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Executive Summary  

Design of a Neonatal Incubator for Developing Countries 

 

Team IncuBaby has designed a low cost neonatal incubator for developing world hospitals. 

Hypothermia is one of the leading causes of neonatal death worldwide. However, in the 

developing world, currently available incubators are too costly, unsafe, or ineffective to 

effectively treat this deadly condition. To address this need, Team IncuBaby has designed an 

incubator that meets the following criteria:  

 

● Low Cost (<250 USD)  

● Temperature Adjustable (achieves temperatures between 27 - 37˚C)  

● Measurements Accurate (measures temperatures with less than 2.5% error)  

● Housing Insulated (drops only 2˚C over 45 minutes in case of power loss)  

● Easy to Operate, repair, and clean (scores 4/5 on user surveys)  

● Safe (abides by IEC standards for alarms and carbon dioxide build up)  

● Temperature feedback implemented (incubator temperature adjusts automatically to 

optimize the infant’s temperature)  

● Accessible (can be easily shipped or fabricated in country) 

 

To meet these criteria, team IncuBaby designed a double-walled wooden incubator with one 

acrylic window and an acrylic lid for easy viewing and accessibility. The heating elements are 

two commercial heating pads one, which are low-power, safe, and easily replaced. One heating 

pad is placed in the back wall of the incubator to heat via convection, and one is placed under 

the floor of the incubator to heat via conduction. Thermistors gather temperature data from 

several points in the incubator and on the infant. A microcontroller uses this data to turn the 

heating elements on and off accordingly.  

 

The heating capacity of the heating pads has been thoroughly tested using a simulation baby 

(“SimuBaby”), a warm IV bag. Team IncuBaby has shown that the current incubator design can 

effectively raise the temperature of a hypothermic SimuBaby (33˚C) to that of a non-

hypothermic infant (37˚C). The microcontroller feedback system operates with <1% error and 

controls the infants temperature within +/- 1˚C of the set temperature. Finally, it has been 

proven that the double-walled housing serves as an effective insulation material. Team 

IncuBaby has also refined the performance of our heating element oscillations, installed a 

system of alarms, and programmed a microcontroller to respond to subtle changes in the 

neonate’s temperature, resulting in an optimized and highly effective final design.  

 

Team IncuBaby has constructed a prototype for their incubator design. However, further work 

needs to be done in the areas of airflow regulation, ventilation, and user feedback before the 

device can undergo clinical trials and be implemented in the field. Therefore, this summer Rice 

Beyond Traditional Borders interns will take the incubator to Malawi and work with physicians to 

gain feedback on the design. Simultaneously, associates working at Rice will continue to 

optimize the features mentioned previously. Ultimately, these steps will lead towards 

implementation of the incubator in Malawian district hospitals for clinical trials and testing.   
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INTRODUCTION 
 

We have developed an effective, low-cost neonatal incubator to treat neonatal hypothermia in 

the developing world. Hypothermia contributes to 18-42% of neonatal deaths worldwide (Wariki, 

2012). Though rarely the direct cause of mortality, hypothermia combined with severe 

infections, preterm birth, or asphyxia frequently results in death (Lunze, 2013). In the developed 

world, hypothermia is treated through the use of incubators to keep neonates’ temperatures 

near 37°C (Wentworth, 2012). However, in the developing world, incubators are too costly, 

unsafe, or ineffective, so hypothermia is one of the leading causes of neonatal death (Lunze, 

2013). Therefore, the need for an effective incubator that is safe and meets the needs of infants 

and healthcare providers in the developing world is great.  

 

Hypothermia 

Hypothermia is a medical condition where the body loses heat faster than it can be produced. A 

normal body temperature is 37°C, and anything under 35°C is classified as hypothermia (Lunze, 

2013). Table 1 shows the different stages of hypothermia.  

 

Mild hypothermia 36.0 - 36.4°C 

Moderate hypothermia 32.0 - 35.9°C  

Severe hypothermia < 32.0°C  

 

Table 1 Classifications of hypothermia severity (Kumar, 2009) 

 

Neonates are at a high risk for hypothermia due to their large surface area, low mass, and low 

thermal insulation (Fanaroff, 2013). Ill and premature neonates are especially at risk due to their 

weakened immune systems and underdeveloped epidermis, which increases the amount of 

water and heat loss through their skin (“Royal Children’s”, 2014). Due to neonates’ fragile 

systems, hypothermia can have serious consequences including respiratory distress, cardiac 

arrhythmias, acidosis, delayed development, and hypoglycemia (Newnam, 2014). However, too 

much warmth results in hyperthermia--a core temperature above 37°C. It is therefore critical that 

the infant’s temperature be monitored and regulated. 

 

Incubators 

One method of hypothermia management is the incubator, seen in Figure 3, an enclosed 

device that controls environmental conditions such as temperature and humidity, reducing 

convective and evaporative heat loss (Fanaroff, 2013; Lunze, 2013). Incubators provide a warm 

environment for neonates, keeping them at an ideal core body temperature so that their bodies 

can focus on growth and development instead of producing heat. In the developed world, 

incubators and regulated practices are readily available and are used to care for neonates.  
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Figure 3 A Malawian nurse places a hypothermic infant into a neonatal incubator (Buono, 2013) 

 

Considerations for the Developing World 

In the developing world, many barriers exist to providing high standards of care. The most 

significant barrier affecting the care of neonates in the developing world is the lack of 

appropriate medical equipment. Most medical equipment in the developed world is complex and 

very costly, so this equipment is not implemented easily in developing countries. Limited 

resources for device training and repair make advanced equipment difficult to use (Blue, 2014). 

Another barrier is lack of education. Nurses may not receive standardized education throughout 

developing countries, thus necessitating the use of intuitive, hassle-free medical devices 

(Baumann, n.d.). As a final concern, development of medical devices for low-resource settings 

is hindered by a lack of local manufacturing capabilities. While basic materials, such as wood or 

screws, could be obtained locally, any electronics or manufactured parts would most likely have 

to be imported (Malawi, 2014).  

