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Abstract

:

Pressure ulcers (PU) are deep scars on the skin that cause pain, infections and severe health complications. Most movement-impaired subjects are vulnerable to PU, leading to permanent and irreversible skin damage. The system proposed in this paper aims to prevent PU formation with the design and implementation of a wirelessly controlled device that predicts PUs before their occurrence and attempts to prevent it using therapeutic feedback. A flexible pad that consists of multiple types of sensors is used, theses sensors continuously and non-invasively monitor ulcer-related vital signs in vulnerable areas, and uses these data to predict PU with a decision-making process. When PU is detected an electrical stimulation (ES) unit is automatically activated. Stimulation prevents PU formation by increasing local blood flow to the simulated area and eliminating the main factor that leads to PU formation. The system successfully monitored and predicted PU; tests were performed on three healthy volunteers and one volunteer with sacral ulcers. Results including readings of blood oxygenation, force, humidity and temperature were recorded as graphs to monitor decay/increase in values more efficiently.
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1. Introduction


Pressure ulcers (PU) are localized injuries to the skin and underlying tissues caused by a local breakdown of cells as a result of compression between a bony prominence and an external surface [1]. Subjects with impaired mobility tend to remain in certain poses for long periods of time, leading to high forces applied at pressure concentration points for critical durations. The living tissue in these areas will suffer from narrowing and pinching of blood vessels, and consequently less oxygen and nutrients are supplied, which eventually leads to cell death and formation of PU [2]. Many people are susceptible to developing PU, but it is most critical in bedridden patients, including the elderly, quadriplegic subjects, intensive care unit patients and respiratory care unit patients [3].



Statistics show that PU affects 2.5 million patients per year according to the Centers for Disease Control (CDC), including 159,000 subjects in nursing homes. Treatment of PU cost ($9.1–$11.6) billion per year in the US alone while the cost of individual patient care ranges from ($20,900–$151,700) per patient [4]. PU is most common among bedridden subjects; it is estimated that more than (80%) of bedridden subjects develop PU [5].



The PU may form as soon as after 1–3 h of remaining in the same position, depending on age, skin health, weight, disease and diet. The formation of PU starts at the deep skin layers; as these layers suffer from oxygen deprivation sooner, the damage may not be visible superficially until late stages [2]. Preventive methods taken today to avoid PU in hospitals and home-nursing are: frequent repositioning every 1–3 h, which requires so much time and effort from the nursing staff, and it does not completely prevent PU formation. Another option is fluidized mattresses, but these are expensive and not very effective [6]. Treatment is very challenging and often the damage is irreversible, hence prevention is considered a much better solution [7].



Previous research in this field involves monitoring of a subject’s position and incorporated timers. For example in 2011, an intelligent monitoring/caution system for PU prevention was introduced; it employs multiple pressure sensors incorporated with a wearable garment. Artificial intelligence (AI) was used to predict the subject’s position based on sensor readings and to alert the nursing staff when the subject maintained one position for a critical period of time (90 min) [8]. In 2013, a patent was proposed suggesting a pressure mapping system that records the subject’s bed posture including upper and lower limbs, and the system helps the nursing staff to identify the subject’s pressure concentration points, leading to a more efficient PU management [9]. In 2020, a deep learning approach for PU prevention was designed, including accelerometers and netometer attached to a wearable vest to monitor the subject’s motion patterns. The system was trained to detect the subject’s critical positions, such as maintaining a sitting or lying position for too long [10]. Another PU management approach is a statistical method to evaluate the risk of PU based on previously collected data, such as one that was carried out in 2011, in which a statistical risk prediction method used preoperative data to predict hospital-acquired PU, and around 300 cases were investigated and analyzed, which revealed eight significant risk factors: age ≥ 75 years, female gender, American Society of Anesthesiologists ≥ 3, body mass index < 23, preoperative Braden score ≤ 14, anemia, respiratory disease, and hypertension were identified using multivariate logistic regression analyses [11]. Additionally, in 2019, the development of a novel scale for predicting in-hospital acquired PUs was introduced. It was performed on 383 patients; 252 patients were used to train the algorithm, and 131 patients were used in the validation. Their new scale combined observational and on-site information regarding mobility of patients [12]. Another form of PU care is the mechanical design of beds that allow a change in orientation. In 2011, a group of researchers proposed a platform that collects information from different sensors incorporated into a mechanical bed, and the data are then analyzed to create a time-stamped, whole-body pressure distribution map. Based on the acquired map, the system commands the bed’s actuators to periodically adjust its surface profile to redistribute pressure over the entire body [13]. In 2013, the design, simulation, and experimental testing of a mechanically actuated smart hospital bed was proposed, the mechanical bed is used to ensure that patients are consistently turned using actuating and control systems [14]. All of the previously mentioned methods do not include monitoring of PU-related vital signs in the living tissue such as blood oxygen, temperature and humidity, nor do they provide electrotherapeutic feedback, as the proposed solution in this paper does.



