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ABSTRACT 

 

 

Purpose:  To characterize the environment in both ground and aerial ambulances in an 

effort to identify and quantify the risk factors associated with intraventricular hemorrhage 

(IVH) in preterm infants, with the goal of developing a device to mitigate this problem. 

Methods:  A small, stand-alone battery operated device was developed to characterize 

the environment inside neonatal transports. This device included an array of sensors to 

measure acceleration forces, sound levels, temperature, pressure, and light intensities. 

Two of the data acquisition devices were used to collect data inside and outside the 

transport incubator simultaneously for a period of thirty minutes during a test flight in a 

transport helicopter. Real-time digital signal processing was performed for the sound 

signals to reduce data. Furthermore batch digital signal processing was performed on an 

external computer to calculate the vibration spectrograms, occurrence of impulsive 

forces, and variations in ambient temperature, pressure and luminance.  The results were 

compared between the two devices to determine whether the current transport incubator 

design is reducing or increasing the suspected risk factors. 

Results: The vibration levels registered in the transport incubator during flight were five 

times greater than in the crew cabin in the vertical direction. High vibration levels were 

registered in the horizontal direction in the transport incubator, which were not registered 

in the crew cabin. In contrast, vibration in lateral direction was nearly half of that 

registered in the crew cabin. Sound levels were on average 70 dBA in the transport 

incubator. Luminance levels reached values up to 6920 Lux. No major changes in 

temperature and pressure were registered. 

Conclusions:  IVH is a serious consequence of transporting preterm infants from one 

health care facility to another and occurs in roughly one out of three infants.  To address 

this problem, a transport monitoring device can help characterize the environment in 

these transports in an effort to design a new state of the art transport incubator to mitigate 

this problem. 
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Chapter 1: Introduction 

 

Premature babies are those born before 37 weeks of gestational age (GA) and are at a 

higher risk for mortality and morbidity than term newborns [1]. Prematurity is a serious 

health risk for newborns and is also the main cause of death in this population [1]. 

Preterm infants usually require special care and tend to spend weeks, even months, 

hospitalized in a neonatal intensive care unit (NICU) [1]. In the United States, more than 

half a million babies are premature [1]. That is, 12 % of all newborns are premature and 

will require special care from the NICU to survive [1, 2]. The survivors are likely to face 

developmental consequences such as respiratory problems, cerebral palsy, and mental 

retardation [1, 3]. These consequences may be attributed to the most common morbidity 

in this population, which is intraventricular hemorrhage (IVH) [3, 4]. 

IVH results from the rupture of blood vessels in the ventricles of the brain, which 

produces bleeding that may extend into the brain tissue. IVH is the most common and 

most dangerous disease within premature babies and occurs in between 10 and 40 percent 

of all preterm infants, and in 33 percent of preterm infants who require transport to a 

higher level health care facility [4-6]. Based on a study in Germany, 44 percent of the 

babies who develop IVH Grade III and Grade IV died [7]. IVH is diagnosed via 

intracranial ultrasound and is classified into four grades [8]. Grades I and II IVH are 

considered mild IVH and are recognized when hemorrhage extends as far as the 

ventricles and partially fills them [8]. Generally, preterm infants who develop either 

grade I or II IVH recover and this injury does not present consequences in the long run. 

In contrast, grades III and IV IVH are considered severe IVH where the hemorrhage 

dilates the ventricles and, in the most severe case, ruptures through the ventricles into the 

brain tissue [8]. Severe IVH results in serious long term consequences such as cerebral 

palsy, mental retardation, or death [3]. The consequences of severe IVH are not only 

medical, but also economic; 3600 new cases of mental retardation due to IVH are 

presented each year, with costs that may exceed 3.6 billion dollars  in medical care 

expenses throughout their life span [9]. 

The mechanism that triggers IVH is a combination of the neuroanatomical, physiological 

and environmental risk factors. Risk factors for IVH at the neuroanatomical level include 

high cerebral blood flow and blood pressure, brain tissue composition, maturity of the 

germinal matrix, and blood vessel and arterial structure [4]. High cerebral blood flow and 

blood pressure may be triggered by common physiological insults such as hypothermia 

and asphyxia. At the physiological level, risk factors for IVH include GA under 32 weeks 

and body weight under 1,500 grams. There is a strong correlation between younger and 

smaller premature babies, and higher cerebral blood pressure, higher cardiac demands, 

and a higher fibrinolytic activity [4]. Physical stressors are the main environmental risk 
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factors, which generally arise from the NICU environment and the need to transport 

preterm infants from one health care facility to another. These physical stressors include 

acceleration forces with or without direct impact, high noise levels, sudden drops in 

ambient temperature, changes in barometric pressure, and the presence of bright or 

flickering lights. On average, while the IVH incidence for all inborn preterm babies has 

decreased over the past three decades, the IVH incidence on those babies who require 

transport has remained at roughly 33 percent [3]. 

Premature infants who are transported from one health care facility to another are at 

higher risk of developing IVH. In a series of studies, 33 percent of babies who required 

transport to another health care facility developed IVH [5, 6, 10]. Forty four of the babies 

who developed Grade III and Grade IV IVH died [7]. The transport environment is of 

particular interest because it not only exposes the premature babies to direct physical 

stressors such as acceleration forces and loud noise, but also to those indirect stressors 

such as changes in temperature, pressure, and light intensities, which have been shown to 

accelerate their cardiac rhythm [11].  

Previous research on the quantification of physical stressors during transport show that 

acceleration forces up to 0.9 G’s and noise levels up to 93 dB were measured in a 

helicopter [12, 13]. In contrast, acceleration forces up to 0.9 G’s and noise levels up to 67 

dB were measured in a ground ambulance [12, 13]. Measurements were made from 

within the neonatal transport incubator for both vehicles. In adults, high acceleration 

forces increases cardiac demands and acceleration forces above 5 G’s induces 

unconsciousness from decreased cerebral blood flow [14]. Very high sound levels are not 

only stressful and painful, but can also cause moderate traumatic brain injury by 

propagation of the sound wave through the thoracic cavity [15]. It is safe to assume that 

the thresholds for premature babies are much lower than those for adults and the 

consequences of such stressor may be far more devastating.  

The objective of this research was to characterize the environment in both ground and 

aerial transport vehicles in an effort to identify the risk factors associated with IVH. The 

approach was to use two small, battery powered environmental monitoring devices to 

monitor the environment. One monitoring device was placed inside the neonatal transport 

incubator and the other was placed inside the vehicle but outside the incubator. The goal 

of this approach was to develop an experimental model for the incubator and to discover 

any potential risk factor that may be induced or magnified by the incubator. Each 

monitoring device consists of a sensor array which measures acceleration forces, noise 

levels, temperature, pressure, and light intensities. A microprocessor collects data from 

the sensor array, processes the acoustic noise data in real time, and stores the 

consolidated data into an external memory card. Spectrograms were created to present the 

mechanical vibration and acoustic noise data and histograms were created to present the 

occurrence of short duration and high magnitude acceleration forces. Temperature, 
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pressure, and light intensity data are presented on plots which show the mean value, 

maximum value, and variance of the measurements over the duration of the transport. 

The expected outcome of this research was to validate the data acquisition device and to 

obtain a preliminary understanding of the environment that premature babies are exposed 

to during transport. This research took the work by the authors mentioned in this 

document one step further. A better understanding of the acceleration forces and acoustic 

noise frequencies will help us identify the source or sources of the physical stressors. 

Also, taking measurements inside and outside of the neonatal transport incubator will 

help discover what the incubator is doing well to protect the infant and what 

improvements can be made in order to develop a device to mitigate the IVH problem in 

neonatal transports. 
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Chapter 2: Literature Review 

 

2.1 Introduction 

 

This review emphasizes the research done in the past thirty years that pertains to IVH in 

preterm infants. The definition, incidence, diagnosis, and consequences of IVH are 

covered in this review, and are followed by the risk factors that lead to this morbidity. Of 

particular interest are the environmental factors that preterm infants experience during 

transport. The closing section covers the work done by various researchers that attempted 

to identify environmental risk factors in both NICU’s and neonatal transports.  

 

2.2 Definition of Intraventricular Hemorrhage 

 

According to Perlman and Volpe, IVH is most common in preterm infants and has been 

considered the most dangerous cause of morbidity among this population [4, 16]. IVH is 

defined as bleeding that originates from the small capillary blood vessels in the sub-

ependymal germinal matrix which extends into the ventricles inside the brain. This 

condition is the result of alterations in the cerebral blood flow, rupture of the capillary 

vessels in the brain due to concussions, or a combination of both.  In newborns, the 

bleeding originates from the choroid plexus, and, in very premature infants (under 28 

weeks of gestational age), the bleeding originates from the head of the caudate nucleus 

[4, 16].  

The severity of the hemorrhage is most commonly classified into four grades or four 

corresponding classes and is determined by the progression of the blood into the 

ventricular system [8, 17]. Grade I [8, 18] or mild IVH [17] occurs when the bleeding is 

limited to the sub-ependymal germinal matrix. Grade II [8, 18] or moderate IVH [17] 

occurs when the hemorrhage ruptures through the ependymal matrix and extends to about 

50% of the ventricles. Grade III [8, 18] or severe IVH that forms a cast in the ventricle 

[17] occurs when the hemorrhage does not stop and continues to fill the ventricles. Grade 

IV [8, 18] or severe IVH with intra-cerebral extension [17] occurs when the bleeding 

dilates the ventricles and ruptures into the brain tissue. For the remainder of this 

document, the grade classification of IVH will be used. 

2.2.1 Incidence 

IVH is a common but deadly disease among newborns who are less than 32 weeks of 

gestational age and who weigh less than 1.5 kg [4]. The fact that the brains of the 
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neonates are fragile and underdeveloped makes them particularly susceptible to injury. 

