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Abstract

:

Intravenous (IV) infusion therapy allows the infusion fluid to be inserted directly into the patient’s vein. It is used to place medications directly into the bloodstream or for blood transfusions. The probability that a hospitalized patient will receive some kind of infusion therapy, intravenously, is 60–80%. The paper presents a smart IV infusion dosing system for detection, signaling, and monitoring of liquid in an IV bottle at a remote location. It consists of (i) the sensing and computation layer—a system for detection and signaling of fluid levels in the IV bottle and a system for regulation and closing of infusion flow, (ii) the communication layer—a wireless exchange of information between the hardware part of the system and the client, and (iii) the user layer—monitoring and visualization of IV therapy reception at a remote location in real time. All layers are modular, allowing upgrades of the entire system. The proposed system alerts medical staff to continuous and timely changes of IV bottles, which can have positive effects on increasing the success of IV therapy, especially in oncology patients. The prescribed drip time of IV chemotherapy for the full effect of cytostatics should be imperative.
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1. Introduction


Intravenous (IV) infusion therapy is a traditional medical procedure that is applied in all branches of medicine and involves the insertion of fluid directly into a patient’s vein using a needle/cannula. IV infusion therapy is especially used during operative and postoperative procedures for the placement of drugs directly into the patient’s bloodstream and for the transfusion of blood or some of its components. In addition, it is used in patients with digestive system disorders; when treating dehydration; for the adjustment of electrolyte imbalances; in oncology patients; and, today, increasingly in the treatment of patients with coronavirus disease 2019 (COVID-19) [1]. Therefore, the probability that a hospitalized patient will receive some type of infusion therapy, intravenously, is 60–80% [2,3].



Although the use of IV infusion is mostly painless, in some cases the procedure is extremely painful, especially in oncology patients using cytostatics. While not all cytostatics are equally aggressive, several months of intravenous cytostatic therapy leaves serious and permanent damage to the veins. In addition to changing color and darkening, these veins greatly reduce their tone, which is why they “withdraw”, and, consequently, become difficult to find during the next therapy session. After several cycles of IV chemotherapy, at some point, there is no longer a vein on the patient’s hands that can withstand daily cytostatic therapy, which is a nightmare and a serious psychological problem for almost all oncology patients. For example, in patients with testicular cancer—seminoma- and non-seminoma-type—cisplatin/etoposide/bleomycin (PEB) and cisplatin/etoposide/ifosfamide (PEI) protocols are used in treatment, respectively. Initial chemotherapy lasts four cycles—shorter/longer if necessary, with one cycle involving 5 days of active IV therapy with cytostatics, 5 IV bottles per day, which is a total of 25 IV bottles during only one cycle. As a result, each subsequent cycle becomes more difficult for patients, not only due to exhaustion but also because the veins are no longer able to withstand all-day chemotherapy. The veins become weak and porous over time and quickly become inflamed, which is why daily therapy, instead of a few hours, lasts significantly longer. A solution for these and other problems would greatly encourage patients and thus increase the success of IV chemotherapy, which is our goal.



The process of administering IV chemotherapy involves the continuous and timely change of IV bottles which requires constant supervision and timely response of medical staff. However, in a situation when there is a large number of patients who receive different types of chemotherapy intravenously, several IV bottles a day, the presence of a nurse for each individual patient is practically impossible. It should be borne in mind that if the IV bottle is not replaced in time, the blood usually returns to the infusion tube, which results in a blocked cannula. There are two ways to solve this everyday problem. One is the use of a syringe and saline solution, which is extremely painful for the patient, and the other, if the first method does not help, is to replace the existing cannula with a new one, often through several attempts because the patient’s veins are already in an advanced stage of trauma, manifested in bruising.



Because of all of the above, we want to pay special attention and invest a great deal of effort to overcome this problem. In this paper, we propose a modern IV infusion dosing system that will be able to detect and signal the liquid level in the IV bottle, as well as to monitor and display the current state of IV infusion at a remote location such as the nurse room. This would significantly improve the traditional approach to IV therapy and greatly help both patients and medical staff, which is a real challenge for us. It should be noted that continuous and timely change of IV bottles can have positive effects on increasing the success of IV therapy, especially in oncology patients, where the drip times of IV bottles are strictly prescribed for the full effect of the drug.



The paper is structured as follows. The first section stresses the motivation and goal of the research. The second section deals with a review of the literature, covering different groups of problems. The third section describes the problem in more detail from an oncological point of view. The fourth section shows a real example of the oncology department on the basis of which the response time of the medical staff is determined. The fifth section shows the configuration and working principle of the smart IV infusion dosing system that we propose. A summary of the results and discussions are presented in Section 6. The final, seventh section contains the conclusion and directions of section research.




2. State of the Art


The development of a smart IV dosing system is a complex problem that includes different elements such as detection of fluid level in the IV bottle, signaling/alarms, regulation and closure of infusion flow, remote location IV therapy monitoring, patient’s database, the efficiency of medical staff, and medical staff response time to alarms. Our literature search identified a significant number of papers focusing on solving each of these individual problems. Therefore, the state of the art section in this paper is divided into five subsections. Each subsection identifies the corresponding problem by describing the state of the art and solving a specific problem.



2.1. Fluid Level Detection and Signaling Systems in IV Bottle/Bag


This subsection presents fluid level detection and signaling systems in an IV bottle/bag using various sensors and alarms placed in the patient rooms and/or nurse room.



A system for measuring the weight of an IV bottle to detect the liquid level in it using a load cell is shown in [4]. The microcontroller receives electrical signals and, on the basis of the defined parameters/response levels, activates the alarm/buzzer and displays a warning on the liquid-crystal display (LCD). The system for detecting fluid level in the IV bag using infrared (IR) sensors is shown in [5]. The converter sends a signal to the microcontroller that activates the voice module (sound recording), alerting the medical staff. The coupling of the load cell for measuring the weight of the IV bag (through fluid level detection in the bag), and the sensor for measuring the patient’s pulse, just before the cannula, is shown in [6]. If the bag empties or the patient’s pulse is outside the allowed values, then the microcontroller sends an alarm to the receiver at the nurse room via the Zigbee module. To detect the change in force/weight of the IV bag, the researchers used force sensors by mapping technique, as shown in [7]. On the basis of the defined threshold—the minimum level of liquid in the IV bottle—the microcontroller wirelessly sends an alarm signal to the nurse room. A sensor for detecting liquid in disposable plastic infusion or urine bags using a flexible capacitive sensor is shown in [8]. It consists of one or more conductive plates that are placed on the outer side of the bag, and with the change of liquid level, the capacitance between the plates changes. The second approach is based on an IR sensor that sends a signal regarding the fluid level in the IV bag to the Arduino controller and, if the minimum level is reached, the system generates a short message service (SMS) alarm to the medical staff [9]. An analysis of different systems for automated real-time IV infusion monitoring using a load cell, IR LED sensors, IR sensors, and ultrasonic sensors, along with the necessary electronics and communication to alert medical staff, is presented in [10]. An IV infusion monitoring system containing an IR sensor, an IV bag, a controller, a buzzer, and an LCD is shown in [11]. The IR sensor—transmitter and receiver—placed next to the IV bag sends a signal to the controller that, at the appropriate time, generates an alarm in the form of an audible and visual signal—a buzzer and an LCD, respectively. The sensor system for monitoring IV infusion shown in [12] uses three electrodes, the first of which is placed on the outlet of the IV bag (spike of drip chamber), the second in the middle of the drip chamber, and the third on the outlet of the drip chamber. By decreasing the fluid level in the IV bag and measuring the change in capacitance, the study generated the data on the remaining volume of the IV bag. A system for monitoring and controlling IV infusion using a photocell to detect and count liquid droplets through a drip chamber is shown in [13]. To display alarm states, the researchers formed a user interface with a screen attached to the IV stand. A prototype of a robotic IV infusion system is presented in [14]. It features an autonomous stand with Mecanum wheels powered by direct current (DC) motors, ultrasonic sensors for the safe movement of the stand, a tracking system with a camera (TAG) for monitoring patient movement, force and flow sensors for detecting fluid levels in the IV bag, and an IR LED sensor for detecting blood if returned to infusion via cannula, after which the valve closes automatically and alarms are sent to the medical staff.



The advantages of the described systems are continuous detection of IV bottle/bag fluid level [4,5,6,7,8,9,11,12,13,14], sound alarm in the patient’s room [4,5,6,8,9,11,13,14], LCD for text alarms in the patient’s room [4,6,9,11,13,14], alarm (sound, SMS or LCD) at the nurse room [6,7,9,12], and additional sensors for fluid level detection or monitoring of the patient’s condition [6,9,12,14].



