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Abstract

:

Hemodynamic status has been perceived as an important diagnostic value as fundamental physiological health conditions, including decisive signs of fatal diseases like arteriosclerosis, can be diagnosed by monitoring it. Currently, the conventional hemodynamic monitoring methods highly rely on imaging techniques requiring inconveniently large numbers of operation procedures and equipment for mapping and with a high risk of radiation exposure. Herein, an ultra-thin, noninvasive, and flexible electronic skin (e-skin) hemodynamic monitoring system based on the thermal properties of blood vessels underneath the epidermis that can be portably attached to the skin for operation is introduced. Through a series of thermal sensors, the temperatures of each subsection of the arrayed sensors are observed in real-time, and the measurements are transmitted and displayed on the screen of an external device wirelessly through a Bluetooth module using a graphical user interface (GUI). The degrees of the thermal property of subsections are indicated with a spectrum of colors that specify the hemodynamic status of the target vessel. In addition, as the sensors are installed on a soft substrate, they can operate under twisting and bending without any malfunction. These characteristics of e-skin sensors exhibit great potential in wearable and portable diagnostics including point-of-care (POC) devices.
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1. Introduction


Healthcare monitoring electronic devices which measure various clinically relevant diagnostic parameters (e.g., electrocardiogram, blood pressure, and respiratory rate) have been considered as one of the fundamental medical apparatus for evaluating the health status of patients before establishing a detailed therapeutic scheme [1,2,3,4,5,6,7,8,9,10]. Among the diagnostic variables, values elaborating vital signs of the vascular system including thermal information, pressure, pulse, blood flow, blood composition, and oximetry are deemed significant as these measurements can indicate the presence of physiological diseases such as diabetes, arteriosclerosis, and angiosarcoma [11,12,13,14,15,16,17]. Up to now, medical imaging technologies adopting ionizing radiation or radio waves (e.g., angiography, computed tomography (CT), magnetic resonance imaging (MRI), and laser Doppler flowmetry) have been the most commonly employed technologies for analyzing the blood circulatory system [18,19,20,21]. However, although the aforementioned techniques have proven their high accuracy and performance, these hardly meet the requirement of daily health care and emergency treatment due to their bulky physical size and complicated operation procedures [22,23].



Medical imaging technologies have been developed as significant analyzing tools in the medical field since the innovative invention and use of X-ray in the late 19th century [24]. As the majority of modalities exploit ionizing radiation as a detecting source for the internal body structures (e.g., organs, tissues, and bones) [25,26,27,28], apparent and accurate images of the targeted segment are obtained according to its programmed dose rate [29,30]. Despite their notable performance, the conventional imaging techniques have crucial flaws, including (1) risks of radiation exposure that is a potential cause of cancer [26,31,32], (2) lengthy planning procedures and operating duration which are inadequate for emergencies, (3) high cost, and (4) bolus injection of contrast media or magnetic microspheres that possibly induces allergic reactions and even, failure in specific organs [33,34,35]. Consequently, wearable and flexible biosensors that exploit soft electronics have been suggested as the corresponding solution for health monitoring on account of their notable physical and mechanical properties including an ultra-thin thickness, light-weight, and high strain ratio [36,37,38,39,40,41,42,43,44,45,46].



With the rapid development of flexible electronics, a wide range of noticeable applications have been built in the biomedical field [47,48,49,50,51,52,53,54,55,56,57] as noninvasive point-of-care (POC) devices to monitor human health status in real-time. Especially for hemodynamic status exhibiting the overall physiological condition, the usage of wearable electronics has drawn significant attention due to their availability for noninvasive [58], wireless, safe, and instantaneous measurement by simple wearing in contrast to the conventional imaging technologies [59,60]. Currently, most modalities of wearable hemodynamic monitoring sensors exploit mechanical variables (e.g., pressure and strain) as their key measuring factors [61,62,63]. However, limitations still exist, including (1) low reliability resulting from the characteristics of mechanical sensors (nonlinearity and large hysteresis) [64], (2) a lack of stability derived by fatigue from cyclic motions [65,66], (3) relatively high cost due to complicated manufacturing procedures [67], and (4) a limited number of target diagnostic values (e.g., blood pressure and heartbeat rate) resulting from a single physiological parameter (blood pulse) [63,68,69]. Thus, wearable temperature mapping technology has been highlighted as an alternative due to its competitive characteristic strengths over the aforementioned sensors. Specifically, through blood vessel thermal analysis, vascular disorders such as hypertension, hypoperfusion, and arteriosclerosis can be detected according to the temperature gradients of the target circulatory system [12,70,71,72]. At the same time, the thermal sensors illustrate significant sensitivity enabling exquisite detection of temperature change [73,74]. Furthermore, compared to the mechanical sensors, thermal sensors have higher durability as they are not repeatedly exposed to fatigue during operation [75]. Therefore, wearable thermal analysis technology has been emerging as the next generation of hemodynamic monitoring devices.