 

These barriers--the lack of appropriate medical equipment, limited resources, and insufficient 

education--highlight key reasons why developing countries often have a higher rate of neonatal 

hypothermia and hypothermia related death. An appropriately designed, low cost method of 

treating hypothermia would adequately warm the neonate in a controlled environment while 

reducing the burden on healthcare workers and leading to a reduction in the rate of hypothermia 

in the developing world.  

 

Current Solutions 

A number of incubators are currently on the market, ranging from high-tech devices for the 

developed world to low-cost solutions for low-resource locations. However, the solutions are 

either too costly, unsafe, or ineffective for use in the developing world.   

 

In the developed world, most incubators feature customizable settings and high accuracy, but 

are fragile, complex, and extremely expensive. The GE Giraffe as an example of an incubator 

commonly used in the developed world. 
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The GE Giraffe 

 
Figure 4 The GE Giraffe incubator, standard of care in the developed world (Wentworth, 2002) 

 

The GE Giraffe, seen in Figure 4, is the gold standard in the developed world for incubators. 

This device can be set to control internal incubator temperature or the core body temperature of 

the baby. It also has an integrated humidity system, five physician ports, double-walled side 

panels to increase insulation, and a system of alarm buzzers and LEDs to alert the doctor to 

dangerous conditions such as over or under heating and incubator malfunction. The largest 

weakness of this device is that it costs upwards of $37,000 and is thus grossly unaffordable in 

the developing world (Wentworth, 2002). 

 

In low-resource settings, incubators tend to be much simpler and more affordable than in the 

developed world, but often lack necessary features, such as temperature feedback and safety 

precautions. The Hot Cot is the current incubator standard in Malawian hospitals, and the 

Embrace is a novel warming device new to the market. 

 

Hot Cot 

 
Figure 5 The Hot Cot, the standard of care incubator in Malawi, in use in a Malawian clinic 

(“Malawi Hot Cot”, n.d.) 
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The Hot Cot, seen in Figure 5, is a neonatal incubator created by a former Rice University 

senior design team that modified an existing standard incubator in Malawi. Equipped with 

inexpensive incandescent light bulbs as the heating element, the Hot Cost costs less than 50 

USD to produce. The four light bulbs in the device can be powered using up to 400 Watts, and 

each light bulb can be turned on individually, thereby providing some measure of adjustability in 

the incubator. However, the use of light bulbs is a fire hazard if the device is not consistently 

monitored. Additionally, incandescent light bulbs are becoming harder to find, and although 

materials to create the device are in abundant supply in Malawi, soon incandescent light bulbs 

may not be (Zwiener, 2009). 

 

Embrace 

 

 

 

 

 

 

Figure 6 The Embrace infant warmer, a warming device commonly used in developing 

countries (“Embrace Warmer”, n.d.) 

 

The Embrace, shown in Figure 6, is a low-cost thermoregulator that relies on heated phase 

change wax in an insulated sleeping bag to keep an infant warm. The energy release from the 

phase change wax allows the Embrace to stay at a constant 37 ºC for 4 hours before the wax 

needs to be re-heated. The sleeping bag can also open to allow for feeding and is waterproof 

and reusable (“Newborn Thermal”, n.d.). However, because this device does not use electric 

parts, the Embrace is not able to respond to the core body temperature of the baby. 

Furthermore, the design of the Embrace severely restricts physician access. Finally, the device 

must be reheated every 4 hours. During the reheating time, the baby is exposed to ambient air. 

 

Overview 

Table 2 summarizes the key differences between these three devices. 

 

Device Low cost Safe 
Temperature 

regulation 
User friendly Heat source 

GE Giraffe ✖ ✔ ✔ ✖ Electric heating coil 

Hot Cot ✔ ✖ ✖ ✔ 
Incandescent light 

bulbs 

Embrace ✔ ✔ ✖ ✖ 
Heater/phase change 

material 

Table 2 Comparison of current solutions 
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Problem Statement 

One of the most important environmental factors in neonatal survival is body temperature. 

Neonates have large a surface area to mass ratio and poor thermal insulation, which puts them 

at a high risk for hypothermia (Fanaroff, 2013). Because of their limited ability to maintain 

homeostasis, neonates, especially if premature or ill, require special care and a temperature-

regulated environment to prevent further medical complications (Kumar, 2009). In the developed 

world, hypothermia is treated through the use of medical devices such as incubators to keep 

neonates’ temperatures near 37°C (Wentworth, 2009). Unfortunately, in low resource settings, 

budget constraints as well as lack of regulation lead to inadequate medical supplies and 

personnel. As a result, hypothermia is one of the leading causes of neonatal death in the 

developing world (Lunze, 2013). Currently, there are several devices, including the Hot Cot and 

the Embrace Infant Warmer, that have been designed to address this problem (“Embace 

Warmer”, n.d.; Zwiener, 2009). However each one of these products falls short in areas of 

safety, user needs, or lack of temperature feedback. Therefore, we have designed a low cost 

incubator with temperature feedback that is proven safe and meets the needs infants and 

healthcare providers in the developing world.  

 

Our solution consists of a wood and acrylic box that relies on heating pads to gently warm the 

infant. The heat of the incubator is automatically regulated by the heat of the infant, so the 

incubator requires little attention from care providers. Using a simulation infant (detailed later in 

the report), we have found that our incubator is capable of raising the temperature of a 

hypothermic infant from 35 to 37°C in just 90 minutes, then sustaining this temperature 

continuously for over 3 hours. These features and testing results are further detailed in this 

report. This remainder of this report details the design, prototyping, and testing processes our 

team undertook in the development of our neonatal incubator. 
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Design Strategy  

 

In the introduction, our team analyzed our target population and current incubators on the 

market to generate a set of quantitative design criteria necessary for our incubator. Moving 

forward, our Design Strategy portion of this document outlines the specific steps we took to 

narrow down our design options before ultimately coming up with several incubator designs 

that, after prototyping and testing, resulted in our final design. In the documentation following 

this section, we will detail the integration of the prototype subsystems and testing of our 

functional specifications. 