The disadvantages of the described systems are that there is no alarm at the nurse room [4,5,8,11,13,14]; it is not tested on IV bottle/bag [5,6,7,9,11]; the data are only in the controller, with no backup [4,5,8,9,11,12,13,14]; there is no monitoring application [4,5,6,7,8,9,11,12,13,14] and it has not been tested in hospitals [4,5,6,7,8,9,11,12,13].




2.2. Automated Systems for Regulating and Closing the Flow of IV Infusion


This subsection presents the papers dealing with various fluid level detection systems in IV bottle/bag; however, the focus is on the systems for regulating or closing the infusion flow by using a shut-off valve, directional control valve, or pump.



A system for detecting and regulating the flow of an IV infusion using an optical sensor and an electrically operated valve is presented in [15]. The sensor detects drops through the drip chamber, while each drop activates a timer. After the droplet detection stops or the time between the two-drop detection expires, the timer activates the solenoid valve, which closes the fluid flow. A vision system for detecting and measuring the flow of IV infusion, based on a color background in the form of a matrix, behind a drip chamber, and a digital/webcam to monitor the movement of the droplet, in front, is shown in [16]. Upon the detection of a droplet in the matrix, the corresponding alarm is activated. The IV infusion flow detection and control systems are presented in [17]. The sensor detects the weight of the IV bag and sends signals to the Arduino controller. When the bag is emptied, the controller closes the valve and the return of blood to the infusion is disabled. A method of controlling IV infusion flow by using a sensor module to detect liquid droplets through the drip chamber is shown in [18]. On the basis of the number of drops, the microcontroller calculates the liquid flow and the remaining time for emptying the IV bag, while the actuator regulates the liquid flow, if necessary. A clinical study confirming the efficacy and safety of the use of IV infusion flow monitoring and control devices is presented in [19].



The advantages of the described systems are continuous detection of IV bottle/bag fluid level [15,16,17,18,19], alarm in the patient room or at the nurse room [17,18,19], flow control valve for infusion fluid [16], pump control [18], shut-off valve [15,17], patient monitoring system [18,19], and being tested in hospitals [17,18,19].



The disadvantages of the described systems are that there is no backflow solution [18,19], that there is no alarm in the patient room or at the nurse room [15,16,17,18], the data are only in the controller [15,16,17,18,19], there is no monitoring application [15,16,17,19], and that it was not tested in hospitals [15,16].




2.3. Wireless Communication Systems


This subsection presents wireless communication between (i) the sensor for detecting the fluid level in the IV bottle/bag and the controller that receives the data from the sensor, (ii) the controller that receives the data from the sensor and the user interface on the computer in the nurse room, and (iii) the controller that receives data from sensors and the user interfaces on medical staff smartphones.



The Internet of Things (IoT) system for monitoring IV infusion using an ultrasound and temperature sensor to detect fluid levels in the IV bag, as well as an IR sensor to count liquid drops from the IV bag through the drip chamber, is shown in [20]. The sensors send information to the microcontroller, which, via Global System for Mobile communications (GSM), sends SMS messages, i.e., alarms to medical staff. Monitoring of infusion fluid levels using a humidity sensor is shown in [21]. The humidity sensor, together with sensors for detecting the patient’s temperature and pulse via a microcontroller and Bluetooth connection, sends real-time data to medical staff mobile devices. The IoT infusion monitoring system which comprises a temperature sensor for infusion flow detection, a microcontroller, and a Wireless-Fidelity (Wi-Fi) module is presented in [22]. Liquid level data is transmitted wirelessly from the microcontroller to the IoT cloud, the mobile application, and to the medical staff mobile phones. The use of a wireless flexible capacitive sensor to detect fluid levels in the IV bag by changing the capacitance when the fluid level in the bag decreases is shown in [23]. The sensor communicates wirelessly with a microcontroller that produces an alarm at the appropriate time. A system which involves an optical sensor with a lens for measuring the number of drops of liquid through the drip chamber is presented in [24]. The LED emits light of a predetermined light length and color through different lenses. The electrical signal, which indicates the passage of the droplet, is sent via Bluetooth communication to the microcontroller, and then to the medical staff. The IoT system for monitoring IV infusion, based on the load sensor—detection of the liquid level of the IV bag by measuring its weight—and the IR sensor—counting liquid drips through the drip chamber—is shown in [25]. When the IV bag is emptied, the controller produces an audible and visual alarm to the patient, and the data about this are collected on a server that wirelessly forwards the information to the medical staff. The detection of IV bag weight change using a load cell sensor is shown in [26]. If the IV bag empties, the microcontroller sends the data to the mobile application and medical staff mobile phones via Wi-Fi connection. An infusion monitoring system using artificial intelligence is presented in [27]. It is based on an IR sensor for measuring the number of infusion drops, and the system is designed to monitor the patient’s temperature, blood pressure, pulse, and respiration parameters. These data, along with infusion fluid flow data, are sent to a central processing unit (CPU) that forwards the data to the cloud. A system for monitoring IV infusion flow using two electrodes above and below the drip chamber, used for counting drops of liquid sends signals to the microcontroller, while the display shows the remaining liquid level in the IV bag as a percentage, as is shown in [28]. In addition, data from the microcontroller are forwarded to the nurse room via a Bluetooth module. The use of weight sensors for monitoring the emptiness of the IV bag—measuring the weight of the IV liquid—is shown in [29]. When the fluid level is low, the processor activates an alarm and sends the data to the server and personal digital assistants (PDAs) located in the patient monitoring room. In addition, the authors suggest the use of a bar code or radio-frequency identification (RFID) to generate patient data, IV infusion, etc. A real-time IV infusion monitoring system using a weight sensor to detect fluid levels in the IV bag is shown in [30]. The processor receives signals from the sensor and sends them to the cloud server via a communication module that compares the current and initial liquid level in the IV bag, on the basis of which it generates the remaining time until the IV bag is emptied, and after discharging, the alarm is activated. A wireless patient–nurse communication system is shown in [31]. When an alarm sounds, on the basis of the data collected from hardware and RFID devices, the software connects the patient to the nurse via the voice over internet protocol (VoIP). A system for monitoring a patient’s blood glucose level using a sensor attached to the patient’s body that measures glucose levels and wirelessly sends a signal to the doctor’s phone application and monitoring devices in the nurse room is shown in [32]. If the blood glucose level is outside the range, the alarm in the application is activated. The system for monitoring energy consumption on a test machine using a sensor for measuring the change in current and a module for wireless communication is shown in [33]. The data from the sensor are sent to the cloud server and interpreted to calculate the total operating time of the machine. A robotic system for monitoring a patient with lower limb paralysis using exoskeletons and a cloud server is shown in [34]. The information from the sensor is sent to the cloud server where it is interpreted and, if necessary, the exoskeleton control is adjusted.



The advantages of the described systems are wireless communication between sensor and controller [20,23,24], wireless communication between controller and computer at nurse room [21,22,23,25,26,27,28], the use of IoT technologies [21,22,29,30], mobile application for IV therapy monitoring [21,22,25,26,27,29,30], personal computer (PC) monitoring application [28], continuous detection of IV bottle/bag fluid level [20,21,22,23,24,25,26,27,28,29,30], alarm at the patient or in the nurse room [20,21,22,23,25,26,28,29,30], flow control valve or pump for infusion fluid [20,25,27], and monitoring system in patient’s room [20].



The disadvantages of the described systems are that there is no backflow solution [21,22,23,24,26,28,29,30], there is no IV therapy monitoring application [20,23,24], there is no wireless between communication controller and control panel [20,24], there is no usage of IoT technology [20,23,24,25,26,27,28], and it has not been tested in hospitals [20,21,22,23,24,25,26,27,28,29,30].




2.4. Department Configuration, Room Layout, and Efficiency of Medical Staff


This subsection presents how the configuration of the department—rectangular, centralized or hybrid—as well as the position of the patient rooms in relation to the medical staff room, affect the efficiency and response time of medical staff to alarms.



