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ABSTRACT 

The use of medical devices is essential for proper care and treatment of patients in hospitals. Many of these devices have 

also been the primary cause of pressure ulcers resulting in skin damage. Pressure ulcer formation is preceded by the 

impairment of cutaneous blood flow in the dermis. Endotracheal tube (ETT) support devices are one such category of 

medical devices which are attached on the face to secure ETT during invasive ventilation in intensive care units. In this 

paper we compare an existing design of ETT supporting device and investigate its effect on cutaneous blood flow (CBF) 

in skin. CBF is measured after it is removed, using Laser Doppler Vibrometry (LDV) measurement technique at multiple 

points on the upper surface of the hand. Additionally, we propose a novel design of an ETT support device to reduce the 

pressure ulcer formation. The aim of the proposed inflated support design is to reduce skin friction and the resulting 

damage, which was achieved by reducing the contact area and using a flexible lightweight material with a modular shape. 

The results observed on one such fabricated device have been provided here and are compared with the twill tape 

securement technique for transverse blood flow velocity and vibrations. 

Keywords: Endotracheal tube support device, Biomedical structures, Laser Doppler Velocimetry, Cutaneous blood flow, 

Pressure ulcer 

 

1. INTRODUCTION 

Pressure injuries due to medical devices has been an acute problem in the healthcare industry. Devices such as oxygen 

masks, urinary catheters, cervical collars, tracheostomy tubes/ties, compression stockings and nasogastric tubes are a 

few, which can lead to the formation of pressure ulcers. They are known to occur most frequently at head, neck, face 

and ears and are generally concentrated around the contact region of the device. The ulcer formation can be caused for 

a variety of reasons including repeated adjustments/movement of the device on the skin, device inhibiting repositioning 

and accumulation of moisture under the device. A survey conducted by International Pressure Ulcer Prevalence11 found 

9.3% cases of pressure injuries in USA in 2015 highlighting the extent of the problem.   

Endotracheal tube (ETT) support devices are commonly known to create facial pressure injuries12. These devices are used 

on a patient’s face for securely holding the ETT during emergency intubation in intensive care unit. The present 

techniques for device securement1,4, as shown in Figure 1, include (a) commercial devices made of hard plastics, (b) non-

adhesive (twill) tape which create spots on the skin and (c) adhesive tape that subjects the patient to sticky and 

potentially skin tearing forces. These techniques have been found to severely inhibit the face and tube movements and 
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can even lead to unplanned life-threatening extubations. There have attempts to improve these securement techniques10 

but have found very little success in improving the manoeuvrability and/or comfort for a patient. 

                                          

(a)                                                              (b)                                                           (c) 

Figure 1: Endotracheal tube securement techniques 

 

The injuries, also known as skin ulcers are formed due to prolonged pressure under the device on a localized area13. The 

continuous rubbing of the skin leads to increase in surface heat and mechanical loading on the soft tissues of the internal 

vascular layers. There have been several theories to explain the mechanism behind ulcer development with the focus 

mainly on the relationship between load and the tissue tear, such as continuous cell deformation and the ischemic 

theory14. The latter is the most commonly accepted mechanism and it proposes that the tissue damage due to pressure 

loads causes occlusion of blood vessels.  

The skin consists of epidermis and dermis layers with the blood vessels concentrated in the latter region. Dermis layer is 

composed of arterioles, venules and capillaries, which are critical for uninterrupted blood distribution. Skin blood flow is 

based on the vascular resistance and the vessel diameter. Contraction and dilation cause blood vessels to vary their 

diameter leading to changes in the vascular resistance and subsequently the blood flow. Transmural pressure, vessel wall 

shear stress are some of the parameters affecting the contractile state of these vessels. When the skin surface is 

subjected to mechanical loads, it transmits them to the cutaneous regions, thereby affecting the blood flow. Variations 

in skin blood flow can therefore is a reasonable indicator for determining risks of pressure ulcers formation14. 

Microcirculation can be monitored using various techniques15 such as ultrasonic Doppler flowmetry, laser Doppler 

velocimetry, thermometry, photo-plethysmography, fluorescein tracer etc. Recently, laser Doppler vibrometry (LDV) 

technique has also been explored, which has a working principle similar to laser Doppler velocimetry. Every technique 

has their own advantages but no method has been found to be the “gold standard” of blood flow measurement despite 

several studies. An ideal method needs to be non-invasive, objective, of high resolution and capable of producing 

continuous readings. 

In this paper, we propose and fabricate a novel device for holding ETT and compare it with an existing method. We note 

the advantages of our design that uses alternative materials and how it can address the problem of pressure ulcers. 