Approximately 40 to 45 percent of inborn neonates admitted to the NICU, a facility that 

offers specialized emergency care for neonates, are diagnosed with IVH [4]. The risk of 

morbidity may increase to 70% for those requiring mechanical ventilation [18]. 

Favorably, improved neonatal care has reduced the overall incidence over the past 30 

years. Eighty percent of the neonates diagnosed with grade I IVH are at risk of evolving 

to grades II, III, or IV of IVH [4]. Since IVH is most common in neonates, it is important 

to consider them at high risk and, therefore, repetitive ultrasound scans of their head are 

highly recommended. Table 2-1 shows the results, arranged in chronological order, of 

various studies regarding the detection and prevention of IVH in newborns who are less 

than 32 weeks gestational age (GA) over the last 30 years. 

Table 2-1. Summary of the results found in the last 30 years [3-7, 10, 19-22] 

Yea

r 

Author (s) B

W 

< 

1.5 

Kg 

All IVH % 

incidenc

e 

IVH 

III 

and 

IV 

OB 

IVH 

% 

incidenc

e due to 

transpor

t 

OB 

IVH 

III 

and 

IV 

1981 Volpe et al. [4] Yes  40 – 45     

1982 Levene et al. [19] No  52/146 35.6 11/14

6 

30/50 60.0  

1992 Yoder et al. [6] Yes 26/81 32.1 6/81 21/58 36.2 9/58 

1997 Shlossman et al. 

[10] 

No    18/88 20.5  

1999 Mancini et al. [3] Yes 20/67 29.8 6/67    

2000 Towers et al. [20] Yes   37/32

9 

  10/4

4 

2000 Gleissner et al. [7] Yes 136/364

9 

3.7  83/112

5 

7.4  

2001 Hohlagschwandtne

r et al. [21] 

No 61/225 27.1 26/22

5 

7/34 20.6 4/34 

2002 Koksal et al. [5] Yes 18/120 15.0  10/28 35.7  

2010 Lee et al. [22] Yes 290/104

4 

27.8     

 

The data shows that, while the overall risk for IVH has dramatically declined over the last 

30 years, the risk for IVH in the neonate population who require transport remains 

relatively high. These results suggest that, while neonatal care has significantly improved 

over the last few decades, very little improvements have been achieved to reduce the risk 

for IVH for those preterm infants requiring transportation from one health care facility to 

another after birth. 
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2.2.2 Diagnosis 

The two most common methods for diagnosing IVH are ultrasound scans and computed 

tomographic (CT) scans. The ultrasound scan consists of placing a piezoelectric 

transducer on the forehead or on the side of the head to obtain images from the coronal or 

sagittal planes, shown in Figure 2-1 and Figure 2-2, respectively. Ultrasonic waves, 

typically in the 5 MHz range, travel into the head, and are reflected back to the transducer 

[4]. Figure 2-1 shows an image of the ventricles as seen from the front of the neonate and 

clearly shows the left ventricle flooded with blood. Similarly, Figure 2-2 shows an image 

of the left side of the neonate’s head and the corresponding damaged ventricle. 

 

 

Figure 2-1. Ultrasonic image of the Coronal plane [4] 

 

Figure 2-2. Ultrasonic image of the Sagittal plane [4] 
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A CT scan system pass x-rays through the head and measures the difference between the 

emitted rays and the received rays. Figure 2-3 shows a typical axial CT scan of the 

patient’s head; blood is represented by white opacities inside the ventricles.         

Figure 2-4 shows a frontal CT scan that shows the flooding of blood in the left ventricle. 

 

Figure 2-3. Axial CT scan of the head [4]        Figure 2-4. Frontal CT scan of the head [4] 

 

CT scanning is a very accurate method for detecting IVH; however, the device is not 

portable and the effects of both the constant movement and the radiation on the already ill 

neonate are still unclear [4]. Ultrasound scanning is the preferred diagnostic method 

because it is safe and portable and the accuracy of the diagnosis is equivalent to that of 

the CT scan [4]. For all the IVH diagnoses reported on the literature review of this 

document, IVH was diagnosed by means of cranial ultrasound.  

2.2.3 Developmental Consequences 

The short term consequences of IVH are apnea crisis, post hemorrhagic hydrocephalus, 

and periventricular leukomalacia. More serious consequences of IVH are mental 

retardation, cerebral palsy, a combination of both, or death [3]. Currently, an average of 

20 – 25% of very low birth weight neonates develop IVH, of which 10 -15% are more 

severe, and 75% of those with severe IVH develop mental retardation and/or cerebral 

palsy. Based on national data, over 3,600 new cases of mental retardation are attributed to 
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IVH in the United States each year [9]. In addition, the lifetime care cost for all 3,600 

children may exceed 3.6 billion dollars [9]. 

 

2.3 Risk Factors Associated with Intraventricular Hemorrhage 

 

This section covers the risk factors associated with IVH which have been studied for over 

two decades. To describe a complete understanding of causes of IVH, we begin with the 

most internal possible source of IVH which is fluctuation in blood flow and blood 

pressure associated with the intravascular pressure. The extravascular environment 

associated with IVH includes tissue composition and the maturity of the germinal matrix 

as well as blood vessel and arterial structure. Outside of the neuroanatomy are the 

perinatal factors that are directly related to the physiology of the preterm infant. Finally, 

the environmental factors that the preterm infants are exposed to after birth are discussed 

in great detail. 

2.3.1 Neuroanatomical Factors 

The neuroanatomical factors relative to preterm infants include intravascular pressure, 

vascular integrity, and extravascular environment.  Together, these factors influence the 

overall blood flow regulation and circulation in the periventricular region of the brain [4].  

In the preterm infant, an increased blood supply carried by the blood vessels to the 

ependymal matrix, suggest that an irregular amount of blood enters the periventricular 

region or white matter. Therefore, any alterations in the neonates’ blood flow tend to 

elevate the pressure even more in the periventricular region [4]. Figure 2-5 shows the 

location of the white matter and the location of the germinal matrix, which is a gelatinous 

structure that provides support to the capillaries represented by the red objects.  
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Figure 2-5. Top view of the human brain anatomy 

Increases in cerebral blood flow may arise from insults such as asphyxia [9]. Also, 

elevated venous pressure may contribute to elevated blood pressure in the capillary bed 

as a result of asphyxia. This elevated blood pressure in the capillary bed generally occurs 

at the level of the foramen of Monro and the head of the caudate nucleus, because, as 

shown in Figure 2-6, this region’s anatomy is characterize by a sharp U-turn in the 

direction of flow [4]. Since auto regulation of the blood flow is shown to be impaired in 

this infant population, the periventricular region is extremely sensitive to changes in 

arterial blood pressure; in fact, increases in cerebral blood flow and arterial pressure have 

been observed during the first minutes post-delivery [4]. 
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Figure 2-6. Cerebral ventricular system. Used with permission from Mayfield Clinic 

Moreover, anatomic observations suggest that the vascular integrity of the capillary bed 

in the germinal matrix is immature, making it fragile and very susceptible to rupture upon 

hypoxic events [4]. 

The periventricular region is composed of the sub-ependymal germinal matrix, which is 

known as a gelatinous region that provides poor support to the small blood vessels in it 

[4]. Since this germinal matrix does not dissipate in the fetus until term, it provides very 

poor support to the small capillary vessels within it. Thus, this poor support increases the 

preterm infant’s vulnerability of bleeding of the capillaries [4]. In addition, this region 

contains high fibrinolytic activity, an activity that enables enzymes to dissolve the fibrin 

in blood coagulates is more prominent in babies between 22 to 30 weeks gestational age 

[23]. According to Gilles et al. [23], plausible inhibitors of this activity include physical 

exertion and administration of adrenalin. The increased fibrinolytic activity in babies 

between 22 and 30 weeks gestational age explains why bleeding from the capillaries is 

very likely to extend into a massive hemorrhage in the ventricles [4]. 

2.3.2 Physiological Factors 

A study conducted by Gleissner et al. [7] identified young gestational age, small for 

gestational age, male gender, respiratory distress syndrome, low blood pH, low body 

temperature, and intubation after birth as the major potential physiological risk factors for 

IVH. Results showed that the highest physiological risk factors, from most to least 

significant, were gestational age below 28 weeks, intubation after birth, and body 

temperature below 35 ºC. Gender and blood pH were associated with no significant risk 
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for IVH [7]. Table 2-2 summarizes Gleisser’s et al. results related to the physiological risk 

factors. 

Table 2-2. Risk for IVH according to gestational age, body temperature, and intubation 

after birth [7] 

Risk factor # of patients # of IVH cases % of IVH 

Weeks of gestational age    

23 - 27 166 66 48.5 

28 - 31 470 44 32.4 

32 - 36 3011 26 19.1 

Intubation after birth 522 109 80.1 

Body temperature ≤ 35 ºC 118 96 70.6 

Total 3649 136  

 

The cases of IVH in Gleisser’s study include all grades of IVH. As shown by this study, 

preterm infants born at less than 30 weeks of gestational age are at the highest risk 

because of their underdeveloped brains, their inability to self-regulate arterial and venous 

pressure, and their high fibrinolytic activity. On the contrary, intubation after birth 

presented an increased risk among preterm infants between 32 to 36 weeks gestational 

age than in infants between 23 to 27 weeks gestational age [7]. Low body temperature 

presented the same level of risk for all age groups. In addition, Koksal et al. [5] have 

reported that respiratory distress syndrome (RDS)  along with the artificial ventilation to 

treat RDS increase cerebral venous pressure and may cause some fluctuation in the blood 

flow. The discussion chapter of this report addresses in detail the effects of artificial 

ventilation and the risk for IVH. 