According to [35], if the rooms for medicaments and medical staff are positioned centrally with regard to the patient rooms surrounding them, then the path to the farthest patient is shorter and the efficiency of the medical staff is higher. The influence of the department configuration, room layout, and the number of beds in the rooms on the walking distance and the response time of the medical staff is shown in [36]. The medical staff walking distance in the rectangular configuration department is longer than in the circular configuration. In addition, the efficiency of medical staff is affected by the existence of a unified system for monitoring the patients’ conditions, the layout of rooms in the department, the distribution of work tasks among nurses, as well as good cooperation and exchange of information between medical staff [37]. According to [38], the room for medical staff should be a modern and dynamic environment with new technologies where a good exchange of information is imperative. Moreover, the centralization of the room for medical staff enables better communication between the staff, a shorter path to the patients, and thus a shorter response time to alarms. An analysis of nurses’ movements using PedSim software in a total of eight departments with different room and bed layouts is presented in [39]. The nurse response time is shorter by 15% in the centralized arrangement of patient rooms with regard to the nurse room. According to [40], hybrid room layout—a combination of rectangular and centralized room layout—reduces the maximum distance and response time of medical staff by 60%. The impact of decentralized room layout on the communication between medical staff is presented in [41]. The medical staff was stationed in front of the patient rooms, which implies a significantly shorter response time, but because of that, the communication between the medical staff was minimized. The influence of the daycare center structure in nursing homes on the communication between staff and patients is presented in [42]. Acoustics affect the quality of verbal communication, especially in patients who have speech difficulties as a result of a stroke or in patients with dementia for whom even a minimal noise level affects the ability to communicate. An analysis of the distance that medical staff should travel depending on the layout of the rooms in the department is presented in [43]. Although it initially seemed different, the distance that staff has to travel is actually not longer in departments with a larger number of patient rooms when the layout of the rooms in the department is centralized. With a straight-line layout, as the number of patient rooms increases, the distance that staff needs to cover increases. According to [44], the use of the Pepid mobile application does not reduce the distance that nurses have to travel or the response times. However, medical staff has increasing confidence in mobile applications intended for hospitals, which is significant.




2.5. Medical Staff Response Time to Alarms


The last subsection presents the response time of medical staff to alarms (for different scenarios) in order to obtain feedback from patients on the response speed of medical staff, which greatly affects patient satisfaction.



An analysis of the response time of medical staff using a stopwatch and surveying a total of 30 patients at the Indonesian National Hospital is presented in [45]. The response time of medical staff is within the legitimate values, with female patients being more satisfied with the service (in terms of response time) than male patients. An analysis of the response time of medical staff in monitoring pulse oximetry in a total of 103 patients is presented in [46]. When any of the oxygen parameters is outside the allowable values, a green light alarm is activated in front of the patient’s room. The medical staff on duty have 15 s to react to that alarm, otherwise a flashing green light in front of the patient’s room and an audible alarm in the monitoring room are activated for another medical worker to react. If the staff does not react even after 3 min and 15 s, an emergency alarm is activated in the medical staff room—a louder alarm of stronger intensity and a flashing green and white light in front of the patient’s room. As many as 26% of missed initial alarms were recorded—40% of missed alarms generated after 2 min and 27% of missed alarms generated after 3 min. An analysis of the response time of medical staff to light alarms in four nursing homes is presented in [47]. There were light signals in front of each patient’s room, where the red light indicates that the patient needs help in the bathroom, while the white light indicates the necessary help when moving in the room. Due to frequent alarms, the response time was outside the defined standards, while in as many as 50% of cases, the staff responded only after 5 min. According to [48], the medical staff diminish the importance of light alarms, especially when the patient is not endangered, and therefore either do not respond to light alarms or react very slowly. An analysis of alarm response time via video recordings of patients connected to ventilators in a children’s hospital is presented in [49]. Each of the 36 nurses was assigned two or four patients, resulting in a total of 5070 on-call alarms. With the increase in the number of alarms that do not require an urgent response, the response time of nurses has increased significantly. A study which analyzed the response time of medical staff in the emergency department using a questionnaire completed by the patients found that they considered the response time of the medical staff to be unsatisfactory [50]. An analysis of nurses’ response times to patient calls by canceling alarms is presented in [51]. In this experiment, after deactivation of the existing alarms in the department, each nurse was assigned one patient per day. With frequent changes of nurses and the exchange of key information about patients during short team meetings, the response time of nurses has decreased, but with the importance of engagement and effort of nurses, which is impossible for a longer period and a larger number of patients.




2.6. Summary


On the basis of the analysis of the literature review, we conclude that there is no comprehensive research that represents a unique solution to the problem of detection, monitoring, and control of an automated system for IV infusion therapy, taking into account the response time of medical staff. In addition, remote control, as an Industry 4.0 technology, is particularly suitable for hospital systems because it allows medical staff to easily and quickly, wirelessly, change system parameters in real time, manage the entire process, and access and download data about patients hosted on a cloud server, which is our goal.





3. Problem Description


Non-automated IV infusion systems are most commonly found in hospitals around the world. Figure 1 shows a traditional IV infusion therapy set consisting of four main elements: a pole/stand (1) on which one or more IV bottles/bags (2) of appropriate content are placed and an IV tubing set (5–8) for connection and transfer of fluid from the IV bottle/bag to the cannula (9), allowing fluid to be infused directly into the patient’s vein. The IV tubing set consists of a drip chamber (5) whose role is multiple, a piggyback port (6) for connecting an additional IV bottle/bag if necessary, IV tubing (7), and a roller clamp (8) for manual adjustment of the infusion flow. The drip chamber, at one end has spikes (3) for connection to the IV bottle/bag by penetration, while on the opposite side it is connected to the IV tubing. Moreover, laterally, there is an air valve (4) to prevent the appearance of a vacuum. In addition, the drip chamber prevents the transfer of air into the patient’s bloodstream, which is extremely important, because otherwise an arterial gas embolism occurs with dramatic consequences.



According to [52], the most common reasons for receiving IV infusion are replacement of lost fluid and electrolytes; for chemotherapy, anesthesia, or drugs that the patient cannot receive orally; for transfusion of blood or blood plasma during or after surgery as a result of heavy bleeding; and for the intake of vitamins, minerals, and other trace elements. Numerous complications are possible, such as pulmonary edema that causes breathing problems; the appearance of air plugs, which is manifested by shortness of breath, neck pain, and dizziness; and catheter embolism when part of the cannula breaks off and enters the bloodstream. Moreover, local and systemic infections cause sepsis by penetrating the patient’s bloodstream, leading to the presence of pyrogenic substances in the infusion as a result of non-sterile preparation of the drug; rupture of veins and bleeding; artery puncture; phlebitis manifested by pain along the cannula; redness; locally elevated skin temperature; and extravasation of the drug that causes pain, tingling, and swelling along the vein.



Some IV therapies have a prescribed infusion time due to the full effect of the drug. However, the infusion rate directly depends on the pressure produced by the height of the liquid column in the IV bottle/bag, as well as on the position of the bottle/bag in relation to the cannula (see Figure 1, distance L). In addition, partial or complete closure of the IV tubing due to bending by moving the patient’s arm—e.g., the patient falls asleep—as well as the deposition of various components of fluid in the vessel such as blood cells, can have negative effects on fluid flow. Nevertheless, the condition of the veins remains crucial, especially in oncology patients. Therefore, the analysis of one of the most common malignant diseases of young men—testicular cancer—whose treatment requires several months of IV infusion chemotherapy, is presented briefly.



3.1. Testicular Cancer


Although the COVID-19 virus is a burning problem in the world, with currently over 52 million cases and 1.29 million deaths [53], cardiovascular and malignant diseases are still the leading causes of death worldwide, with close to 18 and 10 million deaths in 2017, respectively [54,55]. However, in malignant diseases, this number increases dramatically [56,57,58]. In testicular cancers, which are the most common malignant disease in men between 14–44 years of age [59,60], with a peak incidence at 30–34 years of age [61,62], a sudden increase in the number of patients half a century ago was recorded [63,64], which was equally influenced by hereditary factors and environmental conditions [59]. Developed countries such as New Zealand [65], Norway [66], Canada [67], Denmark [68], Great Britain [69], Israel [70], Czech Republic [71], Australia [72], Croatia [73], the USA [74], France [62], Germany [75], and Switzerland [76], saw a significant increase in testicular cancer. According to [77,78], this type of cancer affects the populations of Europe and Australia the most, and Asia and Africa the least. In addition, the highest incidence in the world is in the Scandinavian countries [79]. It is also estimated that the number of people with testicular cancer will increase in almost all European countries by 2035 [80]. However, in the case of timely diagnosis and beginning of treatment, the cure rate in European countries is as high as 95–97% [81,82].