Further, we observe and compare the post-occlusive reactive hyperaemia state of a twill tape type securement technique 

and our proposed soft inflatable device. The blood flow velocity and vibrations perpendicular to the vascular surface are 

recorded using laser Doppler vibrometry technique. The data obtained from these experiments is analysed to 

comprehend the advantages, if any, of the proposed device and how it could be useful in addressing the challenge of 

pressure ulcers due to ETT securement devices. 
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2. DEVICE DESIGN AND FABRICATION 

 

2.1 Proposed Design 

Having investigated the issues with existing devices, we took inspiration from uncomplicated and simple biological 

systems which are found in everyday life. Here we propose the design of a new device made of flexible materials which 

can be inflated into a support structure such that it can be produce jamming forces on the outer surface of the 

endotracheal tube. The existing devices are made up of hard materials which when come into contact with the surface 

produce rigidity and stiffness. These can produce high amounts of surface stresses on the facial skin which has been 

known to produce localized stresses leading to tissue fracture and eventually pressure ulcers.  

The proposed design is made of thin flexible membrane like materials and are comparatively lightweight due to air filled 

structure and will exert lower downward forces on the skin. Moreover, such structures owing to their material properties 

provide the natural ability to bend, twist, turn, wrinkle, stretch, buckle etc. without limiting the movement of other 

attached components. Hard bodied devices made of materials such as polypropylene have a young’s modules ranging 

from 109 – 1012 Pa as compared to soft materials which have a young’s modulus of 104 – 109, which is comparable to 

skin’s modulus. This property makes them compatible and more responsive to sudden laterals movements without 

compromising the structural integrity of the attachment. The membrane’s stretching ability also allows the device to 

take shape of the skin topology. The facial features can control the configuration of the soft device whereas in device 

made of hard materials it is the other way around. 

The inflatable property also provides user the capability to control the expansion and the size of the device by regulating 

the internal air volume as per the patient needs. This is a vital advantage as it overcomes the design limitations of the 

commercial ETT support devices. Moreover, this soft mechanical device has relatively higher degrees of freedom thereby 

permitting unhindered movements which is necessary to allow medical personnel to operate with liberty.  

 

2.2 Fabrication 

Many different materials have the desired properties of an inflatable structure. PVC and TPU (thermopolyurethane) are 

commonly used materials in the biomedical industry which satisfy the necessary mechanical properties.  The selection 

of materials can also affect the fabrication process as distinct materials respond to different welding or adhesion 

phenomenon. We decided to use an alternative material – LDPE (Low density polyethylene) which has also been used 

for similar structures in aerospace and packaging industry. The low cost prototyping with LDPE is useful to demonstrate 

the functionality, conceptual implementation and effectiveness. Another factor is the ease of fabrication as we could use 

commonly available lab equipment such as a soldering iron which is inexpensive and a handy device for prototype 

fabrication.  

To build the device to scale, we purchased a little Anne model of Laerdal16 and took measurements on the model face to 

determine the suitable dimensions of the device. One of the advantages of the soft device is that the inflatable nature 

allows us to make notable variations in inflation by simply making small modifications in the two dimensional geometry 

of the material membrane. After measuring, we decided to make a rectangular cut out from the material of 20cm of 

width as a span from one cheek to other and 8 cm of length such that it sits just under the nose to provide for regular 

breathing and extended it to the chinbone. To allow the endotracheal tube to pass through, 1.4cm diametrical cut (Figure 

2.b) was made in the center of the sheet to allow for uniform and symmetrical inflation inside the device. When inflated 

the vertical expansion on the circumference of the central cut and the corresponding shrinkage will exert jamming forces 

on the outer surface of the endotracheal tube and securely hold the tube. 
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Figure 2 (a-h): The complete step-wise fabrication process of the proposed device 

 

Two sheets were cut out with the dimensions determine from our aforementioned measurements and were joined 

together via heat sealing mechanism using a soldering iron on the edges (Figure 2.c). LDPE has low melting temperature 

and can’t be heat sealed with direct contact with the soldering iron. The alternative is to use an additional but different 

material on top of the LDPE cut outs, which has a higher melting temperature and coefficient of thermal conductivity. In 

our experiments, paper was found to be a suitable and reliable material. Upon welding the edges, a small sheet of Teflon 

is sandwiched between the LDPE sheets at one edge to allow air filling (Figure 2.d). This is because Teflon acts as an 

(a) 
(b) 

(c) 
(d) 

(e) (f) 

(g) 

(h) 
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insulator and are not heat sealed. That small section can be then used to fill air inside the device using an air pump or by 

simply by blowing air through a straw (Figure 2.e). After air filling, the Teflon sheet can be hand sealed and the air filled 

device is ready. To secure this soft device on the face, Velcro straps are attached on the two opposite edges using an 

adhesive or stitching process (Figure 2.h). The entire fabrication process of the device is illustrated in the figure 2a-2h. 

and the actual fabricated soft device is shown in Figure 3. 