The presented paper suggests a wirelessly controlled device that accurately predicts a PU before it actually forms, based on real-time monitoring of data related to skin health, coupled with a decision-making process and therapeutic feedback. When PU is predicted, an ES unit is automatically activated; ES causes vasodilatation which promotes blood flow to the targeted area, and prevents PU formation. ES is a form of physical therapy which has been used for increasing local blood circulation in many previous researches [15,16,17]. Promoting local blood supply prevents PU formation since insufficient blood supply is the main cause of PU [18]. Additionally, electrical stimulation causes muscle contraction, which increases the resistance to the applied external force and reduces the risk of PU [18].



Prediction is based on readings from various sensors which monitor PU early clinical remarks: oxygen saturation in the blood-SpO2, force applied by patient’s weight to the monitored area, relative humidity and temperature of the monitored area [19,20] Statistical and physiological information is used to build a decision-making process which is a form of artificial intelligence, allowing the system to decide whether the subject is at risk of PU or not; prevention of PU is achieved by automatically activating the ES unit to eliminate PU symptoms.




2. Materials and Methods


To successfully predict PU, skin health must be monitored continuously, PU forms in areas of high force concentration leading to the collapse of blood vessels and low blood oxygen saturaton-SpO2 in the area. Non-invasive sensors are used to monitor these two factors—force and SpO2—and to detect the time where they reach critical levels and activate the therapeutic ES unit when needed. Another important aspect to monitor is bacterial infection, which is related to the skin’s relative humidity and temperature; the concept is to prevent the favorable growth environment of the most common bacterial infection that accompanies PU scars, by preventing certain humidity levels accompanied by specific temperatures [19,20]. When predicted, the system will send an alarm message to adjust the skin’s humidity and temperature. The overall system block diagram is shown in Figure 1. The device consists of three main parts: PU sensing device, ES unit and user interface/control. The PU sensing device is a flexible three-layered pad made of cushioned high-density polyethylene covered with an absorbing cloth. It is engraved to house the sensors that must have direct contact with the subject’s skin. The second layer is a cushion for the subject’s comfort, and the final layer acts as a backbone to the first layer. The sheet is located over the targeted area (the sacral region within 15 × 15 area). This area is chosen because it is the first area to develop PU in bedridden subjects [20].



The design of the pad (shown in Figure 2) allows sensors to be fixed in their appropriate positions, the wiring to be protected and the signal’s motion artifact to be limited. The use of multiple engraved layers and cushions leads to a smoother surface of the pad and prevents the impact of the sensor’s rough surface on the subject’s skin. The locations of all the sensors are shown in Figure 2, and the execution of the pad is shown in Figure 3. Secondly, the ES unit which is designed to provide multiple therapeutic modes and parameters must be set by the physician based on the subject’s skin health within the universal safety standards [21]. Stimulation is applied using self-adhesive surface electrodes applied to the thoracic level of the back, which is proven to increase blood flow to the sacral region.



