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Lay Summary
Pressure ulcers (PUs) represent a major health threat to neonates, particularly those in
Neonatal Intensive Care Units (NICUs), where the combination of prolonged immobility
and delicate skin significantly increases their vulnerability. This research addresses the
urgent need for effective PU prevention strategies for neonates, with an emphasis on
low- and middle-income countries (LMICs), where the rates of preterm births and related
complications are notably higher. The primary objective of this study is to design, develop,
and refine an anti-PU bed that caters to the specific physiological needs of neonates. The
proposed solution incorporates soft robotics to create a bed that dynamically redistributes
pressure, thus reducing the PU formation. Finite Element Analysis (FEA) was employed
to model the interactions between a neonatal body and the bed, using elastic materials
that closely mimic the properties of neonatal skin. The experimental setup included
testing with a neonatal phantom model, followed by clinical evaluations conducted in
NICUs to assess the bed’s effectiveness. Findings from the FEA simulations and clinical
trials indicated a significant decrease in areas of high pressure, thereby effectively lowering
the risk of PU development. The bed’s design, which includes force-sensing resistor arrays
(FSRAs) for continuous real-time pressure monitoring, provides a practical and automated
solution that alleviates the workload of NICU staff while enhancing neonatal care. This
research underscores the potential of advanced biomedical engineering solutions to improve
outcomes for neonates and advocates for the integration of these technologies into routine
NICU protocols.
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Abstract
In neonatal intensive care units (NICUs), the occurrence of pressure ulcers (PUs) among
preterm infants is a significant clinical concern. These infants, often immobile for extended
periods due to their critical conditions, are susceptible to developing PUs as a result of
continuous pressure exerted by their own body weight against the bed surface. This issue
is further exacerbated by the fact that neonatal skin is approximately 60% thinner than
adult skin, making it more prone to damage and hampering blood flow from subcutaneous
areas. Traditional methods of preventing PUs involve manual repositioning of infants by
nursing staff, which is labor-intensive, inconsistent, and offers limited effectiveness, leading
to additional workload and potential caregiver burnout.
To address these challenges, an innovative anti-PU bed has been developed and rigorously
tested. This bed is designed to automatically vary the contact pressure on the infant’s
body, thereby reducing the risk of PU formation. The bed surface, made of silicone,
incorporates a system of multi-channel fluid pressure actuation. This mechanism
alternates between inflation and deflation cycles in different regions of the bed, effectively
redistributing pressure away from any single point on the infant’s body. The contact
pressure is monitored using an array of force-sensing resistors (FSRAs), which detect areas
of high pressure. Data from these sensors are processed through a microcontroller using
an electronic circuit based on the voltage divider principle. This setup enables real-time
identification of high-pressure points, which are visualized through heat maps generated
using MATLAB software.
Comparative studies were conducted to evaluate the performance of the anti-PU bed
against conventional bed systems currently used in NICUs. The results indicated a
significant reduction in the incidence of PUs when using the anti-PU bed, highlighting its
effectiveness in pressure management. The alternating pressure channel design not only
mitigates the development of PUs but also significantly reduces the physical burden on
nursing staff, allowing them to focus on other critical aspects of neonatal care. The anti-PU
bed’s performance was further validated through finite element modeling (FEM) using
Abaqus, which simulated the interaction between the infant’s body and the bed surface
under varying pressure conditions. These simulations provided a robust understanding of
how the bed design influences pressure distribution and skin integrity.
In addition to the experimental and modeling efforts, a comprehensive analysis of clinical
data was undertaken, along with feedback from nursing staff who interact with these
systems daily. Statistical analysis of clinical outcomes demonstrated a marked reduction
in PU cases among neonates using the anti-PU bed compared to those using traditional
methods. Feedback from nursing staff reinforced these findings, emphasizing the bed’s
role in improving the overall well-being of infants in NICUs. This study provides valuable
insights into enhancing neonatal care by implementing advanced technological solutions
to common clinical problems. The anti-PU bed represents a significant advancement in
the prevention of pressure ulcers in vulnerable populations, offering a promising solution
that combines clinical efficacy, caregiver efficiency, and improved patient outcomes.
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The findings from this research have profound implications for neonatal care practices,
suggesting that integrating automated pressure management systems like the anti-PU
bed could become a standard preventive measure in NICUs. Future work will focus
on optimizing the design for widespread clinical implementation, exploring long-term
outcomes of PU prevention, and potentially expanding this technology to other at-risk
patient populations. The development and deployment of such innovative solutions are
critical steps toward improving the quality of care and ensuring the safety and comfort
of the most vulnerable patients in our healthcare systems.

Keywords: Pressure Ulcers (PUs), Neonatal Intensive Care Units (NICUs),
Force-Sensing Resistor Array (FSRA), Finite Element Modeling (FEM), Contact Pressure
Monitoring, Heat maps, Clinical Data Analysis
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Chapter 1

Introduction & Literature Review

1.1 Neonatal and Pediatrics Population

Biomedical engineering stands at the crossroads of engineering and medicine, representing
a field where technological innovation meets the critical needs of healthcare. This
interdisciplinary domain encompasses the development of advanced medical devices,
systems, and technologies that improve the diagnosis, treatment, and management of
health conditions. The integration of engineering principles into the medical field has led
to significant advancements in patient care, from the development of sophisticated imaging
technologies to the creation of life-saving surgical tools. One of the most challenging and
rewarding areas within this field is the design and development of medical devices for
neonatal and pediatric care.
Neonates and pediatric patients present unique challenges due to their distinct
physiological and anatomical characteristics. Unlike adults, neonates have smaller and
rapidly changing bodies, which necessitates highly specialized medical interventions.
Medical devices used in neonates must be carefully engineered to accommodate their size,
developmental stage, and specific health needs. These devices include, but are not limited
to, neonatal ventilators, infant incubators, pediatric heart valves, and various monitoring
and diagnostic tools. The successful development and deployment of such devices require
a deep understanding of pediatric physiology, advanced design capabilities, and the
integration of innovative technologies. Neonates, particularly those born prematurely are
among the most vulnerable patients. Their organs and systems are not fully developed,
making them highly susceptible to complications and requiring precise and effective
medical intervention.

A. The design of medical devices for this population addressing several critical
factors:

• Size and Scale: Devices must be scaled down to fit the anatomical dimensions of
neonates. This scaling is not merely a matter of miniaturization; it requires an
understanding of how reduced size affects device functionality and performance.

• Physiological Adaptations: Neonates have unique physiological responses compared
to adults. Their bodies may react differently to medical devices due to their
metabolic rates, organ functions, and immune responses. Designing devices that can
adapt to these physiological variations is essential for ensuring efficacy and safety.
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• Growth and Development: Pediatric patients grow rapidly, and their medical devices
must be able to accommodate this growth. This requirement poses a significant
challenge for the design of devices.

• Material Compatibility: The materials used in medical devices for neonates must
be bio compatible and suitable for long-term use. They must also be designed to
minimize the risk of adverse reactions, such as infections or immune responses, which
can be particularly problematic in neonates with delicate immune systems.

• User-Friendliness and Safety: Medical devices must be designed with both the
patient and healthcare providers in mind. For instance, devices should be easy
to use, maintain, and operate, while also ensuring the safety and comfort of the
patient.

1.1.1 Anatomical and Physiological Characteristics of Human Skins

The Fig. 1.1 is a detailed illustration of the human skin’s physiology, highlighting its
structure and various components. Skin, the largest organ in the human body, performs
several critical functions, including protection, sensation, thermoregulation, and more [5].
Understanding the skin’s structure helps in appreciating how it carries out these vital
roles. The skin is broadly categorized into three main layers: the epidermis, dermis, and
subcutaneous layer (commonly known as fatty tissue) [1]. Each of these layers has distinct
structures and functions as shown in Fig. 1.1.

Figure 1.1: Components of human skin [1]

• Epidermis: This is the outermost layer of the skin, acting as the first barrier of
defense against environmental hazards such as pathogens, chemicals, and physical
injuries [6]. The epidermis is primarily composed of keratinocytes, which produce
keratin, a protein that gives the skin its tough and protective quality. Another
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critical component of the epidermis highlighted in the image is the melanocytes,
which are responsible for producing melanin, the pigment that gives skin its color
and protects it from ultraviolet (UV) radiation [7].

• Dermis: It is located beneath the epidermis, the dermis is much thicker and plays a
key role in providing structural support to the skin. It is composed of dense irregular
connective tissue that houses various crucial components. The dermis contains blood
vessels that supply nutrients and oxygen to both the dermis and epidermis, as well
as remove waste products. Sweat glands and oil glands (sebaceous glands) are also
present in the dermis. Sweat glands are involved in thermo regulation by producing
sweat, which cools the body when it evaporates. Oil glands secrete sebum, an oily
substance that lubricates the skin and hair, preventing them from becoming dry and
brittle [8], [9].

• Subcutaneous Layer (Fatty Tissue): This is the innermost layer of the skin, also
known as the hypo dermis. It consists primarily of adipose tissue, which stores fat.
This fatty tissue serves several purposes, such as cushioning the body’s internal
organs against mechanical trauma, providing thermal insulation, and serving as an
energy reserve [10].

The susceptibility of neonates, especially preterm infants, to PUs is exacerbated by
their unique anatomical and physiological characteristics. The skin of a neonate is
considerably thinner and more fragile than that of an adult, with reduced subcutaneous
fat and immature dermal layers. Preterm infants, who constitute a significant portion
of NICUs admissions, have even more underdeveloped skin, making it highly susceptible
to breakdown under prolonged pressure. Studies have shown that the dermal layer of
a preterm neonate is less than 60% of the thickness of adult skin, which significantly
increases the risk of ulceration when exposed to pressure [11]. A comparative picture of
neonatal and adult skin is shown in 1.2.

Figure 1.2: Difference between neonatal and adult skin [2], [3]

In addition to skin fragility, neonates have underdeveloped immune systems, which makes
them more vulnerable to infections that can worsen PUs. Immature vasculature and
reduced tissue perfusion further compound this issue, as adequate blood flow is crucial for
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tissue repair and preventing ischemia-induced skin breakdown. Consequently, neonates
are at a heightened risk for developing severe PUs, which can lead to complications such
as sepsis and prolonged hospital stays [12].

1.1.2 Current Scenario of Neonates

As per the World Health Organization (WHO), India has the highest number of preterm
births globally, accounting for approximately 15% of all births [13]. This statistic is
alarming, as preterm births are closely linked to neonatal morbidity and mortality.
The Fig. 1.3 presents a comprehensive overview of the neonatal healthcare scenario in
India, emphasizing the challenges associated with preterm births and provides insight
into the scale of the problem and the associated healthcare challenges. Preterm birth,
defined as birth before 37 weeks of gestation, is a significant contributor to neonatal
deaths. The Fig. 1.3 highlights that around 0.3 to 0.4 million children in India
die each year due to complications arising from preterm births. These complications
are often complex and multifactorial, including respiratory distress syndrome (RDS),
intraventricular hemorrhage, necrotizing enterocolitis, and sepsis [14]. These conditions
require immediate and intensive medical care, typically provided in Neonatal Intensive
Care Units (NICUs).

A. Pie Chart Analysis

The pie chart is shown in Fig. 1.3 offers a breakdown of the causes of preterm deaths,
categorized into infections, preterm complications, birth asphyxia, and others.

Figure 1.3: Pie chart showing the causes of pre term deaths

• Infections (36%): Infections are the leading cause of preterm deaths, indicating
the vulnerability of preterm infants to pathogens due to their underdeveloped
immune systems. This statistic underscores the importance of strict infection control
protocols in NICUs, such as hand hygiene, sterilization of medical equipment, and
controlled access to the NICU environment.
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• Preterm Complications (28%): This category includes the immature lungs of preterm
infants fail to produce enough surfactant, leading to breathing difficulties. Other
complications include brain hemorrhages and gastrointestinal problems. The high
percentage of deaths due to these complications emphasizes the need for advanced
medical interventions and research into preventive strategies.

• Birth Asphyxia (26%): Birth asphyxia, or the lack of oxygen during birth, is another
significant cause of neonatal death. Preterm infants are at a higher risk due to
their fragile respiratory systems and immature neurological responses. This statistic
highlights the critical need for skilled birth attendants and immediate resuscitation
facilities at the time of birth.

• Others (10%): This segment includes a variety of less common causes, such as
congenital anomalies and metabolic disorders. Although this category accounts for
a smaller percentage, it still represents a significant number of neonatal deaths,
stressing the need for comprehensive neonatal screening and care.

B. Healthcare Implications

The figure provides a stark reminder of the healthcare challenges in managing preterm
births in India. The high mortality rate among preterm infants necessitates improvements
in prenatal care, timely interventions during delivery, and enhanced postnatal care. NICUs
must be equipped with the latest technology and staffed with trained professionals capable
of managing complex neonatal conditions.
Moreover, public health policies should focus on preventing preterm births through better
maternal healthcare, early detection of high-risk pregnancies, and promoting healthy
behaviors during pregnancy. Strengthening community-based healthcare systems can also
play a pivotal role in reducing preterm birth rates and improving neonatal outcomes.

1.1.3 Overview of Pressure Ulcers

Pressure ulcers, also known as decubitus ulcers or bedsores, are localized injuries to the skin
and underlying tissue, typically over a bony prominence, as a result of prolonged pressure
or pressure in combination with shear. The global healthcare burden of PUs is significant,
affecting millions of patients annually, especially those with limited mobility such as the
elderly, individuals with spinal cord injuries, and critically ill patients. Although the
focus has traditionally been on adult patients, PUs are increasingly recognized as a major
concern in neonatal and pediatric care, particularly in Neonatal Intensive Care Units
(NICUs). A typical bed arrangement in NICUs is shown in Fig. 1.4 where a preterm
infant is placed inside an incubator.

A. Prevalence of PUs in Neonatal and Pediatric Populations

The prevalence of PUs in neonatal and pediatric populations varies across different studies,
but it is consistently noted that PUs are a significant issue in NICUs. A study conducted
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Figure 1.4: Current scenario of a typical neonatal immobile bed arrangement with
integrated parts causes the chance of PUs

in Spain’s pediatric hospitals revealed that 84.1% of PUs in neonates were associated with
medical devices, highlighting the role of extrinsic factors in the development of these ulcers
[15]. Other studies have reported PU prevalence rates ranging from 23% to 43% in NICUs,
depending on the population and the criteria used for PU identification [16].
Despite the high prevalence, PUs in neonates often go unrecognized or are misdiagnosed,
primarily due to a lack of standardized assessment tools and guidelines tailored for this
population. This underreporting of PUs can lead to inadequate prevention and treatment
strategies, further exacerbating the issue. The literature suggests that there is a need for
improved surveillance and reporting mechanisms in NICUs to better understand the true
burden of PUs in neonates.

B. Risk Factors for PUs in Neonates and Pediatrics

The rising incidence of PUs among patients in NICUs, particularly those reliant on
medical devices, compared to patients in standard intensive care units (ICUs), has driven
extensive research into the causes and risk factors of these injuries [17]. The physiological
and anatomical differences between neonatal and adult skin raise concerns about the
suitability of adopting adult practices for preventing and treating PUs in premature
infants. This approach has been increasingly scrutinized for its cost, efficacy, and overall
effectiveness in addressing the unique challenges faced by neonates. Several risk factors
contribute to the development of PUs in neonates and pediatric patients. These risk
factors can be broadly categorized into extrinsic and intrinsic factors [18].

• Extrinsic Factors:

Ulcer formation is influenced by several key extrinsic factors, including shear,
friction, moisture, abnormal posture, excessive and prolonged pressure from clinical
devices, and limited mobility [19]. Shear and friction primarily occur when the
skin interacts with stationary surfaces, such as bed linens or medical devices,
or during inter tissue plane movements like gliding. These forces can lead to
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skin breakdown, especially over bony prominences. Moisture accumulation from
perspiration, urine, and other bodily fluids compromises the skin barrier by causing
maceration and promoting blister formation, making the skin more vulnerable to
injury. Additionally, abnormal body postures result in uneven pressure distribution
across anatomical points, increasing the risk of ulceration. Pressure from medical
devices, including pulse oximeters, CPAP masks, and feeding tubes, is another
significant contributor. While these devices are essential for neonatal care, they can
exert localized pressure, leading to DRPUs. Research indicates that most pressure
ulcers in neonates are associated with medical devices, particularly those used for
noninvasive ventilation.

• Intrinsic Factors:

The development of PUs in neonates is influenced by several intrinsic factors,
including gestational age, birth weight, duration of hospitalization, hemoglobin
levels, and nutritional status. Premature infants and those with low birth weight face
a higher risk of PUs due to underdeveloped skin and reduced tissue perfusion. Studies
indicate that each additional week of gestational age decreases the risk of PUs by
20.1% [20]. Despite this, the overall occurrence of PUs is lower in premature infants
compared to term infants. However, the severity of PUs differs: while premature
infants typically develop PUs up to stage II, term infants often experience more
severe ulcers, extending to stage III [21]. Hemoglobin levels, a critical indicator
of nutritional management and tissue oxygenation, play a pivotal role in PU risk.
Anemia, particularly common in neonates, reduces the oxygen-carrying capacity of
blood vessels, leading to tissue hypoxia and necrosis under mechanical pressure. This
condition significantly increases the vulnerability of tissues to ulceration. Nutritional
status is another vital factor. Adequate nutrition is essential for maintaining skin
integrity and facilitating wound healing. Malnutrition or poor nutritional support
impairs the body’s ability to repair damaged tissue, exacerbating the risk of PU
development. Conditions like edema, resulting from compromised circulation and
poor nutrition, further contribute to PU formation by causing interstitial fluid
accumulation and decreased tissue oxygenation [22]. Collectively, these factors
underscore the importance of tailored nutritional and clinical interventions to
minimize the risk of PUs in neonates.