 

 

 

 

 

 

 

 

Figure 3: The fabricated soft inflatable device made of Low Density Polyethylene (LDPE) 

 

 

 

 

 

 

 

 

 

Figure 4: Twill tape attachment technique for holding endotracheal tube 

3. THEORY AND EXPERIMENTAL SETUP 

 

 

3.1 Dynamics of blood flow  

Skin blood flow is a critical physiological function and is responsible for body temperature regulation and transporting 

nutrients. While macro circulation is responsible for flow of blood between organs, microcirculation is responsible for 

flow inside the vascular beds. When medical devices are secured on human body, they deform the skin and create 

concentrated pressure loading. The skin deformation leads to blood flow occlusion in the vascular domains in addition 

to the increase in the humidity and heat on the outer layer of the skin exposed to the device.  
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While there is no specific theory which explains the mechanism of pressure ulcers, the local ischemia impairment theory 

is the commonly accepted etiology. This theory proposes that the pressure applied on the skin leads to occlusion of the 

blood vessels causing ischemic damage to the weight carrying tissues.  

Immobility, mechanical loading, moisture, deformation and ischemia are seen as the most important factors directly 

linked to the onset of tissue damage. Immobility is the inability to move, or to avoid or change the continuous loading 

on the tissue and is seen as a prerequisite for the development of a pressure ulcer. Continuous loading, due to immobility, 

on the tissue results in deformation of tissue and leads to internal stresses and strains in tissue6,9.  

Mechanical loading changes tissue viability due to twisting and blocking of the microcirculation, resulting in ischemia in 

the weight-bearing tissue. Tissue viability depends on the microcirculation for the exchange of oxygen, carbon dioxide, 

nutrients, water and waste products. If the microcirculation is blocked, waste products accumulate and an oxygen 

deficiency arises, leading to further deterioration of cells due to the ischemic state of the tissue and eventually pressure 

ulcer development. It has been proposed that assessment of blood flow and the skin microcirculation could provide good 

direct risk assessment for pressure ulcers, as skin blood flow (SBF) is essential for tissue viability.  

Blood flow is known be an oscillating flow14 with periodic variations in the direction of flow inside the capillaries. The skin 

blood flow oscillations play a critical role in determining the distribution of blood flow in microvascular bed. Any 

hindrance to this oscillatory flow can then be damaging to the neighbouring tissues. When the skin is depressed, it affects 

the magnitude and the direction of the flow. Additionally, since the depression shifts the capillaries, they have a 

supplementary flow component in the direction transverse to the direction of the blood flow velocity in relaxed state.  

In the subsequent experimental section, we test the impact of the securement devices on the hand as an initial 

comparison study.  The blood flow in the upper surface of the hand is observed in the digital arteries and the dorsal veins 

of the dermis layer of the skin. The regular rhythmic expansion of the arteries creates blood flow pulses. The blood 

flowing through the arteries, capillaries and the veins exerts pressure on the walls of the vessel which is commonly known 

as the blood pressure. When the medical devices exert mechanical forces on the skin it pushes down the dermis layer 

and these arteries and capillaries which induce changes in the velocity and affects the blood flow oscillations. While the 

blood flow velocity presented in the prior research is representative of flow within the surface of the skin, our 

experiments observe the changes in the transverse velocity of the cutaneous blood flow.  

 

3.2 Measurement of blood flow 

 

Multiple techniques have been utilized to measure the blood flow but the most commonly used technique for 

measurement is based on the Doppler effect. Under this principle the source measures the changes in the frequency of 

light incident on the moving object. In the laser Doppler method, the rays incident on the outer skin are partly absorbed 

and scattered by the tissue. Light incident on the Red blood cells undergo a frequency shift which is proportional to the 

velocity of the blood flow. The detector monitors this change in frequency, which upon processing provides an indirect 

measure of the red blood cell velocity and the concentration of the blood cells.  

Laser Doppler imaging is better at examining the microvascular flow on large areas and laser Doppler Flowmetry is used 

for observing the skin blood flow activity over smaller areas. Recently, laser Doppler vibrometers have also been used to 

examine the effects of physiological parameters on the blood flow7.   
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3.3 Experimental Setup 

In our experiments to compare the influence of endotracheal tube support devices, we used the laser Doppler vibrometer 

- PSV 400-3D scanning vibrometer from Polytec (Figure 5). This equipment allows fast point scanning, multi laser point 

scanning and measures the vibration velocity on the specified scan point. The velocity measurements are performed 

using a Mach-Zehnder interferometer with helium laser being the light source of 633nm wavelength.  