  

To develop our product, we followed a process of concept generation, evaluation, and testing. 

First, we broke our design into 5 subsystems. We brainstormed ideas for each of these 

individual subsystems, then researched and evaluated the individual lists using Pugh screening 

matrices. We then combined the top concepts from each list into a morph chart to create nine 

complete incubator concepts. Next, we evaluated these complete concepts in a Pugh scoring 

matrix and prototyped the highest scoring solutions. Finally, we tested the individual subsystems 

to determine experimentally which concept performed best in our incubator. 

 

Design Decomposition 

Our first step in approaching the problem was to conceptualize our system as a flowchart to 

better understand the features and interfaces our device will incorporate. This flowchart can be 

seen in Figure 7. We broke the incubator into the following subsystems: housing, heater, 

temperature sensor, control system, and cooling method. Each of these components can be 

seen in Figure 7, alongside several other minor components, such as the alarm and back-up 

power, which we focused on after preliminary prototyping. 

  

 

Figure 7 Problem decomposition diagram 

Design Criteria 

Previously, we developed a specific set of criteria on which we will evaluate the composite 

design. These criteria, listed in Appendix DS-A, were also used to evaluate the subsystems of 

our design. When evaluating the subsystems, we examined each component based only on 
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design criteria relevant to that subsystem. This can be seen in Table 3 and is further explained 

in Appendix DS-A.  

 

Housing Heating Sensors Interface Cooling 

- Cost 

- Prototyping 

feasibility/ease 

- (Robustness) 

R value 

- (Safety) Clean 

up/sanitation 

- Humidity/moisture 

retention 

- Cost 

- Heat up time 

- Ease of use 

- Ease of repair 

- Power 

consumption 

- Robustness 

- Safety 

- Temperature 

range and 

adjustability 

- Time 

temperature 

sustained by 

element 

- Size 

- Cost 

- Accuracy 

- Time to read 

temperature 

- Ease of use/ 

training required 

- Ease of 

repair/simplicity 

- Robustness 

- Safety 

- Temperature 

range and 

adjustability 

- Cost 

- Accuracy 

- Time To operate 

- Ease of use and 

Training Required 

- Ease of 

repair/simplicity 

- Power 

consumption 

- Robustness 

- (Safety) Alarms 

- Size 

- Cost 

- Cool down time 

- Ease of use 

- Ease of 

repair/simplicity 

- Power 

consumption 

- Safety 

- Temperature 

range and 

adjustability 

- Time temperature 

sustained by 

element 

Table 3 Design criteria for Pugh matrices 

 

Design Component Evaluation 

After breaking our incubator down into subsystems, the next step was to brainstorm as many 

types of components as possible to meet our needs. Ultimately, we generated over 60 ideas for 

the 5 categories. Following the brainstorming process, we evaluated each set of ideas in a Pugh 

screening matrix to see how well they met relevant design criteria. In a Pugh screening matrix 

the criteria are non-weighted and ideas are given scores of +, -, or 0. At the end of the 

evaluation process, the total score of each idea is calculated, and ideas with the highest score 

progress to the next stage of brainstorming. 

 

Housing 

The housing and insulation make up the body of the device. This component provides structure 

and ensures the device will retain heat over a prolonged period of time. Most importantly, the 

housing needed to be cost-effective, robust, easy to clean, easy to manufacture, and insulative.  

 

Housing Brainstorming:  

We initially brainstormed 30 ideas for different materials and objects that could be used to 

house and insulate the incubator. Some of these ideas included stainless steel, plastic, acrylic, 

glass, concrete, and cork. Next, we researched each idea as noted in Appendix DS-B and 

compared them based on the criteria in Table 4. 
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Idea Cost 

Humidity 

Retention 

Robus-

tness Sanitation 

R 

Value 

Prototyping 

Feasibility Total 

Fridge - + + + + - 2 

Cooler box - + + + + 0 3 

Heating blanket + - 0 - 0 + 0 

Silica aerogel - 0 0 - + + 0 

Fiberglass - + - + 0 - -1 

Down feathers 0 - - - + 0 -2 

Styrofoam + + - 0 + + 3 

Plastic 0 + + + 0 - 2 

Acrylic - + + + - + 2 

Polycarbonate 0 + + + - + 3 

Corkboard - - 0 - 0 + -2 

Sawdust/straw + - - - 0 0 -2 

Rock wool 0 - 0 - 0 0 -2 

Stainless steel - + + + - 0 1 

Polyisocyanurate  - 0 - - + + -1 

Phenolic spray 

foam - 0 - - + + -1 

Fiberglass batts 0 0 0 - 0 - -2 

cotton batts 0 - 0 - 0 + -1 

polyurethane 

spray foam - 0 - - + + -1 

Fiberglass  0 0 - - 0 - -3 

Wood panels 

(sheathing) + 0 + 0 0 + 3 

Wood chips and 

loose-fill wood + - - - - + -2 

Glass + + 0 + - 0 2 

Poured concrete + + + + - - 2 

Table 4 Housing Pugh screening matrix 
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Top Housing:  

This evaluation resulted in four top ideas: a cooler box, Styrofoam, polycarbonate, and wood 

paneling. The cooler box is a commercial hard-sided cooler made of high-density polyethylene 

with an interior of thermoplastic polymer (“What materials”, n.d.). Its main advantages are that it 

is robust, easy to clean, well-insulated, and already manufactured. However, coolers can be 

costly ($50-400 on Amazon) and may be difficult to modify for our device. 

  

Styrofoam is another common insulating building material. Styrofoam’s main advantages are 

that it is cheap, insulating, and easy to work with. However, it is less robust than the other 

materials, and cleaning would be difficult as strong cleaners may cause deformation of the 

material (“How are you supposed to sanitize”, n.d.). 