2.3.3 Environmental Factors 

After birth, the preterm newborn is exposed to an environment for which he or she is not 

yet prepared for. The environmental factors of most significance in this research are those 

related to transporting the neonates from one healthcare facility to another. A study 

conducted by Hohlagschwandtner et al. [21] compared the probability of mortality and 

morbidity between antenatal transported infants (ATI), postnatal transported infants 

(PTI), and preterm inborns (NTI) delivered at the University Hospital of Vienna. Results 

showed a significantly higher risk for severe morbidity in the PTI group of 11.8% 

compared to 5.5% in the ATI group; however, a total of 17.7% of the PTI group suffered 

from either mild or severe morbidity. The probability for severe morbidity in the PTI 

group would have been even higher had they included infants who passed away and were 
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regarded as “non-viable” for transport [21].  No significant risk was present in the NTI 

group. Towers et al. [20] examined the incidence of grade III and grade IV IVH by 

comparing premature babies who weighted between 500 and 1,200 g and were at least 24 

weeks GA, but were born in different facilities. They compared newborns delivered at 

level III healthcare institutions with outborn babies who were transported from a level I 

to a level III facility. Their results state that out of the 329 babies studied for the 

incidence of IVH, 9% of the 285 inborns developed grade III or IV IVH as compared to 

the 23% of the 44 outborns who suffered the same lesions [20]. While both studies 

present different results due to their criteria when selecting study groups, they still 

highlight the increased risk of transporting a preterm infant as compared to those 

delivered in the higher level institutions. 

Shah et al. [14] attempted to quantify the impulses experienced by neonates during intra 

hospital transport. This study aimed at quantifying the accelerations experienced by 

premature babies during transport by attaching an accelerometer to the forehead of a 

neonatal resuscitation mannequin. Five trials were conducted for this study utilizing a 

standard ambulance and a transport incubator. They reported that up to 3G’s were 

experienced by the mannequin during a 10 minute ambulance transport [14]. The 

significant consequences that arise from experiencing high acceleration levels are not 

only the direct trauma to the germinal matrix due to the transport induced forces, but also 

the increased likelihood of extubation due to these forces [14]. 

Mori et al. [24] analyzed the effect of the duration of the transport on mortality and 

morbidity. Results show that for inter facility transports lasting longer than 60 minutes, 

the risk for death was 12% to 30% higher than that of those whose transport lasted less 

than 60 minutes. Also, longer transport times compromised body temperature control and 

resulted in an increased  risk for neonates to develop IVH [24]. 

Li et al. and Kellam et al. quantified the effects of noise levels and assessed a sound 

spectral analysis inside NICU’s. They found unwanted acoustical stressors, especially 

noise levels above 70 dB and above 500 Hz, increase the risk for IVH from 21% to 41% 

[25, 26]. Bremmer et al. added that these unwanted stressors interfere with the neonates’ 

medical, behavioral, and developmental stability and usually produce harmful 

physiological effects such as elevated blood pressure, elevated heart rate, and hypoxia 

[27]. As stated in the neuroanatomical risk factors section, these conditions may increase 

the risk for developing IVH. 

Antonucci et al. found other environmental factors, such as temperature and light 

intensity, indirectly increase the risk for IVH by disrupting the neonates’ physiology [11]. 

It was observed that the neonates’ larger skin surface area-to-body mass ratio 

compromised their ability to maintain their normal body temperature, mostly due to heat 

losses by means of radiation and evaporation [11]. Unlike term newborns, 

thermoregulation for neonates is more complex and results in a much narrower thermal 
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neutral zone, where the neonates may regulate body temperature near normal without 

increasing their metabolic rate [11]. If their body temperature falls just below the neutral 

zone, they compensate by increasing their metabolic rate and oxygen consumption [11]. 

If their body temperature drops even more, they begin to experience hypothermia, 

increased oxygen and glucose requirements, and higher metabolic acidosis in the blood-

stream [11]. Additionally, bright light exposure, as compared to the warm, dark 

environment present inside the mother’s womb, adversely affects the neonates’ comfort 

[11]. 

     

2.4 Previous Studies in the Identification and Quantification of 

Environmental Risk Factors for IVH 

 

The results found by Bremmer and Antonucci in their noise measurements in the NICU 

are summarized in Table 2-3.  

Table 2-3. Noise levels measured in the NICU [11, 27] 

Investigator (s) Source of Noise Decibel Level 

Bremmer et al. 

Conversation between nurses 50 

Bradycardia alarm 55 – 88 

Conversations 58 – 64 

Using incubator top for writing 59 – 64 

IV pump alarm 61 – 78 

Turning sink on and off 66 – 76 

Opening plastic sleeve of 

incubator 
67 – 87 

Closing incubator cabinet 70 – 95 

Closing a solid incubator 

porthole 
80 – 111 

Dropping head of mattress 88 – 117 

Placing bottle on top of incubator 96 – 117 

Banging incubator to stimulate 

infant 
130 – 140 

Antonucci et al. 
Human-related source Up to 80 

Incubator motor 74 - 80 
Adapted from Bremmer (2003) and Antonucci (2009) [11, 27] 

 

Both studies agree in that the largest contributors to the high noise levels in the NICU are 

due to the staff personnel. The consequences result in negative physiological responses 

such as increased heart rate, increased respiratory rate, and decreased blood oxygen 

saturation. Suggestions for decreasing the noise levels include minimizing the 

conversation between staff members and installing sound absorbing material around the 

NICU. 
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Sitting and Bouchut conducted similar studies but inside neonatal transports as compared 

to earlier studies in the NICU [12, 13]. Their results have been summarized in Table 2-4. 

Table 2-4. Noise levels inside both ground and aerial neonatal transports [12, 13] 

Investigator (s) 
Instrumented 

Vehicle 

Noise in Crew Cabin 

(dB) 

Noise in Incubator 

(dB) 

Sitting et al. (2011) 

BK – 117 aircraft 90 93 

King Air B200 

aircraft 
84 78 

Pilatus PC – 12 

aircraft 
86 80 

Bell 222 aircraft 88 82 

Bouchut et al. (2011) 
EC135 Eurocopter  86 

Renault Master van  67 
Adapted from Sitting (2011) and Bouchut (2011) [12, 13] 

 

The result shows that the noise levels inside the aerial transport are much higher than 

those in the ground transport. However, Bouchut’s study shows that there was a lower 

fluctuation of the sound level in the aerial transport as compared with the ground 

transport [13]. 

An effort to quantify the magnitude of vibration and g-forces inside neonatal transport 

vehicles is evident by studies conducted by Shah and Bouchut [13, 14]. The results are 

summarized in Table 2-5. 

Table 2-5. Vibration levels and g-forces measured in both ground and aerial neonatal 

transports [13, 14] 

Investigator (s) 
Instrumented 

Vehicle 

Front to Back 

Acceleration 

(m/s²) 

Side to Side 

Acceleration 

(m/s²) 

Vibration 

(m/s²) 

Shah et al. (2008) 
Standard medical 

ambulance 
39* 22* 9* 

Bouchut et al. 

(2011) 

Renault Master van 0.9  0.49 

EC135 Eurocopter 0.88  1.0 
*Measurements made by attaching accelerometer to a resuscitation mannequin 

Adapted from Shah (2008) and Bouchut (2011) [13, 14] 

  

  

Shah’s method for data collection consisted of attaching a tri-axial accelerometer to the 

forehead of a neonatal resuscitation mannequin. These results suggest that reasonable 

information may be obtained regarding the cumulative vibration experienced by the 

neonates’ head, more explicitly, by the germinal matrix itself. However, their setup was 

influenced by rigid body motion which happened due to shifts in position of the 

mannequin’s head. This effect lead to an unclear characterization of the dynamics 

experienced by the preterm infant; therefore, direct comparison between their results and 

the results presented in this document cannot be made. 
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Bouchut’s method consisted of rigidly attaching an accelerometer to the inside corner of 

the transport incubator placed in both ground and aerial ambulances. The results on this 

study show that, while the overall accelerations and vibration levels were higher in the 

aerial than in the ground vehicle, the variance was higher in the ground than in the aerial 

vehicle. An important observation made in this study is that the rapid deceleration 

induced by the landing of the aircraft produces a larger magnitude acceleration that the 

ground vehicle which leads to a sudden increase in cerebral venous perfusion [13].   
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Chapter 3: Methods 

 

3.1 Introduction 

 

The procedures for modeling the environment experienced by neonates during both aerial 

and ground transports are described in detail in this chapter. To model the environment, 

various physical measurements, such as acceleration forces, acoustic noise, temperature, 

pressure and light intensity, are collected during the entire duration of the transport. No 

neonates were transported during the acquisition of the measurements. A portable custom 

design data acquisition device was implemented to make the above mentioned 

measurements during transport, which consists of calibrated sensors, signal conditioning 

circuitry, and a low voltage battery. Software was developed to make the measurements, 

to consolidate the measurements from the different sensors, time stamp the consolidated 

data, and store the resulting data into an external memory. In the case of the acoustic 

noise measurements, real-time digital signal processing was implemented to perform a 

sound spectral analysis. Measurements inside and outside the transport incubator were 

performed at the same time not only to characterize the environment in the transport, but 

also to determine the effects that the transport incubator has on premature babies during 

transport.    

 

3.2 Measurements in the Transport Environment 

 

The characterization of the environment in neonatal ground and aerial transports consists 

of gathering various environmental risk factors of significance which are justified by the 

research presented in the literature review of this document. The study conducted by 

Shah et al. noted that impulses induced by transport are the cause of morbidity in 

premature infants and adversely affecting them in two ways, by direct concussions to 

their underdeveloped germinal matrix and by plausible extubation [14]. The results 

obtained in their study present a maximum measured acceleration of 39 m/s². The studies 

conducted by Sitting et al. and Bouchut et al. show results of measured sound levels 

inside incubators during transports of up to 93 dB sound pressure level. In addition, 

Antonucci et al. found in their research that other environmental risk factors exist, such as 

drops in environmental temperatures that causes high levels of heat loss and bright light 

exposure which adversely affects the neonates’ physiology [11]. As discussed in the 

physiological risk factors section of this document, the changes in cardiac rhythms 

induced by low body temperature and exposure to bright lights present an increased 
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probability for the development of IVH. Table 3-1 presents the measurable physical 

stressors that make up the proposed model of the neonatal transport environment.  