2.1. Hardware Design


The design of the proposed system includes the following sensors: (Flexiforce sensors [22], Load cells [23], MAX30102 IR/R/Photodetector module [24], SHT30 Humidity/Temperature sensor [25]). These sensors are derived by a microcontroller (NodeMCU: ESP8266) which extracts data from all sensors including the Flexiforce sensors via an analogue to digital convertor (ADS1115), and duplicated sensors (two SpO2 sensors, three Humidity/Temperature sensors) via the multiplexer (TCA9548A). Four load cells are also incorporated for more accurate force readings; the Flexiforce sensor shows high drift during prolonged test periods. Load cells are rather bulky and require two hard plates, so they was covered with a cushion for the patients’ comfort. The sensors have different sampling rates, but recording is performed at 0.2 Hz, i.e., one sample every five seconds for all readings to ensure consistency. The schematic of the sensors’ driving circuit and the ES unit circuit is shown in Figure 4.



Some information about the sensors used in this design are included in Table 1. More details can be found in the sensors datasheet [22,23,24,25].




2.2. Software


Prediction software is based on a decision-making process, which has been used in many fields, such as as an artificial intelligence (AI), that allows the machine to perform operations and make decisions based on given data [26,27]. In this paper, two decision-making algorithms are used; PU prediction and bacterial infection prediction:




	
Decision-making of PU prediction is a multi-step algorithm built based on the physiological process that leads to PU formation. The main indicator of PU is saturation of oxygen in blood (SpO2); oxygen drops due to the force applied on the area causing the collapse of blood vessels, this force is basically a portion of the subject’s weight applied to the sacral region; many researchers assumed different levels of critical force that leads to PU formation [28]. These values are set as “initial critical force”, and this value is continuously updated based on SpO2 levels. As the subject lay down in supine position (bedridden posture), both force and SpO2 levels are measured simultaneously, and the value of force that will cause oxygen levels to drop is detected and recorded which is a specific value for that certain subject. This value is set as the “updated critical force”; if force exceeds this threshold, the microcontroller checks oxygen level; if it is not affected, then no prediction occurs, but if the critical force persists at high level for more than a critical time (90 min based on previous research [7,8,9,10,11,12,13,14,15,16,17,18,19,20]), then the prediction is true. The SpO2 is monitored continuously, and if oxygen concentration falls below a critical range (90–89%) PU prediction is set to true immediately. When PU prediction is true, the system automatically activates the ES unit to begin the electrotherapy session; the stimulation increases blood flow and increases SpO2 level, and it also causes muscle movement (contraction), making the area more resistant to PU. Figure 5 shows a simplified flowchart of the prediction algorithm.



	
Prediction of bacterial infection is based on monitoring and preventing the growth of skin bacteria known as Staphylococcus aureus [29]. It is one of the most common bacteria that grows alongside PU scars [30,31]. The system aims to prevent the favorable growth environment of this bacteria. The two main factors in bacterial growth in the skin are temperature and humidity, hence the system continuously monitors these two factors using the (SHT30) Humidity/Temperature sensor at three different locations on the subject’s back to cover the sacral area. Next, the system runs calculations comparing the sensor’s readings against preset thresholds to estimate the risk of developing the infection. Once the risk is detected, an alarm message is sent to the user interface alerting the healthcare givers to take preventive measures, for example, “use cloth to remove sweating and adjust skin temperature”. The threshold for temperature is (>35 °C) and (<39–40 °C), relative humidity between (70–80%). These conditions mark the favorable environment for developing infection in ulcerated skin if they occur together [32]. In this case, time is not accounted for, so when predicted, the healthcare giver is instructed to adjust relative humidity/temperature immediately by drying the skin or ventilating the area, for example. In the case of temperatures dropping below 20 °C, an alarm message will be sent, because it has been shown that lower temperatures leads to low blood flow, which encourages PU formation. Additionally, if temperature is above 38 °C, an alarm indicating that the subject has developed a fever will be shown on the user interface screen. Figure 6 shows a simplified algorithm for bacterial infection prediction.









2.3. User Interface


To visualize data and control the system, an application was built using Flutter platform and the Dart programming language. The front screen of the developed application is shown in Figure 7. The application runs extensive operations; it is responsible for receiving and previewing all data sent by the NodeMCU via Wi-Fi, and it also runs the pre-diction algorithms and their feedback. The screen shows data from all sensors; these data are charted into graphs at a rate of 0.2 Hz. Graphs are shown in the results sections.





