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Abstract

:

Knee osteoarthritis (OA) is a highly prevalent and disabling disease that causes pain and gradual degeneration of the articular cartilage. Phototherapy is a new physiotherapy treatment, more effective and stable than other non-pharmacologic management. Conventional phototherapy devices typically suffer from unintelligent and bulky equipment, while existing phototherapy methods require maintain a certain phototherapy distance. Here, we introduce a wearable flexible phototherapy device worn on a knee for osteoarthritis, incorporating a phototherapy adhesive patch and a control box. The phototherapy adhesive patch is capable of softly laminating onto the curved surfaces of the knee skin to increase the effects of phototherapy. We describe the LED array, constant current drive module, key control module, and power supply module that serve as the foundations for the control box. The weight of the device is only 101.8 g. The irradiance of the device can be adjusted linearly and irradiance of the designed phototherapy device based on LED can reach 13 mW/cm2. The maximum temperature of the surface of the light source is 31.2 °C. The device proposed in this work exhibits satisfactory stability, promising a potential in phototherapy.
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1. Introduction


Knee osteoarthritis (OA) is a common chronic degenerative disease [1] and is a leading cause of global disability [2,3]. It is estimated that, by 2030, the prevalence of symptomatic knee OA will reach 30%, attributed to increasing life expectancy and the rising number of persons with obesity [4]. Knee OA is typically a progressive disease of the whole synovial joint characterized by subchondral bone proliferation, bone misalignment, and synovitis [5,6]. As a consequence of these changes, joint pain and functional disability may ensue [7].



While patients and health providers desire effective knee OA therapy, few effective long-term remedies have been identified. Treatments of knee OA commonly rely on traditional non-pharmacologic management (e.g., weight loss, exercise), which is advocated by most therapeutic guidelines, to relieve pain, improve function, prevent deformities, and slow the progression of the disease [8]. Unfortunately, results are inconsistent across patient populations with these treatment options, and there are not set devices facilitating these treatments. Some other knee OA therapy methods currently being studied include acupuncture [9,10], transcutaneous electrical nerve stimulation (TENS) [11,12,13], and low-level laser therapy (LLLT) [14,15,16,17,18].



Phototherapy has been applied clinically in the treatment of soft tissue injuries and accelerate inflammation healing for more than 40 years [19,20]. Light-emitting diodes (LEDs) are light sources based on the semiconductor, and effects of different wavelengths of LEDs have showed efficacy in a variety of clinical conditions. Phototherapy using red LED arrays has also been reported to have anti-inflammatory properties, by influencing the release of cytokines from various kinds of cells. At the cellular level, the mechanism of phototherapy has been ascribed to the activation of mitochondrial respiratory chain components, resulting in initiation of a signaling cascade that promotes cellular proliferation and cytoprotecton [21].



Researchers have proposed many phototherapy devices for knee OA in recent years. Gomes et al. presented a phototherapy with a nine-diode cluster device: one 905-nm super-pulsed diode laser, four 875-nm LED, and four 640-nm LED [22]. Yasushi et al. used a therapeutic device for the treatment of knee OA, which had high-intensity red LEDs. The LEDs were mounted to the underside of the custom-designed brace, the brace was fitted on the knee joint, and then wrapped with bandaging [23]. However, it is not portable due to its large size, resulting in poor efficiency in the clinic.



In this paper, we present an innovative device designed to help individuals with knee OA. Unlike many of the existing knee OA therapy devices, this device is wearable, flexible, and does not require physical activity. Patients can be treated standing or lying down as the device is attached to the knee, but does not generate any motion. SolidWorks, an outstanding 3D design tool, is utilized to build the 3D model of the phototherapy device. The red LED with emission wavelength of 630 nm is chosen as a light source, and the structure and parameters of the LED array are optimized by simulating optical analysis with TracePro. The hardware control system is constructed by an STM32 microcontroller. This article presents a constant current drive circuit based on an MOS tube, and provides a circuit design and system implementation.