Table 3-1. Summary of the suspected risk factors found in both NICU’s and neonatal transports 

Risk Factor Range Justification 

Accelerations Up to 4 G’s 
Maximum G-force measured in Shah et al. study 

[14] 

Noise Level Up to 93 dB 
Maximum sound level measured in Sitting et al. 

study [12] 

Ambient 

Temperature 
25 ºC – 32 ºC 

Suggested incubator temperature range as noted in 

Antonucci et al. study [11] 

Ambient Pressure 
50 kPa – 110 

kPa 

Variability in barometric pressure due to changes in 

elevation from 6,000 meters down to sea level [28] 

Ambient Light 
Up to 10,000 

lux 
Equivalent light exposure to a clear sunny day [29] 

 

 

3.3 Data Acquisition System Design 

 

The device used to quantify the factors of interest consists of a power circuit, an array of 

sensors selected based on the criteria mentioned in Table 3-1, a central processing unit, 

and an external memory for data storage. Software was developed to collect data, to 

process it in real time, and to store it onto an external memory card. The system was 

designed so that it could collect data from the environment for a maximum period of five 

hours.  

3.3.1 Data Acquisition Device Hardware 

The requirements for the overall monitoring system were those of a rugged, portable, and 

compact device. Additionally the device needed to be battery powered and capable of 

logging data for extended periods of time. The data acquisition device is about 10x6 

centimeters (cm) in size and may be powered from either a USB source or a 3.7 Volt 

single cell lithium-polymer battery. The power circuit consists of two regulated step 

up/step down charge pumps, one that outputs 3.3 Volts and the other 5.0 Volts. A battery 

charge controller has been implemented which was configured to charge the battery from 

the USB supply and to automatically switch between USB power and battery power 

without interrupting any activities.  

The sensor array consists of several sensors that are able to quantify different variables in 

the environment. A 3-axis accelerometer measured the vibration and G-forces present 

inside the neonatal transport incubator with a bandwidth of 160 Hz.  
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The x-axis measures the front to back accelerations, the y-axis measures the side to side 

accelerations and the z-axis measures the up and down accelerations. Figure 3-1describes 

the orientation of the device’s accelerometer relative to the transport vehicle. 

 

Figure 3-1. Orientation of the device’s accelerometer with respect to the vehicle used for test flight 

An electret condenser microphone collects acoustical noise data within the human 

audible bandwidth which ranges from 20 Hz up to 20 kHz. The signal from the 

microphone goes through a Butterworth 4
th

 order low-pass filter and then into an analog-

to-digital converter (ADC) sampling at 51.2 kHz. A thermistor, similar to those used in 

conventional electronic home thermostats, gathers ambient temperature. An 

electromechanical barometer monitors the changes in pressure inside the transport 

incubator that could arise from changes in elevation, especially in aerial transports. 

Finally, an ambient light sensor captures the ambient luminance with a wavelength of 555 

nm inside the transport incubator. The specifications of the sensors selected for this 

device are described in Table 3-2. Appendix A contains the circuit schematics for the 

entire data acquisition system. 

Table 3-2. Sensor array specifications of the data acquisition device 

Sensor Dynamic Range Bandwidth Sensitivity Resolution 

Accelerometer -6 G’s to +6 G’s 160 Hz 340 LSb / G 6 mG 

Microphone 106 dB (SPL) 
20Hz – 20 

kHz 
- 44 dB / V 

5.2 dB 

(SPL) 

Thermistor +5 ºC to +100 ºC  20 mV / ºC 0.16 ºC 

Barometer 15 kPa to 115 kPa 
 45.9 mV / 

kPa 
70.2 Pa 

Ambient light 

sensor 

10 lux to 10,000 

lux 

500 Hz 
0.48 µA / Lux 1 Lux 

X - axis Y - axis 

Z - axis 
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The units that represent acceleration values are referred to as G-forces (G’s) where, 1 G 

correspond to 9.81meters per second squared (m/s²) in metric units, which is the force 

experienced due to the Earth’s natural gravitational pull. For simplicity, we will express 

vibration in m/s² and impulsive forces in G’s. Acoustic data from the microphone are 

given in A-weighted decibel sound pressure level (dBA SPL). Temperature, pressure, and 

luminance are given in degrees Celsius (ºC), kilo-Pascal (kPa), and lumens per meter 

squared (lux), respectively. The data is collected simultaneously through an ARM-7 

microcontroller which then stores the data into a Micro SD card. Figure 3-2 shows the 

final prototype of the data acquisition device used to characterize the environment inside 

neonatal transport vehicles. Appendix B contains the specification sheet for the 

microcontroller and for each transducer. 

 

Figure 3-2. Final design of the Neonatal Intensive Care Unit – Transport Monitoring Unit (NICU-TMU) 

3.3.2 Sensor Calibration and System Validation 

Each sensor of the data acquisition device was calibrated by comparing the sensor data 

output with either a known excitation input or the output of other measuring device. The 

accelerometer was calibrated by comparing the output data as it was excited with a shaker 

table, as shown in Figure 3-3, at two specific frequencies; 40 Hz and 80Hz. No 

adjustments were necessary since the accelerometer was factory calibrated and responded 

as expected. Figure 3-4 and Figure 3-5 show the output accelerometer data for that 

calibration excited at 40Hz and 80Hz, respectively. The vertical axis in the plot 

corresponds to the magnitude and the horizontal axis to the frequency; these plots were 

obtained by converting the time domain data into the frequency domain by a Fast Fourier 

Transform (FFT). The microphone was calibrated by emitting a tone at 1 kHz and 

Accelerometer 

Micro processor 

Micro SD card 

Light meter 

Thermometer 

Microphone 

Barometer 

Powe switch 
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verifying that the corresponding frequency band was excited on the acoustic spectrogram. 

Figure 3-6 shows the calibration setup for the microphone, which consisted of a computer 

playing a tone at 1 kHz, and Figure 3-6 shows the response of the microphone, which is 

the small yellow region in the 1 kHz center frequency. An Amprobe temperature and 

humidity measuring unit was used to verify that the temperature measurements from the 

thermometer were within reasonable values. Similarly, the measurements from the 

pressure and light sensor were validated by comparing their measurements with the Setra 

digital gauge and the Extech light meter, respectively. Figure 3-8, Figure 3-10, and 

Figure 3-12 show the devices used to validate the temperature, pressure, and light sensor 

readings, and Figure 3-8, Figure 3-10, and Figure 3-12 show the corresponding sensor 

outputs, respectively. 

 

 

Figure 3-3. Accelerometer calibration set-up 
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Figure 3-4. Accelerometer response excited at 40 Hz 

 

 

 

Figure 3-5. Accelerometer response excited at 80 Hz 
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Figure 3-6. Microphone calibration set-up     Figure 3-7. Microphone response to a 1 kHz tone 

 

  

Figure 3-8. Thermistor calibration set-up         Figure 3-9. Thermistor output data 

 

Response at 1 kHz 
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Figure 3-10. Barometer calibration set-up          Figure 3-11. Barometer output data 

 

  

Figure 3-12. Light-meter calibration set-up      Figure 3-13, Light-light meter output data 

3.4 Software Design 

 

The software utilized for the neonatal intensive care unit transport monitoring unit 

(NICU-TMU) device consists of a state machine developed in a hybrid LabVIEW® and 

C environment. State of the art digital signal processing techniques were used to reduce 

the noise data into a sound spectral analysis so that the device would not be limited by its 

finite 2 gigabyte memory card. 

The software of the NICU-TMU device was designed to be both readable and concise 

while effective and power conserving. The software consists of a finite state machine 

composed of five states which are initialize, acquire, save, sleep, and clock. A state 

machine is a device that changes its states based on changes of its inputs, and was chosen 

because of its ease to develop new software and for its simplicity which allows future 
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researchers to pick up on the design and make changes quickly. The architecture of the 

state machine implemented for this device is depicted in Figure 3-14.  

 

Figure 3-14. State machine diagram that describes the system’s software architecture 

The start of the state machine begins by simply turning the power switch to the on 

position. In the initialize state, software configures the serial peripheral interface (SPI) 

port for communication with the accelerometer, configures the synchronous serial 

peripheral (SSP) port for communication with the analog to digital converter which reads 

microphone data, and configures the accelerometer through the SPI port. Upon verifying 

the configuration on the accelerometer, the device switches to the acquire state, where the 

data from the accelerometer, thermometer, barometer, and light meter are read, and the 

data from the microphone is read and processed through a hybrid octaves-third octaves 

band pass digital filter bank into a sound spectral analysis; the data from all the sensors is 

finally consolidated into a string of data. Consequently the device switches to the save 

state where the microcontroller reads the time from the real time clock, concatenates the 

time stamp with the data string, and then stores the data into a micro SD card. If, within 

the acquire state, the readings of the accelerometer do not change significantly within a 

specified period of time, the device switches into the sleep state. In the sleep state, 
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software is used to set the wake up interrupt in the accelerometer, turn off all analog 

sensors, turn off and reset the microcontroller clock dividers and peripherals, and finally 

it turns itself into power down mode. When the accelerometer reads an absolute G-force 

above a preset threshold, an interrupt is triggered which wakes up the microcontroller 

from power down mode and resumes all activities. The clock state is entered 100 

microseconds (µs) after wake up and it is responsible for setting up all of the CPU and 

peripheral clock dividers; An additional 500 µs are required for the Clock state. A total of 

600 µs must pass before the device can begin to acquire data. These times were estimated 

per instruction in the microcontroller data sheet in Appendix B. Finally, the device enters 

the initialize state once again to reset the peripherals and the accelerometer back to 

acquisition mode and then the entire cycle repeats. Appendix D contains the code utilized 

in this monitoring unit. 

 

3.5 Digital signal processing 

 

The digital signal processing was broken down into two parts, real-time digital signal 

processing for the noise data and batch digital signal processing for the acceleration, 

temperature, pressure, and light data. 