• Predicting the Risk of Pressure Ulcer in Pediatrics:

The medical principle, ”Prevention is better than cure,” holds particularly true in
the context of pressure ulcers (PUs). A precise assessment of the risk factors for PU
development is the critical first step in devising effective interventions to mitigate
their occurrence. Accurate risk evaluation enables healthcare providers to implement
tailored preventive measures, thereby reducing the burden of PUs. Among the ten
validated and published scales for PU risk assessment, the Braden Q Scale, the
Neonatal Skin Risk Assessment Scale (NSRAS), and the Glamorgan Scale stand out
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for their proven sensitivity and specificity [23] [24]. These scales have been rigorously
tested in clinical settings to ensure their reliability in identifying at-risk individuals,
particularly neonates and pediatric patients. Each of these tools assigns a score based
on various risk parameters, including factors such as mobility, moisture, nutrition,
and skin condition. A higher score on these scales indicates an elevated risk of
PU development, necessitating more stringent preventive measures. For instance,
patients with higher risk scores often require specialized support surfaces, such as
advanced pressure-relieving mattresses, to minimize the mechanical stress exerted on
the skin and underlying tissues. By leveraging these risk assessment scales, clinicians
can adopt a proactive approach, enabling early identification and management of
potential PU cases. This not only enhances patient outcomes but also aligns with the
overarching goal of improving the quality of care in neonatal and pediatric healthcare
settings.

The Neonatal Braden Q Scale, first introduced in 1996, is an adaptation of the
Braden Scale for adults, which was originally developed in 1987 to predict the
risk of pressure sore development [25]. This neonatal-specific scale was designed
to address the unique needs and characteristics of neonates, offering a more detailed
and tailored approach compared to its adult counterpart. The Braden Q Scale
evaluates multiple critical factors that influence PU risk, including body position
mobility, physical activity levels, sensory perception, nutrition, tissue perfusion,
oxygenation, and moisture [15]. Each of these factors is scored on a scale of 1
to 4 based on predefined guidelines, with the cumulative score reflecting the overall
risk of PU development. The detailed assessment provided by this scale ensures
a comprehensive understanding of the factors contributing to PU formation in
neonates, enabling targeted interventions. Similarly, the NSRAS builds on the
foundational Braden Scale, focusing on factors such as mobility, general physical
condition, activity levels, and mental status to calculate a total PU risk score.
Like the Braden Q Scale, the NSRAS provides a systematic method for assessing
risk in neonates, offering healthcare professionals actionable insights for preventing
PUs in this vulnerable population. By incorporating these specialized scales into
clinical practice, healthcare providers can more accurately identify neonates at risk
of PUs, facilitating early and effective preventive strategies tailored to their unique
physiological needs.

A study carried out in several of Spain’s Pediatric Hospitals built two sets of forms:
one namely to assess the risk of developing PUs by patients admitted to the NICU
and the other that enlisted and characterized the different preventive measures
adopted by the hospitals such as skin monitoring, nutrition management, placement
of pulse oximeter, and ulcer management in an attempt to study the efficacy of
the said measures [26]. It also further classified the risk of PUs based on their
location within the body, number of contact surfaces within the body, and the
gestational age of the admitted patient. It was revealed that 84.1% of PUs were
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caused by medical devices and that 54% among them were caused by noninvasive
mechanical ventilation. The nasal area was highly prone to PUs followed by the
occiput and other bony prominences such as heels, sacrum, elbows, and shoulder.
Furthermore, each additional week of gestational age at birth reduced the risk of
PUs by 20.1%. After a careful statistical analysis of all the adopted measures,
kangaroo care method was the only method that fetched a significant protective
effect, while other methods such as repositioning or use of support surfaces showcased
nonsignificant effects. This review paper also includes studies conducted in other
public care hospitals that statistically proved that a majority of PUs were caused
by medical devices.[8] Adhesives used to connect clinical devices to the bodies of
these neonates caused skin tissue injuries and abrasion of the stratum corneum layer
when they were removed. However, silicone‐based adhesives, such as RTV silicone
666, caused less skin lesions as compared to the standard acrylate‐based adhesives
[27]. A Cincinnati Hospital study called out several risk factors for the occurrence
of PUs such as noninvasive ventilation (CPAP and ECMO), a longer period of
hospitalization, medical device‐related pressure injuries, excess moisture, and effect
of gestational age on PU development. A greater prevalence and tendency of patients
to develop stage II PUs was observed [28]. A study made from the biomechanical
perspective emphasized the importance of a medical device setup, arrangement, and
its role in the development of PUs in the neonates and stated that higher stresses
and deformation were induced in the contacting skin tissue surfaces when wires
and electrodes of medical devices were wedged under the body of newborns [29].
A US‐based hospital study was carried out to determine the usefulness of pressure
redistribution mattresses specifically manufactured with the intention to reduce the
risk of PUs in pediatric patients [30]. This crib mattress had unique features such as
movable side rails, built‐in scale to measure the weight of the child, overhead features
to prevent falls, and an adjustable head of the bed. A comparative analysis of the
PU occurrences in patients using these mattresses and the ones that were not using
them denoted that such mattresses along with bundled interventions such as use of
urinary catheters, acute elevation of the head of bed, use of disposable underpads
and dry‐weave diapers, and the use of blanket rolls, draw‐sheets, and pillows along
with repositioning by nurses whenever possible could potentially prevent PUs [31].

C. PU Prone Areas and Sleeping Positions of Neonates

The figure shown in Fig. 1.5 illustrates the PU prone areas and the sleeping positions
of neonates, highlighting the common regions where pressure ulcers occur in newborns.
Pressure ulcers are localized injuries to the skin and underlying tissue, typically over a
bony prominence, due to prolonged pressure or shear.

• Occiput (Head Region - Fig. a): The first image in the upper-left corner shows a
pressure ulcer on the occiput, which is the back part of the skull. The occiput
is a highly susceptible area for neonates because their skull bones are soft and
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Figure 1.5: Typical neonatal cases of PUs in neonates in the regions of (a) occiput, (b)
buttock, (c) toe, and (d) back of the chest [4].

undeveloped, leading to increased vulnerability. The prevalence of pressure ulcers
in this region is indicated at 19%.

• Buttocks (Fig. b): The second image shows a pressure ulcer located on the buttocks.
The pressure in this area typically results from lying in a supine or seated position.
In the figure, it is shown that 29% of pressure ulcers occur in this region, making it
one of the most common sites for PU development in neonates.

• Toe (Fig. c): The third image presents a case of PU on the toe, which, although
less common, still occurs due to pressure exerted by the edge of the bed or tight
swaddling. This region represents 5% of PU cases.

• Back of the Chest (Fig. d): The fourth image depicts pressure ulcers in the back of
the chest, often caused by neonates lying on their backs for extended periods. The
back of the chest is prone to PU development due to the constant pressure exerted
in this position, with a prevalence of 14%.

To provide a visual representation of pressure ulcer occurrence and risk areas, a neonatal
phantom model is shown in Fig. 1.6 with percentages marked on different body parts.
The distribution of pressure ulcers is shown with:
- 29% on the buttocks: This high percentage reflects the risk associated with prolonged
sitting or lying in the supine position. - 19% on the occiput: Demonstrates the
vulnerability of the skull region when neonates are placed on their backs. - 16% on
the back of the chest: Highlights the significant risk of ulcers due to constant pressure in
this area. - 14% on the lateral aspect of the body: Lateral positions can relieve pressure
from certain areas but may shift the risk to others. - 10% on the arms: This represents
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areas where compression against surfaces, like armrests, can occur. - 9% on the sides of
the head and ears: Neonates in lateral sleeping positions may develop PUs in this area. -
7% on the lower back: Prolonged supine positioning leads to PU development in the lower
back. - 5% on the toes and feet: PUs in this region are due to poor positioning or tight
swaddling. - 3% on the anterior torso: This includes areas with less direct pressure but
still a risk.

Figure 1.6: Current scenario of regions of most common occurrences of PUs in the neonates

This figure emphasizes the need for careful management of neonate positioning to prevent
the occurrence of PUs. The use of pressure-relieving devices, frequent repositioning, and
attention to vulnerable areas, as highlighted, can mitigate the risks. The findings presented
by underscore the significance of developing neonatal beds and surfaces that minimize
pressure on the most common PU-prone areas .

1.1.4 Comprehensive Literature Review on PUs in Neonates and
Pediatric Patients

PUs have been extensively studied in adults, yet research on PUs in preterm babies,
particularly in NICUs, remains limited. Various devices and methodologies have been
proposed to address PUs in different patient populations, including neonates, pediatric
patients, and adults with impaired mobility. However, the unique physiological
characteristics of neonates necessitate specialized solutions that are still under
development.

A. Flow Chart Analysis for PUs in Neonates

The Fig. 1.7 is a flowchart illustrating the systematic approach undertaken during the
literature search focused on PUs risk assessment and antisore beds, specifically in the
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context of neonatal care. The flowchart visually represents the step-by-step process, from
the initial retrieval of articles to the final selection of studies included in qualitative and
quantitative syntheses.

Figure 1.7: Flowchart of literature search

• Primary Aim and Search Strategy:

The flowchart’s primary objective was to identify and retrieve articles related to
pressure ulcer risk assessment and antisore beds. Pressure ulcers are a significant
concern in neonatal care due to the delicate nature of neonatal skin and the potential
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for prolonged immobility in these patients. Antisore beds are specialized mattresses
or support surfaces designed to prevent the formation of these ulcers.

To achieve this aim, a strategic search was conducted using selected keywords. These
keywords were used individually or in combination to retrieve a broad range of
relevant articles. The search was designed to focus on breadth rather than the
details of each individual study, allowing for a comprehensive understanding of the
available literature.

The search was conducted across multiple renowned scientific databases, including:
PubMed, IEEE Xplore, EMBASE, and Google Scholar.

• Initial Article Retrieval and Screening:

The search strategy retrieved a total of 600 articles from the aforementioned
databases. The next step involved cross-referencing these articles with previous
reviews to ensure comprehensiveness. This step is crucial as it helps in identifying
any seminal works or pivotal studies that may not have been captured initially.
During this phase, a duplicate check was performed. Duplicates in literature reviews
refer to identical or highly similar articles retrieved from different databases or as
a result of overlapping search strategies. In this case, 43 articles were identified as
duplicates and were subsequently excluded, leaving 616 articles for further screening.

• Screening for Relevance:

The next step involved screening the 616 articles based on their titles and abstracts.
This step is critical in narrowing down the literature to studies that are directly
relevant to the research question and here the articles were assessed for their relevance
to pressure ulcer risk assessment and anti sore beds.

A significant number of articles (500) were excluded at this stage because they did not
meet the criteria of relevance. The exclusion of non-relevant articles based on titles
and abstracts is a standard practice in systematic reviews to manage the volume of
literature and focus on studies that are directly applicable to the research question.

• Full-Text Assessment and Eligibility Check:

After the initial screening, 116 articles were identified for full-text assessment. This
step involves a more detailed examination of the selected articles to determine their
eligibility for inclusion in the qualitative and quantitative analyses.

During this phase, the articles were assessed against specific inclusion criteria. The
flowchart indicates that 86 articles were excluded for various reasons:

No Primary Outcomes Provided (52 Articles): These studies were excluded because
they did not present primary outcomes relevant to the research question. Primary
outcomes are the main results measured to determine the effect of an intervention,
and their absence can undermine the relevance and validity of a study in the context
of a systematic review.

13



Chapter 1. Introduction & Literature Review

Insufficient Information (20 Articles): Some articles were excluded because they
lacked sufficient information, which could include inadequate data reporting, missing
methodological details, or incomplete results.

Non-English Publications (14 Articles): Articles published in languages other than
English were excluded. This criterion is often applied in systematic reviews to ensure
that all included studies are accessible and can be thoroughly evaluated by the review
team.

• Synthesis of Findings:

Finally, 24 articles were deemed suitable for qualitative synthesis, which involves
a detailed analysis of the content, methodologies, and findings of the included
studies. Qualitative synthesis aims to summarize and interpret the data in a way
that provides insights into the research question, in this case, the effectiveness and
safety of antisore beds in preventing pressure ulcers in neonates.

Moreover, 6 articles were identified for quantitative synthesis, which typically
involves meta-analysis. Meta-analysis is a statistical method used to combine the
results of multiple studies to derive a pooled estimate of the effect of an intervention.
In the context of this review, the meta-analysis would focus on quantitatively
assessing the effectiveness of antisore beds in preventing pressure ulcers.

The flowchart provides a clear and systematic outline of the literature search process
for studies related to pressure ulcer risk assessment and antisore beds. Each step in
the process is methodically documented, from the initial retrieval of articles to the
final inclusion of studies in the qualitative and quantitative syntheses. This structured
approach ensures that the review is comprehensive, transparent, and methodologically
sound, providing a reliable foundation for drawing conclusions about the effectiveness of
antisore beds in neonatal care.

B. Existing PUs Prevention and Treatment Strategies

Prevention of PUs is a critical aspect of neonatal care, as treatment options are limited once
ulcers develop. The primary approach to PU prevention involves minimizing pressure on
vulnerable skin areas, improving tissue perfusion, and maintaining skin integrity. Several
strategies have been proposed in the literature, including:

• Repositioning: Regular repositioning of neonates is a common practice in NICUs
to alleviate pressure on vulnerable skin areas. However, this method has limited
effectiveness and can place additional strain on nursing staff, particularly in
resource-constrained settings.

• Support Surfaces: Pressure-redistribution mattresses and overlays have been
developed to reduce the risk of PUs in neonates. These devices aim to distribute

14



Chapter 1. Introduction & Literature Review

pressure more evenly across the skin, reducing the risk of localized skin breakdown.
Studies have shown that the use of specialized mattresses can reduce the incidence
of PUs, but their availability and affordability in LMICs remain a challenge.

• Skin Monitoring: Frequent skin assessments and monitoring are essential for early
identification of PUs. The use of risk assessment scales, such as the Neonatal Skin
Risk Assessment Scale (NSRAS) and the Braden Q scale, has been recommended for
predicting PU risk in neonates. However, these scales are not universally adopted,
and there is a need for more research to validate their effectiveness in different
populations.

• Moisture Management: Preventing excessive moisture buildup on the skin is critical
for PU prevention. The use of absorbent materials, barrier creams, and frequent
diaper changes can help reduce moisture-related skin breakdown. Silicone-based
adhesives have also been shown to cause less skin damage compared to traditional
acrylate-based adhesives, making them a preferred option for securing medical
devices in neonates.

• Medical Device Modifications: Modifying the design and placement of medical
devices can help reduce the risk of DRPUs. For example, the use of softer materials,
adjustable straps, and custom-fitted devices can minimize pressure on the skin. Some
studies have explored the use of sensorized soft actuators and active air mattresses
for real-time pressure monitoring and redistribution, but these technologies are still
in the early stages of development.

• Challenges in LMICs:

The burden of PUs is disproportionately higher in LMICs, where healthcare systems
often lack the resources and infrastructure to implement effective prevention and
treatment strategies. In these regions, the prevalence of PUs is often under reported,
and neonates are at a higher risk of severe complications due to limited access to
advanced medical care.

– Resource Constraints: LMICs face significant challenges in providing
basic healthcare services, let alone specialized care for PU prevention.
The availability of pressure-redistribution mattresses, advanced wound care
products, and trained personnel is often limited, leading to sub optimal care
for neonates at risk of PUs.

– Lack of Awareness and Training: Healthcare providers in LMICs may not be
adequately trained in PU prevention and management. This lack of knowledge,
combined with high patient-to-nurse ratios, can result in delayed identification
and treatment of PUs.
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– Inadequate Medical Devices: The medical devices used in LMICs are often not
designed with neonates in mind, leading to a higher risk of DRPIs. There is the
need for affordable medical devices that are specifically designed for neonatal
care.

C. Adult-Focused PU Prevention Devices and Their Limitations for Neonates
Several devices have been developed to prevent PUs in adults, such as sensorized soft

actuators designed for wheelchair patients and active air mattresses for elderly care. For
instance, a soft actuator capable of applying a uniform pressure of 3.5 kPa was used to
measure interface pressure, and a peak pressure of 9.5 kPa was recorded, which is below the
threshold value for PU development. This technology demonstrated flexibility, simplicity,
and real-time pressure monitoring. However, while these devices showed promise for adult
care, they are not directly translatable to neonatal care due to differences in skin fragility,
body weight, and pressure tolerance.
Similarly, an active air mattress developed for elderly patients featured cells that could be
independently controlled by pressure sensors, with a maximum internal pressure of 15 kPa.
While this system helps redistribute pressure and prevent PUs, its application in neonatal
care would require significant modifications due to the need for much lower pressures and
more sensitive control mechanisms.
Flexible designs like these have inspired innovations in pediatric care, but their direct
application to neonates is problematic. Neonatal skin is significantly thinner and more
prone to damage, necessitating devices that can apply and monitor much lower pressures.
Current devices, such as active air mattresses and pressure sensors, are not fully optimized
for neonatal anti-sore bedding, highlighting a critical gap in available solutions.

D. Device-Related Pressure Ulcers (DRPUs) and Emerging Technologies

The prevalence of DRPUs in neonates has led to the exploration of various real-time
tracking and warning systems that utilize embedded sensors and soft actuation
mechanisms. Ostadabbas et al. developed an algorithm to optimize patient repositioning
schedules using commercial pressure mats. Although this approach offers periodic
posture repositioning, it does not reduce the workload on nursing staff. This limitation
highlights the need for more automated and less labor-intensive solutions, particularly in
resource-limited settings like low- and middle-income countries (LMICs).
Carrigan et al. investigated the effectiveness of a polymeric soft actuator in measuring
contact pressure for neonatal patients. Using a rigid spherical shell model weighing 9
kg, they measured a peak pressure of 9.5 kPa, below the recommended threshold for
PU formation. This study, along with others, underscores the potential for mobile health
applications and machine learning algorithms to track critical parameters such as breathing
rate, heart rate, and contact pressure in real-time, offering new avenues for PU prevention.
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Various technologies have been tested to minimize DRPUs, including anti-decubitus
pressure-sensitive beds (PSBs) that dynamically change body positions to prevent pressure
buildup. These beds are designed to disperse contact pressure and are equipped with
sensors capable of detecting very light forces, which is essential for neonates who weigh
very little. While these innovations offer promise, they often require further refinement to
enhance their efficacy in neonatal care.

E. Direct and Indirect Methods for Measuring Pressure Distribution

The prevention of PUs in NICUs often relies on manual repositioning, a method that is
labor-intensive and prone to human error. To address this, various direct and indirect
methods for measuring pressure distribution on neonatal mattresses have been proposed.
Direct methods involve placing sensors or transducers directly on or under the patient’s
body, which may cause discomfort or irritation to the neonate’s delicate skin. In contrast,
indirect methods, such as using optical sensors to measure pressure distribution without
direct contact, offer a less invasive alternative.
However, both direct and indirect methods have their limitations. For instance, direct
methods like load cells and strain gauges may not cover the entire mattress surface or
capture pressure variations over time. On the other hand, indirect methods such as infrared
thermography may involve bulky equipment unsuitable for NICU environments.
Research comparing different pressure distribution measurement techniques has shown
that pressure mapping systems, which use many embedded sensors, provide more detailed
information than load cells or strain gauges. Stinson et al. demonstrated that pressure
mapping systems could accurately capture the interface pressure between neonates and
mattresses, offering valuable data for PU prevention.