3. Results


The test involved four subjects laying in supine position with PU sensing device on the targeted area (the sacral region). The volunteers‘ specifications are depicted in Table 2. Obviously, different weight distributions led to different forces being applied on the sacral region, which helped in investigating the effect of force, while body mass index (BMI) indicates weight distribution. Readings were collected in graphical formats with a total recording time of 4 h, which is enough to investigate the change in vital signs. Recording was then stopped when SpO2 reached near critical levels ~90% to ensure the volunteers’ safety. To validate the decision-making algorithms, the critical SpO2 level was changed from 90% to 95% to avoid waiting for lower oxygen saturation levels which would harm the volunteer. Figure 8a shows the sensors’ locations over the targeted area for healthy subjects, which are chosen to efficiently cover the sacral region (targeted area). The SpO2 sensors’ locations are B1 and B2. The relative humidity/temperature sensors’ locations are A1, A2 and A3. The four load cells are placed at the corners of a rectangle (area C) to measure average force. Figure 8b shows the sensors’ locations for the subject with a sacral ulcer; sensors are placed near the scar to investigate the vitals of the skin adjacent to the sore, and the force sensors are at the same location (area C), measuring the applied force over the sacral region, while Figure 9 shows the plot of force (weight) measurements indicating steady values of force (~45 kg). Figure 10 shows plots of filtered SpO2 measurements that reveal a slow decrease in SpO2 with time to around (90%). Figure 11 illustrates relative humidity measurements from three location, showing an exponential increase in values to (~60–80%), and Figure 12 shows temperature measurements from the same locations, it also shows a slight increase to (~37.5 °C) throughout the test period. All these previewed results are collected from the first volunteer. The same procedures were performed on other healthy volunteers.



For comparison purposes, results of the volunteer with sacral ulcer are previewed. Figure 13 shows the sensor’s location on the ulcerated skin where sensors were placed as close as possible to the sacral ulcer to record physiological changes in the abnormal skin. Recording was performed for 16 min; because the purpose PU volunteer is not for prediction but for comparison, no extended waiting for vitals drop was required, as PU had already occurred and vitals were already low. Figure 14 shows the plot of force (weight) measurements from area C, showing a steady value of 30 kg, and Figure 15 shows recorded SpO2 levels, which reveal extremely low values of blood oxygenation in the tested area (81–82%). Figure 16 illustrates relative humidity measurements from three locations showing more steady values in locations A2 and A3 of about ~80%, and a slight increase in location A1 to 60%. Figure 17 shows temperature measurements from the same locations showing lower skin temperature (27–28 °C) when compared with the healthy skin.




4. Discussion


A wireless non-invasive sensing device was implemented successfully, and this proposed device differs from previous solutions in many ways. First, it does not rely on data regarding the applied force only. Instead, the device monitors force accompanied by the local vitals of the skin (SpO2, relative humidity and temperature) resulting in more accurate prediction, assessment and understanding of PU formation. Second, it provides automatically activated therapeutic feedback, allowing the device to be used without major staff intervention and reducing the effort and cost of PU management. Finally, the device is portable and can be used in nursing homes and hospitals, unlike smart beds that are bulky and difficult to relocate. Testing on volunteers shows SpO2 decay with time as expected in the hypothesis. The device withholds volunteers’ weight without failure, and prediction alarm messages were previewed on the screen at the correct time. Higher applied force resulting from a subject’s higher BMI leads to lower recorded SpO2 levels for the same period of time and similar skin health. Subject 1 (with highest BMI, recorded force on sacral region: 42 kg) resulted in the lowest SpO2 (91%), while subject 2 (lowest BMI, recorded force 35 kg) resulted in the highest SpO2 (93%) after the same recording period. Relative humidity and temperature tend to increase with time regardless of BMI.