3.5.1 Real-time digital signal processing 

Processing of the noise data in real-time was necessary since the data produced by the 

ADC sampling acoustic nose at 51.2 kHz was too large and would fill up the memory 

card in less than two hours of continuous monitoring. To alleviate this issue, a digital 

band pass filter bank was designed that would greatly reduce the data by performing a 

sound spectral analysis. A digital set of filters was preferred over an analog filter bank 

because digital filters have exceptional repeatability and do not require any additional 

power and real-estate. The filter bank consists of a hybrid octave-third octave filter bank, 

where the frequency bands below 1 kHz are octave bands and the frequency bands equal 

to and above 1 kHz are third octave bands. Table 3-3 is a summary of the specifications 

for each filter that make up the entire digital filter bank. 
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Table 3-3. Digital filter bank specifications 

Center frequency 

(Hz) 
Passband (Hz) 

Filter 

order 

Passband ripple 

(dB) 

Stopband 

ripple (dB) 

125 111.3 – 222.6 3 2.6 30 

250 222.1 – 444.2 3 2.6 30 

500 443.2 – 886.3 3 2.6 30 

1000 884.2 – 1115.8 3 2.6 30 

1250 1113.2 – 1404.7 3 2.6 30 

1600 1401.4 – 1768.4 3 2.6 30 

2000 1764.2 – 2226.3 3 2.6 30 

2500 2221.1 – 2802.7 3 2.6 30 

3150 2796.1 – 3528.4 3 2.6 30 

4000 3520.1 – 4442.0 3 2.6 30 

5000 4431.6 – 5592.2 3 2.6 30 

6300 5579.0 – 7040.1 3 2.6 30 

8000 7023.6 – 8863.0 3 2.6 30 

10000 8842.2 – 11158.0 3 2.6 30 

12500 11132.0 – 14047.0 3 2.6 30 

16000 14014.0 – 17684.0 3 2.6 30 

20000 17642.0 – 22263.0 3 2.6 30 
Frequency bands per ANSI/ASA S1.6-1984 [30] 
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Two types of digital filters may be designed, the infinite impulse response (IIR) filter and 

the finite impulse response (FIR) filter. The IIR filter was designed for this research 

because this family of filters require less memory to store coefficients and is less 

computationally intensive than the FIR family of filters. The design begins with the set of 

specifications listed on Table 3-3 and, for this application, an elliptical type of bandpass 

filter was selected because it allows for a sharper attenuation roll off with a lower order 

than any other type of filter. From this selection and after computing the transfer function 

of the desired analog filter, the coefficients of the digital filter were calculated using the 

bilinear z-transform (BZT) method. In this method the poles of the selected analog filter 

are directly maped from the s-plane into the z-plane by relying on the Tustin 

approximation method. Equation (3-1 shows the Tusting approxiamtion equation 

(3-1) 

 

where s is the pole in the continuous time domain, T is the sample period, which is 

approximately 19.5 µs, and z is the pole in the discrete time domain. 

After computing the transfer function for the digital filters using the BZT method, the 

filter was realized using the Direct Form I (DF1) realization. Figure 3-15 illustrates the 

block diagram of the DF1 realization. 

 

 

Figure 3-15. Direct Form I realization diagram 

In this diagram, uk is the input to the filter, zˉ¹ is a unit time delay, bn is the numerator 

coefficient, an is the denominator coefficient, and yk is the output of the filter. 

The most challenging part of the real-time digital signal processing was the conversion of 

the coefficients from floating-point, which are numbers represented in both decimals and 

fractions, to fixed-point, which are numbers represented in decimals only. This 
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conversion was necessary because this reduced the filter bank computation time by two 

orders of magnitude. Figure 3-16 illustrates the frequency response function of the digital 

octaves-third octaves filter bank which is composed of seventeen elliptical band pass 

filters. 

 

Figure 3-16. Digital filter bank frequency response function 

The adverse effects of the finite word length representation are observed in the first three 

filters since these filters contain the smallest coefficients. In addition, filters with center 

frequencies below 125 Hz could not be implemented because of the limitations of the 

microcontroller.  

The implementation of the digital filter bank consisted of computing the output equation 

of the diagram shown in Figure 3-15, which is given by Equation (3-2).  

(3-2) 

 

3.5.2 Batch digital signal processing 

The batch digital signal processing consists of using the NICU-TMU to collect data and 

then store it in the raw binary form. Then, with a more capable computer, the raw data is 

converted into the corresponding measurement. The voltages read from the thermometer, 

is scaled to its corresponding measurement in °C by computing Equation (3-3). 
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(3-3) 

 

where T is the temperature in °C, Tb is the raw binary input from the ADC, and 1024b is 

the resolution of the ADC. Similarly, the voltages read from the pressure transducer are 

scaled to its corresponding measurement in kPa by computing Equation (3-4). 

(3-4) 

 

where P is pressure in kPa and Pb is the raw binary input. Lastly, the readings from the 

light meter transducer are scaled to its corresponding measurement by computing 

Equation (3-5).  

(3-5) 

 

Where lux is the lumens per square meter and luxb is the raw binary input. These 

equations were derived from the physical measurement to voltage relationship for the 

temperature and pressure transducers and from the physical measurement to current 

relationship for the luminance transducer as specified in the data sheets in Appendix B. 

For the case of the accelerometer, data is broken down into batches of 25 seconds and a 

vibration spectrogram was created where frequency and magnitude of the vibrations are 

plotted versus time on a color map.  Figure 3-17 presents the calibration excitation as 

measured by the accelerometer over time. 
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Figure 3-17. Acceleration vs. time plot measured in G’s 

By taking the short time Fast Fourier Transforms (SFFT) and plotting them on a color 

map, a vibration spectrogram may be computed as shown in Figure 3-18. 

 

Figure 3-18. Vibration spectrogram measured in m/s² at a given frequency over time 

The size of the SFFT’s for this research was 1024 samples with 1019 samples of overlap. 

A Hamming window was implemented on every SFFT block. 

 

3.6 Approach 

 

Two NICU-TMU devices are utilized during either aerial or ground transport. One 

located within the transport incubator where the neonates’ head is positioned, and the 
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other outside of the transport incubator attached to any surface of the interior of the 

vehicle with the positive x-axis of the accelerometer pointing towards the back of the 

vehicle for both devices as shown in the example in Figure 3-19. 

 

Figure 3-19. NICU-TMU setup 

 No neonates are to be transported while measurements are being made. Vibration 

spectrograms were created to identify the vibrations and their corresponding frequencies 

present during transport. Additionally, histograms were created to discover the 

occurrence of high magnitude impulses that cannot be identified in the spectrogram. The 

goal of this approach is to determine what the role of the transport incubator is in to 

determine whether it is attenuating or amplifying the physical stressors induced by the 

vehicle. All this was done in an effort to justify the need for the development of a new 

state of the art transport incubator that will mitigate the IVH problem. 

Transport 

Incubator 

Device # 2 

Device # 1 

Positive X-axis 
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Chapter 4: Results and Discussion 

 

4.1 Introduction 

 

The measurements collected during both a 4 hour car ride and a 30 minute helicopter 

flight are presented in this chapter. The data for a 4 hour road trip is presented to give the 

reader an idea of the stressors present during a typical road trip. The test flight departed at 

10:44 am from the Carilion Clinic Patient Transport (CCPT) hangar and consisted of 

flying out to the Roanoke Airport, out to Pulaski, and then back to the CCPT hangar. 

Average speed was 110 knots with a maximum speed of 135 knots at 11:20 am. There 

were only one take-off and one landing event for the helicopter experiment. 

Measurements were made both inside and outside the transport incubator during 

transport. Vibration spectrograms, sound spectrograms, as well as the changes in 

temperature, pressure, and luminance were computed using the techniques explained in 

chapter 3. A description of the environments inside and outside the incubator inside the 

vehicle is presented and the differences are discussed.  Finally, the effects of the physical 

stressors in both adults and premature babies are discussed. 

 

4.2 Monitoring a Passenger Car Environment 

 

The data presented in this section was taken during a test drive from Washington, District 

of Columbia to Blacksburg, Virginia. The purpose of this experiment was to verify the 

validity of the measurements and to generate a base model to compare to the environment 

in the neonatal transport environment. Figure 4-1 shows the acceleration forces over time 

present during test drive. 
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4.2.1 Acceleration forces present during test drive 

 

Figure 4-1. Acceleration forces versus time for all three axes of the accelerometer during test drive 

Spaces or gaps between vibration measurements represent periods of missing data. This 

was due to the device switching into sleep mode, which was due to the threshold of 

inactivity being set too high. This was fined tuned after these undesired sleep events were 

observed. This is the form in which the data is obtained from the accelerometer. From 

this data, it is possible to extract vibration information and its corresponding frequencies. 

Vibration spectrograms were computed to present the level of vibration in the test 

vehicle. These spectrograms were created by taking a short FFT of the accelerometer data 

and plotting it on a color map versus time. The magnitude of the vibration is given by the 

different colors and is expressed in m/s². Figure 4-2 presents the vibration present along 

the X-axis during test drive. 
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Figure 4-2. Vibrations present along the X-axis during test drive 

The spectrogram suggests that the vibration level was low with values up to around 0.1 

m/s² at frequencies below 5 Hz. These low frequencies were most likely due to 

decelerations and acceleration events. Figure 4-3 presents the vibration present along the 

Y-axis during test drive.  

 

Figure 4-3. Vibrations present along the Y-axis during test drive 

There was little or no vibration present in this direction. The spectrogram suggests that 

most of the acceleration forces occurred below 5 Hz. These values were most likely due 

to steering. Figure 4-4 presents the vibration levels along the Z-axis during transport. 
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Figure 4-4. Vibrations present along the Z-axis during test drive 

Significantly more vibration was present in this direction. Vibration reached up to around 

0.1 m/s² with frequencies up to 25 Hz. Most of this vibration may have been induced by 

the different conditions of the road and the occasional impact between the board and the 

dash of the vehicle. 