3.2. IV Chemotherapy


Testicular cancer most often arises from germ cells—seminoma- and non-seminoma-type. At diagnosis, approximately 70% of cases are detected in the first stage of the disease when the cure rate is extremely high. The success of the treatment is also attributed to the fact that this type of cancer is very sensitive to IV chemotherapy and radiotherapy, which is why these treatment modalities are widely used in clinical practice [83]. Platinum-based chemotherapy is most commonly used [84]. The combination of cytostatics, cisplatin/etoposide/bleomycin, the so-called PEB protocol, is the standard in treatment after the initial surgical procedure for seminoma- and non-seminoma-type tumors. When there are poor prognostic parameters, 1–2 cycles of chemotherapy are applied, while for metastatic disease, 3–4 cycles are used [85,86]. However, if the disease relapses or is refractory to the PEB protocol, then another combination of cytostatics, cisplatin/etoposide/ifosfamide, the so-called PEI protocol, is used.



The PEB protocol involves the intravenous administration of cisplatin and etoposide in the appropriate dose, from the first to the fifth day of the cycle, as well as the intravenous administration of bleomycin in the form of an intravenous bolus on the 1st, 8th, and 15th days of the cycle. The PEI cycle involves the intravenous administration of cisplatin, etoposide, and ifosfamide in the appropriate dose, from the first to the fifth day of the cycle [87]. In addition, before and after the IV infusion, the patients receive appropriate premedication as an intravenous bolus using corticosteroids and antiemetics. One cycle of chemotherapy lasts a total of 21 days, after which the therapy is repeated.



Table 1 shows the parameters of daily IV chemotherapy for both protocols. In addition to the order of administration of IV bottles and the appropriate cytostatics, the recommended drip times for each IV bottle are shown separately. Therefore, the total recommended infusion drip time for the PEB protocol is 195–220 min, while for the PEI protocol it is slightly longer at 245–270 min.



On the basis of this, we conclude that the treatment of patients with testicular cancer using cytostatics is intravenous, very long, complex, and exhausting, but largely a known process, which is unthinkable without the use of IV infusion, whose properties we want to improve. In addition, the time of IV infusion drip required for the full effect of chemotherapy, despite its length and regardless of the number of cycles, should be imperative, which is only possible by using modern systems for detection, monitoring, regulation, and stop of IV infusion flow.





4. Case Study: Oncology Department


The efficiency of medical staff depends on a number of factors; however, the response time is crucial. According to [35,36,37,40,43], the response time of medical staff directly depends on the configuration of the department and the layout of the rooms. If the rooms for medical staff are positioned centrally in relation to the patient rooms surrounding them, then the path to the farthest patient is the shortest and thus the efficiency is the highest. On the other hand, the distance traveled by medical staff in a rectangular configuration department is longer, and thus as the number of patient rooms increases, the distance that the staff needs to cover increases as well. However, a combination of centralized and rectangular configurations reduces the maximum distance and response time of medical staff by as much as 60%. In addition, the efficiency of medical staff is affected by the existence of a unique system for monitoring the condition of patients. The distribution of work tasks and good cooperation and exchange of information between medical staff also has a positive effect on reducing the overall response time, which results in greater efficiency.



Bearing in mind that IV chemotherapy is inconceivable without the use of IV infusion, an analysis of the medical staff response time (depending on the staff’s gender and age), for a typical oncology department with rectangular configuration was performed. It should be emphasized that oncology patients, due to cytostatics, have a very low number of leukocytes, which causes a decline in the immune system, leaving the body unprotected from many bacteria and viruses, which is why strict control at the entrance of the department is crucial, especially today, due to the COVID-19 pandemic. Although it increases the medical staff response time, the rectangular configuration is of exceptional importance in oncology departments, which implies the use of modern systems for detection and monitoring of IV infusion therapy at a remote location.



Figure 2 shows the rectangular oncology department for the treatment of patients with testicular cancer. The left side of the department comprises (viewed from the bottom up) the nurse room (R-A1), where two nurses work all the time, 24 h a day, with a shift lasting 12 h; cytostatic and other medical supplies room (R-A2); sterile bed linens room (R-A3); hospital staff bathroom (R-A4); doctor’s room (R-A5); head nurse and administration room (R-A6); electrocardiogram (ECG) and other minor diagnostics room (R-A7); and additional medical materials and equipment room (R-A8), such as mobile and stationary devices and instruments, oxygen tanks, IV stands, etc.



The right side of the departments consists of (viewed from the bottom up) a housekeeping room (R-B1); sanitary and disinfection material room (R-B2); and a total of eight patient rooms (PR-1, PR-2, PR-3, PR-4, PR-5, PR-6, PR-7, PR-8), of which the first five are double, and the remaining three have seven beds, allowing the admission of a total of 31 patients. All rooms are intended for inpatient treatment according to PEB or PEI protocol, however, double rooms are most often for patients with extremely weak immunity or those in the terminal phase, which is less common. From the arrangement of beds in the rooms, it can be noticed that the path to each patient is largely straight, allowing easier access to the infusion stand, which, according to [43], has a positive effect on reducing the medical staff response time.



The head nurse is in the department from 7:00 a.m. to 3:00 p.m. every work day, and her role is to plan and manage the organization, as well as to supervise the nurses, technicians, and support staff. Although she is not in charge of constant monitoring and visiting of patients, she does so as needed, or at the invitation of the patient or the nurse on call. Therefore, the head nurse should react if neither of the two nurses in charge of patients responds to alarms in a timely manner. The attending doctors work in shifts—there are more of them in the morning, and at night there is one on duty, with the shift lasting 12 h. Their role is to prescribe therapy on the basis of the patient’s anamnesis and monitor the course of treatment, as well as to react urgently in case of unforeseen circumstances. The cytostatic room contains cytostatics and other medications that all patients should receive that day. This room is not classic storage of cytostatics, but their requirements are performed daily. Every morning, after the visit, the doctor issues an order for IV chemotherapy. On the basis of this, the staff in charge of storing medicaments delivers the necessary cytostatics as soon as possible. After that, the nurses on duty within the cytostatic room prepare premedication and IV bottles in accordance with the prescribed doses for each patient individually. According to the daily schedule, the nurses take the IV bottles to the patient, after which they apply a cannula if it has not already been placed, give appropriate premedication and then place the IV bottle on a stand, activating IV chemotherapy. Upon completion, the nurses return to the nurse room (R-A1).



Experiment and Results


The average medical staff response time in the example of the oncology department from Figure 2 at full capacity when a total of 31 patients receive IV chemotherapy according to PEB or PEI protocol, was determined experimentally. Therefore, the total number of IV bottles to be placed, turned on and off, was 165. In addition, the trajectory of the medical staff from the cytostatic room (R-A2) is shown in Figure 2 in the form of black arrows for each individual patient. Thus, the distance from the cytostatic room to the farthest patient (P4 or P5) was calculated to be 53 m.



Within the experiment, a total of 50 healthy and adult subjects participated, of which 40 (80%) were women (nurses) and 10 (20%) were men (medical technicians) in four age groups: a total of 27 subjects (54%) were from 18 to 25 years old; a total of 8 subjects (16%) were from 25 to 30; a total of 8 subjects (16%) were from 35 to 45 and a total of 7 subjects (14%) were from 45 to 55 years old. All the subjects performed the task of crossing a straight path with a total length of 53 m for two different scenarios—spontaneous and fast walking. Times were measured using a stopwatch.



Table 2 shows the results of the experiment for the female, male, and total sample. In addition, for each age group, depending on the scenario, data for minimum, main, and maximum walking times as well as standard deviation are given.



The first part of the table refers to female subjects representing 80% of the total number of subjects in the experiment. The first age group included a total of 21 subjects (52.5%), the second a total of 7 subjects (17.5%), while the third and fourth groups had a total of 6 subjects (15.0%) each. Therefore, the response time of female subjects during the spontaneous and fast walk was in the intervals of 24.05–35.34 s and 21.69–31.46 s, respectively. The shortest main reaction time was recorded in the first group and the longest in the fourth group. In addition, the major times of all female subjects in the spontaneous and fast walk were 30.61 ± 2.22 s and 25.33 ± 2.04 s, respectively.



The second part of the table refers to male subjects representing 20% of the total number of subjects in the experiment. The first age group includes a total of 6 subjects (52.5%), the second and fourth a total of 1 subject each (10%), while the third group a total of 2 subjects (20%). Therefore, the reaction times of male subjects during spontaneous and fast walking were in the range of 25.24–31.84 s and 20.25–25.64 s, respectively. The shortest main reaction time was recorded in the second group, while the longest was in the fourth group. In addition, the major times of all male subjects at spontaneous and fast walk were 27.95 ± 2.06 s and 22.54 ± 1.91 s, respectively.



