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Abstract

Color therapy is a type of alternative medicine. It utilizes the emission of a specific wavelength of light to treat
diseased areas. This study presents a wireless, low-power light-emitting device with RGB LED to conduct color
therapy. The device is small-sized, adhesive to the skin, and without a tether line for power or communication. Aided
by the property of skin adhesiveness, the device provides a therapeutic effect comparable to that of available devices,
over a short radiation distance and consumes low power. The therapeutic dosage parameters including color
wavelength combination, LED brightness, and illumination time can be regulated through the smartphone application.
The wavelength consistency over intensities and the intensity accuracy were validated. With effective calibration, the

emission of light by the LED can be effectively regulated to ensure therapeutic effects.
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1. Introduction

Color therapy is a type of alternative medicine that utilizes visible spectrum of light to affect health conditions positively.
Color therapy utilizes a specific wavelength of light to produce healing effect at a diseased area. Color therapy with red, green,
and blue (RGB) light-emitting diode (LED) can be applied in various fields such as treatment, biomedical engineering, and medical
cosmetology. Currently, the LED has been introduced as an alternative to low-level laser therapy (LLLT). Therefore, the field of
color therapy with LED is being highlighted [1-4].

A number of devices have been developed for color therapy using RGB LED. A pocket-sized RGB LED system has been
introduced [5]. Moreover, a device was developed with high power LEDs, which included white light and RGB lights. These
high-power LEDs deliver intensity of 10-100 Im, which, at the time of their development, was stronger than that of commercially
available LEDs. These LEDs have higher energy efficiencies than that of incandescent and halogen bulbs [6]. Furthermore, a
device forirradiating skin by direct treatment with RGB LED is available [7]. In particular, a self-adhesive low-level light therapy
device that is small-sized, portable, and suitable for personal use, has been introduced [8-9]. Treatment using this device for 20

min perday over 3mo has resulted in significant reduction in the severity of menstrual pain, which was measured using a visual

analog scale.
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RGB LED can emit a variety of colors through combinations ofthe three elementary colors. When creating a color light with
RGB LED, the ratio and spatial allocation of the elementary colors is crucial. This is because these parameters can affect the
energy and therapeutic effect. Therefore, for color therapeutic devices with RGB LED intended to provide therapeutic effect, it is

necessary to regulate the intensities of each elementary color precisely [10-12].

Although the colortherapy devices mentioned above provide considerable therapeutic effects, several of their aspects are

to be improved, particularly regarding personal usability [1-7]. A majority of these devices are large and consume significant

amount of power. They have wired communication ordo not provide communication. Hence, a majority of themare not portable
and unsuitable for personalusage. A small-sized and portable color therapy device could facilitate more frequent personal usage.
In particular, considering the proliferation of smartphone usage, wireless communication with asmartphone could provide a user
with the advantages of convenient operation and access to his/her therapeutic history. This type of device is expected to

eventually provide convenient operation and result in more frequent usage and monitoring of therapeutic history.

This study presents a wireless low-power light-emitting device with RGB LED, which is small-sized, adhesive to the skin,
and without a tether line for power or communication. It also provides wireless communication with a smartphone. Aided by the
property of skin adhesiveness, the device provides therapeutic effect comparable to that of available devices, over the short
radiation distance and consumes lower power. Its design is described considering the color mixture, intensity control, and
wireless communication. In particular, the intensity of light emission, which is critical for clinical application, is calibrated for each

LED element. By the calibration of each of the LEDs, the intensity and RGB ratio can be regulated with high accuracy.

2. Materials and Methods

2.1.  Systemimplementation

The proposed systemin this study is configured as illustrated in Fig. 1. The device consists of an RGB three-color LED,
micro-controller unit (MCU) module, rechargeable battery, and field effect transistor (FET) switching circuit. The MCU module is
a type of radio-on-chip (RoC) device and provides Bluetooth Low Energy (BLE) communication and 32-bit MCU functionality.
The RGB LED generates arbitrary colors of various wavelengths. The device communicates with a smartph one application
through BLEcommunication. Color wavelength combination, LED intensity, and illumination time can be regulated by using the
smartphone application. Moreover, the percentage of remaining battery capacity is displayed on the smartphone application.