F. Cost-Effective Solutions and Performance Enhancement in LMICs

One of the significant challenges in preventing PUs in neonates, particularly in LMICs,
is the high cost of advanced pressure measurement systems. Low-cost solutions, such as
resistive sensors, have been proposed to address this issue. These sensors are inexpensive,
easy to use, and capable of monitoring pressure variations over time, making them suitable
for resource-limited settings.
Furthermore, research by Bai et al. on 254 NICU patients found that using pressure
redistribution visco elastic foam significantly reduced the risk of PU development. This
finding highlights the importance of selecting appropriate materials for neonatal mattresses
to prevent skin breakdown.
However, despite these advances, most existing methods for measuring pressure
distribution in neonatal care remain either invasive, expensive, or unsuitable for neonatal
skin. This gap underscores the need for more research to develop efficient and reliable
methods to design anti-PU beds that cater specifically to neonates.

17



Chapter 1. Introduction & Literature Review

1.1.5 Mechanisms on Designing and Developing Anti-sore Bed

The Fig. 1.10 depict an analysis of literature and patents related to anti-sore bed
mechanisms, particularly those used to prevent PUs in neonates and it summarizes the
different types of anti-sore bed mechanisms identified in the research, the specific devices
or technologies developed, and their prevalence in the literature. The images also illustrate
the classification of these mechanisms as passive, active, or both, and present this data in
tabular and graphical forms as shown in Fig. 1.10.

A. Broad Classification of Solutions

Prevention of PUs constitutes a variety of mattresses, classified as low‐tech devices
or constant low pressure (CLP), high‐tech devices or alternating pressure (AP), and
other support surfaces [32]. The CLP devices construct the body shape of the patient
to distribute its weight over a large area and include standard and alternative foam
mattresses/overlays such as convoluted and cubed, gel filled, air filled, water filled, fiber,
or bead filled. The AP devices provide the pressure periodically beneath the patient’s
body with mechanical techniques and include air fluidized beds, low air loss beds, or AP
overlays/mattresses. Based on the operation of these mattresses, they are classified as
static mattresses, dynamic mattresses, and overlay mattresses [33].

Static mattresses redistribute the pressure around the whole body and are very handy to
use and to set up, while dynamic/ripple mattresses are designed as an alternative inflating
and deflating strips bed underneath the patient [34]. The noise of electric pumps and the
breakdown of mechanical system owing to its rigorous use form some of its drawbacks.
The third category includes the overlay mattress that is placed on a static mattress or on
a dynamic mattress or sometimes even both. It is quick to install. However, it does not
provide the same level of protection as a replacement mattress. It is suitable for a short
period of time and also for acute illness. It prevents the patient to get in or out of the
bed as it raises the height of the mattress [35].

B. Literature and Patents on Anti-sore Bed Mechanisms

The first image presents a table summarizing 28 articles relevant to anti-sore bed
mechanisms, categorizing them based on the nature of the mechanism (passive, active,
or both) [36], [37], [38], [39]. Each entry in the table provides the name of the literature
or patent, the publishing year, and the first author or inventor associated with the work.

• Passive Mechanisms:

– The QUATTRO ACUTE Mattress: This entry discusses a passive mechanism
involving the QUATTRO ACUTE mattress, a product designed to prevent
pressure ulcers through a specialized mattress surface. Passive mechanisms
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Table 1.1: Retrieved articles on anti-sore bed mechanisms according to the area of
research.

Anti-PU
bed
mechanism

Literature name/Patent name Publishing
year / Patent
year

First
author/Inventor

Passive The QUATTRO ACUTE mattress and
pressure ulcer prevention

2003 Sylvie
Hampton
[40]

Hospital-Acquired pressure ulcer
prevalence: Evaluating Low-Air-Loss
Beds

2011 Jane Johnson
[41]

Neonatal absorbency pad and related
methods [patent]

2015 Jennifer J.
Bracci [42]

Active The theracute alternating pressure
relieving mattress

2001 Heather
Newton [43]

Both A smart bed platform for monitoring &
ulcer prevention

2011 R. Yousefi [44]

Design of anti bed sore hospital bed 2014 C. Czar [45]

rely on materials or structural design features that reduce pressure without
requiring active mechanical or electronic intervention.

– Hospital-Acquired Pressure Ulcer Prevalence: This study evaluates the
effectiveness of low-air-loss beds in preventing hospital-acquired pressure ulcers,
another example of a passive system.

– Neonatal Absorbency Pad and Related Methods: This patent describes an
absorbent pad for neonates, designed to manage moisture and reduce the risk
of pressure ulcers, representing another passive intervention.

• Active Mechanisms: The Theracute Alternating Pressure Relieving Mattress: Active
mechanisms involve systems that dynamically adjust the support surface, typically
through mechanical means like alternating pressure systems. The Theracute
mattress is an example, actively altering pressure points to prevent prolonged stress
on any one area.

• Both Passive and Active Mechanisms: A Smart Bed Platform for Monitoring & Ulcer
Prevention: This platform integrates both passive and active elements, employing
sensors for monitoring and active adjustments to prevent ulcers. Design of Anti-Bed
Sore Hospital Bed: This entry represents a bed design incorporating both passive
structural features and active pressure-relieving technologies.

The most acceptable way of preventing neonatal PUs is to get the patients moving often
and prevent them from sleeping or lying in the same position for a long period of time
on a particular side of the body [46]. Since there are no specified solutions designed for
neonates, previously designed antisore beds for adults have been included in this study as
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a means to understand the technology gap and highlight the scope for future development
[47].
A study done on sleeping mattresses of premature babies by Carol Turnage-Carrier [48] on
5 bed surfaces which includes crib mattress with foam, standard crib mattress, mattress
with gel donut, mattress with gel, and mattress with water pillow stated that except the
standard crib mattress all of the four surfaces had significantly lower interface pressures
i.e., less than 100 mm Hg.
A patented device with multiple layers of sponge, air, and paper sheet layer used for
reduction of pressure ulcers [49]. Depending on the patient’s weight, the air mattress and
sponge layers are arranged to enhance the patient’s body’s surface area in contact with
the bed. The intermediate layer is a rubber layer designed to offer ventilation utilising dry
air or dry air mixed with ozone gas, essential/volatile oil, and/or antibacterial vapours
for parts of the mattress that come into contact with a patient’s body. The purpose of
the second sponge layer is to distribute air beneath the patient’s body. If the mattress
becomes wet from sweating or incontinence, the paper sheet layer is set up to sound an
alert.
Smart bed platform developed by Yousefi et al. [50] evidently denotes a combination of
machine intelligence, sensor network, and computers that is capable of providing support
to the healthcare staff in improving patient care and PU prevention, also carrying out
epidemiological analysis efficiently. The design beholds two types of sensors, resistive and
capacitive over the entire bed surface in order to measure surface body pressure. Patient
profile was generated based on initial and fused sensor data that capture matrices such as
moisture content, pressure map, temperature, and blood pressure.
The Nimbus pediatric system, designed for examination to be at risk of pressure injury or
existing pressure damage provides alternating pressure relief with self- regulating weight,
size, and position adjustment of the patient [51].
A patented device that is for relieving pressure invented by Jennifer B et al. has several
different layers that include -1. Sponge layer for conduction of electricity 2. Air electric
conducting sheet 3. Intermediate layer having air release units 4. Second sponge layer
having sensor matrix for the detection of mattress with second moisture [42].
Carrigan et al. [52] have developed a sensor‐based soft actuator array. Controlling interface
pressure was accomplished by monitoring the internal pressure of the actuator. The said
system automatically distributed the interface pressure using the pressure‐modulating
algorithm. After applying the weight on the surface, there were changes in pressure at the
center of the surface. Conclusively, a system with the interpolated surface achieves the
best pressure distribution.
An array of capacitor plates is used for sensing the pressure, as shown in Fig. 1.8. Wherein,
the applied pressure can be obtained based on the capacitance value [53]. Sensor‐to‐sensor
variation and baseline drift were some of the limitations associated with this version.
Chenu et al. [54] have developed a seating system based on an embedded system that
measures the pressures in real time and estimates the risk for internal overstrains. The
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Figure 1.8: Schematic of the sensor array

textile map is put onto the chair’s seat area, usually all around the cushion. The system
has been intentionally developed for the paraplegic population, to monitor their interface
pressures for prevention of ulcers as shown in Fig. 1.9 Interface pressure, the loading
between a patient’s skin and the support surface, is measured to determine the relative
efficiency of performance of various support surfaces.

Figure 1.9: Three layers that constitute the TexiCare textile sensors

C. Bar Graph on Anti-sore Bed Mechanisms

The Fig. 1.10 is a bar graph that visualizes the distribution of reported devices according
to the type of anti-sore bed mechanism: passive, active, or both.

• Passive Mechanisms: The graph shows a higher number of passive devices, with
six entries. This dominance suggests that many approaches to preventing pressure
ulcers in neonates rely on passive technologies, likely due to their simplicity,
cost-effectiveness, and ease of integration into neonatal care settings. Passive systems
typically involve specialized mattress materials, low-air-loss surfaces, or absorbent
pads designed to distribute pressure and manage moisture effectively.
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• Active Mechanisms: There is only one entry for active mechanisms, which could
imply that while active systems are recognized for their effectiveness in pressure ulcer
prevention, they may be less commonly implemented in neonatal care, possibly due
to higher costs, complexity, or the need for ongoing maintenance.

• Both Passive and Active Mechanisms: The graph also indicates three entries for
mechanisms that incorporate both passive and active features. This hybrid approach
can provide the benefits of both strategies, combining the pressure distribution
properties of passive systems with the dynamic adjustments of active systems. These
mechanisms may offer a more comprehensive solution to pressure ulcer prevention
but may also be more resource-intensive.

The data presented in these images reflect a research landscape where passive mechanisms
are the most commonly explored and implemented strategies for preventing pressure ulcers
in neonates. This trend might be attributed to the balance of effectiveness, cost, and ease
of use that passive devices offer. However, the incorporation of active components or
the development of hybrid systems represents a growing area of interest, especially as
technology advances and the need for more sophisticated neonatal care solutions becomes
apparent.
Understanding the different approaches and their applications is crucial for developing
effective, evidence-based strategies to minimize the occurrence of pressure ulcers in
vulnerable neonatal populations. The integration of both passive and active elements
may represent the future direction in this field, aiming to provide both preventive and
therapeutic benefits in the management of pressure ulcers.
The second image effectively visualizes the data presented in the first image by translating
the detailed tabular information into a simplified bar graph format. It predicts the
prevalence of different anti-sore bed mechanisms by summarizing the number of devices
reported in the literature. The graph shows a clear predominance of passive mechanisms,
consistent with the entries in the table, and highlights the distribution of active and
combined mechanisms, thus reinforcing the trends identified in the first image. This visual
correlation between the table and the graph emphasizes the research focus on passive
solutions while also acknowledging the emerging interest in more dynamic and integrated
approaches.

1.1.6 Competition Landscape & Analysis

The Fig. 1.11 presents a detailed competitive landscape analysis for different devices used
to manage or prevent pressure ulcers, specifically in the context of neonates. The analysis
is crucial in identifying the strengths and limitations of various devices and technologies
available in the market, focusing on several parameters essential for effective pressure ulcer
management.
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Figure 1.10: Simple bar graph denoting the various mechanisms followed by anti-sore beds

Figure 1.11: Competitive existing devices and parameter analysis

A. Parameters Assessed

The Fig. 1.11 evaluates four different devices across seven critical parameters:

• Pressure Channels: This parameter assesses whether the device has alternating
pressure channels, which are essential for reducing pressure on the skin by
periodically shifting the body weight. Alternating pressure channels help in
redistributing the pressure on different parts of the body, thus minimizing the risk
of pressure ulcer formation.

• Noise-Free Operation: This criterion evaluates the noise level produced by the device
during operation. A noise-free or low-noise device is particularly crucial in neonatal
care settings to ensure that the infant is not disturbed during sleep, which is vital
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for their growth and development.

• Mattress Quality: The quality of the mattress is another vital factor, as a good
mattress should provide adequate support and comfort, thereby reducing the risk
of pressure ulcers. High-quality mattresses typically have materials that conform to
the body’s contours, providing even support and reducing localized pressure.

• Portability: Portability refers to the ease with which the device can be moved or
transported. In neonatal care, where space may be limited and the need for mobility
high, a portable device can be particularly advantageous.

• Consistency: This parameter assesses whether the device consistently delivers its
intended function over time. Consistency in pressure relief is critical for preventing
pressure ulcers.

• Suitability for Adults: Some devices may be versatile enough to be used for both
adults and neonates. However, this parameter specifically looks at whether the
device is appropriate for adult patients.

• Suitability for Neonates: Given the unique physiological characteristics of neonates,
including their delicate skin and low body weight, this parameter evaluates whether
the device is specifically designed or adaptable for neonatal use.

B. Comparison of Devices

The existing devices are shown in Fig. 1.12.

• Auto Logic 110: This device does not have alternating pressure channels, operates
with noise, and has poor mattress quality. However, it is portable and consistent
in its function, making it suitable for adults but not for neonates. The absence
of pressure channels and the noise it generates make it less desirable in a neonatal
setting.

• Hicks AM-08: This device features alternating pressure channels and good mattress
quality, but it is not noise-free and lacks portability. While it is consistent and
suitable for adults, it is not ideal for neonates due to its noise level and lack of
portability.

• IRIS: Like the Auto Logic 110, this device lacks alternating pressure channels, is
noisy, and has inadequate mattress quality. However, it is portable and consistent,
making it more suitable for adult care than for neonates.

• Gel Pillow & Mattress: This device does not have alternating pressure channels, is
noisy, and has poor mattress quality. It is also not portable, but it is consistent. The
device is better suited for adults but does not meet the requirements for neonatal
care.
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Figure 1.12: Competitive landscape for the existing devices

Limitation of the solutions:
The incapability of measurement of factors such as nutrition levels, sleep, or friction and
shear levels that are an integral aspect of the etiology of PUs is believed to be one
of the major limitations of the existing solutions. The current methods employed to
reduce the incidence of neonatal PUs also have certain inhibitions such as incapacity of
repositioning (seen as somewhat effective way to protect ulcerations) owing to limitations
in the availability of nurses. Support surfaces such as low air loss beds, sheepskin, gel
pads, viscous fluid mattresses, heel suspension of the bed using pillows, and air, water,
or gel mattresses are limited by their sheer availability, scientific evidence proving their
overall efficacy for pediatric patients, and maintenance costs. Pressure injuries tend to
include tissue damage inflicted on the skin due to mechanical forces and medical devices.
Congenital pressure injuries or traumatic birth injuries (due to significantly diminished or
near absence of amniotic fluid presence in the mothers, skin injuries due to intrauterine
transfusions or amniocentesis) are also an integral aspect of the cause of PUs in neonates.
Thus, there is a pressing need for the development of pediatric specific anti‐PU solutions
to prevent the occurrence of neonatal pressure injuries.

1.1.7 Gaps in the Literature

Significant gaps remain in the prevention of PUs in NICUs, particularly when preterm
babies are in vulnerable sleeping positions. While advanced technologies exist to prevent
PUs, their high cost limits accessibility, especially in LMICs. There is a critical need for
affordable, pressure-redistribution devices designed specifically for NICUs, where preterm
infants are often at higher risk due to prolonged time in one position. Additionally,
training programs tailored to healthcare providers in resource-limited settings are essential
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to improve prevention and care practices.

Despite progress in understanding PU risk factors, the absence of standardized tools for
accurately predicting risk in neonates remains a major gap. Assessment tools like the
NSRAS and Braden Q require further refinement for use across diverse NICUs populations.
Furthermore, there is limited research on DRPUs, even though medical devices contribute
significantly to skin breakdown in NICUs. Future studies should prioritize interventions
targeting these high-risk situations, focusing on both short- and long-term outcomes to
better understand how PUs impact the growth and development of preterm infants.

1.1.8 Thesis Objectives

• Design and Development of an Anti-Sore Bed Using Soft Robotics The
anti-sore bed for neonates was designed using soft robotics, incorporating alternating
pressure channels that inflate and deflate to prevent the development of pressure
ulcers (PUs). The soft robotic materials provide a gentle and adaptive interaction
with neonates’ delicate skin, ensuring continuous pressure redistribution, which is
crucial in NICUs where neonates, especially preterm infants, are often immobile
for extended periods. This design aims to minimize tissue damage by preventing
prolonged exposure to high-pressure points.

• Finite Element Method (FEM) Analysis and Validation A comprehensive
FEM analysis was performed using ABAQUS CAE software to simulate the
interaction between the neonatal body and the anti-PU bed. The model used
hyperelastic material properties for neonatal skin to accurately simulate how the bed
redistributes pressure across the body. The analysis validated the bed’s design by
confirming that the alternating inflation and deflation of pressure channels effectively
reduced the risk of developing PUs by minimizing prolonged pressure points.

• Design and Testing of the Anti-Sore Bed with a Neonatal Phantom
Model After completing the design, the anti-sore bed was tested using a neonatal
phantom model to replicate the physical properties of neonates. The bed’s innovative
multi-channel inflation system ensures alternating pressure distribution across the
neonate’s body, reducing the risk of prolonged high-pressure areas that could lead
to PUs. This system automates the pressure redistribution process, minimizing the
manual labor required by nursing staff to frequently reposition infants, while ensuring
real-time monitoring and adjustments through the integration of a force-sensing
resistor array (FSRA). This objective was crucial for confirming the practicality of
the bed in real-world NICU scenarios.

• Performance Optimization Using Force Sensor Resistor Arrays (FSRA)
To enhance the performance of the anti-PU bed, Force Sensor Resistor Arrays
(FSRAs) were integrated into the system for accurate real-time monitoring of
pressure distribution. The FSRA works by using a voltage divider circuit connected
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to an ESP WROOM 32-bit microcontroller, allowing for precise measurements and
dynamic adjustments in pressure distribution across the bed. The calibration process
involved the use of dummy weights to simulate real-world conditions, ensuring the
system could reliably prevent PUs by monitoring and adjusting pressure points in
real time.