The third part of the table refers to all 50 subjects of both sexes. The first age group includes a total of 27 subjects (54%), the second and third a total of 8 subjects (16%) each, while the fourth group a total of 7 subjects (14%). Therefore, the reaction times of all subjects during spontaneous and fast walking were in the intervals of 24.05–35.34 s and 20.25–31.46 s, respectively. The shortest main reaction time was recorded in the first group and the longest in the fourth group. In addition, the main times of all 50 subjects, both in spontaneous and fast walking, were 30.08 ± 2.43 s and 24.77 ± 2.31 s, respectively.



On the basis of the analysis of the results, we conclude that with increasing age, the response time increased in both sexes. In addition, the response time of male subjects was approximately 10% shorter than that of female subjects. It should be noted that the response time also depended on the height and weight of the subject.



Finally, on the basis of the data in Table 2, the average response time of the entire sample of a total of 50 subjects of both sexes was found to be 27.42 s. Accordingly, the response times of the medical staff for each patient individually, according to the paths in Figure 2, were determined by interpolation, as shown in Table 3. The arrangement of the columns in the table is as follows. The first column refers to the number of patient rooms, while the second shows the number of beds in the room. The third column represents the distance from the cytostatic room to the patient. On the basis of this, in the fourth column, the response time of the medical staff for each patient is shown. The fifth column shows the daily number of IV bottles according to the PEB/PEI protocol. The sixth column refers to the minimum number of visual checks of IV bottles during daily IV chemotherapy, which implies one check per placed IV bottle. The seventh and eighth columns show the total response time of the medical staff and the total distance that the medical staff travels per patient during IV chemotherapy per day, respectively. It should be noted that the number of visual controls is not easy to prescribe, having in mind the daily number of IV bottles and the recommended drip times, which differ. In addition, there are no two patients with the same clinical manifestation, which is why patients respond differently to IV chemotherapy and, instead of lasting several hours a day, sometimes the process lasts significantly longer. This largely depends on the condition of the patient’s veins—after several cycles of IV chemotherapy, the patient’s veins become porous and weak, which is why the reactions of the medical staff are much more frequent than during the first cycle.



On the basis of the data from Table 3, we conclude that for the placement, inclusion/exclusion of IV bottles and visual control for the timely and continuous change of bottles, in the example of the oncology department of rectangular configuration with a capacity of 31 patients, in the treatment of patients with testicular cancer according to PEB and PEI protocol, the total daily response time of the medical staff during IV chemotherapy, was approximately 106 min, and the total distance traveled was as much as 12.335 m. However, by using a modern IV infusion system for detection and monitoring of liquid levels in the IV bottle at a remote location, we can minimize visual controls, and thus the total distance traveled by medical staff is shortened by half, and therefore the total response time is halved as well. Then, having in mind that there are two nurses in the department all the time, the total reaction time for one nurse and the total distance traveled were found to be approximately 26.5 min and 3080 m, respectively.





5. Smart IV Infusion Dosing System


Figure 3 shows the proposed smart IV infusion dosing system (SIVIDS) consisting of three essential parts: (i) sensing and computation layer, (ii) communication layer and (iii) user layer. The first layer refers to the detection and signaling of liquid levels in the IV bottle, and consists of input elements such as sensors, buttons, and controllers for signal interpretation, as well as output elements, such as an audible signal (buzzer), flow regulation valve, and a device for displaying the current state of the system (display). The second layer refers to communication by enabling coupling between the first and third layers using a wireless communication module on one side and a wireless router on the other. In addition, the communication layer allows internet access, and thus data from the devices of the other two layers can be stored directly on the cloud server. The third and final layer allows the medical staff to monitor and visually display the infusion reception in real time for each patient individually but also features a visual display of possible alarms at the nurse room (R-A1) for monitoring. It should be noted that all layers are of the modular type, allowing, if necessary, the upgrade and improvement of the entire system, including the replacement or addition of components or the use of another computer or mobile application.



5.1. System Configuration


Figure 4 shows the system for detecting and signaling the liquid level in the infusion bottle—sensing and computation layer. It consists of a pole/stand (1), IV bottle (2), infusion set containing drip chamber (3), roller clamp (4), IV tubing (5), valve (6) with step motor (7) for interruption of liquid flow, and cannula (8), as well as capacitive sensors (9) for detecting the level of liquid in the bottle, color sensors (10) for detecting the color of the liquid in the bottle, microcontroller with wireless communication module (11), motor driver (12), and display (13). Table 4 shows the configuration of the liquid level detection and signaling system in the infusion bottle.



A saline bottle (2) with a volume of 500 mL is placed on a stand (1). The infusion set (3–8) is connected at the opposite end of the bottle. The sensor holders, within which the capacitive sensors (9) for detecting the liquid level are located, are fixed on the outside of the bottle. In addition, the sensor holders are shaped so that they can be easily, quickly, and simply attached to any bottle. It should be noted that the price of this sensor together with the holder is below 5 EUR. At the same time, the connector with the cable for connecting the sensor is always on the infusion stand, enabling a quick and easy connection to a new IV bottle. Moreover, within the stand, a color sensor (10) for detecting different colors of liquid in the IV bottle is attached—the sensor recognizes the color of light using 8 × 8 series of photodiodes containing three different color filters, of which 16 photodiodes have red filters, 16 have green, and 16 have blue, while the remaining 16 photodiodes are without filters. With the appropriate combination of sensor pins, it is possible to detect red, blue, green, and transparent colors. At the end of the infusion hose, just before the cannula connection, a valve (6) for interrupting and regulating the infusion flow is installed. The valve has two connections and is placed inline. The hose coming from the bottle is connected on the one side of the valve, and on the opposite side is at the outlet of the valve is the hose going towards the cannula. The control of the valve is automated using a stepper motor (7) whose operating voltage is 5 V DC, transmission ratio is 1:64 and has 4075 step/rev., as well as through the use of a driver (12). The control of the liquid level detection and signaling system in the IV bottle is enabled by the use of the Arduino Uno microcontroller (11), whose operating voltage is 5 V DC, which has 14 digital pins that can be used as inputs/outputs and 6 analog pins. A visual display of system parameters from the microcontroller is enabled close to the patient, using the LCD (13). To power the microcontroller, we adopted the Phaseo ABL8 12V DC power supply in the testing of the proposed system. Although the Arduino Uno can operate at 6–20 V DC, voltages above 12 V DC can overheat the voltage regulator and damage the board. Moreover, if the voltage is below 7 V DC, a 5 V pin can give less than 5 V and then the board becomes unstable. Due to all this, it is recommended that a voltage of 7–12 V DC be used, and thus we adopted a power supply of 12 V DC. The current output is 2.1 A, and the power supply is 30 W. In real conditions, i.e., in hospitals, due to the mobility of the device, we suggest power supply using batteries. For communication between the microcontroller and remote devices, we used the NodeMcu ESP8266 CP2102 V3 wireless module.




5.2. Operating Principle


Two capacitive sensors (9) are attached to the saline bottle (2), one below the other, enabling the detection of liquid levels in the bottle. The upper sensor detects the MAX fluid level, while the lower detects the MIN 1 and MIN 2 levels. The height of the liquid column in the bottle is 145 mm. Accordingly, the capacitive sensors are positioned to cover a liquid column height of 140 mm, which is 5 mm less than the maximum. Thus, this 5 mm height in the bottle cap zone is approximately 25 mL of saline, which drains from the bottle at maximum flow for approximately 30 s. This time was taken into account when forming the alarm states. The sensors (9) for detecting the level of liquid in the bottle are connected to the microcontroller (11), sending signals about the current level of liquid in the bottle all the time. On the other hand, the color sensor (10) enables the detection of the color of the fluid in the IV bottle, indicating the type of fluid—saline, blood or plasma, or urine if the system is used to collect urine or drain the patient in postoperative days. On the basis of the type and volume of fluid contained in the IV bottle, the condition of the patient’s veins, and the flow of the selected cannula, the medical staff manually adjusts the infusion flow using a roller clamp (4). All the above parameters directly affect the time the bottle empties, i.e., the time of occurrence of the alarm that gives the signal for the emptied IV bottle. If the bottle is completely emptied and the medical staff does not respond to the alarm for any reason, then the stepper motor (7) is activated by closing the valve (6), and thus the return of blood through the cannula to the IV tubing is prevented, which is essential.