The intensity of each LED is regulated by pulse width modulation (PWM).
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Fig. 1 Proposed system configuration
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The proposed systemwas developed using a development kit (Pioneer Kit, CYSCKIT-042-BLE, Cypress, CA), as illustrated
in Fig. 2, and RoC evaluation board with BLE (CYBLE-022001-EVAL, Cypress, CA), as illustrated in Fig. 3. This development tool
was selected as the RoCchip on the RoC evaluation board is small and provides adequate functions for this system. To ensure
convenient development using the RoC evaluation board, the development kit was utilized as a starter kit. The RoC evaluation
board is mounted on the right-upperside of the development kit (Fig. 3). The development kit is connected to a PC on which an
integrated development environment (IDE) operates. The IDE offers a number of examples to implement various applications with

the development kit and the evaluation board mounted on it.

Fig. 2 RoC development kit (Pioneer Kit, CYS8CKIT-042-BLE, Cypress, CA)

As the RoCchip is smalland inconvenient to be manipulated, the RoC evaluation board was utilized during the early phase
ofthe development (Fig. 3). There are anumber of pins on the evaluation board; however, a few of the ports are not connectable
to a developer. Debug pins are located in the middle of the evaluation board for connecting to the development kit. With this
developmental environment, the basic functions of the proposed system including BLE communication, LED color mixture,

intensity control, duration control, and LED driving, were implemented and tested.

Fig. 3 RoC evaluation board with BLE module (CYBLE-022001-EVAL, Cypress, CA)

A prototype was implemented on a circular printed circuit board with diameter 31 mm (Fig. 4). The systems consist of a RoC
chip (lowerside of Fig. 4) and debug pins with five holes (upper side of Fig. 4). The RoC chip (CYBLE 022001-00, Cypress, CA)
was used as it is commonly available and provides simple BLE implementation. The prototype system also includes an FET
switching circuit (FDMA1024NZ, Fairchild Semiconductor, CA), a RGB LED, and a voltage regulator (TPS79333, Texas
Instrument, TX) to supply stable voltage fromthe battery. After being attached to the LED side on a body site such as an armor
wrist, the device could undergo relative movement while the user attended to routine activities. Therefore, the entire device was
designed as flat as possible. The height ofthe circuit is 3.95 mmincluding the populated components. The other side contains a
coin battery, which enables portability of the device. The terminals to charge the coin battery are located on the right side, as
illustrated in Fig. 4. A rechargeable Lithiumion battery, PD2032 (20 mmx 3.2 mm), with 85 mAh capacity was used. Assuming that
each of the RDB LED consumes 10 mA and the MCU’s power consumption is negligible in low-power mode, the proposed

systemcould operate for 2 h and 50 min, i.e., 7 therapy times, from fully-charged condition.

Copyright © TAETI



160 International Journal of Engineering and Technology Innovation, vol. 7, no. 3, 2017, pp. 157 - 168

Fig. 4 Implemented prototype

Any BLE performance has a specific profile, similar to a data packet, for communication. There are a number of existing
profiles for various applications. A profile is defined by adding a data set on the basic BLE protocol. Applications have
appropriate profiles according to the activities with a paired device. In the case of hands-free headset device, for example,

headset profile is selected as a basic profile.

However, as no standard profile suitable for this study was identified, a customized profile was defined for this application,
as illustrated in Fig. 5. The generic access profile and generic attribute profile are basic profiles in all services. The LED control
profile is the customized profile implemented in this study. The profile has control data and state data. The client characteristic
configuration descriptor (CCCD) is a descriptor for notifying data variation to an application, i.e., BLE central device. As it is

necessary fora few characteristics to notify their data update to users in this study, their CCCDs were constructed appropriately.
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Fig. 5 Customized profile

2.2. Intensity control algorithm

To provide effective therapeutic effects, color mixture and light intensity are critical factors to be regulated. The color
mixture, i.e., the color wavelength combination of each color and total light intensity can be regulated by the user with the
smartphone application. The intensity control is particularly crucial. To provide color with highly precise light intensity level,

proper intensity control and its calibration are to be considered.