• Clinical Assessment of the Efficacy of Anti-sore Beds in NICUs A clinical
study was conducted in NICUs to assess the efficacy of the anti-sore bed in preventing
PUs. The study focused on preterm infants with gestational ages between 28 to 34
weeks and birth weights from 0.50 to 1.35 kg. Results demonstrated that neonates
placed on air-inflatable mattresses had a significantly lower risk of developing PUs
compared to conventional beds. The automated pressure redistribution system
extended the time between necessary position changes, reducing the workload on
healthcare staff and improving the comfort of the infants. Statistical analysis
confirmed that neonates using conventional beds had a fourfold higher risk of
developing PUs. This clinical assessment confirmed the bed’s effectiveness and
highlighted its potential to significantly improve care in NICUs.

1.1.9 Thesis Outlines

The research objectives of the present work are structured and elaborated upon across five
chapters, as outlined below:

Chapter 1 provides an overview of the significance of preventing PUs in neonates,
particularly in NICUs, where preterm infants are highly vulnerable to developing
PUs due to their fragile skin and immobility. It introduces the challenges faced in
NICUs regarding prolonged pressure exposure and outlines the need for innovative
solutions to mitigate the risks. The chapter sets the foundation for the thesis by
discussing the current state of PU prevention technologies, their limitations, and
the research objectives aimed at developing a novel anti-pressure ulcer bed tailored
for neonates. Chapter 2 focuses on the design and development of an anti-PU bed
using soft robotics technology. The design incorporates alternating pressure channels
to prevent PUs by redistributing pressure across the neonate’s body, ensuring gentle
and adaptive interactions with their delicate skin. The chapter details the design
process, including the selection of materials, system components, and soft robotic
elements, which allow for the dynamic redistribution of pressure. Testing of the bed
using a neonatal phantom model is also described, emphasizing its ability to prevent
prolonged high-pressure points and reduce the workload for NICU staff. Chapter
3 presents the performance evaluation of the anti-PU bed through the integration
of a novel Force Sensing Resistor Array (FSRA). The FSRA system is designed
to provide real-time monitoring and dynamic pressure adjustments across the bed
to ensure optimal pressure redistribution. The chapter covers the technical details
of the FSRA setup, including calibration, sensor selection, and data acquisition
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methods. Performance optimization using real-time data is discussed, along with
validation of the system’s ability to precisely measure pressure distribution and
reduce the risk of PU development. Chapter 4 evaluates the clinical efficacy of
the anti-PU bed through a comprehensive analysis of data collected from NICUs.
The clinical study focuses on preterm infants with gestational ages between 28 to
34 weeks and compares the incidence of PUs in neonates placed on the anti-PU bed
versus conventional beds. Statistical analysis of the clinical data, including pressure
monitoring results and the frequency of repositioning, is presented to demonstrate
the bed’s effectiveness in reducing PU risk. The chapter highlights the significant
reduction in PU incidence and discusses the broader impact on neonatal care and
healthcare efficiency. The final Chapter 5 summarizes the key findings of the
research, emphasizing the success of the anti-pressure ulcer bed in preventing PUs
in neonates. It highlights the importance of the novel design using soft robotics and
FSRA for real-time monitoring and performance optimization. The chapter discusses
the broader implications for NICU care, including improved outcomes for preterm
infants and reduced workloads for healthcare staff. It also identifies potential future
research directions, such as further refinement of the bed design and expanding its
application to other vulnerable patient populations.
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Chapter 2

Design and Testing of Pressure
Ulcers Preventive Bed for
Neonates in Neonatal Intensive
Care Units

2.1 Introduction

Pressure ulcers (PUs) in neonatal intensive care unit (NICU) patients result from localized
skin and tissue damage due to intense, prolonged pressure often exacerbated by shear
forces, friction, or a combination of these factors. This typically occurs when soft tissues
are compressed between bony areas and a contact surface [55]. In low- and middle-income
countries (LMICs), high infant mortality rates are linked to an estimated 15 million
preterm births annually (before 37 weeks of gestation) [56]. Key contributors to these
statistics include infections (36%, encompassing sepsis, pneumonia, tetanus, and diarrhea),
preterm birth (28%), and birth asphyxia (23%) [57]. Premature birth rates in LMICs are
approximately 12%, compared to 9% in high-income countries, with lower-income families
being more vulnerable to preterm deliveries [58], [59]. PUs, though often overlooked, are
significant hospital-acquired conditions, especially among critically ill patients, neonates,
and children. In NICUs, preterm infants are at elevated risk for PUs due to prolonged
immobility, which can lead to infection, pain, and extended hospital stays [60]. Compared
to adults, preterm infants exhibit distinct anatomical, physiological, pulmonary, and
developmental characteristics [61]. The skin of preterm neonates has a dermal layer that is
less than 60% as thick as that of adults, making them particularly susceptible to PUs [56].
Constant pressure on these delicate areas, typically over bony prominences, can impede
blood flow from subcutaneous tissues, creating pressure points [62]. The presence of PUs
can significantly threaten the survival of neonates by leading to severe complications such
as sepsis and clinical instability. The current beds have no smart feature to overcome
the PUs from the neonates as they are slept on the NICUs bed with cotton clothes. The
typical arrangement of beds in NICUs for neonates that causes the chance of PUs in
different postures is shown in Figs. 2.1 (a) and 1(b). Typical neonatal cases of PU are
shown in Figs. 2.1 (c)–1(f), which corresponds to 19%, 16%, 29%, and 10% for the occiput,
buttock, toe, and back of the shoulders, respectively [63].
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Neonatal Intensive Care Units

Figure 2.1: Immobile neonatal bed with attached parts that increases the risk of PUs in
(a) anterior position, (b) lateral recumbent position).

In pediatric hospitals, maintaining the skin integrity of preterm infants is a complex
issue often misunderstood, leading to challenges in assessing PU risk factors, staging, or
detection. These facilities often lack adequate guidelines, information, tools, qualified
nursing staff, infrastructure, and awareness regarding PU prevention and management
[59]. NICU staff often manually reposition patients to manage PUs, a method that
is labor-intensive and has limited efficacy. Ostadabbas et al. [64] used an algorithm
for a patient’s optimal repositioning schedule to evaluate the stresses on human skin by
comparing the time and frequency of the pressure-sensitive beds (PSBs). The suggested
method leverages data from a commercial pressure mat assembled on the bed’s surface to
offer each patient a sequence of the next positions and the time of repositioning. Hence,
this technique doesn’t reduce the workload of the nursing staff although it provides an
periodic posture repositioning of the patients. Literature reports various methods to
mitigate device-related pressure ulcers (DRPUs), such as real-time tracking and warning
systems with embedded sensors, soft actuation mechanisms, monitoring of maximum
response force, and changes in bed materials[65]. Carrigan et al. [66] modeled a neonate
as a rigid spherical shell weighing 9.0 kg, placed on the center of a polymeric soft actuator
to measure contact pressure. Their pressure modulation algorithm identified a peak
pressure of 9.5 kPa, below the recommended threshold. Gefen et al. [67] conducted
experiments on rats to study time-dependent PU formation, finding that higher pressures
led to quicker PU development, whereas lower pressures required more time. A mobile
health application utilizing machine learning algorithms has been developed to monitor
breathing rates, heart rates, activity, and contact pressure in critically ill neonates using
PSBs [68]. A neonatal patient simulator for PSBs identified PU development in areas
including the head, thorax, right arm, abdomen, pelvis, heel, lower limbs, and feet [69].
Some systems use air bladders to regulate airflow across the support surface, creating
alternating pressure zones to prevent PUs. This real-time system divides the bed into five
zones with a maximum internal pressure of 15 kPa and a maximum reactive force of 78
N, adjusting air pressure via pressure sensors [70], [71]. Sensitive to pressures as low as 7
grams, these systems can distribute pressure across even lighter body parts, such as arms
and feet, by optimizing the foam material used in PSBs [72]. There are other technologies,
such as passive pressure map/distribution tools and active lifting devices (e.g., beds with
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moving parts), air mattresses, pillows, foam wedges, and soft cushions, are currently
available and used to dynamically change the body position of patients [73]. Passive
pressure relief, which involves using bedding or seat cushions with no active components,
is more common due to cost and durability. Over time, compression and distortion of
those materials reduce their effectiveness in reducing PUs [74]. Anti-decubitus PSBs are
active air beds able to perform various motions and patterns and stop pressure build-up.
But, these beds are not able to control the body pressure between sensors and states of
PSBs [71].
There are limited PU prevention devices specifically designed for preterm infants in
NICUs. Many existing anti-PU technologies are complex, expensive, and lack the
sensitivity required for lightweight neonates and preterm infants. This study explores
experimental and finite element (FE) simulation frameworks to analyze and prevent
DRPUs in newborns. Both phantom models and actual neonatal patients were used
to test the designed anti-PU bed. FE simulation frameworks were applied to verify and
analyze the anti-PU bed’s design and functionality with the developed prototype model.

2.2 System Level Framework

As we saw in the previous discussion, the currently available solutions for neonatal anti-PU
beds are inadequate. In the current work, we have designed and developed the anti-PU
beds with different sizes of pressure channels and conducted both experimental work and
simulations to validate their performance.

2.2.1 Generic System Level Design

Rectangular Shaped Pressure Channel Bed Design:

The preliminary prototype was designed with a CAD model of dimension 600 mm x
450 mm and produced using an SLA 3D printer to mimic the currently deployed bed in
hospitals. Each pressure channel has a dimension of 450 mm x 50 mm in rectangular
form. The silicone rubber sheet is used as inflating material and glued using the RTV 666
anabond silicone (works as air-tight features at the interface of pressure chambers) with
the base of the bed.

Square Shaped Pressure Channel Bed Design:

In order to accommodate more pressure channels beneath the skin of neonates, the pressure
channels are designed as square-shaped pressure channels. Here, the material used is poly
vinyl chloride (PVC). The dimension of each square channel has been taken as 80 mm x
80 mm in consultation with our clinical collaborator [58].
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2.2.2 Electronic Circuit Design for Bed

A detailed block diagram of the control and actuator system is shown in Fig. 2.2, where
the electrical control signals as well as the pneumatic flow throughout the system are
defined.

Figure 2.2: Block diagram of the control and actuator system depicting electrical and
pneumatic control flow.

The pressure channels of the bed have pneumatic control through multiple ionix solenoid
valves and these are operated by 24 V DC. Sobo double-nozzle air pump is used for the
actuation mechanism and this is operated by 220 V AC. The periodic ON & OFF of
the solenoid valves and pumps are operated by a 6-channel 5 V relay module. These
valves, pumps, and relay modules are controlled by the Arduino Uno R3 ATmega328P
microcontroller. This microcontroller automates the whole actuation process. All pressure
channels are grouped into two alternately. The solenoid valves named V1 & V2 control
airflow to the pressure channels, and V2 & V3 make way for air to exit the pressure
channels. The V1 & V4 are activated simultaneously and V2 & V3 are activated together
such that alternate channels are inflating and deflating continuously. The silent pump
drives air into the pressure channels commanded by the microcontroller, and a control
algorithm in the microcontroller turns the solenoid valves on/off in order to inflate and
deflate the pressure channels at regular intervals of time.
An electronic circuit controlling the actuation mechanism for the prototype developed
anti-PUs bed is shown in Fig. 2.3 (a). After a successful actuation mechanism with
electronic components, the automatic inflation and deflation process was implemented as
shown in Fig. 2.3 (b). The square- shaped pressure channel bed design with smaller blocks
of size 80 mm x 80 mm each is as shown in Fig. 2.3 (c) and clinical trials of infants have
been carried out at the NICUs of Dayanand medical college & hospital, Ludhiana (DMC
& H) is shown in Fig. 2.3 (d).
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Figure 2.3: The various prototype models of (a) electronic circuit controlling the actuation
mechanism (b) prototype developed for anti-PU bed with rectangular inflating and
deflating channels (c) the bed designed shows the square shaped pressure channels (d)
the final device deployed in NICUs for infant testing.

2.2.3 Finite Element Modeling Framework

In order to prevent human life losses and ease of production, enterprises now employ FEM
to identify a cost-effective solution to an expensive proposal or to validate an erroneous
model. The anti-PU bed design, simulation, and testing were carried out using the Abaqus
software, and all measurements were considered in SI units.
Skin, fat, and bone are treated as a continuum in the FE neonatal bed. The constant
neonatal body weight against the bed surface was investigated for the cyclic air pressure.
The contact surfaces, gravity, and interactions have been considered, and a two-step
pressure calculation was performed. The developed anti-PU FE model is used for linear
and cyclic pressure loading. It is also adaptable to diverse load types, desired tests
(displacement or pressure), and a set of geometric parameters such as wall thickness,
chamber size, and mesh refinement. These inputs make a complete, ready-to-run Abaqus
input file.

Simulation of Rectangular Shaped Pressure Channels:

In our previous work [58], we have simulated a neonatal bed with rectangular-shaped
pressure channels in Abaqus with and without pressure in the channels. The mechanical
parameters such as pressure and deformation for baseline are constant throughout the
body contact w.r.t time due to the self-weight. The neonatal skin contact with an
anti-PU bed varies alternatively in terms of mechanical parameters. These parameters
vary alternatively with time in parabolic form due to the application of cyclic pressure on
the neonatal body. The FE simulated anti-PU bed minimizes the pressure concentration
and automatically varies contact position which is able to reduce the chance of PUs.
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Simulation of Square-Shaped Pressure Channels:

First, a CAD 3D model of the bed, skin, fat, and bone of a neonate was created. The
dimension of the bed is taken as per the currently used NICU beds in hospitals, i.e.,
600 mm x 450 mm. The shape of each pressure channel is taken as square-sized chambers
(measurements are taken in consultation with our clinical collaborator), and the dimension
of each pressure channel is 39 mm x 39 mm. The bed was created with alternately
inflating and deflating small pressure channels to accommodate more areas of the baby.
The geometrical FE model is shown in Fig. 2.4 (a) and (b) showing the skin, fat, and bone
were modeled as thin plates with given thicknesses as a preterm baby [75]. Fig. 2.4 (c)
showing a pictorial design of a NICU bed. The portions showing “A” is taken as inflating
chambers and “B” is taken as deflating chambers and vice-versa.
The materials are selected which are able to mimic the neonatal body (fat, skin, and bone)
and the actual bed properties. The neonatal body and the polylactic acid (PLA) used
as the bed’s foundation are continuum, linearly elastic, and isotropically homogeneous
materials. The material properties of the neonatal body parts and the bed are shown in
Table 2.1 [4].

Figure 2.4: Geometrical aspects of (a) a FE model for bed and the neonatal body parts,
(b) dimensions of the bed and neonatal body parts, and (c) dimensions of the bed and
pressure chambers.

Table 2.1: Material Properties Used for PUs Bed and Neonatal Body.

Material Young’s modulus
(kPa)

Poisson’s ratio
(-)

Density (kg.m−3)

Bone (body) 7 0.3 1750
Fat and Skin 1 0.42 1050
Silicone rubber (bed) 170 0.28 2329
Base of the bed 320 0.35 1190
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An Ogden first-order (N = 1) polynomial model was selected for the silicon bed used in the
present simulation with parameters µ1= 10 MPa, and α1= 25. The generalized Ogden’s
energy function for hyper elastic materials is written as [76]:

W (λ1, λ2, λ3) =

N∑
p=1

(µp/αp)(λ
αp

1 + λ
αp

2 + λ
αp

1 − 3) (2.1)

Where µp, αp are material constants, and N is the order of the polynomial. Here, the
materials used for the neonatal model and bed are incompressible.
The mesh-independent study was performed as it plays a vital role to estimate the closer
value in FE analysis. Here, we conducted the test for various mesh sizes in the range of
10- 50 mm with an interval of 0.5 mm for fat, skin, bone, body, silicone rubber (bed), and
the base of the bed. It is found that the value of the output is not changing, which means
the model has meshed insensitive for the element size of 10 mm with an 8-node linear
brick, reduced integration, and hourglass control (C3D8R) element type. The number of
nodes and elements have shown in Table 2.2.

Table 2.2: FE Mesh Model Parameters for PUs Bed and Neonatal Body.

Model parts Number of nodes (-) Number of elements (-)
Fat 30783 18926
Bone (body) 23897 13978
Skin 16606 8505
Silicone rubber 28857 17400

The whole body model of the neonatal phantom has been considered as a single unit while
applying loading and boundary conditions. Air pressure was applied to the cavity areas
while all other surfaces are fixed with the base of the bed. The weight of the baby has
been taken to be 1000 g (1.0 kg), corresponding to the value of gravity is 9.8 Newton as
shown in Fig. 2.5 (a). Pressure is applied hydro statically to the inner surfaces of the
chambers with a closed continuum model alternatively as shown in Fig. 2.5 (b) and (c)
respectively. The neonatal phantom lying on a flatbed was simulated.

Figure 2.5: Loading condition of (a) baby weight and gravity in the downward direction,
and alternating fluid pressure in (b) pressure chamber-A, and (c) pressure chamber-B.
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The sides of the neonatal bed which are in contact with the base support are fixed as
shown in Fig. 2.6. Such an arrangement will ensure that the silicone rubber sheet is
tightly coupled to the bed surface and this contact was created in such a way that it
ensures that the boundaries of the model are not displaced. Here, the baby sliding motion
is not considered, which could account for frictional force and shear strain.

Figure 2.6: The contact of the lower part of the silicone sheet fixed with the base of the
model.