Figure 5 shows the algorithm of the smart IV infusion dosing system, which is a combination of a system for detecting and signaling liquid levels in an IV bottle and a web application for monitoring and displaying the state of IV infusion in real time at a remote location. After starting the device, the RESET button must be activated in order to set the system to the initial values. The microcontroller then reads the values from both capacitive sensors and compares them with the predefined ones. De facto, the microcontroller first analyzes the signals from the upper capacitive sensor that sends data for the MAX liquid level in the IV bottle and, if this value does not match the defined value for the MAX level, then the buzzer is activated, and the alarm is displayed. On the other hand, if this value corresponds to the value defined in the microcontroller as the MAX level, then the infusion is enabled and the status of the liquid level in the bottle is displayed. The microcontroller further analyzes the signals from the lower capacitive sensor that sends data for the MIN 1 and MIN 2 levels.



If this sensor detects the liquid level defined as MIN 1, the alarm is activated, but the system continues to work. On the other hand, if the sensor detects the fluid level defined as MIN 2, then there is 5 mL of liquid left in the bottle. The microcontroller then activates a continuous buzzer alarm, showing the alarm condition on the display, and the infusion flow to the patient automatically stops. Finally, it is necessary to replace the empty bottle with a new one, after which the procedure is repeated or the IV administration is terminated if the therapy is over.




5.3. Web Application


A web application for monitoring and displaying the state of IV infusion in real time at a remote location, for PEB and PEI chemotherapy protocol was developed. It is used to simulate the functioning of the automated system for detection and signaling of fluid levels in IV bottle from Figure 4. All patients’ data are located in a centralized database on the cloud server. Thanks to this, client devices (smart mobile phones, computers, tablets, etc.) can access the data by connecting to the server via hypertext transfer protocol (HTTP). However, if the communication between the cloud server and the client is interrupted for any reason, the data is not lost but is still on the server. In addition, it is not necessary to install the application on the client to access the data, but only to enter the internet protocol (IP) address in the browser.



A computer system for monitoring and displaying the current state of the IV infusion for each patient individually is located at the nurse room. The system is started after the doctor’s visit, when an instruction for administering IV chemotherapy is issued and the preparation of cytostatics, accompanying drugs, and other actions such as placing IV bottles on stands near the patient are performed. Upon activation of the application, the representation of the oncology department with buttons showing patient rooms is displayed on the computer screen, as shown in Figure 6a. By selecting the appropriate button/room, a new window opens and new buttons representing patient beds in the room are displayed. The button/patient is then selected to access data on daily IV chemotherapy, as shown in Figure 6b. The left side of the screen displays the information about the selected patient and the type of chemotherapy he is receiving. For the PEB protocol, the IV bottles that the patient should receive are shown in the form of icons with numbers from 1 to 5. After the first IV bottle is emptied, the icon with number 1 turns yellow, and so on. On the right side of the screen, there is a system reset button, a scale that shows the current state of the liquid in the IV bottle and possible alarms. If the internet communication between the server and the client is interrupted, the smart IV infusion dosing system will continue working, regardless. In doing so, the data are stored on the server all the time, and after the establishment of communication, it can be accessed again.



Figure 7 shows the cloud infrastructure related to patient data protection. A multi-layered client/server application consists of a user interface (UI), an application programming interface (API), and a structured query language (SQL) server on which the database is located. The IU is located on the computer at the nurse room, while the API layer allows communication between the UI and the SQL server.



In order to protect the data, it is necessary to set the UI network settings to allow only incoming traffic on port 443 (standard port for hypertext transfer protocol secure (HTTPS) traffic) from the public IP address of the hospital using the virtual private network (VPN) gateway. In addition, it is necessary to include minimum transport layer security (TLS) 1.2 encryption, as well as protection against distributed denial-of-service (DDoS) attack. Moreover, logging in to the web application should only be allowed via two-factor authentication (2FA) using a universal serial bus (USB) token or an official smartphone. The UI communicates with the SQL database via API that receives HTTP GET and POST commands, thus protecting the database from attacks in case someone takes over the UI server. The API communicates with the UI via the REST API call, and with the database via the database (DB) contained user. An additional level of security applies to network API settings. Therefore, the API should only be visible to the UI server by port 443 (HTTPS), and to the database by port 1433 (default port for SQL server). Moreover, the SQL server communicates directly and exclusively with the API service, while indirectly with the binary large object (Blob) storage, which is used to store on-demand DB backups. The SQL server itself is placed in georeplying redundancy with the secondary server at another location. In Serbia, the same general data protection regulation (GDPR) applies as for European Union (EU) countries. Access to the described infrastructure is possible through the cloud service portal, with 2FA also configured. It should be noted that the formation and maintenance of the proposed cloud infrastructure is below 65 EUR per month.





6. Results and Discussion


The system for detection, signaling, and regulation of IV infusion flow was developed on the basis of available components. The use of two capacitive sensors allows for the detection of MAX and MIN liquid levels in a plastic IV bottle but provides no data on the amount of liquid between these two sensors. Therefore, the idea is to use one flexible capacitive sensor along the entire bottle instead of two capacitive sensors, allowing for data on the remaining amount of liquid in the IV bottle, all the time, during the infusion drip. In addition, the flexible capacitive sensor enables the detection of liquids regardless of the material and shape of the IV bottle—plastic or glass. It is also suitable for IV plastic bags or urine bags, regardless of the change in the shape of the bag during emptying and filling, respectively. Detection of liquid levels in an IV bottle would work on the same principle. The use of color sensors for liquid color detection in IV bottles is insufficiently reliable due to signal interference as a consequence of changes in ambient light intensity. In addition, the distance between the sensor and the IV bottle significantly affects the reliability of the sensor. Nevertheless, the use of modern color sensors can be extremely useful for the detection of blood in the urine bags in immobile patients, especially in the postoperative days, enabling a quick reaction of the medical staff, which is crucial. For greater reliability of the entire IV dosing system, we suggest the use of another sensor for detecting liquid levels in the IV bottle—a flow sensor, type SMC PF2D504-11-1, which is acceptable in medicine.



The monitoring and management of the smart IV infusion dosing system is enabled by creating a client and server web application. By placing the database on the cloud server, the storing of data on all patients and their received IV therapies is enabled even when the internet connection between the hardware part of the system, the server, and the client is interrupted. In such a case the hardware part functions independently, and the data are stored in the microcontroller. After establishing an internet connection, the data are sent to the server and the client, independently. On the basis of the data from the cloud server, we can perform various statistical analyses, such as monitoring the success of therapy or the amount of cytostatics and other medications consumed and make daily, weekly, or monthly review of used IV bottles and other equipment. However, it should be noted that patient data protection is extremely important, and that is why the cloud security infrastructure is configured.



A standard industrial valve was used to regulate and stop the flow of IV infusion. However, in order to prevent IV liquid contamination, we recommend the SMC valve from the XT34 series. It should be noted that the regulation of IV infusion flow is of exceptional importance, especially in oncology patients. Depending on the chemotherapy protocol, due to the full effect of the drug, the drip time of only one IV bottle can be prescribed for up to 24 h. Then, continuous dripping of IV infusion, all the time during chemotherapy, is imperative. The manual valve, i.e., roller clamp, which is most often used to regulate the flow of IV infusion, has low reliability and requires constant monitoring and too frequent adjustment of the flow, which is unacceptable. Therefore, on the basis of the defined drip time of the IV infusion (which, for example, the medical staff selects according to the therapy via the display) and the current flow of IV fluid to the patient, the system would automatically regulate the flow to reach the prescribed drip time, which is very important.



The smart IV dosing system requires a constant power supply. However, for mobility it is necessary to install batteries to power the hardware. In this case, the battery capacity to power the proposed system is determined by


Q = E/U



(1)




where Q (mAh) is battery capacity, E (Wh) is energy stored in the battery, and U (V) is battery voltage. If the system needs to operate for 24 h at the voltage of 9 V DC (max consumption 45 mA), a rechargeable NIMH battery of 3000 (2667) mAh is required.



The accuracy of the data from the capacitive sensors was tested using an ultrasonic sensor HC-SR04. The ultrasonic sensor was placed on the opposite side of the IV bottle, above the IV liquid. It should be noted that the IV bottle was previously opened because this sensor is not able to detect drops of liquid directly through the drip chamber or the IV bottle. By simultaneously detecting the liquid level in the IV bottle using ultrasound and capacitive sensors, and by comparing the obtained data, we concluded that the capacitive sensors reliably and accurately detect the liquid level in the IV bottle.