Herein, we report a wearable thermal analysis system in a thin, soft, and flexible format, named as a wearable hemodynamic sensor (WH-sensor), that allows for the hemodynamic status of specific blood vessels to be monitored effectively and conveniently in a wearable and non-invasive way. A high-density sensing array associates with 80 thermal sensing units based on negative temperature coefficient (NTC) thermistors with remarkable sensitivity, serving as the key components for thermal analysis, which integrates on a soft substrate to segment the detecting region. The data transmitted from sensing channels are operated through multiplexers, electrical components increasing the number of channels. As the surface-mount device (SMD) type of thermistors with a size of 1.0 mm × 0.5 mm (length × width) are adopted, the resolution of the monitoring system is improved while the extent of the device is maintained tight. Furthermore, for real-time monitoring, a graphical user interface (GUI) is implemented wirelessly via Bluetooth modules on the screen of external electronic devices such as a computer and smartphone. Through this GUI software, the blood vessel and hemodynamic status can be detected and evaluated in colors on the GUI indicating the level of heat according to the sensed temperature. The equipment that is directly attached to a skin senses a greater heat for the region where a blood vessel is. Even on the condition that there is a blockage due to the presence of thrombus and cholesterol on the wall of the vessel, a reduced diameter of the blood pathway would induce noticeably less heat because of a decrease in the volumetric flow rate of the blood according to the fluid dynamic principle [76,77,78]. Therefore, by simply wearing this twistable and bendable device, the location of blood vessels can be detected accurately and conveniently for medical purposes (e.g., bolus injection and venipuncture) [79,80,81]. At the same time, through hemodynamic analysis, conditions like atherosclerosis which is one of the main causes of fatal vascular system diseases (e.g., stroke, heart attack, and blood vessel rupture) could be prevented in advance [11,82,83]. With the development of skin-integrated sensors, it is feasible to benefit users immensely by providing them POC devices with wearability, light-weight, and convenient measurements [84,85].