2.3 Setup for Experimental Validation

The designed anti-PU bed with a periodically changing alternating pressure channel
mechanism was calibrated. The outputs of the force sensors were checked for accuracy
by placing them on the PU-prone areas of a neonatal mannequin during testing. To
calibrate the force sensor, various weights such as 50, 100, 150, and 200 g are used.
These weights are taken as calibration samples as force in Newton and the cor- responding
resistances were noted in the range of Kilo-Ohm. The force developed due to these weights
is calculated using the MATLAB software polyfit function. The logarithmic graph shows
the calibration of deployed force sensor FSR-406 as shown in Fig. 2.7 (a). It shows the
variation of resistance w.r.t. force applied on the sensor. When there is no force, the
resistance becomes very high, i.e., in the range of Mega-Ohm. By increasing the force
on the sensor the resistance gradually decreases. Hence, there is an inverse relationship
between force and resistance.
The dummy weights are kept in various positions on the inflating, deflating, and interface
portions to accurately calibrate them for the phantom model. The bar graph in Fig. 2.7
(b) shows the average force values in different positions with 4 to 5 tests for each weight.
Here, the three positions across the bed (position-1: P1), along the direction of the bed
(position-2: P2), and at the interface of the inflation and deflation channels (position-3:
P3) are considered. In the bar graph, the mean values of the readings have been plotted.
The standard deviation and variance for all the tests have been recorded. For all three
conditions, the p-values are recorded and shown in Table 2.3 and are less than 0.05. Hence,
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Figure 2.7: Graphical representation showing (a) calibration of force sensor FSR-406 (b)
bar graph showing the force value for the various positions of weight.

there is a significant difference between the tests that are performed in mutual orientations.
The force sensors are connected to the microcontroller to measure the pressure and force as
shown in Fig. 2.8 (a). There is a smaller force sensor of the same technical specifications
connected with the microcontroller to sense the very low-pressure variation at the toe
regions. The readings are taken from the force sensors as analog values and then converted
to force and pressure. To smooth the sensor output values plots, an average rolling function
is used to match the FE simulation results obtained from Abaqus software [58].

Table 2.3: p-values Obtain from Mutual Orientations of the Force Sensors.

Weight
(Newton)

P1 vs P2 (-) P2 vs P3 (-) P1 vs P3 (-)

50 0.007 0.0004 0.00004
100 0.0002 0.000008 0.0009
150 0.003 0.006 0.0007
200 0.0001 0.002 0.00013

The force sensors are installed under the bony surfaces of the premature neonatal phantom
such as the back side of the head, buttocks, and other bony prominences as shown in Fig.
2.8 (b). Testing of the final device with the neonatal phantom was shown in Fig. 2.8 (c).
The aim of this mannequin test was to determine how the contact pressure distribution
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can contribute to a comfort assessment for neonatal monitoring in incubators on beds
with different posture orientations. This mannequin test was technological proof to reveal
details about the trial process and practical considerations that helped prepare for clinical
testing, such as the baby positions. The weight of the phantom has been taken as 1.0 kg
to represent a preterm baby in NICUs [77], and the material has been chosen to be a soft
silicone material. Although it doesn’t simulate the actual infants’ tissue, it is deployed in
the experiment primarily for weight purposes and, to some extent for its ability to mimic
neonatal skin. The force sensors are deployed under the bony surfaces of a neonate in the
hospital to test the final device as shown in Fig. 2.8 (d). Here, we have carried out clinical
testing on a single neonate. Furthermore, our future works will continue this study on
multiple neonates.

Figure 2.8: Hardware connection of (a) force sensors FSR-406 (b) placement of these
sensors on the premature neonatal phantom model in lay down position (c) testing of the
final device with the model (d) force sensors are tested on neonates at hospitals.

2.4 Results and Discussions

The design and testing of the PUs preventive bed involve subjecting the mannequin to
rectangular and square-shaped pressure channels of the bed with variations to contact
pressure w.r.t. time. Upon conducting the hospital trials, the final device a square-shaped
pressure channel bed was tested on neonates. These tests provided valuable insights into
the efficacy of the device and which were also validated by FE simulation analysis.
Therefore, after testing both beds, the outputs are plotted. The electronic pump is used
to actuate the bed at regular intervals. One cycle of the inflation and deflation process has
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to be taken as 30 seconds (sec) for smooth recording of the data, and the microcontroller
can change this actuation time span as per our requirement. The data was recorded for
3 to 4 minutes, and it started before the placement of the phantom for calibration of the
bed. The final data was recorded after the removal of the start data. The recorded data
has been analyzed and plotted in Microsoft excel. The force variation w.r.t. time in both
rectangular and square-shaped pressure chamber beds for the phantom model as shown
in Fig. 2.9 (a) and (b) respectively and square-shaped pressure chamber bed for neonatal
human baby as shown in Fig. 2.9 (c).

Figure 2.9: Variation of forces in (a) rectangular-shaped pressure channel and (b)
square-shaped pressure channel on the phantom model (c) square-shaped pressure channel
on neonatal baby with respect to time.

39



Chapter 2. Design and Testing of Pressure Ulcers Preventive Bed for Neonates in
Neonatal Intensive Care Units

The plot of the square-shaped pressure chamber bed is more distinct as the pressure
chambers are smaller than the rectangular-shaped pressure chamber bed. The data from
four sensors placed beneath the PUs-prone areas like the occipital region, back of the
shoulder, buttock, and toe regions. The maximum force obtained from the sensor is 0.4
Newton. These plots depict some cycles of inflation and the deflation process.
FE analysis was carried out on 64-bit Windows 10 Pro workstations with 32 cores 2.10 GHz
Intel and Xeon CPU 6130 processors and 160 GB of RAM. To verify the demonstration,
FEA was performed to check the risk assessment for PUs analysis. Hence, the neonatal
model is simulated to measure the average pressure developed which can be the reason for
the development of PUs [4]. The 4.26 kPa average contact pressure is the threshold value
for causing PUs in the human body reported by various research papers for as little as 1-2
hours [55], [70], [78].
The pressure on the skin at no air pressure was taken as the baseline. The contour plot
shown in Fig. 2.10, signifies the self-weight of the baby. Here, the simulation has been
carried out for 15 minutes without alternating pressure channels and it shows the baseline
of the pressure points. The continuous self-weight of the baby can cause the PUs in the
various parts of the body. The average pressure exerted on the baby is found to be 3.3
kPa which is greater than the threshold value [55]. As per literature [79] the minimum
applied pressure for PUs generation is 3.5 kPa for 15 minutes of clock time. Here, the same
exposure time is considered to check the exerted pressure values for the PU generation
which is 3.3 kPa. The contour plot for the preeminence without alternating air channels,
i.e., the baseline model is shown in Fig. 2.10 due to the self-weight of the baby.

Figure 2.10: Pressure exerted due to self-weight of baby without alternating air channels
(baseline model).

The contour plot for the cyclic pressure applied to the neonatal phantom in FE analysis
is shown in Fig. 2.11 (a) and (b) signifies two different time steps of an overall alternating
profile. Therefore, it is observed that when chamber A of the bed are inflated, the other
portions, i.e., chamber B are deflated periodically.
It is found that when we activate alternating pressure channels the pressure increases in
inflated regions and decreases in deflated regions compared to the baseline. The pressure
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Figure 2.11: Distribution of pressure for (a) chamber-A, and (b) chamber-B.

gradient distribution across the thickness (skin, fat, and bone) of the FE neonatal model
corresponds to alternating pressure chamber as shown in Fig. 2.12 (a) and (b). The
alternating pressure gradient signifies the change in contact of the bed with the skin w.r.t.
time. As the inflation and deflation channels will be alternating, no high-pressure points
will be formed under the skin for a long time which is the primary way to reduce PU in
neonates. This means the use of simple bed results in constant pressure generation, and
an anti-PUs bed results in pressure variation in the contact position of the bed with the
neonatal baby model.

Figure 2.12: Variation of pressure gradient through the thickness of the neonatal FE model
of (a) chamber-A, and (b) chamber-B.

The anti-PU bed model has been designed to apply air pressure alternatively on the
backside of the neonatal phantom and neonates in the hospitals. The results of our
experiment show that the pressure remains constant for an extended period, with negligible
variation when the alternating pressure channels are absent. This indicates that the
anti-PU bed model effectively regulates pressure and reduces the risk of developing
pressure ulcers.
The experimental analysis shows that the maximum forces generated for the neonatal
phantom and for the neonatal baby are 0.400 N and 0.405 N and the corresponding pressure
values are obtained at 2.62 kPa and 2.66 kPa, respectively. Each area of the square-shaped
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pressure channel is 39 x 39 mm2. In the FEA simulation, the generated pressure value
is 2.68 kPa. The percentage errors are 2.29% and 0.75% for the phantom model and the
real human baby respectively corresponding to simulation results. The value of developed
pressure as per experimental and simulation studies is under a safe limit to avoid PUs
in neonates [69], [72]. Therefore, it is observed that the developed anti-PUs bed using
experiments and corresponding simulation-based analysis is able to reduce the PUs, and
we are confident in its ability to provide a safe and effective solution for the prevention of
pressure ulcers in neonates. This work mainly focused on anti-PUs bed design and testing.
It only considers the PUs prevention based on changing the continuous contact between
the neonatal baby’s skin and bed surface by taking the normal weight of the baby on the
bed surface, not the shear forces due to the rolling or sliding motion of the baby.

2.5 Conclusion and Future Scope

The hardware prototype designed here provides an alternative to the existing bed in
NICUs. The alternating pressure profile obtained from the force sensors gives an overview
of implementing this bed in hospitals. In the FE simulation, the bed was tested for
newborns with and without pressure in the channels. The mechanical parameters such
as pressure and force for baseline are constant throughout the body contact w.r.t time
due to the self-weight. The contact pressure with an anti-PU bed varies alternatively was
shown in terms of mechanical parameters. These parameters change alternately over time
because of the application of fluid cyclic pressure in the multichannel two-stage system.
The FE-simulated anti-PU bed minimizes the pressure concentration and automatically
varies contact position, reducing the chance of PUs. This concludes the purpose of the
design and analysis of anti-PU beds and, also the reduction of efforts made by nurses.
In our future work, we will perform the tissue-level analysis of skin on PUs due to sliding
and frictional forces between the skin and the bed surfaces. In addition, our devices will be
tested on multiple infants and have to be compared with the existing beds to characterize
the reduction in PUs objectively. The ethics clearance for such studies has already been
taken. The results of that study are planned to be quite comprehensive and published in
a separate one in our future work. Through our continued efforts, we aim to refine our
approach further and develop practically effective solutions for preventing and treating
PUs in neonates.
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Chapter 3

Performance Evaluation of
Neonatal Anti-pressure Ulcer Bed
Using a Novel Force Sensing Array

3.1 Introduction

First four weeks of life, after birth, are crucial for premature survival. This period is
known as the neonatal or newborn stage [80]. Special care and attention are needed to
ensure their survival and well-being. Newborns face various challenges and severity to
their health and survival, especially in low and middle-income countries (LMICs), where
the burden of infectious diseases, malnutrition, and poor health systems are high [58].
One of the most common and unpreventable complications that can affect newborns are
pressure ulcers (PUs). It is also known as bedsores or decubitus ulcers that cause skin and
underlying tissue injuries, which result in prolonged pressure on the skin [81], [82]. PU
can cause pain, infection, delayed wound healing, and reduced quality of life, and these
are especially prevalent in hospitalized neonates in neonatal intensive care units (NICUs).
PUs are caused by various factors that increase the risk of developing skin breakdowns
due to immobility, medical devices, moisture, friction, shear, and contact pressure [83],
[84].
The prevalence of PUs in newborns range from 3% to 27% reported in different studies [85],
[86], [87] . However, these studies may underestimate the true burden of PU in newborns,
as they are based on visual inspection and subjective assessment of skin integrity, which
may not detect early signs of tissue damage or hidden wounds. Furthermore, there is a
lack of standardized definitions and criteria for diagnosing and staging PU in neonates,
which may lead to inconsistency and variability in reporting and comparing results.
Several methods have been proposed in the literature to measure and monitor the pressure
distribution on hospital beds for different purposes, such as preventing PUs, optimizing
patient comfort, evaluating mattress performance, or assessing patient posture. In tackling
PUs, NICU staff frequently rely on manual repositioning of neonates. Yet, this method’s
efficacy is constrained, prompting the need for more nursing personnel to cope with the
resulting workload increase. The methods adopted for the prevention of PUs can be
broadly classified into two categories: direct methods and indirect methods [88], [89].
Direct methods involve placing sensors or transducers directly on or under the patient’s
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body or between the patient’s body and the mattress surface. In this methods, the force
or pressure applied by the patient’s body on the mattress surface, and transducers used in
between, may cause discomfort to the skin of the baby. These sensors can measure various
physical quantities related to pressure distribution, such as force, strain, and displacement.
Indirect methods involve placing sensors or transducers away from the patient’s body
or outside the mattress surface. Here, the measurable physical parameters, such as
pressure distribution based on temperature, light, or radiation, may cause irritation and
other health-related issues, e.g., improper sleeping. These sensors can measure physical
quantities related to pressure distribution indirectly through other phenomena, such as
light reflection or absorption. Each method has its advantages and limitations in terms of
accuracy, sensitivity, reliability, cost, complexity, invasiveness, and suitability for neonatal
skin.

A method based on optical sensors that can measure the pressure distribution on
mattresses without contacting the patient’s skin can reduce the risk of infection and skin
damage. Comparison of the antiPU system and with other indirect methods, such as
infrared thermography, which require large or heavy equipment that may not fit in the
limited space or weight capacity of NICU beds, which can range from 0.5 m2 to 1.5 m2

and 50 kg to 150 kg, respectively [90]. The comparison of different methods for measuring
pressure distribution on neonatal mattresses, such as load cells, strain gauges, and pressure
mapping systems. It has been found that direct methods, such as load cells and strain
gauges, use some sensors that may not cover the entire mattress surface or capture the
pressure variation over time. For example, a typical load cell system can have only four
sensors at the corners of the mattress, which may miss the pressure peaks at the bony
prominences of the neonate’s body. Stinson et al. suggested that pressure mapping
systems, which use many sensors embedded in a thin mat, can provide more accurate
and detailed information on the pressure distribution and interface pressure between the
neonate and the mattress [91]. The developed PUs preventive beds reported by various
authors have similar types of issues and challenges. A low-cost pressure measurement
system based on resistive sensors, which can be used in LMICs where the average health
expenditure per capita is less than $100. Comparison of preventive bed systems for PUs
with other direct methods, such as load cells, piezoelectric transducers, and magnetic
resonance imaging, which can cost up to $10,000 per unit and may not be affordable or
accessible in LMIC [92]. The various micro channels for fluid flow and the fluid–structure
interactions have been reported to measure the pressure at the inlet and outlet using
sensors for biomedical devices [93]. Bio-inspired pressure-sensitive color changing thin
films are reported, which are based on displacement and intensity measurement techniques
[94]. Al-Dahiree et. al. [95] reported on the design and shape optimization of load cell
based on active and passive strain gauge which is sensitive to 20 grams (g). Bai et al.
[96] reported the observations on 254 patients of NICUs and found that 88% reduced the
risk of pressure injury development due to the use of pressure redistribution visco elastic,
polyurethane memory foam. Nizami et al. [69] used pressure-sensitive mats to simulate
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the respiratory rate for neonates and found the 1.57% RMS error. Van Donselaar and
Chen [97] developed a frequency-based pressure mat that is sensible to very small weight
(7 g) for clinical test and estimated the different material assessments will not affect
the pressure values. In terms of bed performance enhancement, Jesus et al. [98] used
the thru force-sensing resistor (FSR) system to be more receptive to lighter forces with
consideration of contact to see the effect of weight, position, geometry (taken as a T-shape
object), and location. This was a more sensitive analysis as compared to earlier available
literature, and it will help to enhance the raw data. However, this method is more accurate
but does not take the neonatal model or the clinical test of the bed. So, there is still scope
for performance enhancement of these anti-PU beds with the considerations of neonatal
baby model implementation.

Therefore, there is a need for efficient and reliable methods to design anti-PU beds for
neonates by measuring and monitoring the pressure distribution on interfacial contact
positions of bed and neonates (as shown in Fig. 1). This in-depth work can help
to identify the areas of high risk for skin breakdown, evaluate the effectiveness of
preventive interventions, and guide the appropriate treatment strategies. However, most
of the existing methods for measuring pressure distribution are either invasive, expensive,
complex, or unsuitable for neonatal skin.

In this study, we propose a novel force-sensing resistor array (FSRA) that works on the
piezoelectric effect is integrated into the NICU mattresses for performance evaluation of
the designed anti-PU bed design [83]. The deployed FSRA is a low-cost, easy-to-use,
and flexible solution that can measure and monitor the pressure variation over time when
subjected to an alternating inflating and deflating pressure channels. The sensor array
consists of 48 small force sensors that are arranged in a matrix configuration on a flexible
substrate. The sensor array can detect the pressure exerted by the neonate’s body on each
sensor and transmit the data to a microcontroller for processing and analysis. The sensor
array can also provide real-time feedback through a heat map that indicates the level of
pressure on each sensor; based on that, the pressure points can be reduced and help to
prevent PUs.

3.2 Materials and Methods Used for Experimental System
Framework

The objective of this study is to assess the efficacy of the anti-PU bed using the FSRA and
compared with the standard pressure mapping system designed for a neonatal phantom.
The heat map is used for the visualization of the pressure distribution on the mattress
surface, which can accurately measure and monitor the pressure variation over time.
The following are the steps used for the experimental (expt.) system framework and
methodology adopted.
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3.2.1 Square-Shaped Pressure Channel Bed Design

To accommodate more pressure channels beneath the skin of neonates, the channels are
designed in a smaller number of square-shaped pressure channels [83]. The dimensions of
square pressure channels are meticulously determined to cater to the typical proportions
of preterm infants. The usual lengths of preterm neonates vary in the range of 273–368
mm, and for the head and chest circumferences vary in the range of 203–254 mm [99],
[100]. The length of the phantom taken in this work lies within this range. The
circumference of the bony prominences, i.e., head and chest of the phantom, is nearly
200 mm. So, the maximum channel size could be 200 mm only. By making the pressure
channel size same as the circumference/ diameter with inflation and deflation, causes the
movement of head and chest, as a result it creates discomfort to the neonatal baby due
to inflation and deflation. So, the minimum size of the channels is considered as one
fourth of the circumference of head/chest to accommodate more pressure channels as well
as proper pressure distribution. This is the maximum channel size possible based on the
circumference of the phantom with consideration of neonatal comfort and to restrict the
movement of head due to the actuation mechanisms. However, if we consider the pressure
channel size smaller than this, then the pressure distribution is comparatively less sensitive
to actuation mechanisms as we have tested this type of pressure channel bed in clinical
trials. Hence, with consideration of the above demographic data, clinical insights, and
consultations with our expert neonatologists of Dayanand Medical College & Hospital,
Ludhiana, the size was specified for the sensing elements to be 50 x 50 mm² . Furthermore,
these dimensions are specifically tailored to address the heightened susceptibility of bony
prominences to PUs. Understanding the criticality of bony prominence sizes in preterm
infants is paramount in mitigating the risk of PUs. Thus, the decision regarding the
size of pressure channels is methodically made to ensure adequate coverage and alleviate
potential complications. A comparative image has been shown in Fig. 3.1.
In this work, 24 pressure channels are accommodated under the neonatal phantom model
that provides enough pressure variation in the pressure channels. Here, the materials used
in designing the beds are polyvinyl chloride and thermoplastic polyurethane [101].