4.2.2 Noise levels and corresponding pitch present during test drive 

Figure 4-5 is a spectrogram that presents the noise data during test drive. The vertical axis 

corresponds to the frequency or pitch of the sound, the horizontal axis corresponds to 

time, and the different color intensities correspond to the magnitude or loudness of the 

sound. 

 

 

Figure 4-5. Sound spectrogram of the noise present during test drive 

Results show the sound levels and the corresponding frequencies during a typical car 

ride. Sound levels equal to and above 70 dBA were produced by the entertainment 

system in the vehicle. 
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4.2.3 Variation of ambient temperature and pressure during test drive 

This section contains the temperature and pressure measurements during test drive. 

Luminance measurements were not recorded for this test ride. Figure 4-6 presents the 

changes in temperature during test drive. 

 

Figure 4-6. Temperature variation over time during test drive 

The temperature changes in this experiment show when the device was transported from 

the place of origin into a hot car. Then, temperature started to decline because of the air 

conditioning system. The sudden spike occurred when the device was under direct 

sunlight.  

Figure 4-7 presents the pressure changes over time during test drive. Results show that 

pressure declined over time. As expected, the pressure dropped as the vehicle was 

moving into a higher elevation. 
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Figure 4-7. Pressure variation over time during test drive 

The yellow block indicates that the device went into sleep for a long period of time. This 

even occurred at the moment when the driver took a break in between the road trip. 

 

4.3 Monitoring the Vehicle Environment 

 

The crew cabin experimental model consisted of making measurements inside the vehicle 

during transport. The data acquisition device was attached to the floor of the vehicle and 

data was collected during the entire flight. The measurements are presented in the 

following subsections. 

4.3.1 Acceleration forces present in the vehicle environment 

Figure 4-8 presents the acceleration forces over time for the tri-axial accelerometer used 

in this experiment. The figure consists of the acceleration forces versus time in the X, Y, 

and Z axes. 
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Figure 4-8. Acceleration forces versus time for all three axes of the accelerometer during transport 

 

Although the inactivity threshold was reduced, the threshold was still higher that was 

required, which lead undesired sleep events. To extract the vibration information from 

this data, an FFT was performed on one 1024 samples long portion of the data. Figure 4-9 

shows the resulting FFT plot. 
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Figure 4-9. Single FFT plot of the vibration in the up and down direction  

Multiple FFT’s were computed for the rest of the data with blocks of 1024 samples with 

1019 samples of overlap. A Hamming window was applied to each block of data. Plotting 

multiple FFT’s over a period of time results in a spectrogram that presents the level of 

vibration in the cabin of the helicopter. Figure 4-10 shows the vibration present along the 

X-axis.  

 

 

 

Figure 4-10. Vibrations present along the X-axis during transport 
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The maximum vibration sensed by the accelerometer in this direction was around 0.25 

m/s² at a frequency of 27 Hz which occurred shortly after takeoff. Figure 4-11 presents 

the vibration present along the Y-axis. 

 

Figure 4-11. Vibrations present along the Y-axis during transport 

Similar to Figure 4-10, the highest magnitude was around 0.25 m/s² at a frequency of 27 

Hz soon after takeoff. Figure 4-12 present the vibration along the Z-axis. 

 

Figure 4-12. Vibrations present along the Z-axis during transport 

In contrast to what was recorded by the X and Y axes of the accelerometer, the vibration 

along the Z-axis remained higher during the duration of the flight. Average vibration was 

around 0.2 m/s² with peak values up to 0.48=5 m/s². The frequency of vibration also 

changed with elevation, with the lower values occurring during takeoff and landing. The 

vibration shown in the above mentioned figures was recorded in the cabin, outside of the 

transport incubator. 
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4.3.2 Noise levels and corresponding pitch present in the vehicle 

environment 

Figure 4-13 presents the sound data in a sound spectral analysis plot that define the tones 

and their magnitude present in the environment. 

 

Figure 4-13. Sound spectrogram of the noise present during transport 

Average sound levels up to 80 dBA were registered in the cabin with frequencies 

between 500 Hz and 12,500 Hz a maximum level of 82 dBA was registered at a 

frequency of 2.5 kHz. 

4.3.3 Variation of ambient temperature pressure and light in the 

transport environment 

This section contains the temperature pressure and luminance versus time plots that 

describe the change of these variables over time; also, the mean, maximum, and variance 

of each measurement that define the dynamics of such measurements. Figure 4-14 

presents the temperature changes during the flight. 

 

Figure 4-14. Temperature variation over time during transport 
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The mean temperature was 24.7 °C with a small variation of ±3.13 °C. Figure 4-15 

presents the absolute pressure measurements and corresponding changes during flight. 

 

Figure 4-15. Pressure variation over time during transport 

Mean absolute pressure was 88.6 kPa with a variance of ±5.97 kPa. Figure 4-16 present 

the changes in ambient light during flight. 

 

Figure 4-16. Luminance variation over time during transport 

The mean recorder luminance was 819 lux with a maximum luminance value of 6,880 

lux. The luminance value equivalent to direct sun light exposure is 10,000 lux. 

 

4.4 Monitoring the Transport Incubator Environment 

 

The transport incubator experimental model consisted of making measurements inside the 

transport incubator during transport. The data acquisition device was attached to the area 

where the baby’s head rests and data was collected during the entire flight. All padding 
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was removed from the incubator during this experiment. The measurements are presented 

in the following subsections. 

4.4.1 Acceleration forces present in the incubator environment 

This section presents the same results as the previous section but with the measurements 

being taken inside the incubator where the baby’s head is positioned. Figure 4-17 

presents the acceleration forces over time present in the transport incubator. 

 

Figure 4-17. Acceleration forces versus time for all three axes of the accelerometer during transport 

It can be observed that undesired sleep events did not occur inside the incubator, because 

the vibration was much higher than the inactivity threshold. As done in the previous 

section, a block of data was chosen in the up and down direction and the FFT shown in 

Figure 4-18 was computed. 
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Figure 4-18. Single FFT plot of the vibration in the up and down direction 

Results of the FFT show that there were significant levels of vibration at 25 Hz with a 

harmonic response at around 50 Hz. 

Figure 4-19 shows a spectrogram analysis plot that presents the vibration in the 

environment. 

 

Figure 4-19. Vibrations present along the X-axis during transport 

The spectrogram shows that vibrations were present along the X-axis. An average 

vibration of 0.2 m/s² at around 25 Hz was recorded with a harmonic at around 50 Hz a 

maximum vibration of 0.51 m/s² at a frequency of 25 Hz was registered. Figure 4-20 

presents the vibration along the Y-axis. 
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Figure 4-20. Vibrations present along the Y-axis during transport 

Interestingly enough, the average magnitude of the vibration was just over 0.05 m/s² in 

this direction. Figure 4-21 presents the vibration along the Z-axis during flight. 

 

Figure 4-21. Vibrations present along the Z-axis during transport 

The average magnitude of vibration was around 0.8 m/s² at around 26 Hz. It was 

observed that there were periods of time where the vibration levels exceeded 2 m/s². 

These measurements agree with what was recorded in the study made by Bouchut [13]. 

4.4.2 Noise levels and their corresponding pitch present in the 

incubator environment 

To correspond to the measurements taken in the cabin, Figure 4-22 presents the sound 

spectral analysis plot that define the tones and their magnitude present in the incubator 

environment. 
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Figure 4-22. Sound spectrogram of the noise present during transport 

Sound levels registered in the incubator averaged just over 70 dBA with frequencies 

ranging from 1.6 kHz to 16 kHz with a maximum level of 77 dBA at 6.3 kHz. These 

results suggest that the incubator is attenuating some noise with higher attenuations 

occurring at frequencies below 1.25 kHz. 

4.4.3 Variation of ambient temperature pressure and light in the 

incubator environment 

The changes in temperature pressure and luminance recorded inside the incubator during 

flight are presented in this section. Figure 4-23 presents the changes in temperature inside 

the incubator during transport. 

 

Figure 4-23. Temperature variation over time in incubator during transport 

Results suggest that the temperature control in the transport incubator did a good job at 

heating up the inside of the incubator. Note that the constant increase in temperature is 

due to the temperature controller not being able to read any feedback from the 

temperature probe which is usually attached to the abdomen of the premature babies. 

Figure 4-24 presents the pressure changes in the transport incubator.  
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Figure 4-24. Pressure variation over time during transport 

The pressure changes in the incubator correlate to those measure in the crew cabin. These 

results were expected since the incubator is not pressurized. Figure 4-25 presents the 

changes in luminance inside the transport incubator. 

 

Figure 4-25. Luminance variation over time during transport 

The light meter registered maximum luminance values up to 6,920 lux, evidence that 

inside of the transport incubator is exposed to high intensity luminance from the sun. The 

sensor sensitivity is similar to that of the human eye. Infrared and Ultraviolet wavelength 

were not measured during this experiment 
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4.5 Differences in the Measurements Between the Two 

Environments 

 

 

A summary of maxima of the primary physical stressors present during transport in both 

inside and outside the transport incubator are presented in Table 4-1. The results show 

that the vibrations along the Z-axis are over two times larger, and the vibrations along the 

Z-axis are five times larger in the incubator. In contrast, the vibrations in the side to side 

direction are nearly half the magnitude inside the incubator. Overall noise levels were 5 

dBA lower in the incubator than in the cabin. 