  

Polycarbonate is a transparent thermoplastic polymer, similar to acrylic but cheaper and more 

robust (“Polycarbonate”, 2014). It is sturdy and easily cleaned, and it would allow the infant to 

be highly visible. Though it is cheaper than acrylic, it is still more expensive than the other 

materials. As a single layer, it also has poor insulating capabilities (“Insulation”, 2014). 

  

Wood is cheap, robust, easy to work with (both for rapid prototyping and long-term 

manufacturing), and widely available. However, it is hard to clean due to its porosity, and it is 

only a moderate insulator (Siversten, n.d.). One solution to this problem is staining the wood; 

this would allow for easier cleaning and higher robustness. 

 

An important aspect of housing is that the design of the incubator walls greatly affects the 

insulating capacity. For instance, while a single panel of polycarbonate or wood may not 

insulate well, a double walled design can improve insulation dramatically (“Products”, n.d.). 

These are properties we will measure and evaluate during prototyping. Prior to prototyping, 

which is discussed later in this document, we generated three CAD concepts for incubators with 

false bottoms, removable walls, and slotted walls as seen in Figure 8. 

 
Figure 8 Preliminary CAD housing designs for a double walled incubator      
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Heater  

The heating element is the method by which the infant is warmed and is the most crucial 

element in the incubator. It needs to heat quickly and accommodate a range of temperatures 

over a prolonged period of time. Additionally, it needed to be small, cost- and power-effective, 

robust, and easily cleaned and repaired. Since the heating element had the most potential to be 

dangerous, our heater also needed to be safe for use near the infant. 

 

Heater Brainstorming:  

We initially brainstormed a list of 18 ideas, including items such as a heat lamp, a kettle, and a 

hot water bottle. We researched then evaluated the ideas as seen in Appendix DS-B based on 

the criteria in Table 5 below. However, after researching the principles behind the heaters, we 

concluded many of these ideas could be grouped together, given that they operate on similar 

principles. For instance, an electric heating blanket, a heat pad used for a reptile tank, and a car 

seat heater all use long, highly resistive wires that produce and transfer heat through conduction 

(“Heated Electric Blankets”, 2014). To allow for the most comprehensive range of solutions, 

when selecting heaters for our scoring matrix, we chose three heaters that operated on different 

principles. 
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Idea 

Temp. 

range 

Time 

temp. 

sustained 

Ease 

of 

use Size Cost Robust 

Heat 

up 

time Safety 

Ease 

of 

repair Power Total 

Halogen space 

heater 

0 + + 0 0 0 + - 0 0 2 

Reptile pad - + + + 0 + - + - + 3 

Hair dryer + 0 0 0 0 0 + + 0 - 2 

Stove top 

heating coil 

Or Oven heating 

coil 

- + + + + + 0 - - - 1 

Electric heating 

blanket 

+ 0 + + 0 0 0 + - + 4 

Heat lamp 0 0 + 0 + 0 0 - 0 0 1 

Toaster oven + 0 - 0 - 0 0 0 0 - -2 

Phase change 

material/microw

ave 

- - - - - - - + 0 - -7 

Kettle + 0 0 - 0 0 - 0 - - -3 

Car seat heater 

(on top) 

+ 0 + + 0 0 0 + - + 4 

Hot water bottle - - 0 + + - - - 0 0 -3 

Tankless water 

heater (can be 

gas or electric) 

0 0 0 - - 0 + 0 - - -3 

Fire (wood) - - - - 0 - - - 0 + -6 

KMC 

modification 

- + + + + + + + + + 8 

Fridge heat 

exchanger 

- 0 + 0 - 0 0 0 0 - -2 

  

Table 5 Heater Pugh screening matrix 
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Top Heaters: 

From the Pugh screening matrix, we selected three heaters for the morph chart: a heating pad, 

a hairdryer, and a halogen space heater. The highest scoring heating method was Kangaroo 

Mother Care (KMC) modification, which uses the body heat of a care provider as a heat source. 

This method is simple, cost-effective, and safe, but it also limits access to the baby, is not 

adjustable and provides no feedback on the infant’s condition (Zimba, 2007). Additionally, KMC 

is already a well-established practice, and our project aims to provide a solution for when a 

health provider or parent is not present. Though it scored well on our matrix, we did not pursue 

body heat. 

  

The reptile heating pad, the electric heating pad, and the car seat heater all scored highly; 

however, due to their similar principles of operation (conduction), we decided to only move 

forward with the electric heating pad. The advantages of a heating pad are its low power 

consumption, high ease of use, and adjustable temperature range. Additionally, heating pads 

are meant for direct human contact and are therefore safer than the other heating options. 

However, the heating pad cannot produce heat as quickly as other heating sources (“Heated 

Electric Blankets”, 2014). One type of heating pad can be seen in Figure 9A. 

  

The hair dryer (Figure 9B) passes air through a small, heated coil. It would control the 

temperature of the incubator by directly conditioning the air, distributing heat via convection. It 

has adjustable settings, can provide a range of heats, and heats quickly. Disadvantages include 

its high power consumption, high noise level, and complexity due to multiple components 

(Oliver, 2013). 

  

The halogen space heater (Figure 9C) is a radiant heat source that passes current through a 

halogen bulb. The heat-emitting halogen bulb is positioned in front of a reflective plate to 

maximize the amount of energy being emitted by the heater. This method is simple, power 

efficient, and heats an entire space quickly while staying warm for as long as the element is on. 

However, through our testing we found that it gets very hot (up to 45.7°C), which could pose a 

safety concern. Additionally, this device would require occasional replacement of the halogen 

bulb (“DLUX”, 2014). 

  

 
 

Figure 9 A, B, C Possible heating elements: Heating pad, Hair Dryer, and Halogen Heater 

(“Sunbeam”, 2014), (“Vidal Sasson”, 2014), (“DLUX”, 2014) 
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Temperature Sensor 

The temperature sensors in our device are vital in providing feedback to our control system. 