3.2.2 Force Sensor Array Mattress Design

To measure the pressure variations accurately at every point of channel for a neonatal
phantom model, the sensor array mattress was designed as shown in Fig. 3.2 (a). The
cross-sectional view of different layers is shown in Fig. 3.2 (b). The specifications of A,
B, C, D, E, F, G, H, and I layer materials and thickness grade of FSRA are summarized
in Table 3.1. Here, PET and ECM represent polyethylene terephthalate and engineered
conductive materials, respectively. To imbue PET with conductive properties, it involves
the infusion of conductive materials such as carbon or graphene into the PET polymer
matrix [102]. The size of each sensor in the mattress coincided with the size of the pressure
channels in the bed. Therefore, the pressure variations in the channels during the inflating
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Figure 3.1: The developed bed with proper dimensions (a) for the neonates, and (b) for
the adults.

and deflating process can be recorded quantitatively.

Figure 3.2: The deployed model of (a) the force sensor array mattress with appropriate
dimensions, and (b) different layers of FSRA.

3.2.3 Electronic Circuit Design of an Air Pump for Alternately
Actuation Mechanism.

The electrical components of the air pump and the control signals for pneumatic flow
are shown in Figs. 3.3 (a) and 3.3 (b), respectively. The main components of this
alternating air pump are a compressor, valves, nozzles, riser pipes, and discharge pipes.
The compressor generates pulses of compressed air that are delivered to the valve. The
valve alternately opens and closes, allowing the air to be compressed to reach the nozzle.
The nozzle injects the compressed air and creates bubbles that rise and the bubbles reduce
the weight of the gas and make it easier to lift through. The pipe carries the air to the
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Table 3.1: Detail description of various layer materials of FSRA

Layers Name & description Material
A Circuit layer 0.125mm PET film
B Printed top layer ECM CI-1001
C First dielectric layer ECM DI-7502
D Second dielectric layer ECM DI-7502
E Printed jump layer ECM CI-1001
F Third dielectric layer ECM DI-7502
G Printed top adhesive 3M7533
H FSR layer 0.1mm PET film
I Back adhesive 3M9495LE adhesive

pressure channels of the beds alternately. The pump is set for 12 min of alternating profile.
The pump controller has five levels with different pressure values and is operated with a
220 V AC supply. After a successful actuation mechanism with electronic components,
the automatic inflation and deflation process was implemented with an open-loop system.

Figure 3.3: Electronic circuit of (a) an alternating air pump showing the different parts
of the pump (b) shows the operation and working principle.
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3.2.4 Calibration of Both FSRA and Designed Anti-PU Bed.

The two-time step for alternating positions is explained in Fig. 3.4 (a) showing the pressure
channels “A” inflating and “B” deflating; Fig. 3.4 (b), showing the pressure channels
B inflating and A deflating. The anti-PU bed with a periodically changing alternating
pressure channel mechanism was calibrated by checking the output of each FSRA sensor
for accuracy. The calibration process involved by placing the sensors below the neonatal
phantom model during testing [103], [104] and the static characteristics of these sensors
have been analyzed. We have utilized a variety of dummy weights (brash chromed slotted
weights) for repeatability, including 50, 100, 500, and 1000 g as calibration samples and the
force developed due to these weights was calculated. The corresponding resistances were
noted in the range of kilo-Ohm (kΩ) using the Fluke 15B+ digital multimeter. Each of
the 48 sensors in the FSRA was calibrated with the sample weights, and the output values
were taken multiple times to obtain an inverse relationship between force and resistance.
The resistance values varied for all sensors in the range of Mega-Ohm (MΩ) when no
weight was applied. Multiple tests have been carried out for each sensor, and the averaged
values are plotted in logarithmic scales. The logarithmic graph shows the resistance values
for calibration of the deployed FSRA as shown in Fig. 3.6 (a) where C1–C8 represents
the calibration curve for the sensors in columns 1–8.

Figure 3.4: Two different positions of bed (a) showing the pressure channel “A” are
inflating and “B” is deflating (b) showing the pressure channel “B” are inflating and
“A” are deflating.

Each point on the lines corresponds to the average value of multiple tests that have been
carried out for calibration. It shows the non linearity behavior of the sensing elements, i.e.,
the variation of resistance with respect to the force applied on the sensor. By increasing
the force on the sensor, the resistance gradually decreases. Hence, there is an inverse
relationship between force and resistance.
To calibrate the bed for the phantom model, which is a simulated body shape, we used
some dummy weights that mimic the mass of a real body. We placed these weights in
different sections of the bed, such as the inflating section, the deflating section, and the
interface section where they connect. The force values were measured by performing
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Figure 3.5: Graphical representation showing (a) calibration of FSRA (b) positions at
ILbed, Cbed, and IWbed (c) error bar graph showing the force value for the various positions
of weights.

multiple tests, with each weight considering three positions on the bed. ILbed is along the
length and interface of the inflating–deflating, Cbed is at the center, and IWbed is along
the width and interface of the inflating–deflating pressure channels as shown in Fig. 3.4
(b) [83]. The error bar graph in Fig. 3.4 (c) illustrates the average force values recorded
at the mentioned positions, with three tests conducted for each weight. The mean values
from these readings are plotted in the graph. We measure the standard deviation and
variance of the results for all tests, the p-values for the three scenarios are compared, and
displayed in Table 3.2. They are all below 5% and the error bars in the graph are also not
overlapping, which indicate that the tests have significant differences when we alter the
orientations.

The study of FSR was considered based on static analysis. The study did not account
for the time gap between the loading and unloading of the weights, and the oscillations
reading is not taken into account. Therefore, the setting time for the FSR measurement
does not mean in our case static type analysis, which also simplifies and is accountable
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Table 3.2: p-values obtained from mutual orientations of the force sensors

Weight IL vs C C vs IW IL vs IW
50 0.005 0.0074 0.0008
100 0.0022 0.00008 0.0029
500 0.003 0.008 0.0077
1000 0.001 0.009 0.00096

for fulfilling the primary purpose of the paperwork analysis.

3.2.5 Experimental Setup of FSRA.

A single FSR measures the amount of force applied on it, and multiple FSRs can be
combined into a matrix array with electronics circuits to measure the distributed force.
Here, FSRA is designed with a thru mode connection to be receptive to lighter weights
and a greater number of sensors. The circuit configuration of a thru-mode array and
the voltage divider circuit of a single FSR sensor are shown in Figs. 3.6 (a) and 3.6 (b),
respectively. In this thru-mode connection, 48 resistors are connected in six rows and eight
columns. The wheat stone bridge is circuited in this configuration. However, due to circuit
complexity and delay in response, it has been discarded from real-time implementation.
Hence, to obtain the pressure values of each FSR sensor, the FSRA is connected to a
voltage divider circuit, as shown in Fig. 3.6 (b), with a pull-down resistor of 10 kΩ.

Figure 3.6: Configuration of (a) Thru mode circuit of FSRA and (b) the voltage divider
circuit of a single FSR.

3.2.6 Configuration of Experimental Setup.

The thru mode, i.e., series connection of FSRA circuit, is designed using the voltage
divider circuit. Two 74HC4051 multiplexers are used in this circuit to select the particular
sensor in the FSRA as shown in Fig. 3.7 (a). Each mux has eight output pins, i.e.,
Y0–Y7. Therefore, one mux is used for connecting six rows, and the other one is used for
connecting eight columns, such that 48 sensor values can be collected from the thru-mode
FSRA. This circuit has six select pins, three in each mux, i.e., (S0–S2). Hence, there
are 26 = 64 combinations. Out of which, only 48 select lines or signals are enabled here.
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The aim of designing this circuit is to simplify the 48 different voltage divider circuits.
To accurately measure the individual sensor values, a curve fit function was deployed,
and the electronic circuit in the hardware connection with printed circuit board is shown
in Fig. 3.7 (b). The microcontroller ESP WROOM 32 is used for the analog-to-digital
conversation of the values received from the sensors. The microcontroller is powered with
3.6 V, and a 10 kΩ resistor is used. The hardware setup with the designed anti-PUs bed
with FSRA is shown in Fig. 3.8.

Figure 3.7: Layout of (a) 74HC4051 with the ESP WROOM 32 MCU (b) designed PCB
of FSRA with hardware connection.

Figure 3.8: Hardware setup with the designed anti-PUs bed..

3.2.7 Voltage Divider Circuit of FSRA.

It produces a variable voltage that the analog-to-digital converter of the ESP WROOM 32
microcontroller can read. The output voltage is measured as the voltage drop across 10 kΩ.

The output voltage is obtained, derived by 3.1:

Vout =
Radd

RFSR +Radd
.Vin (3.1)

where Radd is pull-down resistance, and RFSR is the resistance of the force sensor. With
Eq. 3.1, the variation of RFSR can be obtained by measuring the output voltage Vout.
Here, the circuit’s output voltage increases with an increase in the applied force and vice
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versa.
Case 1: When there is no pressure on the FSRA, that is, no loading condition. The
resistance of FSR is extremely high (around 10 MΩ); hence, the output voltage obtained
is shown in the equation 3.2:

Vout = (10kΩ/(10kΩ+ 10MΩ))3.6V = 0.0036V ≈ 0V (3.2)

Case 2: When there is significant pressure on the FSRA, that is, high loading condition.
The resistance of the FSR dropped to 300 (approximately); hence, the output voltage
obtained is shown in the equation 3.3:

Vout = (10kΩ/(10kΩ+ 300Ω))3.6V = 3.49V ≈ 3.6V (3.3)

Hence, from Eqs. 3.2 and 3.3, it is observed that the output voltage varies from 0 to 3.6
V depending on the force applied to the FSRA. In the electronic circuit, the output we
are getting from each and individual sensor corresponds to the resistance of that FSR in
the FSRA, and it is designed using the voltage divider circuit. To ensure that the data
acquisition device can always read the voltage variation according to the resistance change,
an optimal value of Radd must be determined. Based on the expt. data, the resistance
range of a single FSR varies from several MΩ to 200 kΩ, corresponding to an applied force
between 0.2 and 20 N. However, a thru-mode FSRA shifts the range between 820 kΩ and
40 kΩ for the same interval. By considering these values and Eq. 3.1, the resistance of
individual FSR sensors can be determined. Extremely large or small Radd can produce a
small readable resistance range.

3.3 Validation Using Finite Element Simulation Framework

Now-a-days, the finite element analysis (FEA) tools provide a cost-effective solution to
analyze the severity and to enhance the productivity and efficiency of biomedical devices.
The FEA simulation framework demonstrated the FSRA with neonatal phantom by using
with and without an anti-PU bed. The expt. demonstrated FSRA work has modeled on a
virtual platform by utilizing FE software ABAQUS. The geometry, material specifications,
load, boundary conditions (BCs), and mesh sensitivity analysis are the steps used in FEA.
An Ogden first-order (N = 1) polynomial model was selected for the bed used in the
present simulation with parameters µ1= 10 MPa and α1=25. The generalized Ogden’s
energy function for hyper elastic materials is written as [30]

W (λ1, λ2, λ3) =

N∑
p=1

(µp/αp)(λ
αp

1 + λ
αp

2 + λ
αp

3 − 3) (3.4)

where µp and αp are material constants, and N is the order of the polynomial. Here,
the materials considered have a continuum and incompressible behavior. The material
properties for the phantom include a Young’s modulus of 1 GPa, a Poisson’s ratio of 0.3,
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and a density of 1750 kg.m−3. For the FSRA, Young’s modulus is 260 GPa, Poisson’s
ratio is 0.38, and the density is 1190 kg.m−3.
The neonatal model was designed using this link.1 The neonatal phantom, FSRA, and
bed model are representative of the expt. demonstrated work as shown in Fig. 3.9 (a).
The BCs are applied to the bed and FSRA as shown in Fig. 3.9 (b). BCs applied here
are fixed types. In fixed type BCs, the translational (Ux, Uy, Uz) and rotational (URx,
URy, URz) degrees-of-freedom are zero.

Figure 3.9: Geometrical representation of (a) neonatal phantom model used for simulation
(b) fixed boundary condition applies to the lower part of the FSRA.

The loading is the weight (1.0 kg) of the phantom baby acting on the bed and FSRA sensor.
The resistance to this self-weight is the stress or pressure developed at the interface that
can be measured on the force sensor. The pressure is defined as the force per unit area in
the FEA. The mesh-independent study was performed as it plays a vital role in estimating
the closer value in FE analysis. Here, the mesh sensitivity test was conducted for various
mesh sizes in the 10–50 mm range, with an interval of 0.5 mm for the neonatal model
and FSRA. It is found that the value of the output is not changing, which means the
model has meshed insensitive for the element size of 10 mm with an eight-node linear
brick, hybrid integration, and hourglass control (C3D10H) element type. The neonatal
FE model consists of 73,392 nodes and 44,302 elements. The FSRA FE model includes
19,319 nodes and 9481 elements. The bed is made up of 23,270 nodes and 10,988 elements.

3.4 Results and Discussion

To evaluate the performance of the anti-PU bed using the FSRA, the mannequin is
used as a surrogate of a premature baby weighing 1 kg [105]. Here, this work signifies
the performance enhancement of design and tested alternately inflated and deflated
anti-PU bed, published research work, Mallick et al. [83]. The FSRA is placed under
the mannequin, and the electronic air pump was deployed for the automatic actuation
mechanism of the pressure channels of the bed at regular intervals and carried out for
multiple cycles to record the data.
The heat maps are plotted in two-dimensional presentations utilizing MATLAB software
to classify the pressure variation in these two cases. For proper visualization, a 6 x 6
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matrix sensor is considered for the results, as this signifies the actual pressure exerted by
the neonatal phantom as shown in Figs. 3.10 (a) and 3.10 (b).

Figure 3.10: Distribution of the pressure (Newton per unit area) on the FSRA hardware
setup (a) without the anti-PU bed (b) with the anti-PU bed.

Here, the X-axis signifies the variation of pressure across the length of the phantom
represented as L, and the Y-axis signifies the width as W. This heat map shows the
average value of each pressure sensor during the time taken into consideration for data
recording. The pressure sensors of the FSRA, located directly below the phantom, exhibit
higher values compared to the others. The data were recorded for 45 min to record three to
four cycles of the alternating profile, and the average value of pressure for each sensor was
plotted in the heat map of MATLAB software. Fig. 3.10 (a) signifies the baseline pressure
value of the neonatal phantom model that is placed in the FSRA (no alternating pressure
channels are activated). Hence, the pressure value of each sensor is constant throughout
the total period and is found to be 0.39 N, i.e., it shows the self-weight of the phantom. Fig.
3.10 (b) indicates the individual pressure value of each FSRA pressure sensor measured
on the anti-PU bed. The alternating pressure channels are not affected by the pressure
measurements as all the pressure channels have separate sensing elements/sensors and
they are individually placed. The pressure in the pressure channels varies sinusoidally
throughout the time taken into consideration for data recording. In the heat map, each
pixel corresponds to an FSR sensor of the FSRA and shows the average pressure value
exerted on it. It is observed that the occipital region, back of the shoulders, buttocks, and
toe regions are more prone to PUs.

The results of the expt. work show that the maximum force generated for the neonatal
phantom is 0.39 N, and the corresponding pressure values are obtained at 1.56 kPa. To
establish relevant changes, statistical testing has been performed using weights of 0.8 kg
and 1.5 kg phantoms with the FSRA (other than 1 kg with a force value 1.56 kPa). The
corresponding force values were found to be 1.52 kPa and 1.68 kPa. This shows variation
of neonatal weight with respect to pressure variation on anti-PUs bed. The threshold
value for causing PUs in the human body reported by various research papers for as little
as 1–2 h as 4.26 kPa of average contact pressure [106], [107].
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The FEA was used to validate the demonstrated expt. work. The FSRA sensor has a
given material property and thickness over which the phantom weight was placed. The
distribution of the pressure on the FSRA without an anti-PU bed (alternating air pressure
was not applied in the channels) and with an anti-PU bed is shown in Figs. 3.11 (a) and
3.11 (b), respectively. Here, the conventional bed has not been analyzed. Only with and
without altering the pressure channel role has been described.

Figure 3.11: Distribution of the pressure (Newton per unit area) on the FSRA in FE
analysis model (a) without anti-PU bed (b) with anti-PU bed.

It is observed that the pressure is uniform without an anti-PU bed, and its value is higher
as compared to an anti-PU bed. The pressure peaks are reduced in Fig. 3.11 (b), and
its value is distributed using an anti-PU bed and heat map result contours of expt. are
comparable as shown in Figs. 3.10 (a) and 3.10 (b) which can maintain minimum pressure.
The distribution of pressure without and with anti-PU bed on the occipital region, back
of the shoulder, buttock, and toes are shown in Figs. 3.12 (a)–3.12 (h), respectively.
It is observed that without an anti-PU bed, the peak value of pressure is developed on
the occipital region as shown in Fig. 3.12 (a) and it gets reduced by using the anti-PU
bed for the A as inflating and B as deflating position (shown in Fig. 3.4) in Fig. 3.12
(b). Similarly, without using an anti-PU bed, the peak pressure on other PUs prone areas
(back of the shoulder, buttock, and toes) are depicted as shown in Figs. 3.12 (c), 3.12 (e),
and 3.12 (g), respectively. Using an anti-PU bed, the peak pressure gets reduced on PUs
prone areas are depicted as shown in Figs. 3.12 (d), 3.12 (f), and 3.12 (h), respectively.
The values of peak pressure recorded by FSRA sensor in expt. work are 0.39, 0.386,
0.392, and 0.389 N for without anti-PU bed and 0.34, 0.336, 0.342, and 0.339 N for
anti-PU bed on head, shoulder, buttock, and toes, respectively. In the FEA study, the
pressure developed is 0.395, 0.381, 0.400, and 0.391 N without the anti-PU bed and 0.345,
0.331, 0.350, and 0.341 N for the anti-PU bed on the head, shoulder, buttock, and toes,
respectively. Approximately 12% reduction in pressure difference is recorded after using
an anti-PU bed in both expt. and FEA work. For the neonatal model, the expt. results
recorded a force of 0.385 N, while the FEA output was 0.400 N. For the FSRA, the expt.
results showed a force of 0.39 N, and the FEA output was 0.404 N.
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Figure 3.12: Distribution of pressure (Newton per unit area) with and without anti-PU
bed on occipital, buttock, toes, and back of the shoulders from (a) to (h) respectively.