Table 4-1. Summary of the maximum magnitude of the primary physical stressors during transport 

 

Crew Cabin Transport Incubator 

Magnitude Frequency Magnitude Frequency 

X-axis vibration 0.25 m/s² 27 Hz 0.51 m/s² 25 Hz 

Y-axis vibration 0.25 m/s² 27 Hz 0.19 m/s² 26 Hz 

Z-axis vibration 0.45 m/s² 27 Hz 2.3 m/s² 26 Hz 

Noise levels 82 dBA 2.2 kHz - 2.8 kHz 77 dBA 5.5 kHz - 7.0 kHz 

 

Additionally, a summary of the averages, maxima, and standard deviations of the 

secondary physical stressors is presented in Table 4-2. The discrepancy between crew 

cabin temperature and incubator temperature was due to the missing feedback from the 

temperature probe to the temperature controller; causing the controller to keep increasing 

the temperature inside the incubator. No major differences in pressure and luminance 

were registered between the two environments.  

 

Table 4-2. Summary of secondary physical stressors during transport in both the crew and incubator 

 
Crew Cabin Transport Incubator 

Mean Max Standard Dev. Mean Max Standard Dev. 

Temperature 24.7 28.5 1.77 38.8 43.3 4.81 

Pressure 88.5 91.6 2.44 88.7 92.1 2.27 

Luminance 819 6880 1210 1660 6920 1100 
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Based on these results it was discovered that the combination of the current transport 

incubator design and the way in which it is secured to the transport vehicle amplifies the 

vibration. Although the current incubator design helps attenuate some of the noise, the 

levels registered inside the incubator are still well above 70 dBA. Continuous noise above 

70 dBA has been shown to increase the risk for developing IVH in premature babies [25]. 

The luminance recorded during this experiment is equivalent to direct exposure to a 

slightly overcast sky. This suggest that the inside of the incubator does not offer 

protection from light exposure, and this can adversely affect a patient who is not yet 

ready to these kind of exposures [11]. The luminance measured in the environment was 

in the 555 nm wavelength. Ultraviolet and infrared were not measured for this 

experiment. 

It is suspected that the combination of increased vibration, as well as noise over 70 dBA 

and high intensity light exposure significantly increase the risk for developing IVH. A 

change in the design of the current transport incubator that would help alleviate these 

stressors could tremendously decrease the risk for mortality and morbidity.  

 

4.6 Effects of Physical Stressors 

 

In adults the effects of acceleration forces up to 5 G’s increase the cardiac demands, and 

acceleration forces in excess of 5 G’s produce unconsciousness [14]. Loud noises in 

adults cause discomfort, and increased heart rate [31]. Very loud sound pressure levels 

may result in traumatic brain injury by direct propagation through the thoracic cavity 

[15]. Flickering lights flashing at about 18 flashes per second have a minimal chance of 

causing seizures in adults [32]. 

In premature babies the combination of loud noises, drops in ambient temperature and the 

exposure to bright lights may increase the risk for IVH. Karam et al. reported average 

sound levels of 88.6 dB inside incubators while operating the nCPAP driver [33]. The 

environmental protection agency (EPA) has suggested an average sound level of 45 dB in 

hospitals; therefore, continuously exposing premature infants to 88.6 dB does not only 

increase the risk for IVH but can also be detrimental to their hearing development [27, 

33]. Changes in temperature and luminance, indirectly increase the risk for IVH by 

disrupting the neonates physiology [11]. Additionally, the exposure to high intensity 

luminance adversely affects the neonates’ comfort [11].  
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Chapter 5: Conclusions and Future Work 

 

5.1 Introduction 

 

This final chapter reviews the incidence of IVH in premature babies during transport and 

describes the transport incubator environment briefly. The number of babies that could be 

saved from developing IVH and the suggestions for making improvements to the 

transport incubator are also described. The closing section is the summary of this 

document which puts emphasis in the number of premature babies born in the United 

States, their risk for developing IVH during transport, a hypothesis of what causes IVH, 

and suggestions to mitigate the IVH problem. 

 

5.2 Suggestions for improving the quality of transport 

 

This research has demonstrated that the environment that the preterm infant is exposed to 

during transport is detrimental to their health. The vibration levels registered in the 

transport incubator during flight were five times greater than in the crew cabin along the 

Z-axis. Also, high levels along the X-axis were registered in the transport incubator, 

which were not registered in the crew cabin. This additional vibration may be due to the 

back and forth motion the incubator experiences during transport as it is not rigidly 

attached to the helicopter. In contrast, vibration along the Y-axis was nearly half of that 

registered in the crew cabin. Sound levels were on average 70 dBA, which is 10 dBA 

lower than the crew cabin; however, the levels are still well above the recommended 45 

dB sound level. Luminance levels reached values up to 6920 lux in the 555nm 

wavelength which are well above what unborn babies are exposed to. No major changes 

in temperature and pressure were registered.  

IVH is a serious disease which occurs in roughly 40% of all premature babies. Although 

this incidence has decrease over the past three decades, the risk for developing IVH in 

preterm babies who require transport has not dropped from 33% within the same time 

frame. If this incidence during transport can be greatly mitigated, an average of 371 IVH 

cases could be prevented in a 3 year period. These cases were calculated assuming that 

1125 children require transport in a 3 year period [7]. 
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5.3 Future work 

 

The results presented in this document were an initial attempt at characterizing the 

environment that preterm infants experience during transport and a proof that the data 

acquisition device collects data as expected. With the now validated data acquisition 

device measurements in multiple aerial and ground transports are suggested to develop a 

higher confidence model for each different vehicle configuration. With enough evidence 

that significant physical stressors are present, an IRB approval should be obtained in 

order to correlate the IVH cases with the stressors from the environment. Also, an IRB 

approval form making physical measurements of the premature babies’ head is suggested 

to correlate those measurements with those of the environment. With the correlation, it is 

suggested that the current transport incubator be revised so that the new design mitigates 

the stressors that cause IVH. This could be as simple as a rubber absorber that has a 

frequency response function with a notch at 25 Hz. An acoustic dampening material 

between the two incubator walls that would attenuate sound levels above 500 Hz by 32 

dB that could also be used to offer less exposure to light. 

 

5.4 Summary 

 

12 percent of babies born in the United States are born prematurely with an increasing 

trend as time progresses [2]. The IVH incidence in premature babies ranges from 40 to 45 

percent but could be as high as 70 percent for those babies requiring mechanical 

ventilation [4]. Although the incidence has decrease over the past 30 years, 33 percent of 

premature babies who require transport are at risk for developing IVH and this incidence 

has not changed during the past 30 years. Several risk factors may combine to increase 

the overall risk for developing IVH. At the anatomical level, risk factors that cause IVH 

include elevated cerebral blood pressure and venous pressure, the integrity of the 

germinal matrix, and high fibrinolytic activity. At the physiological level, risk factors 

include body weight under 1.5 kg, GA under 32 weeks, and low body temperature. At the 

environmental level, risk factors include physical stressors such as acceleration forces, 

high sound levels, cold environments, and the exposure to high levels of luminance. 

While very little can be done for the IVH risk factors at the anatomical and physiological 

level, many improvements can be made to the environment that premature babies are 

exposed to; especially during transport from one health care facility to another. This 

study consisted of characterizing the environment inside and outside the transport 

incubator during aerial transport simultaneously. Results showed that vibrations are 

higher in the incubator, sound levels are well above the recommended levels, and 

exposure to high luminance was registered.  Future work should focus on collecting more 
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data with the now valid data acquisition device from each aerial and ground transport in 

order to develop a high confidence model. Improvements to be made to the transport 

incubator to alleviate the IVH problem should include vibration absorbers, sound 

absorbing material, and sun shading material.  
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Appendix A: Data Acquisition Device Schematics 
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Appendix B: Microcontroller and Transducer 

Specifications 
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Appendix C: Digital Filter Design Code 
clear all 
close all 
clc 
% Digital Filter design 
%frequency bands per ANSI S1.6-1984 

  
n = 12:44; % band number 
fc = 10.^(n./10); % exact center frequency 
B = 0.231*fc; %bandwidth per band 
HB = B./2; % half bandwidht 
%----------------  Filter Specifications -------------------------- 
PB = [fc-HB; fc+HB]'; % pass band array 
Ap = 2.6; % Passband ripple in dB 
As = 30; % Stopband ripple in dB 
Fs = 51200; % sampling frequency in Hz 
Fn = Fs/2; 
%fr = logspace(0,5,4096); 

  
%--------------------- Filter Design ------------------------------ 

  
q = quantizer('nearest',[15 14]); 
coefmatraw =zeros(3,5); 

  
for i = 2:length(PB)-1 

  
    [N, wc] = ellipord(PB(i,:)/Fn, [fc(i-1)/Fn, 0.95*fc(i+1)/Fn], Ap, 

As); %specify filter order 
    [z,p,k] = ellip(N,Ap,As,wc); % poles and zeros 
    [sos] = zp2sos(z,p,k); % second order sections of the filters     
    sosq = num2int(q,sos./4); 

     
    coefmatraw = [coefmatraw; sosq(:,1) sosq(:,2) sosq(:,3) sosq(:,5) 

sosq(:,6)]; 
    h(i-1) = dfilt.df1sos(sos); % filter models 
    hq(i-1) = dfilt.df1sos(sosq); 

     

  
end 

  
coefmat = [coefmatraw(4:96,:)]; 
dlmwrite('coefmatrix.txt',coefmat, 'precision', '%d') 

  
%freqz(h) % floating point filter FRF 
freqz(hq) % fixed point filter FRF 

  
%--------------------- Filter Simulation -------------------------- 

  
% f1 = 20; % input signal 1 at 20 Hz 
% f2 = 100; % input signal 2 at 100 Hz 
% tau1 = 1/f1; % period of the input signal 
% tau2 = 1/f2; 
% % Characteristics of the DAQ's ADC 



 66 

% Fs = 50240; %Sampling at 60 KHz 
% Ts = 1/Fs; % Sample period 
% Tf = 1.5; % duration of the signal in seconds 
%  
% [x1,t] = gensig('sin',tau1,Tf,Ts); 
% [x2,t] = gensig('sin',tau2,Tf,Ts); 
% x = (x2+x1)/2; 
% y = filter(h(13),x); 
%  
% figure 
% stairs(t,x) 
% hold off 
% stairs(t,y,'r') 
% ylabel('Amplitude') 
% xlabel('Time (s)') 