There have been several methods for LED intensity control (usually called dimming), such as analog dimming and PWM
dimming. Analog dimming method regulates current flow to LED using a feedback circuit, and the current flow in turn regulates
the LED intensity. As has been demonstrated, while the analog dimming method regulates current precisely, the peak point of
wavelength is varied, which is undesirable for this application. Meanwhile, the PWM dimming method is known to have a
drawbackthat the current regulation is unstable at low levels. However, as control of current level lower than 10% is not required

in the proposed system, PWM dimming method is the preferred method considering its simplicity of implementation.
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Forthe intensity calibration, a wired version system comprising an Arduino MCU board (Pro Micro 3.3V/8MHz, Sparkfun,
CO), an FET breakout board (Mini FET shield, Sparkfun, CO), and an RGB LED (Fig. 6), was prototyped. This MCU board
provides high performance with low-power, AVR 8-bit MCU (Atmega328, Atmel, CA). The MCU was used to set the intensities
of RGB LEDs through PWM signals. The PWM signals from the MCU was capable of generating pseudo-analog signals;
however, they could not supply sufficient currentto LEDs as the output current from the MCU is up to several mA, which is not

adequate to activate an LED. Considering this, a FET switching circuit was constructed to supply the required current.

000600
000000000000
Nl >

(@) Main controller (b) LED board
Fig. 6 The Arduino-based prototype for intensity calibration

As the FET switching circuit does not have feedback for sensing the LED current, a calibration algorithm to provide the
desired intensity was used, as illustrated in Fig. 7. At first, the output intensity is measured at 10 % incremental PWM commands
foreach LED probe and each ofthe three colors. Next, their distribution is estimated by a linear regression expression. Finally, the
reverse expression is utilized to obtain PWM values forthe desired light intensity command to accompany the 10 % incremental
PWM command. These calculated PWM values are stored in a table as calibration data. The desired light intensity is acquired by

using the stored calibration data.
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Fig. 7 Intensity calibration
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2.3.  Android application

An Android application was implemented to regulate the LEDs (color mixture, light intensity, and illumination duration) and
monitor the device’s state (device name, remaining battery capacity, and remaining illumination time). The application was
implemented based on an Android BLE example application provided by Google. The application has been developed with
Android Studio, and the targeted version was selected as API 23. Although the API version with the least capabilities suitable

for BLE applications is 18, the APl version 23 was selected considering the proliferation of API versions.

At first, the application scans devices in the vicinity of the user, using a scanning screen. The detected devices are
displayed with theirnames and media control addresses, as illustrated in Fig. 8 (a). After the user selects a detected device, the
application connects to the selected device and transforms into a device control screen, as illustrated in Fig. 8 (b). The device
controlscreen has abutton, radio buttons, and text views. If the connection is established successfully between the application
and device, an option menu, situated on the right-upper side of the device control screen, shifts from “connect” state to
“disconnect” state. The device also can be disconnected if required, by touching a button on the option menu. The radio buttons
provide controls for light intensity and illumination time over the connected device. The text views display device information

such as remaining battery capacity, remaining illumination time, and connection state.

{  ColorPatch Scan STOP ¢ & Color Ball DISCONNECT
Color Ball Run
I00:A0:50:00:00:10
ntensity ()40% @ 80% () 100%
period () 4hours @ 6hours () 8hours
battery: 0 %
time to stop: 0 min
Connected
(@) Device scanning screen (b) Device control screen

Fig. 8 Android application

2.4. Intensity verification method

To verify the light intensity calibration, two optical measurement systems were used. To measure light intensity, a digital
optical power and energy meter (PM 100D, Thorlabs Inc., NJ) was used, as illustrated in Fig. 9 (a). This equipment can capture
wavelength between 400nmand 1100 nm. The measuring range for power is from 500 nW to 500 mW with a + 3 % measurement
uncertainty and a 10nW resolution. To measure the relative intensity over the visible light range, a CCD spectrometer (CCS200,

Thorlabs, NJ) was used, as illustrated in Fig. 9 (b).