Force measurements from Flexiforce sensors were used to measure the amount of applied force to the sacral region, and the sensor showed high drift (±10 kg), and instability after 1 h of recording. Flexiforce sensors are recommended for short-term readings only. These sensors were replaced by load cells, which showed more stable readings over longer periods of time with a very low drift (±0.001 kg) within 4 h, and a low error of (±0.2 kg) during the calibration process. Temperature and relative humidity sensor (SHT30), showed good accuracy and low error (temperature ± 0.3 °C), (relative humidity ± 5%) and rate (0.5 Hz). The three sensors efficiently covered the targeted area (sacral region) and showed slight difference between upper and lower sensor readings due to anatomical differences. Measurements from MAX30102 sensor showed (±2%) drift, which is attributed to the subject’s breathing motion and limb movement. This drift was eliminated using digital filtering (10-point moving average filter) which is sufficient enough to remove the noise without causing delayed output. The sensor efficiently monitored blood oxygenation for long sessions (4 h) and was not affected by the subject’s weight. Blood oxygen level began to fall slowly after 2 h, then dropped faster in the next hour and finally reached a minimum of 89% after 4 h. This drop is caused by the subject’s weight measured from the sacral region that leads to the collapse of blood vessels. The subject’s weight is directly related to the subject’s BMI and not to total weight, higher BMIs led to higher values of force (weight) applied to the sacral region, and lower BMIs led to lower values of force (weight) applied to the sacral region. Temperature readings showed a slow increase over the session (4 h) from normal body temperatures (36–37 °C) to slightly higher temperatures (37–38 °C); this warming is caused by low ventilation level in the monitored area. Humidity readings showed a faster increase when compared with temperature from 65–70% to a maximum of 90% after 4 h; this is due to the subject’s sweating when higher temperature levels are recorded.
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Figure 1. Proposed system block diagram showing the sensors’ attachment to the human body and Wi-Fi communication with the user interface and ES unit. 
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Figure 2. (a) Shape and location of the ulcer-sensing device over the targeted area. (b) Design of the ulcer-sensing pad. 
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Figure 3. Fabrication of the ulcer-sensing pad showing its flexibility and multiple layers. 
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Figure 4. (a) Schematic of all sensors used and their interface with the main microcontroller. (b) Schematic of the ES unit and its interface with the human body. 
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Figure 5. Pressure ulcer prediction algorithm structure. 
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Figure 6. Algorithm structure for prediction of bacterial infection risk. 
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Figure 7. Application layout. 
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Figure 8. (a) Locations of the sensors covering the targeted area in control subjects. (b) Locations of sensors around the sacral ulcer in subjects with PU. 
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Figure 9. Force measurement from overall sacral region C. 
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Figure 10. SpO2 measurements: (a) from location B1, and (b) from location B2. 
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Figure 11. Humidity measurements; (a) from location A1, (b) from location A2, and (c) from location A3. 
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Figure 12. Temperature measurements: (a) from location A1, (b) from location A2, and (c) from location A3. 
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Figure 13. Sensors’ locations of sacral ulcer subject. 
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Figure 14. Force measurement from overall sacral region C. 
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Figure 15. SpO2 measurements: (a) from locations B1, and (b) from location B2. 
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Figure 16. Humidity measurements: (a) from location A1, (b) from location A2, and (c) from location A3. 
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Figure 17. Temperature measurements: (a) from location A1, (b) from location A2, and (c) from location A3. 
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Table 1. Specifications of the sensors.






Table 1. Specifications of the sensors.





	Sensor
	Range
	Accuracy
	Response Time





	Flexiforce
	0.5–45 kg
	±3%
	5 µs



	Load Cells
	50 kg
	±0.018%
	1 s



	MAX30102
	0–100%
	± 1%
	0.01 s



	SHT30
	RH = 0–100%

T = −40–125 °C
	RH = ±1.5%

T = ±0.2 °C
	2 s
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Table 2. Volunteers’ specifications.






Table 2. Volunteers’ specifications.





	Subject 9
	Age/Years
	Gender
	Weight kg
	BMI kg/m2
	Condition





	Subject 1
	29
	Male
	75
	29.3
	Control



	Subject 2
	25
	Male
	60
	22
	Control



	Subject 3
	33
	Male
	90
	28
	Control



	Subject 4
	43
	Male
	57
	18.3
	Sacral ulcer
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