 

 

Figure 5: Polytec PSV-400 Laser Doppler Vibrometry instrument in our lab 

The skin blood flow can be affected by several physiological parameters. To compare the data as closely as possible we 

followed specific guidelines for preparing the test subject2. The body temperature and heart rate have a strong effect on 

the blood flow and we tried to keep these parameters uniform by recording data during the day with a room temperature 

of around 20 degrees Celsius. The subject was also advised to be in a relaxed state of mind. Even though the device is 

meant to be placed on the face, the tests were conducted on upper surface of a hand to prevent any potential side effects 

on the face. 

We tested blood flow variations in a hand after the attachment device was removed for two separate securement devices 

– a) Twill tape (shown in Figure 4) and b) Soft inflatable device which is proposed and fabricated in this paper (Figure 3). 

The device was placed for 5 minutes before being removed and the data was recorded immediately afterwards. It was 

ensured that there was sufficient amount of time between readings of the two device to avoid introduction of any errors 

and adverse influence on readings. 

Figure 6: Scan points on the hand 
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We recorded data for five separate scan points (Figure 6) for which the coordinates were selected from the contact area 

between the device and the skin. Multiple scan points were preferred to a single laser scanning to obtain a 

comprehensive understanding of the effects on the blood flow velocity across the contact area rather than a single 

coordinate. Moreover, with the LDV it is possible to introduce an unintended error in the alignment of test point in 

successive experiments with a single coordinate measurement system. Multiple scanning point measurement system 

provides us the ability to compare data in a designated area providing us a holistic understanding behaviour of capillaries 

in proximity to each other. 

 

 

4. RESULTS AND DISCUSSION 

Instead of comparing individual data points of the experiment, we calculate and compare the mean velocity. This is 

beneficial as it can reduce the impact of alignment errors by spreading it over a larger set of values. Additionally, 

individual comparison could be misleading if, inadvertently, data from different capillaries is compared. An analysis of 

mean velocities also normalizes variations due to changing cardiac cycle. For instance, the starting time of measurement 

in a one experiment may or may not coincide with the same timestamp in the following test. 

 

Figure 7: Comparison of mean transverse blood flow velocity 

 

The mean transverse blood flow velocity (TFV) in epidermis vessels for two distinct endotracheal support devices during 

post-occlusion hyperaemia state is shown in figure 7. The blue waveform (BWF) illustrates the TBFV variations associated 

with the twill tape as securement device and red waveform (RWF) is for soft inflatable support device proposed in this 

paper. The first notable observation is that the amplitude of peaks in BWF is more than that of RWF. This is indicative of 

stronger vibrations due to higher skin occlusion. Comparison in a single cardiac cycle supports the above observation, 

which has been marked in the figure for identification. 

Given the variations in the velocity peaks, we further analysed these inflexion points. Physically these are representing 

the change in the direction of the vibration which most likely is related to the blood flow oscillations observed in 

microcirculation in human beings and was explained in previous sections.  

In figure 8 we analyse the distribution of these peaks and their amplitudes. We isolated the local maxima and local 

minima of peaks for both the devices and created a scatter plot for it. Further we calculated the mean of the local maxima 
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and minima for the twill tape device. The grey area in the figure is representative of the section between these two mean 

values.  We observed that 67% of all the peaks were concentrated inside the grey region for twill tape device but in the 

case of the proposed soft device this increased to 87%.  This improvement demonstrated that our proposed device will 

produce lower velocity vibrations inside the skin. 

Figure 8: Scatter plot for the transverse blood flow velocity peaks  

 

5. CONCLUSION 

The objective of the research presented here is to develop an alternative device to reduce the menace of pressure ulcers 

in the medical industry. In this paper, have presented a novel endotracheal tube support device made of flexible material. 

This inflatable device is fabricated using inexpensive prototyping techniques and is compared with the existing 

securement technique of twill tape by measuring the transverse blood flow velocity in the post-occlusion hyperaemia 

state. The results demonstrate the promise of our proposed design which, apart from being lightweight and deformable, 

has lower velocity vibrations inside the blood flow. This is a critical parameter to detect conditions which are high 

susceptible to pressure ulcers. There are several other parameters that separately need to studied such as the device 

material, optimized geometry of the device, and reliability of soft mechanical devices. 
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