(a) Optical power and energy meter (b) Spectrometer

Fig. 9 BExperimental measurement equipment
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To measure light intensity accurately and precisely with the optical power and energy meter, a measuring jig was

constructed (Fig. 10). The measuring jig aids to locate the LED probe at a specific position for each measurement and shields the

jig fromambient light. The jig enables convenient measurement of the light intensity at an identical position on each probe. The

jig was designed using a 3D CAD/CAM system (CATIA, Dassault System, France) and fabricated by using a 3D printer. It can

be attached to the measurement instrument and measure at an identical position each time.

3. Results

Fig. 10 Measurement jig

The wavelength of each color was measured with the spectrometer and its peak wavelength was checked. The peak

wavelengths were 630 nm, 520 nm, and 450 nm for red, green, and blue colors, respectively.

Five RGB LED probes under the control of the PWM command were tested for effective measurement of intensity value.

The PWM commands were subdivided into 10 steps of 10 % each. For each PWM value, its corresponding intensity was

measured ten times and averaged (Table 1). Each measurement was conducted under similar conditions. Overall, 750

measurements of intensity were conducted. It revealed that the LED probes of similar color yielded significantly different values

of average intensity; this demonstrated that the light intensity was not calibrated.

Table 1 Average intensity for each RGB LED probe before calibration (mwW/cm?)

PWM (%)
LEDSet 0T 20 [ 30 [ 40 ] 50 | 60 | 70 | 80 | 90 | 100
Probel R | 053 | 1.05 | 152 | 203 | 252 | 301 | 345 | 403 | 450 | 501
Probe2 R | 060 | 1.09 | 157 | 236 | 284 | 325 | 401 | 476 | 539 | 585
Probe3 R | 0.73 | 1.36 | 2.02 | 260 | 323 | 413 | 492 | 551 | 635 | 7.08
Probed R | 061 | 1.26 | 1.82 | 250 | 3.10 | 372 | 446 | 504 | 587 | 658
Probe5 R | 062 | 114 | 181 | 2.25| 285 | 339 | 414 | 490 | 560 | 6.33
Probel G | 0.73 | 150 | 2.32 | 303 | 384 | 458 | 560 | 6.39 | 7.21 | 812
Probe2 G | 081 | 1.69 | 261 | 343 | 424 | 507 | 605 | 7.3L | 820 | 924
Probe3 G | 066 | 1.33 | 2.02 | 2.65 | 332 | 418 | 490 | 576 | 643 | 7.23
Probed G | 0.80 | 167 | 250 | 353 | 424 | 495 | 611 | 7.23 | 822 | 9.10
Probe5 G | 0.73 | 143 | 2.33 | 307 | 368 | 459 | 524 | 6.32 | 749 | 8.33
Probel B | 2.20 | 445 | 695 | 9.15 | 11.44 | 13.77 | 16.26 | 1897 | 21.28 | 2348
Probe2 B | 2.20 | 450 | 6.90 | 9.30 | 11.39 | 13.80 | 16.67 | 19.31 | 2154 | 2386
Probe3 B | 2.27 | 456 | 6.65 | 917 | 11.27 | 1412 | 1615 | 19.1 | 21.35 | 24.10
Probed B | 2.22 | 459 | 693 | 9.19 | 11.45 | 14.06 | 1648 | 1897 | 21.33 | 24.00
Probe5 B | 221 | 458 | 6.90 | 9.31 | 1151 | 1417 | 1622 | 1922 | 21.46 | 2359

Before the calibration, it is necessary to specify the maximum target intensities for each color. At first, the intensities of the

five LEDs of similar color were grouped together. In this group, the minimum of the intensities of the five LEDs at 100 % PWM

command was specified as the maximumtarget intensity that all the LEDs in that group are to provide. Additionally, a marginal
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value of margin was subtracted from this minimum intensity value. Finally, the maximum target intensities were decided as 4.8
mW/cn?, 6.5 mW/cn?’, and 22 mW/cn* for red, green, and blue groups, respectively. Considering the maximum target intensity,

i.e. target intensity ata 100 % PWM command, the target intensity at 10 % incremental PWM command was linearly interpolated.