Functional test of the liquid detection and signaling system in IV bottle was performed by measuring the time from the moment of activation of the upper capacitive sensor on IV bottle (MAX level) to the moment of infusion expiration (MIN 2 level), and the signal for closing the flow valve. Testing was performed using an IV bottle with 500 mL of saline, with the distance from the bottle to the cannula being L = 1 m (see Figure 1). In addition, for the purposes of this test, the roller clamp was fully open to measure the drip time at maximum IV fluid flow. The cannula that is most often used in IV therapy or blood transfusion was chosen—it is pink for identification and has a flow rate of 65 mL/min [88]. A total of 10 measurements were performed. Table 5 shows the measurement results.



As can be seen from Table 5, the drip time of all 10 IV bottles was in the interval 6.78–7.40 min, while the main time was 7.01 ± 0.15 min. During the sixth and seventh measurements, a short stoppage of the infusion flow was noticed due to the deformation of the IV bottle, but without much influence on the final drip time. If the shortest and longest time is excluded from the analysis, the results are very close, and thus the main time is 6.99 ± 0.05. Therefore, the rate of dripping of liquid from the IV bottle is influenced by the type and diameter of the cannula, the position of the IV bottle in relation to the cannula, the appearance of vacuum in the IV bottle, but also the type of IV liquid—e.g., blood plasma also affects the flow rate; however, the condition of the veins is crucial, especially in oncology patients using cytostatics intravenously. After several months of IV chemotherapy, the patient’s veins are no longer able to withstand daily IV therapy and then become weak and porous. Therefore, during daily IV chemotherapy, it is often necessary to remove the cannula and apply a new one to another vein, often from several attempts. Thinner cannulas are then used—usually blue with a flow rate of 35 mL/min [88]. Therefore, the duration of IV chemotherapy is significantly prolonged, which has negative effects on the full effect of the drug. The proposed smart IV dosing system should help patients and preserve their veins by preventing blood from returning to the IV tubing and clogging the cannula during IV chemotherapy.



Finally, Table 6 presents a comparison of modern IV infusion detection, signaling, and monitoring systems with the system we proposed. The comparison was made on the basis of the presence/absence of the following elements: (i) a system for detecting fluid levels in the IV bottle, (ii) signaling—any type of alarm, (iii) a system for regulating and closing the infusion flow, (iv) monitoring system in patient rooms, (v) remote monitoring system at the nurse room, (vi) database, and (vi) IoT technology.



On the basis of the analysis of the results from Table 6, we conclude that only the SIVIDS system we proposed in this paper has a score of 7/7, representing a comprehensive solution for detection, signaling, regulation, and monitoring of IV infusion at a remote location.




7. Conclusions


The paper presents a smart IV infusion dosing system that enables the detection and signaling of liquid level in an IV bottle. In addition, it allows monitoring and visualization of the IV infusion process in real time from a remote location, such as a nurse room. It also enables automatic regulation and stopping of infusion flow through IV tubing. It consists of three key parts: (i) the sensing and computation layer, (ii) the communication layer, and (iii) the user layer.



The sensing and computation layer encompasses two systems. The first system is used for detecting and signaling the liquid level in the IV bottle. It is based on two capacitive sensors where the upper sensor detects the MAX liquid level in the IV bottle, while the lower detects the MIN 1 and MIN 2 levels. It should be noted that the price of this sensor together with the holder is below 5 EUR. The second system is based on a valve that is used to regulate and close the flow of IV infusion. Its role is to provide the prescribed time of IV therapy drip for the full effect of the drug, as well as to automatically close the flow of fluid through the IV tubing after the dripping of liquid from the IV bottle has stopped, preventing the return of blood and the clogging of the cannula.



The communication layer enables the coupling and exchange of information between the first and third layers using a wireless communication module. In addition, it provides internet access, and thus enables the data from the devices of the other two layers to be stored directly on the cloud server. Moreover, placing the database on the cloud server enables the data on all patients and received IV therapies to be stored. However, if the internet connection is lost, the hardware part of the system functions separately, and thus the data is stored in the microcontroller. After the connection is reestablished, the data are sent to the cloud server and to the client (user layer).



The user layer enables monitoring and visualization of the reception of IV infusion therapy for each patient individually in real time at a remote location. In addition, it allows a visual display of possible alarms in the monitoring room. Client devices, such as smartphones, computers, and tablets, can access the data by connecting to a server over the Internet. However, if communication between the cloud server and the client is interrupted, the data are not lost but are still on the server. In addition, to access the data, it is not necessary to install the application for the client, but only to enter the IP address in the browser.



It should be noted that all the layers are of the modular type, which allows upgrading and improving the entire system by adding or replacing components or using another computer or mobile application. The smart IV infusion dosing system can be used not only for the detection and signaling of saline in the IV bottle/bag but also for the blood and some of its components. In addition, it can be applied to urine bags in immobile patients or drainage bags in postoperative care. It can also be installed in any hospital room, ambulance, or mobile hospital.



Remote control, as an Industry 4.0 technology, is particularly suitable for hospital systems because it allows medical staff to easily, quickly, and wirelessly change some system parameters in real time, manage the process, and access and retrieve patient data placed on the cloud server. However, patient data protection is extremely important. Accordingly, the security cloud infrastructure is configured, and its implementation and monthly maintenance costs below 65 EUR.



By using a modern IV infusion system for detection, signaling, and monitoring of fluid levels in the IV bottle/bag at a remote location, we can minimize visual controls during the IV therapy, and thus the total distance traveled by medical staff is much shorter, which implies greater efficiency and better organization of medical staff. In addition, the system alerts staff to continuous and timely IV bottle changes, which can have positive effects on increasing the success of IV therapy, especially in oncology patients, where IV bottle drip times are strictly prescribed. The prescribed drip time of IV chemotherapy for the full effect of cytostatics should be imperative, which is only possible with the use of modern systems for detection, monitoring, regulation, and closure of IV infusion flow such as the one proposed in this paper. To conclude, the proposed system can overcome a number of problems during the IV therapy, which implies less patient concern and greater efficiency of medical staff with less effort and greater satisfaction.



Finally, we should note that due to the appearance of the COVID-19 virus, it is currently impossible to perform clinical testing of the proposed smart IV infusion dosing system, which will be done in the future in accordance with the legislation of the Republic of Serbia.




8. Patents


The smart intravenous infusion dosing system described in this paper is patent pending.
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Figure 1. Traditional intravenous (IV) infusion therapy set: 1—pole/stand, 2—IV bottle/bag, 3—spike, 4—air valve, 5—drip chamber, 6—piggyback port, 7—IV tubing, 8—roller clamp, and 9—cannula. 
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Figure 2. An example of an oncology department: room for nurses (R-A1), room for cytostatics preparation and other medical supplies (R-A2), room for clean linen (R-A3), bathroom for hospital staff (R-A4), room for doctors (R-A5), room for head nurse (R-A6), room for ECG and other minor diagnostics (R-A7), room for medical equipment including mobile and stationary devices and instruments (R-A8), room for housekeeping staff (R-B1), room with material for hospital cleaning and disinfection (R-B2), rooms for patients with two beds each in which there are isolated or immobile patients (PR-1, PR-2, PR-3, PR-4, PR-5), and rooms for patients with seven beds each in which there are mobile patients (PR-6, PR-7, PR-8). 
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Figure 3. Smart IV infusion dosing system layers. 
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Figure 4. IV infusion dosing system. 
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Figure 5. Smart IV infusion dosing system algorithm. 
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Figure 6. Web application: (a) home screen layout; (b) screen layout for the selected patient. 
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Figure 7. Cloud infrastructure: 1—https; 2—https, representational state transfer (REST) application programming interface (API); 3—EF connection; 4—SQL query; 5—backup database (DB). 
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Table 1. Daily IV chemotherapy in the treatment of testicular cancer according to cisplatin/etoposide/bleomycin (PEB) and cisplatin/etoposide/ifosfamide (PEI) protocols: order of receiving IV bottles and recommended drip times (RDT) of infusion for each IV bottle.
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Protocol

	
IV Bottle

500 (mL)

	
IV Bottle Label

	
Cytostatic

	
RDT

(min)

	
Total RDT

(min)






	
PEB

(5 bottles)

	
1st

	
Glucosi infundibile 5% or

Natrii chloridi infundibile 0.9%

	
Etoposide

	
45–60

	
195–220




	
2nd

	
Natrii chloridi infundibile 0.9%

	
Cisplatin

	
120




	
3rd

	
Manitol HF 10%

	
/

	
10




	
4th

	
Natrii chloridi infundibile 0.9%

	
/

	
10–15




	
5th

	
/

	
10–15




	
PEI

(5 bottles)