2. Materials and Methods


The phototherapy device is a set of device designs, electronic circuit designs, and system layouts for control box and phototherapy adhesive patch that incorporate arrays of centimeter-scale LEDs in soft sheets of flexible circuit board that laminate directly onto the skin in a simple, non-invasive manner. Figure 1 demonstrates the 3D model of the phototherapy device for knee OA. The mechanical structure contains a control box and a phototherapy adhesive patch. The shell of the control box was created with 3D-printed molds using PVC materials. The overall structure is similar to a cylinder with a diameter of 50 mm and a height of 25 mm. It has the advantages of simplicity and practicality.



The control box comprises an upper cover, a cylinder body, and a lower cover. The upper cover was designed with two button switches and three LED indicators. The two button switches used mechanical elastic button switches, respectively, to achieve power switch and irradiance adjustment. The three LED indicators were associated with three brightness levels with irradiance; the greater the irradiance, the more LED indicators that light up. The cylinder body was equipped with a Type-C data interface, which was used to charge the built-in battery. In order to provide the necessary control systems and power supplies for the phototherapy adhesive patch, the lower cover was designed with two buttonhole, which could be connected with the buttons on the phototherapy adhesive patch.



The phototherapy adhesive patch included two buttons and a LED flexible printed circuit board. Through the connection between the button of the phototherapy adhesive patch and the buttonhole of the lower cover of the control box, the two modules were integrated to realize the function of phototherapy. The LED flexible printed circuit board (FPCB) is a highly reliable and flexible printed circuit made from a flexible insulating substrate, such as polyimide or polyester film. Thanks to the characteristics of light weight, thin thickness, and good bending performance, it could be closed to the curved surfaces of the knee skin.



2.1. The LED Array


Based on the analysis and summary of the pathogenesis and treatment principle of knee OA, the red LED with emission wavelength of 630 nm and rated power of 0.2 W was chosen as light source. Figure 2 shows the LED array, consisting of 55 LEDs which were driven by a constant current drive module. The output power could be adjusted continuously through the pulse width modulation (PWM) signal, which were applied to dimming strategies using their feature of the dimming behavior is more linear. The PWM dimming strategy utilized a pulsed current to carry out the control. While the pulsed value of the current was a constant value, the average value of the current, and hence the average value of the luminous flux, depended on the duty ratio of the pulsed current [24].



In order to improve the irradiance and uniformity on target plane. On the one hand, the LED array was constructed by the way of red LED interval arrangement, which could not only make up for the lack of irradiance through the superposition of illumination, but also effectively expand the irradiance area [25,26]. On the other hand, as the knee is a free-form curved surface, it was easy to laminate onto the knee skin by FPCB compared to traditional printed circuit board (PCB). Moreover, secondary optics based on freeform-surface lens would result in a poor user experience. In this paper, the integrated glue dropping process was adopted to cover the surface of the FPCB with glue drops evenly, which could improve the uniformity of irradiance and have the effect of waterproof [27].



The optical model of the LED array was established by TracePro software, and the ray-tracing simulations of LED array was performed. The irradiation distance was set to 3 mm. Figure 3 shows the simulating results. The maximum irradiance of the target plane was 1160.3 W/m2, Average irradiance was 703.66 W/m2. The uniform irradiance of the target plane reached 60.64%.




2.2. The Constant Current Drive Module


The constant current drive module used two MOS tubes to drive the LED array. The circuit outputted high and low levels through the STM32 microcontroller to control the time of MOS tube opening and closing, and then outputted an PWM signal to drive the LED array. When 80NM_ON/OFF outputted a high level, Q11 was ON, Q13 was ON, and the output was high. When 80NM_ON/OFF outputted a low level, Q11 was OFF, Q13 was OFF, and the output was low-level. Thus, the PWM signal was generated to control the LED array. Figure 4 is a schematic diagram of the constant current drive module.




2.3. The Button Control Module


The button control module included two button switches and three LED indicators. The two button switches with mechanical elastic button switches, respectively, were used to achieve power switch and irradiance adjustment. The mechanical elastic button switch was equivalent to send a single pulse signal to the controller, which closed when pressed and automatically disconnected when released. The three LED indicators associated three brightness levels with irradiance. Different irradiance could be changed by adjusting different duty ratio. Figure 5 is a schematic diagram of the button control module.