2. Results and Discussion


Figure 1a shows the schematic diagram of the thermal sensing panel of the WH-sensor. From the bottom to the top, the structural design of the sensing unit of the device consisting of a layer of polydimethylsiloxane (PDMS), two thin polyimide (PI) films where a lower conductive electrode is sealed in between, an upper electrode for sensors, thermal sensors, and another layer of PDMS is clearly shown. The lower PI layer serves as a supporting layer for the lower metallic electrode (Au) that is a conductive pattern to manage the electrical power over the whole circuit in the sensing panel of the device. Similarly, another conductive electrode (Au) for connecting the arrays of thermal sensors (thermistors) to the lower electrode was deposited on the upper PI layer. Particularly, the top PI film is with holes and two rectangular gaps at the ends to link the two layers of electrode and the sensors to external devices for measurement respectively. In the device, the surface-mount device (SMD) type of a negative temperature coefficient (NTC) thermistor (NTCG103JX103DT1S) was employed due to its compact size (1.0 mm × 0.5 mm (length × width)). Consequently, according to the electrical characteristics of the NTC thermistor, its resistance is inversely proportional to the applied temperature. Finally, two PDMS layers at the bottom and top encapsulated the layers of the sensing system for protection. Figure 1b,c present the entire sensing panel of the WH-sensor before and after the installation of electrical components (thermistors and anisotropic conductive film (ACF)) with enlarged conductive patterns. The thermal resistors were attached to the upper electrode by applying a silver paste as temperature sensors while the AFCs containing particles with conductivity were utilized to provide electrical pathways for measuring devices such as a voltage meter. Therefore, variable resistances generated by the sensors according to their stimuli could be observed via a voltmeter. In total, 80 thermistors in the array of 8 × 10 (row × column) were mounted on the sensing panel with a total size of 7.8 cm × 3.8 cm × 0.17 mm (length × width × thickness) to perform as NTC thermal sensors. As a result, the temperatures of 80 subdivided regions on the target area could be measured simultaneously. Furthermore, to increase the resolution of the temperature mapping system, the gaps among each thermistor in the array were minimized by adopting a straight-line design of the conductive layer in the sensing panel [86,87]. According to the data collected, the location of a specific blood vessel and its flow direction can be analyzed at the same time. For operating 80 thermal sensors concurrently, two controlling panels that manage 40 channels of sensors were merged with one sensing panel of the device. For each controlling unit operated by a commercial Lithium-ion battery (4.2 V), a microcontroller unit (MCU), Atmega328P, was applied for processing the sensing data from 40 thermal sensors of the WH-sensor while two different types of multiplexers (providing 32 and 8 channels, respectively) were adopted to increase the analog channels of the MCU to 40. Then, through a Bluetooth module (WH-BLE103), the collected data are further processed to the GUI of the system on the external devices with a screen (e.g., mobile phone and computer) wirelessly (Figure 1d). Similar to the sensing panel, a thin PI film was employed as a supporting material for the patterned layer of the metal electrode (Cu) that is an electrical pathway for all the electrical components. Thereafter, the aforementioned electronics were directly soldered on the PI layer printed with the conductive pattern accordingly. Furthermore, to tightly connect the circuits of the sensing and controlling units, two rectangular magnetics were placed at the ends of the panels. Finally, the substrate with the circuit was encapsulated between two PDMS layers for protection and skin attachment (Figures S1 and S2). The adhesive properties of the PDMS layers associated with skin interfacing behaviors could be adjusted by the mixing ratio of PDMS to curing agent; thus, the WH-sensor could be mounted on human skin tightly under movement without failure during its wireless operation (Figure 1e). Then, to further prove its flexibility and robust durability, the device was tested under various angles which were bending in both directions (inward and outward) and twisting to mimic realistic body motions (Figure 1f). Through these experimental studies, the robust stability of the WH-sensor as a wearable device was demonstrated.



To investigate the sensitivity (beta (B) value) of the NTC thermistor whose resistance is inversely proportional to temperature, a range of heat (from 28 to 56 °C) was applied directly to the thermistor while its resistance was monitored at the same time (Figure 2a). The thermal resistor with 10 kΩ of resistance at 25 °C exhibited approximately 9.2 and 3.3 kΩ, respectively, at the minimum and maximum values of the range. Based on the measured parameters, approximately 3648 of the B values could be calculated back. In addition, the difference between the numbers is greatly distinct and this demonstrates the performance of the thermistor that is the major component for the thermal sensors. To further evaluate the sensitivity, the response and recovery time of the thermal resistor were examined by adopting two fixed temperatures (32 and 34 °C) repeatedly (Figure 2b). According to the schematic graph, it is clear that 1.3 s had been consumed to reach 7.5 kΩ, indicating 34 °C of heat applied from 8.2 kΩ (corresponding temperature of 32 °C), while it took 1.5 s for the recovery duration. Therefore, it was verified that the device possesses noticeable sensitivity due to its rapid transition duration. Subsequently, the GUI software developed for displaying the thermal levels of each subdivision of the target in colors (deep blue at 20 °C and deep red at 40 °C) (Figure S3) had been evaluated at 21.5 °C to confirm the functionality of the program (Figure 2c). As the fixed temperature that was fairly close to the minimum value of the GUI (20 °C) was applied to the sensors, all 80 sensing parts in the 8 × 10 (row × column) array were illustrated in blues. As a result, the accuracy of the thermal sensors and the GUI had been proved due to their corresponding data presentation. Thereafter, the operational performance of the WH-sensor was assessed to demonstrate its stability under different conditions. At first, the delay times of the data transmission under the various distances (50, 100, 150, 200, and 250 cm respectively) between the Bluetooth module and the external device for the display of the GUI program were tested. As shown in Figure 2d, except for the delay time at the distance of 50 cm (2.5 µs), all the other distances recorded 3 µs of lagging period identically. Consequently, it could be stated that the distance between the receiver and sender is not a considerable factor influencing the operation of the device while proving its stability. Following the experiment, the maximum transmission lengths between the target body parts with attached sensors (the arm, calf, thigh, colpus, back, and abdomen) and the data receiving device were determined (Figure 2e). As a result, it exhibited 3.94, 3.92, 3.08, 4.49, 3.13, and 4.05 m respectively. According to the resulting measured distances, the range of the working transmission distance (from 3.13 to 4.49 m) was verified and at the same time, it was illustrated that the device is functional in most of the body regions (Figure S4). Finally, the continuous operating durations of the WH-sensor based on its initial voltages of the power source (3.5, 3.6, 3.8, 4, and 4.2 V) were checked in Figure 2f. Certainly, a battery with a larger quantity of initial voltage showed a relatively longer running time, as the device was operated for 27.75, 50.5, 70.5, 125.25, and 180 min respectively, which would be sufficient for hemodynamic monitoring. Through the performance tests, the high accuracy and sensitivity, robust stability, and durability of the WH-sensor were demonstrated while it apparently showed that it could be operated wirelessly at a distance.