These sensors are responsible for monitoring both the temperature of the incubator and the 

core temperature of the baby and passing along this data to a control system. The ideal 

temperature sensor needed to read a range of temperatures quickly and accurately. It also 

needed to be easy to use and repair and be both robust and safe. 

 

Temperature Sensor Brainstorming:  

When brainstorming temperature-sensing methods, we considered several electronic and non-

electronic methods of measuring temperature change. Electronic methods included thermistors, 

resistance temperature detectors (RTDs), thermocouples, and the existing temperature 

feedback probe currently being developed by Beyond Traditional Borders (BTB). These devices 

use a change in resistance in an electrical circuit to measure heat. The non-integrated methods 

we considered included thermal expansion of a material, color change of liquid crystals, and an 

infrared sensor. Finally, we considered the use of traditional analog and digital thermometers. 

The evaluation of these devices can be seen in Appendix DS - B and in Table 6 below. 

  

Idea 

Temp. 

range  

Ease of 

use/ 

Training Cost Robustness Safety 

Ease of 

repair/ 

simplicity 

Time to 

sense/ 

reading 

stabilize Accuracy Totals 

Thermistor + 0 0 - + - + + 2 

RTD + + 0 - + - + + 3 

Thermocoupl

e + + - + + - + - 2 

Thermal 

expansion - - 0 + - - - 0 - -5 

Liquid 

crystals - - + 0 - + - + -1 

Color change 

stickers - - 0 0 - + 0 0 -2 

Analog 

thermometer 0 - 0 0 - + - 0 -2 

Digital 

thermometer 0 - 0 0 - + - 0 -2 

Oakton - - - - + - + + -2 

Infrared 

sensor + 0 - + 0 0 + - 1 

Table 6 Temperature sensor Pugh screening matrix 
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Top Temperature Sensors:  

An infrared sensor is an electronic sensor that measures the amount of infrared light, or heat, 

within its field of view. Though it can measure a wide range of temperatures and is robust, high-

quality infrared sensors are expensive and cheaper sensors are not accurate enough for our 

application (“Infrared Thermometer”, n.d.). Additionally it would be difficult to integrate this 

sensor into a microcontroller system. In the end, the infrared sensor may be more appropriately 

used when testing our device. 

  

The thermistor is an electrical component that changes resistance based on the surrounding 

temperature, allowing temperature to be calculated as a function of a measured voltage or 

current. Thermistors are advantageous because they are accurate and stabilize quickly; 

however they have a non-linear relationship between temperature and resistance that may 

decrease accuracy (Wheeler, 2010). 

  

As previously stated, a RTD is a resistance temperature detector. This is another temperature 

sensor, which works similarly to a thermistor by creating a resistance that is correlated to the 

surrounding temperature. It has a temperature range and adjustability that meet our ambient 

temperature requirements. Its readings also stabilizing quickly and have a highly accurate linear 

relationship between temperature and resistance (Wheeler, 2010). Unfortunately, the RTD is not 

very durable, and to avoid the component becoming a disposable we will have to pay special 

attention to RTD housing throughout our design. 

  

Both the RTD and the thermistor have good potential for sensing the temperature of the 

incubator. Because of their similarities, we tested both sensors in our future prototypes. 

Therefore, for the remainder of the concept generation process, we paired the two solutions and 

will be testing our prototypes with each circuit. 

  

It is important to note that although the thermocouples scored higher than the infrared sensor 

due to robustness and ease of use, they cannot achieve the same degree of accuracy as the 

other three devices, and are thus unfit for our application. 

 

Possible Circuitry:  

When brainstorming our temperature sensors, we also brainstormed the circuitry that could be 

used with some of our top choices, the thermistor and the RTD. The thermistor circuit seen in 

Figure 10 functions as a voltage divider which will allow for partial linearization of the thermistor 

output. The variable resistor value (either 2kΩ or 10kΩ) should be equivalent to the thermistors 

nominal resistance. Overall, the governing equation for this circuit can be seen in Equation 1. 
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Figure 10 Thermistor Circuit: Acts as a voltage divider to monitor change in resistance 

 
  

Equation 1 Thermistor Circuit Calculations (Wheeler, 2010). 

(m and b are experimentally determined parameters calculated to give a linear fit for the data) 

  

The second circuit we developed, seen in Figure 11, is designed for our RTD. This circuit is a 

bridge circuit that is used to measure small changes of resistance in the RTD. The four wire set-

up allows for a balanced bridge, even if the wire length is long. To create a balanced circuit, our 

RTD resistance will need to be 1kΩ in this setup. The governing equation for this circuit is 

shown in Equation 2. 

  

  
  

Figure 11 RTD Circuit: for amplification and detection of resistance changes  
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𝑇 =  
𝑅2 ∗

𝑉𝑠 − 2𝑉𝑜
𝑉𝑠 + 2𝑉𝑜

− 𝑅𝑙𝑒𝑎𝑑
4𝑉𝑜

𝑉𝑠 + 2𝑉𝑜
− 𝑅𝑜

𝑅𝑜+∝
 

Equation 2 RTD Circuit Calculations (Wheeler 2010). 

α is the Temperature Coefficient of the RTD and all other values are as in the figure 

 

Control System 

To establish a device with proper temperature regulation, a control system was necessary to 

take in data from the temperature probes and control heating and cooling systems. The optimal 

system was small, cost-effective, and power-efficient. It needed to be simple and easy to 

operate and repair, allowing for high usability. Most importantly, it needed to work well with our 

sensors and allow for the addition of extra components, such as alarms, in future stages of 

development. 

 

Control System Brainstorming:  

The control system brainstorming process yielded six ideas. We considered using electrical 

systems and mechanical systems in our device. Our electrical solutions included a 

microcontroller, a potentiometer-based circuit that would limit heat source voltage, heat 

expanding material to complete a circuit to shut off a heat source, and a spectrophotometer to 

read the wavelength of a heat-based color changing material. For mechanical solutions we 

considered a wide range of strategies. Though unlikely to be used, we considered Rube 

Goldberg-like system where temperature change would cause a material to expand, pushing a 

heating on/off switch, and we also considered manual temperature change. We then evaluated 

each of these ideas in a Pugh screening matrix seen in Table 7 and Appendix DS - B. 