It is observed that the generated pressure value due to the designed anti-PUs bed, as
per the expt. study and the corresponding performance evaluation shown by heat map,
is under the safe limit to avoid PUs in neonates [69], [72]. This work focused mainly
on improving the anti-PU bed design and testing performance reported in our previous
research paper [83]. Here, the clinical aspects of occurrences of PUs at different positions
such as anterior position, lateral recumbent position of neonates, and PUs prone areas
like occipital, back of the shoulders, buttock, and toe regions have been incorporated.
Additionally, the validation of the design through FEA of the real-time phantom model
ensures both the reliability and efficacy of the new bed under simulated and real conditions,
a depth of analysis that the previous work lacks. The earlier study provides basic design
and initial testing of the anti-PUs bed with the implementation of very few force sensors.
In FEA, the in-depth pressure analysis through the cross section (skin, fat, and bone) of
the neonatal model was done.

Here, the FSRA system, equipped with multiplexers, accurately measures the force exerted
on each sensor individually by different parts of the neonatal model. The pressure
differences were recorded, and we utilized heat maps with a 6 x 6 matrix for better
visibility.
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3.5 Conclusions

The hardware prototype of the designed anti-PU bed provides an effective solution for the
prevention of PUs in premature neonates in NICUs. The alternating pressure values in
the pressure channels shown by the heat map, which were obtained from the FSR, give an
overview of the implementation of this bed. The mechanical parameters, such as pressure
and force for the baseline model, are constant throughout the body contact with respect
to time due to the self-weight. These parameters change alternately over time because
of the application of cyclic pressure in the multichannel, two-stage system. The contact
pressure with an anti-PU bed varies alternatively to reduce the pressure points. The use
of FSRA and the performance evaluation reported here for the anti-PU bed conclude the
design to minimize pressure points with greater accuracy and automatically vary contact
position to reduce efforts made by nursing staff. The FE analysis successfully validated
the experimentally demonstrated work. In our future work, we will perform thermal
management analysis related to body temperature, which is responsible for skin failure.
In addition to this, our calibrated anti-PU bed will be tested for more newborn babies for
objective and commercialization purposes.
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Chapter 4

Assessing the Efficacy of
Anti-Pressure Ulcer Beds for
Neonates with Clinical Data
Analysis

4.1 Introduction

Pressure ulcers (PUs) are localized injuries to the skin and underlying tissue is a significant
challenge in the patients of the healthcare system [108]. It is also known as bedsores
or decubitus ulcers, and pressure injuries, and it is more serious, particularly among
neonates hospitalized in the neonatal intensive care unit (NICU). It is caused by long-time
continuous contact of skin between the bony prominence and the contact surface due to
compression effect [109]. Furthermore, it is caused due to continuous unrelieved pressure
that restricts blood flow to the different areas of the body and lymphatic arteries results
in leading to tissue necrosis, and cellular hypoxia [110]. The other factors such as high
and persistent pressure from shear, friction, or a combination of these. In the case of
hospitalized neonates (vulnerable infants), especially preterm and low birth-weight babies
(body weight less than 1.50 Kg), are at a heightened risk of developing PUs. Because
of their delicate or underdeveloped skin, insufficient perfusion, impaired movement,
compromised neurological reactivity, fluid retention, dampness, and medical equipment
[111]. The occurrence of PUs in neonates can lead to various complications, including pain,
infections, delayed recovery, and prolonged hospital stays, impacting both the infant’s
well-being and the healthcare system’s resources. It is reported that in neonates, the
toe ( 29%), occipital ( 19%), buttock ( 16%), and backside of the shoulder ( 7%) are
the most frequent regions where the PU is most commonly observed due to prolonged
stays in hospitals [112]. In general, as per scientific reports, the PU incidence in NICUs
ranges from 3.70 to 21.60%, with a frequency of 23% [113], [114]. Moreover, PUs have
been attributed to 11 billion usd in costs worldwide each year, and in the US, their
consequences account for 60,000 of the 2.5 million hospitalized patients’ mortality annually
[115]. These findings emphasize the importance of implementing steps to prevent and
control PUs, particularly in neonates, including both term and preterm babies admitted
to the NICU. Adults are prone to sustain PU over bony prominences where there is less
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subcutaneous fat, which facilitates the uniform distribution of pressure applied to the
skin throughout a wide surface area and facilitates minimizing the pressure at a certain
point [116]. However premature babies have relatively little or no subcutaneous fat until
after 34 weeks of gestational age. Also, the skin structure of preterm neonates is a bit
different from that of adults. In preterm neonates, the outer layer of the epidermis, the
stratum corneum, has 4–5 layers of cells, which is composed of 20 layers in adults [117].
In preterm, mitotically active cells are present in a single layer that forms the stratum
basale, the foundational layer of the epidermis. Further, over time, the cells in this layer
move outward, losing their nucleus, growing keratin, and flattening as they reach the
stratum corneum’s external layer. Lipoprotein secretions from the spaces between cells
serve as the epidermal barrier’s “cement” [118]. The thinness of the external layer in
preterm neonates makes them more vulnerable; therefore, PUs may appear anywhere
on their bodies. The extent and depth of tissue damage have been classified into four
stages by the National PUs Advisory Panel (NPUAP), the European PUs Advisory Panel
(EPUAP), and the Pan Pacific pressure injury alliance (PPPIA) [119]. In stage I, there
is non-blanchable erythematous skin; it may be tender, soft, warmer, or colder than the
tissue underneath; in stage II, the thickness of the skin is partially lost or blisters or ulcers
may appear; in stage III, the skin thickness is entirely lost, and subdermal components are
visible; and in stage IV, there is a complete tissue loss exposing muscle, tendon, or bone.
Furthermore, NPUAP has described two additional stages: stage five, “unclassifiable,”
indicating that there is a complete disappearance of skin or tissue thickness and depth that
is unknown. In the sixth stage, “suspected deep tissue injury,” also with an undetermined
depth, there is a blood-filled blister or a purple or maroon patch of discolored, intact
skin [120]. Additionally, the existence of it could pose a significantly increased risk of
sepsis and clinical instability to the neonate’s survival. Therefore, PUs prevention in
neonates is of utmost importance to ensure optimal neonatal care and promote better
health outcomes. Early intervention and effective preventive measures can significantly
reduce the incidence and severity of PUs, thereby enhancing the overall quality of care
provided to these fragile infants. Various prevention methods have been explored to
address this issue. One such approach that has garnered attention is the use of anti-PU
beds, i.e. air-inflatable mattresses. This operates by periodically actuating alternately
inflating and deflating, ensuring that no single surface remains in direct contact with the
neonate’s delicate skin. These specialized beds aim to redistribute pressure, minimize
the risk of tissue damage caused by prolonged contact with the same pressure points,
and minimize contact pressure [59]. The efficacy of anti-PU beds in PU prevention, a
realworld clinical study, and their significance in reducing the workload of nursing staff by
reducing the frequency of position changes have been performed and investigated in this
paper. For this, the data has been collected from the nursing staff of hospitals for anti-PU
beds and conventional beds and then analyzed using statistical approaches. The data
was analyzed to identify the potential differences in PU incidence. From the analysis and
study, it was observed that the chance of PUs gets reduced by utilizing the anti-PU bed in
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NICUs. In addition, the potential challenges faced and the overall neonatal care practices
associated with PU prevention by healthcare professionals are described for utilizing these
preventive measures. The rationale behind this study is to bridge the existing knowledge
gap concerning PUs in neonates and their prevention strategies. This research, a valuable
insight to inform nursing staff and contribute to the improvement of neonatal health
outcomes. The study helps in the guidance and support of healthcare professionals in
delivering the highest standard of care to neonates, promoting their health, and fostering
a nurturing environment for their development.

4.2 Materials, Methods and Statistical Data Analysis
Approach

The complete development and setup of the anti-PU bed and the method to perform the
clinical studies on the neonates are described in this section. This section consists of
two stages in which the first step is to set up development for clinical testing and data
generation. In the second stage, the statistical approach is described as utilized for the
clinical data.

4.2.1 Clinical Testing and Data Collection Framework

The clinical testing and data collection framework consists of the following steps:

Device Design and Deployment

The anti-PU bed employed in this study is a specialized air-inflatable mattress equipped
with alternating pressure channels, referred to as case-I, whereas the conventional bed
setup is named case-II. The currently deployed conventional bed in NICUs of (DMC &
H, Ludhiana is shown in Fig. 4.1. Case-I mattresses were strategically deployed for
infants to ensure proper alternating pressure distribution. It was designed to accommodate
neonates of varying sizes, allowing for optimal pressure distribution and prevention of PUs.
The mattress is constructed using bio compatible materials, such as TPU (Thermoplastic
Polyurethane) and PVC (Polyvinyl Chloride), ensuring its safety for use in a medical
setting as shown in Fig. 4.2 (a) and 4.2 (b) respectively.

Figure 4.1: The deployed conventional bed currently deployed in the NICUs.
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Figure 4.2: The prototype deployed an anti-PU bed in NICUs of DMC & H Ludhiana
with (a) TPU material, and (b) PVC material.

The alternating pressure channels are uniformly sized 5×5 cm2 , providing consistent and
controlled pressure relief across the neonates’ skin surfaces. To seamlessly integrate the
anti-PU bed into existing NICUs, its dimensions were designed to match those of the
standard NICU station beds, measuring 60×45 cm2, as shown in Fig. 4.3.

Figure 4.3: Positioning of alternative air channels on the anti-PU bed in the NICU stations
of DMC & H Ludhiana.

This standard size allowed easy fitting and utilization in the NICU environment. During
implementation, clinicians utilized an absorbable medical underpad sheet before placing
the neonates on the mattress. This additional layer added a protective barrier and
enhanced comfort for the infants. The electronic circuit used in the actuation mechanism
is shown in Fig. 4.4 (a). A silent electronic pumping mechanism was employed as a pump
to maintain the alternating pressure channels. The pump featured a regulator system
to control the airflow speed to the mattress, ensuring precise and adaptable pressure
modulation, as shown in Fig. 4.4 (b).
These pumps are user-friendly operation allow for easy adjustment and customization
as per the infants’ needs. Two silicone pipes connected to the mattress facilitated the
seamless actuation of the alternating and deflating channels. These pipes ensured smooth
airflow management within the mattress, further enhancing the pressure relief mechanism.
To accommodate various NICU setups, the pump was designed with both hanging and
standing systems, providing flexibility in its placement without disrupting other equipment
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Figure 4.4: Positioning of (a) electronic circuit used for actuation mechanism and (b)
silent pump and connecting silicone pipes for airflow patterns

in the NICU environment. One actuation cycle was set to 8 minutes for inflation and
deflation purposes.

Study Settings and Participants

This research employs a prospective observational study design to assess the efficacy of
air inflatable mattresses in preventing PUs among premature infants in the NICUs of
DMC & H Ludhiana, a tertiary care facility with specialized neonatal care services. The
participants included infants with a gestational age (refers to the number of weeks of
pregnancy at the time of birth) of 28 weeks to 34 weeks and birth weight of 0.50 Kg to
0.35 Kg. The demographic characteristics of the participants are summarized in Table
4.1. The postnatal age at admission (Agep), type of mechanical ventilation (Ventm), and
other parameters are described.

Table 4.1: Demographic characteristics of the participants.

Variables N1 N2 N3 N4 N5 N6 N7 N8
Agep (days) 1 8 1 21 6 4 1 1
Gender F M F M F M F M
Ethnic group w b b w w w w w
Birth gestation (weeks) 31 27 29 37 38 39 36 30
Birth weight (Kg) 1.99 1.30 0.82 2.57 2.40 3.50 2.34 1.22
Length (cm) 35 26 34 47 48 46 49 37
Head circumference (cm) 30.5 39 24 33 33 34 35 27
Analgosedation (Yes/No) Yes No Yes Yes Yes Yes No No
Mechanical ventilation Yes Yes Yes Yes Yes Yes No Yes
Ventm HFO CPAP CPAP TS HFO, HFNC No CPAP HFNC
Total NICU stay (days) 10 45 50 9 9 5 4 23
Outcome DAMA D/S D/S D/S Mortality D/S D/S D/S

Data Collection Procedure and Ethical Considerations

Clinical data and nursing staff feedback were collected throughout 15 to 30 days for each
admitted infant. The data collection process was carried out once every three days in a
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week to ensure comprehensive observation.

Data collection took place over 6 months. This time frame allows for a substantial sample
size and sufficient data to assess the efficacy of air-inflatable mattresses in preventing
PUs among premature infants in the NICUs. The 6-month data collection period is
chosen to capture a representative sample of neonates admitted to the NICUs during
different seasons and to account for any potential variations in clinical practices or patient
demographics that may occur over time. Ethical approval for the study was obtained from
the Institutional Ethical Clearance (IEC) Committee of DMC & H Ludhiana. Informed
consent was obtained from parents or legal guardians before enrolling the infants in the
study. The neonatal baby on the anti-PU ed with the data collection setup is shown in
Fig. 4.5.

Figure 4.5: Neonatal baby on the anti-PU bed with data collection setup at NICUs.

4.2.2 Statistical Formulas to Analyze the Collected Data

To compare the efficacy of case-I (an anti-PU) bed in preventing PUs to the case-II
(conventional) beds, descriptive statistics were used to present nursing staff perspectives
and the incidence of PUs among neonates. Categorical data from the questionnaires were
summarized using frequencies and percentages, while continuous data (e.g., frequency of
position changes) were presented as mean ± standard deviations. The statistical formulas
used to analyze the collected data as follows:

Chi-square test

The Chi-square test was utilized to analyze the association between the type of bed (used
for case-I and case-II) and the incidence of PUs (Yes/No) in neonates. The null hypothesis
(H0) assumed No significant difference in the incidence of PUs between these two cases,
while the alternative hypothesis (H1) suggested a significant difference. The chi-square
statistics:

Expected frequency =
Row total× Column total

Grand Total (4.1)
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We sum the contributions from each cell to get the overall chi-square value.

Contribution from anti-PU, Yes cell+ contribution from conventional, Yes cell+
contribution from anti-PU, No cell+ contribution from conventional, No cell. The
Chi-square statistic formula is:

χ2 =
∑ (O − E)2

E
(4.2)

Where O is the observed frequency, and E is the expected frequency

Independent Samples t−test

An independent sample t−test was conducted to compare the mean duration of position
changing between neonates for both cases using the expression:

t =
x1 − x2√
s21
n1

+
s22
n2

(4.3)

Where x1 and x2 are the mean duration of position change, s1 and s2 are the standard
deviations, and n1 and n2 are the sample sizes of case-I and case-II respectively.
Additionally, the t−test was used to compare the efficacy of air-inflatable mattresses in
reducing the frequency of position changes between the two groups. The null hypothesis
(H0) posited no significant difference in the frequency of position changes, while the
alternative hypothesis (H1) suggested a significant difference.

Relative Risk Calculation

The formula for standard error (SE) is:

SE =

√
1

a− 1
a+c

+
1

b− 1
b+d

(4.4)

Where a = number of events for case-II (in this case, number of neonates with PUs in
the conventional bed group named case-II(a)), b = number of non-events in the case-II
(total number of neonates in the conventional bed group minus the number of events), c
= number of events for case-I (in this case, number of neonates with pressure ulcers in the
anti-PU bed group named case-I(a)), d = number of nonevents for case-I (total number
of neonates in the anti-PU bed group minus the number of events).
The relative risk (RR) was calculated to quantify the risk of developing PUs in the
conventional bed group compared to the anti-PU bed group. It is defined as the risk
ratio in the conventional bed group to the risk in the anti-PU bed group. The logarithm
of the relative risk (LRR) formulations:

LRR = ln(RR)± 1.96× SE (4.5)
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Degree of Freedom (df)

For the t−test, df is calculated as df = n1 + n2 − 2, where n1 and n2 are the sample sizes
of the two groups. For the Chi-square test, the df = (R − 1) ∗ (C − 1), where R is the
number of rows and C is the number of columns in the contingency table.

4.3 Results and Discussions

The clinical study involved neonates by considering case-I and case-II. Case-II consists of
a conventional bed with a non-air inflatable mattress with neonatal postures changed by
the nursing staff. A total of 44 neonates were included in the study, with 32 neonates
assigned to the case-I and 12 neonates to the case-II.

Table 4.2: Total number of neonates in the study for both cases.

Category PUs (Yes) PUs (No) Total neonates
Case-I 1 31 32
Case-II 4 8 12
Total 5 39 44

The anti-PU bed group with and without PU is named case-I(a) and case-I(b) respectively.
The conventional bed group with and without PU is named case-II(a) and case-II(b),
respectively. The developed PUs in a neonate of birth weight 1990 g (1.9 Kg) and 31
weeks of gestation during the clinical study as shown in Fig. 4.6 (a). The PUs in stage
III developed in the neonates while lying in conventional beds shown by zoomed view as
shown in Fig. 4.6 (b).

Figure 4.6: The PUs in stage III developed in the neonates while lying on the (a)
conventional bed, and (b) zoomed view.

The frequency of position changes with time duration on both case beds for the neonatal
baby for conventional and anti-PU beds, shown in Fig. 4.7 as a scatter plot by yellow and
blue circles. The conventional bed neonates show the fast duration of a position change by
nursing staff, which is approximately 2–3 hours. Utilizing the anti-PU bad, the frequency
of position change by nursing staff is 3–6 hours. The study was performed for 48 hours,
in which the last 10 hours may cause the PUs shown here on the x-axis. 4 neonatal out
of 12 placed on conventional beds suffer from PUs due to a long duration of continuous
contact (approximately nearby or more than 3 hours as shown in Fig. 4.7 showing the
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yellow color). One neonatal baby out of 35 neonates placed on an anti-PU bed suffered
from PUs as shown by the blue colour due to places up to or a maximum of 6 hours.

Figure 4.7: The PUs in stage III developed in the neonates while lying in conventional
beds.