Next, the hemodynamic monitoring capability of the WH-sensor had been examined through experiments under controlled conditions. Figure 3a shows the overall experimental setup with three major parts including a syringe pump, the WH-sensor attached to artificial tissue, and a computer for GUI. The pump mainly composed of an injection pump and a working drum controls the volumetric flow rate of a fluid by adjusting the pressure applied at the tip of it while the liquid streams through an artificial blood vessel (a rubber tube) at the other end. The flow of water, at 39 °C to imitate the characteristics of real blood, was manipulated by the syringe pump. Then, the arrays of thermal sensors of the WH-sensor measured the temperatures of each subdivision as the fluid passed through the artificial tissue (a mass of PDMS) embedded with the blood vessel. In addition, the sensing data were updated through the GUI program displayed on the screen of the computer wirelessly in real-time. All the variables for the experiments, including the velocity of the fluid, the depth and diameter of the embedded manufactured vessel, and the presence of an artificial stem that partially blocked the flow were kept constant with one being altered at a time (Figure 3b,e), as different blood vessels (i.e., arteries, veins, and capillaries) have particular values for those parameters. According to Figure 3b, tested with 7, 14, and 24.5 cm/s, respectively, it is highly distinct that when the velocity of the flowing substance increased, indicating higher blood pressure, it was represented by a higher temperature on the GUI of the device. This phenomenon is one of the features of heat dissipation: when there is a greater quantity of volumetric flow of a higher temperature medium, there are more chances for heat loss from the medium to the environment with relatively lower thermal energy. Furthermore, as shown in Figure 3c, the overall temperature sensed was reduced as the distance between the WH-sensor and the target blood vessel was extended (2, 4, and 8 mm); this condition is clearly clarified by Fourier’s Law of Heat Conduction [88]:


   Q ˙  = − k A   ∆ T   ∆ x    



(1)




where   Q ˙   is the rate of heat transfer, k is the thermal conductivity of the medium, A is the heat transfer area, ∆T is the temperature difference between two target points, and ∆x is the distance between the points, where the heat transfer rate is inversely proportional to the distance. Therefore, the depth of the blood vessel could be evaluated with the help of the thermal data as a larger depth would lead to a reduction of heat transfer. In addition, referring to Figure 3d, as the diameter of the artificial vessel increased (0.5, 0.8, and 1 mm), a higher thermal level was observed. Similar to the velocity of the flow, the increased diameter resulted in the expansion of the cross-sectional area of the vessel and a higher volumetric flow rate was obtained. Therefore, a higher range of heat could be observed as the diameter of the fabricated vessel was widened. To show the impact of the variables (the velocity, depth, and diameter) on the temperature mapping system, the percentages of pixels above certain temperatures, 24 °C for the velocity and diameter and 26 °C for the depth were calculated based on Figure 3b–d (Figure S5). Therefore, apparent percentage rises were observed for the velocity and diameter while a noticeable drop was detected for the depth. Lastly, the abnormal condition of blood flow blockage had been experimented with by inserting an artificial stem (PDMS block) into the manufactured vessel to imitate thrombus and cholesterol, which are major obstacles to blood circulation (Figure 3e). In this test, the stem covered approximately 95 % of the hole of the vessel and according to the GUI, a narrowed stream of heat was detected for the blocked one. Consequently, the presence of the obstacle in the blood vessel could be verified through the WH-sensor. As a result, hemodynamic status, the location and size of a blood vessel, and even the presence of blockage could be analyzed based on the thermal characteristics of the specific blood pathway that demonstrates the volumetric flow of the fluid and the rate of heat transfer.