 

Idea 

Ease of 

use/ 

Training  Size Cost Robust 

Easy 

to 

repair/ 

simple 

Pow

er 

Time to 

operate Accuracy Alarms? 

Works 

with 

sensor Total 

Microcontroller 0 + - 0 - - + + + + 2 

Manual - 0 0 + + + - - - - -2 

Mechanical - - 0 - - + - - + - -5 

Sliding 

potentiometer 

(basic circuit) - + 0 + - 0 0 0 0 0 0 

Expanding 

material - + - - - + + + + 0 1 

Spectrophotom

eter 0 - - 0 - 0 + 0 0 - -3 

Table 7 Interface Pugh screening matrix 

 



 21 

Top Control System Ideas:  

After the Pugh screening matrix, we established that microcontrollers and heat expanding 

material fulfilled the most design criteria. The microcontroller had many distinct advantages, 

including the ability to interface with a number of other systems. It is compact and can process 

and send signals quickly (Mazidi, 2006). Microcontrollers are flexible systems that would easily 

interface with all the necessary elements (heating, cooling, probes, displays) and other features 

including alarms. Additionally, their code can be changed as our design progresses to alter the 

system without any physical circuitry changes, a feature which mechanical systems will not 

allow. 

  

The heat expanding material system also scored well and was advantageous because it would 

not require any power to run. However, once the material is set in the system, one would have 

to physically change the entire feedback system for the circuit to switch at a different set 

temperature. Temperature settings are frequently changed in neonatal incubators, so this 

system was less ideal than the microcontroller. 

 

Cooling Method 

While the main goal of our incubator is to produce a warm environment, for the purpose of 

temperature regulation we also considered having a cooling mechanism in place. This feature 

has the potential to reduce the risk of overheating the infant and causing hyperthermia, a 

condition with equally severe consequences as hypothermia that can lead to febrile seizures 

and death (Nelson, E.A., 2002).  The cooling method needed to be easy to use and repair, be 

safe, and be simple. It should also needed to cool quickly with minimal power consumption. 

Though the cooling method we brainstormed here does not currently appear in our final design, 

we have included the brainstorming process that we used to determine a cooling method 

because we believe that future incubator prototypes will benefit from having a ventilation 

system.  

 

Cooling Method Brainstorming 

Initially, the brainstorming process for cooling devices generated ten different ideas. We 

considered a vent to circulate cold air, a condenser and refrigerator cooling system, liquid ice or 

dry ice, an endothermic reaction, cooling mist, a vasodilating tube, a cooling fan, and opening 

the lid of the incubator to allow cool ambient air to circulate. Ultimately, we did not evaluate the 

vasodilating system and circulatory system models as there was no system analog in our 

heater. Additionally, we did not evaluate the use of liquid mist as we do not plan to use humidity 

as a feature in our system. The evaluation of these devices are seen in Table 8 and Appendix 

DS-B. 
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Idea 

Temp. range 

and 

adjustability 

Time 

temp. 

sustained 

by 

element 

Ease 

of 

use Cost 

Cool 

Down 

time Safety 

Easy of 

repair/ 

simplicity Power Total 

Vent 0 0 + 0 + + 0 - 2 

Fan + + 0 0 + 0 0 0 3 

Refrigerator + + 0 - - 0 - - -2 

Ice - - + + 0 0 + + 2 

Endothermic 

reaction 0 - + + + 0 + + 4 

Open lid 0 0 + + + + + + 6 

Dry ice - - 0 + 0 - + + 0 

  

Table 8 Cooling element Pugh screening matrix 
 

Top Cooling Methods:  

Upon evaluation of our cooling methods, the top four scoring ideas were chosen to move on to 

the morph chart. A vent was the fourth most promising cooling method. The vent allows for an 

adjustable amount of ambient air to be filtered into the device and circulated throughout the 

system, thereby lowering the infant’s temperature. A vent is inexpensive and simple, and it 

would only require limited mechanical or electrical repair. However, the vent requires a power 

draw of several hundred watts when operating (Robot Check, n.d.). 

  

The fan scored well in our matrix due to its controllable cooling settings and ability to sustain 

temperatures continuously. Additionally, the effects of a fan are felt immediately without any 

cool down time necessary, and as a known technology already used in Malawi, it would be 

relatively simple to repair and replace. However, the fan does have some drawbacks; it draws 

power, and because it has more moving parts it is more susceptible to break during operation. 

  

An endothermic reaction similar to a cooling pack for orthopedic injuries was the second best 

cooling method we evaluated. An endothermic reaction is advantageous because, as a 

chemical reaction, it draws no external power and requires no repair. Additionally, once 

manufactured the cooling pack is relatively simple to operate: the user simply needs to break a 

preexisting seal for cooling to occur. However, as the reaction cannot be reused, this would be a 

disposable component in our incubator and require an extra cost, as the temperature is typically 

sustained for only 20 minutes (Instant Cold, 2002). 

  

Finally, we determined that manually opening the lid of the incubator is the most simple and 

effective way of cooling the infant in case of hyperthermia. Opening the lid of the incubator is 

simple and cheap: no external components need to be bought, no power is consumed, and the 
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cooling device would not need repair. Additionally, the effect of the ambient air is felt 

instantaneously, causing an infant’s body temperature to drop within minutes (Gest, 2014). 

However, this requires extensive monitoring of the device by the doctor and may not be ideal in 

busy hospital settings. 

 

Design Morph Chart 

After using our design criteria to choose the best ideas in each subsystem (Table 7 and 

Appendix DS-C), we used a morph chart to combine the ideas of each subsystem into 

complete design concepts. 

