology and Strabismus. 2016; 20:326—31. https://doi.org/10.1016/j.jaapos.2016.05.
014 PMID: 27418249

Atallah L, Lo B, King R, Yang G-Z. Sensor Placement for Activity Detection Using Wearable Accelerom-
eters. In: Ling K-V, editor. 2010 International Conference on Body Sensor Networks (BSN); 6/7/2010-6/
9/2010; Singapore, Singapore. Piscataway, NJ: IEEE; 2010. p. 24-29.

Bayat A, Pomplun M, Tran DA. A Study on Human Activity Recognition Using Accelerometer Data from
Smartphones. Procedia Computer Science. 2014; 34:450-7.

da Silva FG, Galeazzo E. Accelerometer based intelligent system for human movement recognition. In:
Fernando Ginez da Silva und Elisabete Galeazzo, editor. 2013 5th IEEE International Workshop on
Advances in Sensors and Interfaces (IWASI); 6/13/2013—-6/14/2013; Bari, Italy. Piscataway, NJ: IEEE;
2013. p. 20-24.

Hussein R, Lin J, Madden K, Wang ZJ. Robust recognition of human activities using smartphone sensor
data. In: 2017 International Conference on the Frontiers and Advances in Data Science (FADS);
23.10.2017-25.10.2017; Xi'an: IEEE; 23.10.2017-25.10.2017. p. 92-96.

Yang F, Zhang L. Real-time human activity classification by accelerometer embedded wearable
devices. In: 2017 4th International Conference on Systems and Informatics (ICSAI); 11.11.2017—
13.11.2017; Hangzhou: IEEE; 11.11.2017-13.11.2017. p. 469-473.

R. Kohavi. A study of cross-validation and Bootstrap for accuracy estimation and model selection.

Loudon SE, Passchier J, Chaker L, de Vos S, Fronius M, Harrad RA, et al. Psychological causes of
non-compliance with electronically monitored occlusion therapy for amblyopia. Br J Ophthalmol. 2009;
93:1499-503. https://doi.org/10.1136/bj0.2008.149815 PMID: 19661070

Loudon SE, Polling J-R, Simonsz HJ. Electronically measured compliance with occlusion therapy for
amblyopia is related to visual acuity increase. Graefes Arch Clin Exp Ophthalmol. 2003; 241:176-80.
https://doi.org/10.1007/s00417-002-0570-z PMID: 12644939

Simonsz HJ, Polling JR, Voorn R, van Leeuwen J, Meester H, Romijn C, et al. Electronic monitoring of
treatment compliance in patching for amblyopia. Strabismus. 1999; 7:113-23. https://doi.org/10.1076/
stra.7.2.113.645 PMID: 10420216

Fronius M, Bachert |, Liichtenberg M. Electronic monitoring of occlusion treatment for amblyopia in
patients aged 7 to 16 years. Graefes Arch Clin Exp Ophthalmol. 2009; 247:1401-8. https://doi.org/10.
1007/s00417-009-1090-x PMID: 19415317

PLOS ONE | https://doi.org/10.1371/journal.pone.0247389 February 19, 2021 14/15


https://doi.org/10.1016/s0140-6736%2802%2909782-9
https://doi.org/10.1136/bjo.65.8.575
http://www.ncbi.nlm.nih.gov/pubmed/7295619
https://doi.org/10.1136/bjo.2006.113670
http://www.ncbi.nlm.nih.gov/pubmed/17522151
https://doi.org/10.1016/j.preteyeres.2012.11.001
https://doi.org/10.1016/j.preteyeres.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23201436
https://doi.org/10.1167/iovs.13-11861
https://doi.org/10.1167/iovs.13-11861
http://www.ncbi.nlm.nih.gov/pubmed/23882695
https://doi.org/10.1001/archopht.125.4.580
https://doi.org/10.1001/archopht.125.4.580
http://www.ncbi.nlm.nih.gov/pubmed/17420393
https://doi.org/10.1167/iovs.09-4568
https://doi.org/10.1167/iovs.09-4568
http://www.ncbi.nlm.nih.gov/pubmed/20164454
https://doi.org/10.1016/j.jaapos.2019.04.009
http://www.ncbi.nlm.nih.gov/pubmed/31271842
https://doi.org/10.1016/j.jaapos.2016.05.014
https://doi.org/10.1016/j.jaapos.2016.05.014
http://www.ncbi.nlm.nih.gov/pubmed/27418249
https://doi.org/10.1136/bjo.2008.149815
http://www.ncbi.nlm.nih.gov/pubmed/19661070
https://doi.org/10.1007/s00417-002-0570-z
http://www.ncbi.nlm.nih.gov/pubmed/12644939
https://doi.org/10.1076/stra.7.2.113.645
https://doi.org/10.1076/stra.7.2.113.645
http://www.ncbi.nlm.nih.gov/pubmed/10420216
https://doi.org/10.1007/s00417-009-1090-x
https://doi.org/10.1007/s00417-009-1090-x
http://www.ncbi.nlm.nih.gov/pubmed/19415317
https://doi.org/10.1371/journal.pone.0247389

PLOS ONE Context-sensitive smart glasses

24. Fronius M, Chopovska Y, Nolden J, Loudon SE, Lichtenberg M, Zubcov A, et al. Occlusion treatment
for amblyopia: assessing the performance of the electronic occlusion dose monitor. Strabismus. 2006;
14:65-70. https://doi.org/10.1080/09273970600700962 PMID: 16760110

25. Januschowski K, Bechtold TE, Schott TC, Huelber-Januschowski MS, Blumenstock G, Bartz-Schmidt
K-U, et al. Measuring wearing times of glasses and ocular patches using a thermosensor device from
orthodontics. Acta Ophthalmol. 2013; 91:e635—40. https://doi.org/10.1111/ao0s.12171 PMID: 23759025

26. Schramm C, Abaza A, Blumenstock G, Bechtold TE, Rickmann A, Bartz-Schmidt K-U, et al. Limitations
of the TheraMon® -microsensor in monitoring occlusion therapy. Acta Ophthalmol. 2016; 94:e753—
€756. https://doi.org/10.1111/a0s.13134 PMID: 27350046

PLOS ONE | https://doi.org/10.1371/journal.pone.0247389 February 19, 2021 15/15


https://doi.org/10.1080/09273970600700962
http://www.ncbi.nlm.nih.gov/pubmed/16760110
https://doi.org/10.1111/aos.12171
http://www.ncbi.nlm.nih.gov/pubmed/23759025
https://doi.org/10.1111/aos.13134
http://www.ncbi.nlm.nih.gov/pubmed/27350046
https://doi.org/10.1371/journal.pone.0247389