After the experiments, a living-body test had been conducted to authenticate the performance of the hemodynamic status monitoring of the WH-sensor. As shown in Figure 4a, the right wrist was selected for the target as the locations of veins on the wrist are relatively apparent due to its thin layer of the epidermis. Therefore, the depth of the vein underneath the skin is superficial and is significant for thermal sensing. In addition, according to the enlarged optical image of Figure 4a, two target blood vessels (in this case, veins) could be clearly observed. For the real application experiment, the WH-sensor was directly attached to the target area for hemodynamic monitoring (Figure 4b). Especially, the sensing panel of the device installed with 80 thermal sensors was affixed at the target region as the sensing unit is the major component for sensing data, while the two controlling panels at the ends of the device process sensed data (Figure S6). Figure 4c exhibits the results of the on-body hemodynamic status monitoring at 0, 4, and 8 s in real-time. Through the measurements, an obvious color contrast had been observed, indicating that the left side of the target (bare skin without a blood vessel) possessed lower thermal levels, while the vein regions showed a higher temperature range. As a result, the location of the blood pathway could be detected precisely. Furthermore, the temperature of the bottom rows of the target was relatively higher than that of the top rows according to the GUI program. Therefore, the blood flow direction of the target vein could be analyzed, that is, from top to bottom (from hand to heart). In addition, unlike Figure 4a, although there are complicated blood vessel distributions underneath a target area for temperature mapping, the overall epidermal temperature would be significantly influenced by superficial veins due to their greater heat transfer rate. As a result, the device could perform successfully under different target areas. Consequently, the on-body experiment proved the functionality of the WH-sensor as a hemodynamic status monitoring device, including for blood vessel detection and its flow analysis.




3. Conclusions


In summary, the wearable and flexible hemodynamic monitoring sensor (WH-sensor) based on the thermal characteristics of the blood circulation system has been demonstrated. The combination of single sensing and two controlling panels provides 8 × 10 (row × column) of the NTC thermal sensors and simultaneously, the sensed data are wirelessly transmitted and displayed on the GUI. The temperature sensors proved their high sensitivity by showing the resistance change under a range of heat and instantaneous responses against the temperature changes. Furthermore, robust stability was presented by locating the device on the body parts at a distance during operation. Through the tests employing the artificial tissue, the blood pressure, vessel location, and a presence of blockage could be analyzed using different values of the parameters (the blood velocity, tissue depth, and vessel diameter). For the on-body experiment, the bare epidermis and the blood vessel could be exactly distinguished and even the flow direction could be detected at the same time. As a result, it could be stated that the performance of the device as a hemodynamic status monitoring sensor is significant, and it is highly convenient due to its simple operational steps. Therefore, it is expected that this device will be used as a POC device in the future.




4. Materials and Methods


4.1. Assembly of the WH Sensors


The fabrication firstly commenced with cleaning a quartz glass using acetone, alcohol, and deionized water (DI water) consecutively. A thin layer of polyimide (PI) with a thickness of 25 μm was attached to the glass sheet with double-sided tape. Following this, Au/Cr (200/40 nm) were deposited onto the PI film by magnetron sputtering using a machine (Q150TS, QUORUM) and then, through photolithography and etching, yielding metal was patterned in the desired geometries. For photolithography, a positive photoresist (PR, AZ 5214, AZ Electronic Materials) was spin-coated at 3000 rpm for 30 s, soft-baked on a hot plate at 110 °C for 4 min, and then exposed to ultraviolet light for 5 s. After that, the photoresist coated was developed by a developer (AZ 300MIF) for 15 s and then, by using acetone and DI water, the PR was rinsed away. In sequence, another layer of PI (2 μm, 3000 rpm for 30 s, annealed at 250 °C for 30 min) was spin-coated and to form insulation layers for the interconnected areas besides the regions of the electrodes, selectively etched by an Oxford Plasma-Therm 790 RIE system (patterns were defined by photolithography, similar to the previous step) at the power of 200 W for 10 min. Next, Au/Cr (200/40 nm) were sputtered onto the PI film, and then, through photolithography and etching, a conductive electrode for connecting sensors (thermistors) later was patterned in the desired position. After that, on the top layer of the sample, another layer of PR was spin-coated and underwent photolithography and etching to expose the bottom electrode to be connected to ACF later. Subsequently, by employing the silver paste, 80 thermistors were linked with the Au electrode. Finally, the whole sample was encapsulated by polydimethylsiloxane (PDMS, PDMS: crosslink = 30:1) via spin-coating and curing.