Forthe target intensities, the calibrated PWM values for each LED probe were calculated as explained in the earlier section
(Table 2). These calibrated PWM values correspond to the PWM commands which provide targeted light intensity for each LED.
A highly significant number of the calibrated PWM values are smaller than their uncalibrated PWM commands as the maximum
target intensity was specified as the minimumofthe measured intensities. However, a few calibrated PWM values are larger than

theiruncalibrated PWM command. This is because that the LEDs have a certain level of nonlinearity for these PWM commands.

Table 2 Calibrated PWM values of each LED (%

10 20 30 40 50 60 70 80 90 100

Probel R | 889 | 1858 | 2826 | 37.95 | 4763 | 57.32 | 67.01 | 76.69 | 86.38 | 96.06
Probe2 R | 9.98 | 18.01 | 26.03 | 34.06 | 42.09 | 50.12 | 58.14 | 66.17 | 74.20 | 82.23
Probe3 R | 820 | 14.96 | 21.72 | 2849 | 3525 | 42.01 | 48.77 | 5554 | 62.30 | 69.06
Probe4 R | 893 | 16.24 | 2355 | 30.86 | 38.17 | 4548 | 52.79 | 60.10 | 67.41 | 74.72
Probe5 R | 10.33 | 17.92 | 2552 | 33.12 | 40.71 | 48.31 | 55.90 | 63.50 | 71.09 | 78.69
Probel G | 10.09 | 18.02 | 25.95 | 33.87 | 41.80 | 49.73 | 57.66 | 6559 | 7351 | 81.44
Probe2 G | 9.73 | 16.71 | 23.69 | 30.67 | 37.65 | 44.64 | 51.62 | 58.60 | 6558 | 72.56
Probe3 G | 11.44 | 20.29 | 29.15 | 38.00 | 46.85 | 55.71 | 64.56 | 7342 | 82.27 | 9112
Probe4 G | 9.53 | 1658 | 23.63 | 30.67 | 37.72 | 44.77 | 51.81 | 58.86 | 6591 | 72.95
Probe5 G | 1117 | 18.93 | 26.69 | 34.45 | 4221 | 4997 | 57.73 | 65.49 | 73.26 | 81.02
Probel B | 10.53 | 19.76 | 29.00 | 38.23 | 47.46 | 56.70 | 65.93 | 75.17 | 84.40 | 93.64
Probe2 B | 10.62 | 19.69 | 28.76 | 37.83 | 46.90 | 5597 | 65.04 | 7411 | 83.18 | 92.24
Probe3 B | 10.97 | 20.05 | 29.12 | 38.20 | 47.27 | 56.34 | 65.42 | 74.49 | 8357 | 92.64
Probe4 B | 1054 | 19.66 | 28.78 | 37.91 | 47.03 | 56.15 | 65.28 | 74.40 | 8352 | 92.65
Probe5 B | 10.30 | 1947 | 28.65 | 37.83 | 47.00 | 56.18 | 65.36 | 7453 | 83.71 | 92.89

The intensities were measured and compared before and after the calibration as illustrated in Table 3. Before the calibration,
the intensity values had a wide distribution. The standard deviation (STD) gradually increases as we shift from 10 % to 100 %,
and 100% intensity displays the largest STD. At 100% intensity command, red and green LEDs displayed STD of approximately
0.7 with a wide distribution. However, blue LED displayed an STD of 0.2, which is a distribution narrower than that that of the
other colors. However, after the calibration, the measured average intensity values matched their corresponding target
intensities. As can be observed in Table 3, the STDs were negligible including at 100 % command intensity, whereas the

uncalibrated intensities had revealed large STDs.