  

Housing/Insulation Heating Temp Sensor 

Control 

System Cooling 

Cooler box 

Heating 

Pad RTD/Thermistor Microcontroller Open Lid 

Styrofoam 

Halogen 

Space 

Heater IR Sensor 

Expanding 

Material 

Endothermic 

Rxn 

Polycarbonate 

Hair 

Dryer     Fan 

Wood panels       Vent 

  

Table 9 Morph chart 

 

Using Table 9, we created nine unique designs by combining components that would interface 

well together. These designs are represented Table 10 below. 
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Table 10 Top 9 most promising ideas generated in morph chart from component brainstorming 

 

Scoring Matrix 

After using the morph chart to create nine unique design concepts, we used a Pugh scoring 

matrix to evaluate each of the designs and decide which to pursue. In a Pugh scoring matrix, 

each concept is assigned a score between 1 and 5 (5 being the best) for each design criteria. 

The criteria are weighted and the weighted score for each concept is tallied. Concepts with the 

highest scores progress to prototyping. 

  

We evaluated each concept based on a condensed list of our design criteria. Justifications for 

each score can be seen in Appendix DS - C. Each of the design criteria was weighted based 

on user needs and according to importance to the final design. Temperature feedback, cost, 

and safety were each given a weight of 15%, since they are our most important criteria. If our 

design is lacking in any of these areas, it will not be a successful device. Temperature feedback 

is the component lacking in most other neonatal incubators for the developing world. As with 

 (1) (2) (3) (4) (5) 

Housing 

Polycarbonate Wood and 

Polycarbonate 

Cooler Box Styrofoam Cooler Box 

Heating Heating pad Halogen Hair Dryer Hair Dryer Heating Pad 

Temp 

Sensor Thermistor RTD/Thermistor IR Sensor RTD RTD 

Control 

system Microcontroller Microcontroller Microcontroller Microcontroller Microcontroller 

Cooling Open Lid Open Lid Fan (Hair dryer) 

Endothermic 

Rxn Open Lid 

            

  (6) (7) (8) (9)   

Housing 

Wood Polycarbonate Wood Wood and 

Polycarbonate   

Heating Halogen Halogen Hair Dryer Heating pad   

Temp 

Sensor IR Sensor N/A RTD RTD/Thermistor   

Control 

system Microcontroller 

Expanding 

Material Microcontroller Microcontroller   

Cooling Vent Fan Open Lid Vent   
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any device for a low-resource setting, cost is a limiting factor and therefore was also a critical 

constraint for our design. Safety was also vital, given that we were dealing with a vulnerable 

population and potentially dangerous components. Robustness, accessibility, and 

manufacturability all received a weight of 10%. These three criteria were still important, but less 

so than temperature feedback, cost, and safety. Finally, time temperature is sustained, power 

consumption, ease of use, ease of cleanup and heat up time were weighted as 5% each. Each 

of these criteria mattered, but if a solution falls short in one of these areas, the design can still 

be successful. Table 11 is the resultant Pugh scoring matrix. 

 

Criteria  Wt % Design 

(1) 

Score 

Design 

(2) 

Score 

Design 

(3) 

Score 

Design 

(4) 

Score 

Design 

(5) 

Score 

Design 

(6) 

Score 

Design 

(7) 

Score 

Design 

(8) 

Score 

Design 

(9) 

Score 

Temp 

feedback 

15% 3 5 4 2 3 4 1 3 4 

Cost 15% 4 3 1 2 3 2 1 5 3 

Safety 15% 4 2 3 3 4 2 2 3 4 

Robustness 10% 3 4 3 1 4 4 2 5 4 

Accessibility 

(physician) 

10% 4 4 1 2 1 3 4 3 4 

Feasibility to 

Manufacture 

10% 5 4 1 4 3 4 4 5 4 

Time temp 

sustained 

5% 2 4 4 4 5 5 2 3 3 

Power 

consumptio

n 

5% 5 3 1 1 5 4 3 1 4 

Ease of use 5% 2 4 4 2 2 4 4 2 4 

Ease of 

clean up 

5% 5 4 5 3 5 3 4 3 4 

Heat up 

time 

5% 2 3 4 4 2 3 3 4 2 

Weighted 

Total 

100

% 

3.65 3.6 2.6 2.45 3.25 3.25 2.4 3.6 3.7 

  

Table 11 Pugh scoring matrix with 1,2,8, and 9 design numbers as top scores 

(Where 1, 2, 3, 4, 5, 6, 7, 8, 9 correspond to design numbers from Table 8) 

  

Upon evaluation of our Pugh scoring matrix, we decided to proceed with preliminary prototyping 

and testing for our top three design ideas. Our highest scoring solution was solution (9), which 
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uses a combination of wood and polycarbonate for housing, a heating pad, an RTD or 

thermistor to sense temperature, a microcontroller for controlling components, and a vent for 

cooling. It scored a 3.7 and scored relatively well across all criteria. Notably, this solution would 

provide effective temperature feedback, as it would use an RTD or thermistor, a microcontroller, 

and an automatic vent. Additionally, the wood and polycarbonate housing would provide both 

visibility and robustness, while remaining cost-effective and easy to clean. The heating pad 

would ensure power consumption was low and the temperature is sustained for a long time. 

This solution’s lowest score was in heat up time due to the heating pad. 

  

Our second highest scoring solution was solution (1), which is similar to solution (9), except it 

uses only polycarbonate for housing and relies on manually opening the lid rather than an 

automatic vent for cooling. While these aspects make the design slightly simpler, the lack of an 

automated cooling mechanism requires more attention from a physician to operate. Because of 

the similarity of solutions (1) and (9), we proceeded to prototype solution (9). 

  

For our prototyping, we also moved forward with solution (8), which scored a 3.6. It uses wood, 

a hairdryer, an RTD or thermistor, a microcontroller, and an open lid for cooling. The strongest 

points of solution (8) are its simplicity and cost-effectiveness. In many respects it is similar to 

solution (9), with the main difference being the hairdryer heat source. We will prototype with a 

hairdryer to see how effectively the air can be conditioned in the incubator. 