	
1st

	
Natrii chloridi infundibile 0.9%

	
Cisplatin

	
120

	
245–270




	
2nd

	
Glucosi infundibile 5% or

Natrii chloridi infundibile 0.9%

	
Etoposide

	
45–60




	
3rd

	
Natrii chloridi infundibile 0.9%

	
Ifosfamide

	
60




	
4th

	
/

	
10–15




	
5th

	
/

	
10–15
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Table 2. Response time of medical staff depending on gender and age group.
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Gender

	
Group

	
Age

(Years)

	
No. (%)

	
Spontaneous Walking Time

(s)

	
Fast Walking Time

(s)




	
min

	
main

	
max

	
SD

	
min

	
main

	
max

	
SD






	
Female

	
I

	
18–25

	
21 (52.5)

	
28.28

	
30.24

	
33.89

	
1.60

	
21.69

	
24.45

	
27.50

	
1.45




	
II

	
25–35

	
7 (17.5)

	
24.05

	
29.76

	
32.25

	
2.68

	
22.55

	
25.90

	
31.46

	
2.60




	
III

	
35–45

	
6 (15.0)

	
27.19

	
31.70

	
34.06

	
2.57

	
22.66

	
25.47

	
27.39

	
1.80




	
IV

	
45–55

	
6 (15.0)

	
29.05

	
31.77

	
35.34

	
2.27

	
26.05

	
27.60

	
29.14

	
1.05




	

	
Total

	
40 (100)

	
24.05

	
30.61

	
35.34

	
2.22

	
21.69

	
25.33

	
31.46

	
2.04




	
Male

	
I

	
18–25

	
6 (60.0)

	
25.72

	
28.08

	
30.76

	
1.72

	
20.62

	
22.39

	
24.01

	
1.40




	
II

	
25–35

	
1 (10.0)

	
26.81

	
26.81

	
26.81

	
0

	
20.36

	
20.36

	
20.36

	
0




	
III

	
35–45

	
2 (20.0)

	
25.24

	
26.20

	
27.16

	
0.96

	
20.25

	
22.94

	
25.64

	
2.70




	
IV

	
45–55

	
1 (10.0)

	
31.84

	
31.84

	
31.84

	
0

	
24.79

	
24.79

	
24.79

	
0




	

	
Total

	
10 (100)

	
25.24

	
27.95

	
31.84

	
2.06

	
20.25

	
22.54

	
25.64

	
1.91




	
Female

+

Male

	
I

	
18–25

	
27 (54.0)

	
25.72

	
29.76

	
33.89

	
1.86

	
20.62

	
23.99

	
27.50

	
1.67




	
II

	
25–35

	
8 (16.0)

	
24.05

	
29.39

	
32.25

	
2.69

	
20.36

	
25.21

	
31.46

	
3.05




	
III

	
35–45

	
8 (16.0)

	
25.24

	
30.33

	
34.06

	
3.30

	
20.25

	
24.84

	
27.39

	
2.33




	
IV

	
45–55

	
7 (14.0)

	
29.05

	
31.78

	
35.34

	
2.10

	
24.79

	
27.20

	
29.14

	
1.38




	

	
Total

	
50 (100)

	
24.05

	
30.08

	
35.34

	
2.43

	
20.25

	
24.77

	
31.46

	
2.31
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Table 3. Nurse response time (NRT).






Table 3. Nurse response time (NRT).





	
Room

	
Patient

	
Distance

(m)

	
NRT

(s)

	
IV Bottles

	
Visual Control

	
Total

Time 1

(s)

	
Total Distance 2

(m)






	
PR-1

	
P1

	
21

	
10.87

	
5

	
5

	
108.70

	
210




	
P2

	
23

	
11.90

	
5

	
5

	
119.00

	
230




	
PR-2

	
P1

	
24.5

	
12.68

	
5

	
5

	
126.80

	
245




	
P2

	
26.5

	
13.71

	
5

	
5

	
137.10

	
265




	
PR-3

	
P1

	
28

	
14.49

	
5

	
5

	
144.90

	
280




	
P2

	
30

	
15.52

	
5

	
5

	
155.20

	
300




	
PR-4

	
P1

	
31.5

	
16.30

	
5

	
5

	
163.00

	
315




	
P2

	
33.5

	
17.33

	
5

	
5

	
173.30

	
335




	
PR-5

	
P1

	
35

	
18.11

	
5

	
5

	
181.10

	
350




	
P2

	
37

	
19.14

	
5

	
5

	
191.40

	
370




	
PR-6

	
P1

	
36

	
18.63

	
5

	
5

	
186.30

	
360




	
P2

	
38

	
19.66

	
5

	
5

	
196.60

	
380




	
P3

	
40

	
20.70

	
5

	
5

	
207.00

	
400




	
P4

	
42

	
21.73

	
5

	
5

	
217.30

	
420




	
P5

	
42

	
21.73

	
5

	
5

	
217.30

	
420




	
P6

	
40

	
20.70

	
5

	
5

	
207.00

	
400




	
P7

	
38

	
19.66

	
5

	
5

	
196.60

	
380




	
PR-7

	
P1

	
41.5

	
21.47

	
5

	
5

	
214.70

	
415




	
P2

	
43.5

	
22.51

	
5

	
5

	
225.10

	
435




	
P3

	
45.5

	
23.54

	
5

	
5

	
235.40

	
455




	
P4

	
47.5

	
24.58

	
5

	
5

	
245.80

	
475




	
P5

	
47.5

	
24.58

	
5

	
5

	
245.80

	
475




	
P6

	
45.5

	
23.54

	
5

	
5

	
235.40

	
455




	
P7

	
43.5

	
22.51

	
5

	
5

	
225.10

	
435




	
PR-8

	
P1

	
47

	
24.32

	
5

	
5

	
243.20

	
470




	
P2

	
49

	
25.35

	
5

	
5

	
253.50

	
490




	
P3

	
51

	
26.39

	
5

	
5

	
263.90

	
510




	
P4

	
53

	
27.42

	
5

	
5

	
274.20

	
530




	
P5

	
53

	
27.42

	
5

	
5

	
274.20

	
530




	
P6

	
51

	
26.39

	
5

	
5

	
263.90

	
510




	
P7

	
49

	
25.35

	
5

	
5

	
253.50

	
490




	
Sum 3

	
31

	
1233.5

	
638.23

	
155

	
155

	
6382.30

	
12335








1 Total time is the product of NRT and the total number of connections/disconnections of IV bottles together with visual controls; 2 total distance is the product of the distance and the total number of connections/disconnections of IV bottles together with visual controls; 3 sum refers to columns only and represents statistics.













[image: Table] 





Table 4. IV infusion dosing system configuration.






Table 4. IV infusion dosing system configuration.





	No.
	Part





	1
	pole/stand



	2
	saline bottle



	3
	drip chamber



	4
	roller clamp



	5
	IV tubing



	6
	valve VHK2–08f–08f



	7
	stepper motor 28BYJ–48



	8
	cannula



	9
	capacitive levelsensor for Arduino



	10
	color sensor TCS230



	11
	microcontroller Arduino Uno and Wi-Fi module NodeMcu ESP8266



	12
	motor driver 2PH64011A



	13
	display LCD 12864
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Table 5. Drip time of 500 mL IV saline bottle using smart IV dosing system.






Table 5. Drip time of 500 mL IV saline bottle using smart IV dosing system.





	No.
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Time (min)
	6.90
	6.78
	6.93
	6.96
	7.03
	7.40
	7.10
	6.98
	7.02
	7.03
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Table 6. Comparison of modern detection, signaling, and monitoring IV infusion systems.






Table 6. Comparison of modern detection, signaling, and monitoring IV infusion systems.





	System
	IV Liquid Level Detection
	Alarms
	Regulation or On/Off Valve
	Monitoring

(At the Patient)
	Remote Monitoring
	Database
	IoT
	Score





	[10]
	yes
	yes
	no
	yes
	no
	no
	no
	3/7



	[17]
	yes
	no
	yes
	yes
	no
	no
	no
	3/7



	[19]
	yes
	yes
	no
	yes
	yes
	no
	no
	4/7



	[23]
	yes
	yes
	no
	no
	yes
	yes
	yes
	5/7



	[27]
	yes
	yes
	no
	no
	yes
	no
	no
	3/7



	[29]
	yes
	yes
	no
	no
	yes
	yes
	no
	4/7



	[31]
	yes
	yes
	no
	no
	yes
	no
	yes
	4/7



	SIVIDS
	yes
	yes
	yes
	yes
	yes
	yes
	yes
	7/7
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