Table 3 Intensity at 100 % PWM before and after calibration (mw/cm?)
Before calibration After calibration
LED Pl P2 P3 P4 P5 | Mean | STD P1 p2 P3 P4 P5 | Mean | STD
Red 501 | 585 | 708 | 658 [6.33 [ 617 [ 0703 | 480 | 480 [ 480 | 480 | 480 | 4.80 |0.000
Green | 812 | 924 | 723 | 910 [833 | 840 | 0.728 | 6.500 | 6.50 | 650 | 650 | 6.50 | 6.50 |0.000
Blue |23.48 | 23.86 | 24.10 | 24.00 | 2359 | 23.81 | 0.237 | 22.00 | 22.00 | 22.00 | 22.00 | 22.00 | 22.00 | 0.000

Fig. 11illustrates the measured intensity values before and after the calibration. Before the calibration, the intensity values
revealawider distribution; none ofthe LED probe displayed reasonable linearity. The correlation coefficients were 0.97, 0.98, and
0.99forred, green, and blue colors, respectively. However, after calibration, each LED probe displayed a very narrow distribution
as mentioned before. Moreover, they display excellent linearity. Their correlation coefficients were smaller than 0.00 for all the

colors.
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Fig. 11 Measured intensity values before and after calibration

S—
0 o e esdo erdon so

lon sz00  se

\

e e

lon  smo0  eodoo  eesoo  esdoo  Emn0
Wavelangth [nm)

Fig. 12 Before color mixture calibration

Copyright © TAETI



166 International Journal of Engineering and Technology Innovation, vol. 7, no. 3, 2017, pp. 157 - 168

Although the intensity is calibrated for each LED, notable differences in the intensity output between the LEDs remained.

This difference is particularly significant between the colors. This could be due to an issue in the context of color mixing. In Fig.

12, three LEDs were commanded with 100 % PWM command. However, the intensity values are different between the colors.

Therefore, each color’s intensity was calibrated for color mixture. For this adjustment, a similar method as the intensity
calibration explained above, was utilized. The minimum of the maximum target intensity values for the three colors was selected

as the target color mixture intensity. Considering this target color mixture intensity, the calibration ofeach color’s target intensity

was repeated.

Afterthis process of color mixture calibration, each color’s intensity displayed an appropriate intensity ratio according to
the desired command, as illustrated in Fig. 13. For this measurement, the spectrometer described in the previous section was used.

Itis noteworthy that this spectrometer measures only the relative intensity in the spectrumofvisible light wavelength. Therefore,

the absolute light intensity was not considered in this experiment.
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Fig. 13 After color mixture calibration
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4. Discussion

The prototyped wireless portable color therapy device performed satisfactorily. The light intensity, illumination time, and
color mixture could be regulated by a smartphone application via BLE communication. The device’s information such as

remaining battery capacity and remaining illumination time was monitored on the application.

The light intensity of each LED was successively calibrated with the proposed method. Before the calibration, each LED
displayed different intensity values and nonlinearity. In particular, the deviation in the light intensities increased as the command
intensity increased. The intensity values are different according to color. These characteristics of LEDs could provide useful
information that can aid the development of this type of devices. After the intensity calibration, each LED could provide the
desired intensity according to command provided in 10% increments. Moreover, additional calibration in the context of the color

mixture was required as each LED, particularly of similar color, displayed different intensity for similar command intensity.

Although the color mixture calibration regulates the intensities of each LED light, it does not provide light of new
wavelength. As has been demonstrated, specific wavelengths provide therapeutic effect on particular cell, tissue, or organ.

However, effective regulation of intensity of light of each wavelength can enable precise control of therapeutic dosage.

5. Conclusions

This study presented a wireless, low-power light-emitting device with RGB LED for color therapy. The proposed system
was prototyped using an RoC module with an MCU function and BLE. An Android application was also implemented. With the
application, the operations ofthe prototyped device including color mixture, illumination intensity, and illumination time could be
regulated, and the information fromthe device could be displayed-on the application for users to read. For the precise control of
light intensity, a calibration process was conducted, and the effect was verified for each RGB LED probe. For experimental

convenience, the intensity calibration and its verification were executed on a wired systembased on an Arduino MCU.

The proposed systemis small-sized to be adhesive on skin without a tether line for power or communication. Aided by the
property of skin adhesiveness, the device provides a therapeutic effect comparable to that of available devices, over a short
radiation distance and consumes low power. Using wireless communication through a smartphone, the device enables
convenient operation, frequent usage, and monitoring of therapeutic history. The proposed system is expected to be utilized as

a portable wireless color therapy device, particularly for personal use.
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