4.2. Assembly of the Sensing Panel for the WH Sensors


First of all, the fabrication commenced with cleaning a quartz glass using acetone, alcohol, and deionized water (DI water) consecutively. Sodium stearate aqueous solution as a thin sacrificial layer was spin-coated on the glass sheet and underwent drying process at 100 °C for 5 min. Next, a thin PDMS layer (0.17 mm) was spin-coated at 600 rpm for 30 s and baked at 110 °C for 5 min to form the flexible substrate. Before attaching the PI-supported circuit layer (Cu) to the cured PDMS layer, PDMS was spread to provide strong adhesion strength between the conductive film (Cu) and the substrate. Then, the layer of Cu film (6 µm) supported by the PI (12 µm) was flattened on the PDMS substrate and cured at 110 °C for 5 min. Next, through photolithography and etching, yielding metal was patterned in the desired configuration. During this procedure, for photolithography, a positive photoresist (PR, AZ 4620, AZ Electronic Materials) was spin-coated at 3000 rpm for 30 s, soft-baked on a hot plate at 110 °C for 5 min, and then, underwent ultraviolet (UV) light exposure for 45 s. After that, the PR coated device underwent development using a developer (AZ 400K) for 1 min and was etched by FeCl2 solution. By using acetone and DI water, unnecessary PR was rinsed away. Next, on the Cu/PI layer of the substrate, all the electrical components, including the microcontroller unit, multiplexers, Bluetooth module, resistors, capacitors, crystal oscillator, and bridge wires, were soldered according to its design using low-temperature solder joints. Finally, PDMS (145 kPa, 0.17 mm thick) was poured and cured at 110 °C for 5 min to encapsulate the device.
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Figure 1. Overview of the WH-sensor. (a) Schematic illustration of the sensing panel of the WH-sensor. (b) Optical images of the sensing panel of the device with enlarged regions of conductive patterns. (c) Optical images of the sensing panel of the device with enlarged regions of soldered sensors. (d) Equivalent circuit diagram of the WH-sensor. (e) Optical images of the device attached to the right arm of a volunteer during operation. (f) Optical images of the device under bending inward, twisting, and bending outward. 






Figure 1. Overview of the WH-sensor. (a) Schematic illustration of the sensing panel of the WH-sensor. (b) Optical images of the sensing panel of the device with enlarged regions of conductive patterns. (c) Optical images of the sensing panel of the device with enlarged regions of soldered sensors. (d) Equivalent circuit diagram of the WH-sensor. (e) Optical images of the device attached to the right arm of a volunteer during operation. (f) Optical images of the device under bending inward, twisting, and bending outward.



[image: Biosensors 11 00435 g001]







[image: Biosensors 11 00435 g002 550] 





Figure 2. Electrical and operational performance of the WH-sensor. (a) Electrical signal of the thermistor versus temperature. (b) Electrical response of the NTC thermal sensor under controlled temperature (from 32 to 34 °C) (c) Temperature map of the WH-sensor at room temperature (21.5 °C) (d) Delay time of the device under distance variances. (e) Longest transmission distance at different body parts. (f) Full-load working duration of the device depending on the different initial voltages of the battery. 
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Figure 3. Experimental results of the WH-sensor. (a) Schematic illustration of the experimental setup of the device. Graphical presentation of the signal of the WH-sensor under controlled velocities of a fluid (b), depths of artificial tissue substrate (c), diameters of the artificial vessel (d), and without and with artificial stem blocked respectively during experiment (e). 
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Figure 4. On-body real-time hemodynamic status monitoring. (a) Optical images of the target right wrist with the enlarged region showing the traces of the blood vessel. (b) Optical image of the WH-sensor attached to the target right wrist during operation. (c) Temperature map with the real-time measurements at 0, 4 and 8 s respectively. 
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