2.4. The Power Supply Module


In order to improve the portability and durability of the device, it was powered by a 3.7-V rechargeable lithium battery, which was charged by USB port. A SMBJ6.5CA diode was used as charging protection. When the 5-V power supply was connected, the D7 diode was switched on, the 5 V was connected to the positive electrode of the battery, and finally the battery began to charge. Figure 6 is a schematic diagram of the power supply module.





3. Testing and Results


Figure 7b shows the wearable flexible phototherapy device for knee OA, incorporating a flexible LED board and a control box, the weight of which was only 101.8 g. The elastic band was worn on the patient’s knee. Because FPCB has the advantages of light weight, thin thickness, and good bending performance, the flexible LED board had excellent flexibility and stretchability. The bending angle of the flexible LED board could adjust at will between 0–90°, as shown in Figure 7c.



Because the phototherapy adhesive patch was applied to the patient skin surface, the distance between the probe of spectral radiometer and the LED was small when measuring the irradiance. To ensure measurement accuracy, we selected appropriate measuring points which were vertical below the LED, and the measured irradiance was 13 mW/cm2.



When setting a shift of 10% duty cycle over a total of 10 shifts, a multimeter was used to test and record the output current of the phototherapy adhesive patch. Figure 8 demonstrates the photoelectric characteristics of the constant current drive module.



The irradiance had a linear relationship with the PWM duty cycle. When the PWM duty cycle was 0, the light irradiance was the minimum, and when the PWM duty cycle was 100%, the light irradiance was the maximum. The linear adjustment of the irradiance was realized, and the adjustment range was 0–13 mW/cm2, which met the requirements of design parameter. When the duty cycle increased, the output current also increased, and the maximum current reached 153.6 mA.



When the device is working, the current generates heat in the LED. According to the national standard GB/T 18153-2000, the main structure of the molded material and contact with the human body for about 10 min of the surface temperature of the equipment should be less than 48 °C. To verify the safety on the human body, the temperature of the device was tested. The device working at maximum irradiance is shown in Figure 9. When the ambient temperature was about 26 °C, the maximum temperature of the surface of the light source was 31.2 °C during the system operation at the state of maximum light irradiance for 10 min, which is in the safe range.



Compared with other currently available devices, the weight of the device is light and the irradiance could be adjusted linearly. The flexible LED board has good elasticity, as it is made from FPCB which is more pliable than PCB, thus it can be worn on the patient’s knee. To verify the device’s effectiveness of phototherapy on the human body, we will focus on the research in our next-step work clinically.




4. Discussion


In summary, this work presents a wearable flexible phototherapy device worn on the knee for osteoarthritis. In order to improve the irradiance and uniformity, the LED array was constructed by the way of red LED interval arrangement, and the integrated glue dropping process was adopted to cover the surface of the FPCB with glue drops evenly. The design parameters of the LED array was optimized by simulating optical analysis with TracePro. This article presents a constant current drive circuit based on an MOS tube. The linear adjustment of the irradiance was realized, the adjustment range was 0–13 mW/cm2, and the maximum current reached 153.6 mA. The maximum temperature of the surface of the light source was 31.2 °C during the system operation at the state of maximum light irradiance for 10 min, which was in the safe range. As such, the phototherapy device in this paper has broad application prospects in knee OA therapy.
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Figure 1. The 3-D model of the phototherapy device for knee OA. 
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Figure 2. Schematic diagram of the LED array. 
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Figure 3. The simulation of irradiance. 
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Figure 4. Schematic diagram of the constant current drive module. 
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Figure 5. Schematic diagram of the button control module. 
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Figure 6. Schematic diagram of the power supply module. 
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Figure 7. The wearable flexible phototherapy device for knee OA. (a) Photo of the device worn on a knee for osteoarthritis; (b) Physical photo of the device incorporating a flexible LED board and a control box; (c) Physical photo of the flexible LED board. 
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Figure 8. Duty cycle versus current curve. 
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Figure 9. (a) Physical photo of temperature testing; (b) Temperature versus time curve. 
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