For case-I(a), case-I(b), case-II(a), and case-II(b) the total number of rows and columns
is 32, 32, 12, 12, and 5, 39, 5, 39 respectively. The grand total for all the cases is 44 as
summarized in Table 2. The total number of rows and columns is the expected frequency
for PUs for case-I(a), case-I(b), case-II(a), and case-II(b) are calculated using Eq. 1
denoted by E11, E12, E21, E22 and its calculated value is 3.636, 28.364, 1.364, and 10.636
respectively. The observed frequency for case-I(a), case-I(b), case-II(a), and case-II(b) is
1, 31, 4, and 8 respectively, and the corresponding expected frequency.
The Chi-square test was conducted to assess the association between the occurrence of
PUs and the treatment group (case-I vs. case-II). Utilizing Eq. 2 the value of � 2 is 2.350,
0.309, 3.499, and 0.578 respectively and its sum is 6.736. The Chi-square test revealed
a significant association between the occurrence of PUs and the treatment group ( � 2
= 6.736, p < 0.05). The contingency table showed that 1 neonate in the anti-PU bed
group and 4 neonates in the conventional bed group developed PUs. Neonates in the
conventional bed group were significantly more likely to develop PUs compared to those
in the anti-PU bed group.
The t−test revealed a significant difference in the mean duration of position changing
between the two cases (t−value = 5.28, p < 0.05). Substituting the value of x1 is 4.3,
x2 is 2.4, n1 is 32, n2 is 12, s21 is 0.4452, and s22 is 0.42 in the Eqn. 3 and the calculated
value of t is 5.28. The neonates under consideration in case-I had a significantly longer
duration of position change than those in case-II. For the t−test, the degrees of freedom
(df) for the sample sizes of the two cases are found to be 42. For the chi-square test,
the df for the given number of rows and columns in the contingency table is 1. Both
statistical tests were performed at a significance level (α) of 5%, indicating a threshold for
statistical significance. For case-I, we have recorded the time duration of position changes
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of neonates by the nursing staff. The mean duration of position changing was 4.3 hours
(SD = 0.445), while for case-II, it was 2.4 hours (SD = 0.4). The number of neonates in
case-II who developed PUs is 4 and the number of neonates in case-I who developed PUs
is 1. Using Eqn 5 the value of the relative risk calculated is 4. Now, to calculate the 95%
confidence interval (CI) for the relative risk, we need to determine the standard error (SE)
of the natural logarithm of the relative risk (ln(RR). Using Equ. 4, the SE is 0.6228. The
lower bound is 1.38 and the upper bound is 0.17 and the calculated ln(RR) value is 2.59.
The RR was 4 with a 95% CI of 0.17 to 2.59. This indicates that neonates those are in
the observation in case-II had a 4 times higher risk of developing PUs compared to case-I.
The 95% confidence interval for the relative risk 0.17 to 2.59 suggests that we are 95%
confident that the true relative risk lies within this interval.
In summary, the design and deployment of the anti-PU bed in this study prioritized safety,
comfort, and usability. By using bio-compatible materials, ensuring consistent pressure
distribution, and incorporating a user-friendly pump system, the anti-PU bed aimed to
effectively prevent PUs in neonates and seamlessly integrate into existing NICU setups.

4.4 Conclusions

This research contributes to the growing body of evidence on neonatal skin health
and pressure ulcer prevention strategies. The study findings support the efficacy of
air-inflatable mattresses in reducing PU incidence and improving neonatal skin health
in the NICU setting. The implementation of air-inflatable mattresses can have significant
implications for neonatal care, enhancing comfort, reducing pressure ulcer occurrence,
and potentially leading to improved health outcomes for premature infants. As a
preventive measure, these specialized beds and mattresses offer a valuable addition to
the repertoire of neonatal care practices. By fostering evidence-based improvements
in neonatal care protocols, this research aims to create a nurturing environment that
promotes the well-being and development of premature infants. Ultimately contributing
to better neonatal health outcomes and the overall quality of care in the NICU.

4.5 Ethics and Consent

The Institutional Ethics Committee (IEC) of Dayanand Medical College and Hospital,
Ludhiana, approved this clinical study (Ref. No. DMCH/R&D/2020/173, dated
09/12/2020). As the participants are minor, written consent has been obtained from
the guardians of the patients for publishing images, and clinical data.
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Chapter 5

Summary and Future Scope

5.1 Summary

The comprehensive research presented in this thesis culminates in the design and analysis
of an innovative hardware prototype—a specialized anti-PU bed designed for NICUs.
This bed offers a promising alternative to conventional beds currently used in NICUs
by incorporating a multichannel, two-stage system that cyclically adjusts the pressure
distribution across the infant’s body. The alternating pressure profile, as captured by
force sensors, provides critical insights into the bed’s potential implementation in hospital
settings.
FE simulations were conducted to evaluate the mechanical performance of the bed under
different conditions, including scenarios with and without pressure in the channels. These
simulations revealed that the mechanical parameters, such as pressure and force, remain
constant throughout body contact over time in a baseline scenario due to the self-weight
of the newborn. In contrast, the anti-PU bed showed a dynamic variation in contact
pressure, alternating due to the fluid cyclic pressure applied in the system. This alternating
pressure distribution effectively minimizes pressure concentration points, automatically
shifts contact positions, and thereby significantly reduces the risk of PUs. The findings
underscore the bed’s efficacy in both minimizing the occurrence of PUs and easing the
workload of nursing staff.
The FE-simulated anti-PU bed not only validates the experimental results but also
confirms the bed’s design objectives—namely, the reduction of pressure concentration
points with high accuracy and the provision of automatic contact position variation. These
features are essential for reducing the incidence of PUs in neonates, particularly those who
are premature and thus more susceptible to skin breakdown.
The study also contributes valuable knowledge to the field of neonatal care, particularly
in the context of neonatal skin health and PU prevention strategies. The research findings
strongly support the use of air-inflatable mattresses as an effective intervention for reducing
PU incidence and enhancing neonatal skin health. The implementation of such specialized
mattresses in NICUs has far-reaching implications, potentially improving health outcomes
and enhancing the overall quality of care for premature infants.

5.2 Scope for future studies

The possible immediate extensions of the current work for the future include:



Chapter 5. Summary and Future Scope

• Looking forward, this research paves the way for several future investigations.
Planned studies include tissue-level analysis of neonatal skin to understand
the effects of sliding and frictional forces between the skin and bed surfaces.
Additionally, there will be a focus on thermal management analysis related to body
temperature, which plays a crucial role in skin integrity and PU prevention. The
calibrated anti-PU bed will also undergo further testing with a larger cohort of infants
to objectively assess its effectiveness and pave the way for commercialization.

• Ethical clearance for these studies has already been obtained, and the results
are anticipated to be robust and comprehensive, warranting separate publication.
Through continued efforts, the research aims to refine the approach further and
develop practically effective solutions for preventing and treating PUs in neonates,
ultimately contributing to better neonatal health outcomes and improved quality of
care in NICU settings.
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Chapter A

Arduino code for multiple force
sensors (FSR-406)

float fsrReading0;
float fsrReading1;
float fsrReading2;
float fsrReading3;
float fsrReading4;

float fsrVoltage;
unsigned long fsrResistance;
unsigned long fsrConductance;
long fsrForce;
void setup(void)
{
Serial.begin(9600);
}
float calculateforce(float rawvalue)
{
fsrVoltage = map(rawvalue, 0, 1023, 0, 5000);
if (fsrVoltage == 0)
{
fsrForce=0;
}
else
{
fsrResistance = 5000 - fsrVoltage; // fsrVoltage is in millivolts so 5V = 5000mV
fsrResistance *= 10000; // 10K resistor
fsrResistance /= fsrVoltage;

fsrConductance = 1000000; // we measure in micromhos so
fsrConductance /= fsrResistance;

if (fsrConductance <= 1000)
{
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Appendix A. Arduino code for multiple force sensors (FSR-406)

fsrForce = fsrConductance / 80;
}
else
{
fsrForce = fsrConductance - 1000;
fsrForce /= 30;
}
}
return fsrForce;
}

void loop(void)
{
fsrReading0 = analogRead(A0);
fsrReading1 = analogRead(A1);
fsrReading2 = analogRead(A2);
fsrReading3 = analogRead(A3);
fsrReading4 = analogRead(A4);

Serial.print(“sensor0”);
Serial.print(“\t”);
Serial.print(“sensor1”);
Serial.print(“\t”);
Serial.print(“sensor2”);
Serial.print(“\t”);
Serial.print(“sensor3”);
Serial.print(“\t”);
Serial.println(“sensor4”);

Serial.print(calculateforce(fsrReading0));
Serial.print(“\t”);
Serial.print(calculateforce(fsrReading1));
Serial.print(“\t”);
Serial.print(calculateforce(fsrReading2));
Serial.print(“\t”);
Serial.print(calculateforce(fsrReading3));
Serial.print(“\t”);
Serial.println(calculateforce(fsrReading4));
}
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Code for connection of 74HC4051
mux with ESP32 with FSRA

//Mux control pins
int s0 = 25; //MUX2 having 9 to 14 channel
int s1 = 26; //MUX2 having 9 to 14 channel
int s2 = 27; //MUX2 having 9 to 14 channel
int s3 = 12; //MUX1 having 1 to 8 channel
int s4 = 13; //MUX1 having 1 to 8 channel
int s5 = 14; //MUX1 having 1 to 8 channel

//Mux in ”Z” pin
int Z_pin = 35;

void setup()

pinMode(s0, OUTPUT);
pinMode(s1, OUTPUT);
pinMode(s2, OUTPUT);
pinMode(s3, OUTPUT);
pinMode(s4, OUTPUT);
pinMode(s5, OUTPUT);

pinMode(Z_pin, OUTPUT);

digitalWrite(s0, LOW);
digitalWrite(s1, LOW);
digitalWrite(s2, LOW);
digitalWrite(s3, LOW);
digitalWrite(s4, LOW);
digitalWrite(s5, LOW);

Serial.begin(9600);
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void loop()

//Loop through and read all 48 values
for(int i = 0; i < 48; i ++)
Serial.print(”Value at channel ”);
Serial.print(i);
Serial.print(” is : ”);
Serial.println(readMux(i));
delay(300);

float readMux(int channel){
int controlPin[ ] = s0, s1, s2, s3, s4, s5};

int muxChannel[48][6]={
{0,0,0,0,0,0}, //channel 0 [1][9]
{0,0,0,0,0,1}, //channel 1 [2][9]
{0,0,0,0,1,0}, //channel 2 [3][9]
{0,0,0,0,1,1}, //channel 3 [4][9]
{0,0,0,1,0,0}, //channel 4 [5][9]
{0,0,0,1,0,1}, //channel 5 [6][9]
{0,0,0,1,1,0}, //channel 6 [7][9]
{0,0,0,1,1,1}, //channel 7 [8][9]

{0,0,1,0,0,0}, //channel 8 [1][10]
{0,0,1,0,0,1}, //channel 9 [2][10]
{0,0,1,0,1,0}, //channel 10 [3][10]
{0,0,1,0,1,1}, //channel 11 [4][10]
{0,0,1,1,0,0}, //channel 12 [5][10]
{0,0,1,1,0,1}, //channel 13 [6][10]
{0,0,1,1,1,0}, //channel 14 [7][10]
{0,0,1,1,1,1}, //channel 15 [8][10]

{0,1,0,0,0,0}, //channel 16 [1][11]
{0,1,0,0,0,1}, //channel 17 [2][11]
{0,1,0,0,1,0}, //channel 18 [3][11]
{0,1,0,0,1,1}, //channel 19 [4][11]
{0,1,0,1,0,0}, //channel 20 [5][11]
{0,1,0,1,0,1}, //channel 21 [6][11]
{0,1,0,1,1,0}, //channel 22 [7][11]
{0,1,0,1,1,1}, //channel 23 [8][11]
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{0,1,1,0,0,0}, //channel 24 [1][12]
{0,1,1,0,0,1}, //channel 25 [2][12]
{0,1,1,0,1,0}, //channel 26 [3][12]
{0,1,1,0,1,1}, //channel 27 [4][12]
{0,1,1,1,0,0}, //channel 28 [5][12]
{0,1,1,1,0,1}, //channel 29 [6][12]
{0,1,1,1,1,0}, //channel 30 [7][12]
{0,1,1,1,1,1}, //channel 31 [8][12]

{1,0,0,0,0,0}, //channel 32 [1][13]
{1,0,0,0,0,1}, //channel 33 [2][13]
{1,0,0,0,1,0}, //channel 34 [3][13]
{1,0,0,0,1,1}, //channel 35 [4][13]
{1,0,0,1,0,0}, //channel 36 [5][13]
{1,0,0,1,0,1}, //channel 37 [6][13]
{1,0,0,1,1,0}, //channel 38 [7][13]
{1,0,0,1,1,1}, //channel 39 [8][13]

{1,0,1,0,0,0}, //channel 40 [1][14]
{1,0,1,0,0,1}, //channel 41 [2][14]
{1,0,1,0,1,0}, //channel 42 [3][14]
{1,0,1,0,1,1}, //channel 43 [4][14]
{1,0,1,1,0,0}, //channel 44 [5][14]
{1,0,1,1,0,1}, //channel 45 [6][14]
{1,0,1,1,1,0}, //channel 46 [7][14]
{1,0,1,1,1,1}, //channel 47 [8][14]
//reject the below values
// {1,1,0,0,0,0}, //channel 48
// {1,1,0,0,0,1}, //channel 49
// {1,1,0,0,1,0}, //channel 50
// {1,1,0,0,1,1}, //channel 51
// {1,1,0,1,0,0}, //channel 52
// {1,1,0,1,0,1}, //channel 53
// {1,1,0,1,1,0}, //channel 54
// {1,1,0,1,1,1}, //channel 55
// // {1,1,1,0,0,0}, //channel 56
// {1,1,1,0,0,1}, //channel 57
// {1,1,1,0,1,0}, //channel 58
// {1,1,1,0,1,1}, //channel 59
// {1,1,1,1,0,0}, //channel 60
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// {1,1,1,1,0,1}, //channel 61
// {1,1,1,1,1,0}, //channel 62
// {1,1,1,1,1,1}, //channel 63
};

//loop through the 6 sig
for(int i = 0; i < 6; i ++)
{
digitalWrite(controlPin[i], muxChannel[channel][i]);
}

//read the value at the Z pin
float val = analogRead(Z_pin);
float fsrForce = val;
//float voltage = map(val,0,1024,0,5000);
//float fsrForce = map(val,0,5000,0,50);
return fsrForce;

}
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Technical Justification for Using
ESP32 Instead of Arduino Uno in
the FSRA Control Board

The ESP32 microcontroller unit (MCU) was chosen over the Arduino Uno for the FSRA
(Force Sensing Resistor Array) control board due to its superior hardware capabilities,
including more GPIO pins, higher processing power, built-in Wi-Fi and Bluetooth, and
enhanced analog-to-digital conversion (ADC) features. Below is a detailed technical
analysis of why ESP32 is a better choice than Arduino Uno for this application.

C.1 GPIO Availability and Multiplexing Capability

The FSRA control board requires handling multiple sensor inputs, which necessitates the
use of multiplexers (74HC4051). The ESP32 provides a larger number of General-Purpose
Input/Output (GPIO) pins compared to the Arduino Uno, allowing for efficient control
of multiple sensors.

C.1.1 ESP32 GPIO Specifications:

a. 34 to 39 (Input only) – Suitable for reading sensor data.

b. 0 to 33 (Input/Output) – Used for digital control, including selecting
multiplexer channels.

c. Multiple PWM-supported GPIOs – Useful for advanced signal processing.

C.1.2 Arduino Uno GPIO Specifications:

a. 14 digital I/O pins (D0–D13).

b. 6 analog input pins (A0–A5).

c. Limited PWM pins (6 PWM-capable pins only).

Given that FSRA requires reading from multiple sensors, the ESP32’s higher GPIO count
allows direct interfacing with more multiplexers without additional expansion modules.

89



Appendix C. Technical Justification for Using ESP32 Instead of Arduino Uno in the
FSRA Control Board

C.2 Analog-to-Digital Converter (ADC) Capabilities

FSRA sensors generate analog signals that need to be converted into digital values for
processing.

C.2.1 ESP32 ADC Capabilities:

It provides 4096 levels of granularity (compared to 1024 in Arduino Uno) i.e. 12-bit ADC
resolution and it allows for simultaneous readings from different sensors i.e. Multiple ADC
channels (up to 18 ADC-capable GPIOs).

C.2.2 Arduino Uno ADC Capabilities:

It provides only 1024 levels of granularity (lower precision) i.e. 10-bit ADC resolution
and Only 6 ADC channels – Limits the number of sensors that can be read simultaneously.

For FSRA applications, a higher resolution ADC means more accurate force readings,
making ESP32 the preferred choice.

C.3 Multiplexing Efficiency with 74HC4051

The circuit diagram in the first image uses 74HC4051 8-channel analog multiplexers, which
require digital control signals to select different input channels. ESP32 provides sufficient
GPIOs to control multiple multiplexers simultaneously. Faster digital switching due to a
higher CPU clock speed (240 MHz vs. 16 MHz in Arduino Uno). Lower power consumption
per switching operation (useful for battery-powered applications).

C.4 Processing Power and Memory

FSRA-based applications often require real-time signal processing, which is
computationally demanding.
ESP32: 240 MHz dual-core processor (Tensilica Xtensa LX6), 520 KB SRAM + 4 MB
Flash Memory, Supports floating-point operations and advanced DSP functions.
Arduino Uno: 16 MHz ATmega328P microcontroller,2 KB SRAM + 32 KB Flash
Memory, Limited floating-point processing capability.
The ESP32’s higher processing power allows faster sensor data acquisition, filtering, and
real-time processing, which is crucial for accurate FSRA readings.

C.5 Power Efficiency and Voltage Compatibility

The ESP32 operates at 3.3V logic, while the Arduino Uno operates at 5V logic. The
FSRA sensors and 74HC4051 multiplexer are compatible with 3.3V, making ESP32 a

90



Appendix C. Technical Justification for Using ESP32 Instead of Arduino Uno in the
FSRA Control Board

better voltage match. ESP32 supports deep sleep modes, reducing power consumption
when not actively reading sensors.

C.6 Wireless Connectivity for FSRA data transfer

Unlike the Arduino Uno, the ESP32 has built-in Wi-Fi and Bluetooth connectivity,
making it ideal for remote monitoring and IoT-based applications. Data from the FSRA
can be sent wirelessly to a cloud server or a smartphone application. Enables real-time
force distribution monitoring in biomedical or industrial applications.

If an Arduino Uno were used, additional modules like ESP8266 or HC-05 Bluetooth would
be required, increasing complexity and cost. Thus, using an ESP32 MCU significantly
enhances the performance and scalability of the FSRA system, making it an optimal
choice over the Arduino Uno.
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