  

  
% subplot(211) 
% semilogx(fr,20*log10(abs(frf))) 
% grid on 
% ylabel('Magnitude (dB)') 
% subplot(212) 
% semilogx(fr,(180/pi)*angle(frf)) 
% grid on 
% ylabel('Phase (deg)') 
% xlabel('Frequency (Hz)') 
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Appendix D: LabVIEW Code 
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Appendix E: Batch Signal Processing Matlab Code 
clear all 
close all 
clc 

  
SDcomp = importdata('TMU1AIR.TXT'); % load raw data from uSD card 
Date = getfield(SDcomp,'textdata'); % extract the date header 
data = getfield(SDcomp,'data'); % extract data 
fc = [125 250 500 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000 

10000 ... 
      12500 16000 20000]; % specify filter bank center frequency 
Aw = [-16.1 -8.6 -3.2 0 0.6 1 1.2 1.3 1.2 1 0.5 -0.1 -1.1 -2.5 -4.3 -

6.6 -9.3]; 
% Aw are the weights for the A-weighted sound measurement 

  
%--------     
t = uint32(data(:,1)); 

  
for i = 1:length(t) % extract HH:MM:SS from raw time stamp 

     
    d(i) = (bin2dec(num2str(bitget(t(i),27:-1:25)))); 
    h(i) = (bin2dec(num2str(bitget(t(i),21:-1:17)))); 
    m(i) = (bin2dec(num2str(bitget(t(i),14:-1:9)))); 
    s(i) = bin2dec(num2str(bitget(t(i),6:-1:1))); 
end 

  
yy = 2011; mm = 07; % year and month set manually for now 
yy = yy*ones(length(t),1); 
mm = mm*ones(length(t),1); 
V = [yy mm (d+1)' h' m' s']; % create time stamp vector 
tstamp = datenum(V); % convert to matlab time stamp format 
t = h+m+s; 
x = (data(:,2))./340; % convert raw accelerometer reading to G's  
y = (data(:,3))./340; 
z = (data(:,4))./340; 
x = x-mean(x); 
y = y-mean(y); 
z = z-mean(z); % remove the ofset induced by gravity 
SPL = data(:,5:21); % extract raw sound data 
Tb = data(:,22); % extract raw temperature data 
Pb = data(:,23); % extract raw pressure data 
Lb = data(:,24); % extract war luminance data 
tstamps = tstamp; % create a time stamp to match the SPL, Tb, Pb, Lb 

length 

  
%------------------  remove the white space ---------------------------

---- 
SPL(any(isnan(SPL),2),:)=[]; 
tstamps(isnan(Pb)) = []; 
Tb(isnan(Tb)) = []; 
Pb(isnan(Pb)) = []; 
Lb(isnan(Lb)) = []; 
%----------------------------------------------------------------------

---- 
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VSPLrms = abs(sqrt(abs(SPL)*(5/4096)^2)); % compute sound rms 
dBSPL = 20*log10(((VSPLrms/200)/0.0063)/(20*10^-6)); % scale sound data 
AdBSPL = zeros(size(dBSPL)); 
for j = 1:17 % fit sound data with the A-weighted curve 
    AdBSPL(:,j) = dBSPL(:,j) + Aw(j); 
end 

  

  
Temp = (165/1024).*Tb; % scale temperature data 
Press = ((((51/33).*(3.3/1024).*Pb)/5)+0.095)/0.009; % scale pressure 

data 
Light = (10095.44787/1024).*Lb; % scale luminance data 

  
for k = 1:length(Temp) % remove temperature zeros 
    if Temp(k) < 10 
        Temp(k) = (Temp(k-1)+Temp(k+1))/2; 
    else 
        Temp(k) = Temp(k); 
    end 
end 

  
%------------------ acceleration vs time plots ------------------------

----  
subplot(311) 
plot(tstamp,x) 
datetick('x',14,'keepticks') 
title('Acceleration in X axis') 
ylim([-2 5]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('Gs') 
grid on 
subplot(312) 
plot(tstamp,y) 
datetick('x',14,'keepticks') 
title('Acceleration inY axis') 
ylim([-2 5]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('Gs') 
grid on 
subplot(313) 
plot(tstamp,z) 
datetick('x',14,'keepticks') 
title('Acceleration in Z axis') 
ylim([-2 5]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('Gs') 
grid on 

  
% -------------- Sound spectrogram plot -------------------------------

----  
figure 
contourf(tstamps,1:17,AdBSPL', 'edgecolor','none'); axis tight; 
colormap(jet(16)); 
caxis([30 90]) 
colorbar('YTickLabel',... 
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    {'30dBA - Quiet residence','40dBA - Soft stereo','50dBA', ... 
    '60dBA - Speech range','70dBA','80dBA - Cafeteria','90dBA - 

Jackhammer'}) 
view(0,90); 
datetick('x',14,'keepticks') 
set(gca,'YTick',1:17) 
set(gca,'YGrid','on') 
set(gca,'YTickLabel',{125 250 500 1000 1250 1600 2000 2500 3150 4000 

5000 6300 8000 10000 ... 
      12500 16000 20000}) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
title('Sound Spectral Analysis') 
xlabel('Time') 
ylabel('Center Frequency (Hz)') 
zlabel('SPL (dB)') 

  
% --------- Temperature pressure and luminance plots ------------------

---- 
figure 
%subplot(311) 
plot(tstamps,Temp); axis tight; 
annotation('textbox',[0.63 0.6 0.25 0.3],'BackgroundColor','w','String' 

... 
    ,{'Mean Temp:',num2str(mean(Temp),3),'Max 

Temp:',num2str(max(Temp),3) ... 
    ,'Standard Deviation:',num2str(std(Temp),3)}) 
datetick('x',14,'keepticks') 
title('Temperature') 
ylim([20 50]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('C\circ') 
xlabel('Time') 
grid on 

  
figure%subplot(312) 
plot(tstamps,Press+3); axis tight; 
annotation('textbox',[0.63 0.6 0.25 0.3],'BackgroundColor','w','String' 

... 
    ,{'Mean Press:',num2str(mean(Press+3),4),'Max 

Press:',num2str(max(Press+3),4) ... 
    ,'Standard Deviation:',num2str(std(Press+3),4)}) 
datetick('x',14,'keepticks') 
title('Pressure') 
ylim([80 105]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('kPa') 
xlabel('Time') 
grid on 

  
figure%subplot(313) 
semilogy(tstamps,Light); axis tight; 
annotation('textbox',[0.63 0.6 0.25 0.3],'BackgroundColor','w','String' 

... 
    ,{'Mean Lux:',num2str(mean(Light),3),'Max 

Lux:',num2str(max(Light),3) ... 
    ,'Standard Deviation:',num2str(std(Light),3)}) 
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datetick('x',14,'keepticks') 
title('Luminance') 
ylim([100 10000]) 
xlim([7.346884441550926e+05 7.346884806365741e+05]) 
ylabel('Lux') 
xlabel('Time') 
grid on 

  
% -------- set the requirements for spectrogram function --------------

---- 
Fs = 160; 
L = length(z); 
%NFFT = 2^nextpow2(L/4); 
SFFT = 2^10; % length of the short FFT 

  
tstampsa = tstamp(SFFT:5:length(x)); 

     
% ----------- FFT used to calibrate the accelerometer -----------------

---- 
% Z = fft(z,NFFT)/L; 
% f = Fs/2*linspace(0,1,NFFT/2+1); 
%  
% figure 
% plot(f,2*abs(Z(1:NFFT/2+1))) 
% title('DFT of the accelerometer response') 
% ylabel('Gs - Z-axis') 
% xlabel('frequency (Hz)') 
% ylim([0 0.1]) 
% xlim([0 80]) 
% grid on 

  
% -------- Vibration spectrograms and histogram plots -----------------

---- 
[S,F,T,P] = spectrogram(x,SFFT,SFFT-5,SFFT,Fs); 
figure 
surf(tstampsa,F,9.81*2*abs(S(1:SFFT/2+1,:)/SFFT),'edgecolor','none'); 

axis tight; 
colormap(jet(128)); 
caxis([0 0.25]) 
colorbar 
view(0,90); 
set(gca,'XScale','log') 
set(gca,'YGrid','on') 
datetick('x',14,'keepticks') 
xlim([7.346884441550926e+05 7.346884803472222e+05]) 
title('X-axis Vibration Spectrogram (m/s^2)') 
ylabel('Frequencies (Hz)') 
xlabel('Time') 

  
[S,F,T,P] = spectrogram(y,SFFT,SFFT-5,SFFT,Fs); 
figure 
surf(tstampsa,F,9.81*2*abs(S(1:SFFT/2+1,:)/SFFT),'edgecolor','none'); 

axis tight; 
colormap(jet(128)); 
caxis([0 0.25]) 
colorbar 
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view(0,90); 
set(gca,'XScale','log') 
set(gca,'YGrid','on') 
datetick('x',14,'keepticks') 
xlim([7.346884441550926e+05 7.346884803472222e+05]) 
title('Y-axis Vibration Spectrogram (m/s^2)') 
ylabel('Frequencies (Hz)') 
xlabel('Time') 

  
[S,F,T,P] = spectrogram(z,SFFT,SFFT-5,SFFT,Fs); 
figure 
surf(tstampsa,F,9.81*2*abs(S(1:SFFT/2+1,:)/SFFT),'edgecolor','none'); 

axis tight; 
colormap(jet(128)); 
caxis([0 0.25]) 
colorbar 
view(0,90); 
set(gca,'XScale','log') 
set(gca,'YGrid','on') 
datetick('x',14,'keepticks') 
xlim([7.346884441550926e+05 7.346884803472222e+05]) 
title('Z-axis Vibration Spectrogram (m/s^2)') 
ylabel('Frequencies (Hz)') 
xlabel('Time') 

 