  

Finally, solution (2) also scored a 3.6. Solution (2) is the same as (9), but uses a halogen space 

heater instead of a heating pad. This allows for better temperature feedback since the halogen 

heater heats quickly. Because of solution (2)’s similarity to the solutions (8) and (9), we only 

explored the heating component of this solution, not the entire device. 

  

Prototyping and Testing 

 

High Priority Specifications 

To guide our prototyping, we developed a set of design specifications. These specifications can 

be seen in Appendix DS-D and are based off our customer needs. We then selected several of 

these specifications to be high priority specifications, also seen in the appendix. These are 

specifications that are critical to the device’s functionality, and we aimed to meet these criteria 

within the first semester. As a result of these high priority specifications, the testing of our 

prototype components in the first semester focused primarily on determining the optimal heating 

element, temperature sensors, and housing design for our incubator. Specifically, we tested the 

ability of the heating elements to reach 37°C in an incubator while also operating consistently 

over long periods of time. We also evaluated the RTDs and thermistors for their accuracy and 

response time to temperature changes. The results of these tests are summarized in the 

following sections. 

 

Housing Prototyping  

In order to create housing that will be insulated, robust, and appropriate for the environment, we 

prototyped several small scale (1:4 scale) housing options before building one full-scale housing 
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for testing. We created three small-scale prototypes, each of which improved upon its 

predecessor. The first generation prototype is made entirely of wood and features double walls, 

where the inner walls are completely separate from the outer walls (Figure 12A). The second 

prototype (Figure 12B) also has double walls, but they are connected to one another to add 

support and to create smaller air pockets for better insulation. The third small-scale prototype 

(Figure 12C) has three wooden walls and one acrylic wall. The acrylic wall is removable and 

slides in and out using slots for easy access. Following the creation of these prototypes, we built 

a full-scale model of the third scale model using wood and acrylic (Figure 13a). Finally, we 

optimized the incubator for viewing, insulation, and size before designing a second generation 

prototype (Figure 13b). 

  

 
Figure 12 A, B, C Small scale (1:4) housing prototypes created to practice using the laser cutter 

A modification of figure 12c was constructed for the first generation prototype 

  

 
Figure 13a Full size first generation incubator prototype 
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 Figure 13b Full size second-generation incubator prototype 

 

To test the incubator’s robustness, we placed 45 lb (20.4 kg) of weight into the incubator and 

monitored it for 6 hours. While the box did show slight signs of bending, no damage was 

incurred, proving that even without a brace in the bottom of the box, it is capable of withstanding 

large weights over extended periods of time. Other testing, such as fatigue testing and impact 

testing were not tested for this cycle. This is because the main concern for immediate incubator 

failure came from the thin base as a support. Due to time constraints, we did not perform long 

term use tests other tests (ie opening and closing a lid, placing a heavy object into the incubator 

then taking it out), though those tests would be useful to analyze future iterations of the device.   

  

Temperature Probe Testing 

In order to decide on an appropriate temperature probe for the incubator and the infant, we 

purchased several different RTDs and thermistors and tested them against the Oakton Temp 

340, a gold standard for temperature measurement. We bundled all of the temperature probes 

together and varied the temperature inside a cooler from 26 – 47°C. We then plotted the 

measured temperatures of each of the probes against that of the Oakton Temp 340. We 

repeated this test with all probes submerged in water. 

  

While several of the temperature probes performed relatively well, the Vishay NTC thermistor 

gave readings most similar to the Oakton Temp 340. In water, its average deviation from the 

Oakton Temp 340 reading was only 0.34°C and in air its average deviation was 0.35°C. It is 

also the cheapest option and is the temperature probe we decided to use in for testing and 

temperature measurement in the incubator. 

 

Heating Element Testing 

Given that we have several options for heating our incubator, we performed testing in order to 

evaluate and decide upon the best heating method. This testing was performed using each of 

three heating elements: a halogen space heater, a hair dryer, and a heating pad. These three 

heating elements represented radiative, convective, and conductive heat. We performed these 

experiments a simple plywood box we created for Fail Often and Succeed Sooner (FOSS) goal 

I. The plywood box simulated a worse case scenario. We also performed these tests in a cooler 

to simulate best case scenario, and in our full size prototyped box, to judge our housing against 



 29 

the previous two containers. We placed each of the heating elements, one at a time, into each 

of the different boxes and recorded the amount of time that the element took to heat the space 

to 37 degrees, as well as the maximum temperature reached. We measured temperature using 

our gold standard for temperature sensing, the Oakton Temp 340 temperature sensor, 

positioned 10 cm from the floor of the incubator, as per incubator temperature testing standards 

("Medical electrical equipment - Part 2-35"). We also placed a Taylor Indoor/Outdoor 

thermometer in the corner of the box, 10 cm from the floor, to see if heat was evenly dispersed 

throughout the box. The Taylor thermometer was used as a “spot check” and was not 

considered to be as accurate as the gold standard of the Oakton. Therefore we were looking for 

significant fluctuations in temperature indicating extreme hot  or cold pockets when we used the 

Taylor probe. We measured the temperature of the box every several minutes and plotted the 

results. Table 12a and 12b below show the results of this testing. Graphs from the prototype 

can be seen in Figure 14. Full graphs can be seen in Appendix DS-E. 

 

  Hair dryer Halogen heater Heating blanket 

Cooler > 53°C*  > 71°C* 37°C 

Wooden box > 46°C*  > 52°C* 30°C 

Prototype box > 55°C* > 55°C* 37°C 

                         *Due to safety concerns, we stopped testing at this temperature 

 Table 12A Max temperature of heating element 

 

  Hair dryer Halogen 

heater 

Heating 

blanket 

Cooler 1 min 1 min, 15 sec 40 min 

Wooden box 1 min, 15 sec 2 min Never 

Prototype box 45 sec 1 min, 30 sec 28 min, 30 sec 

IV bag in 

prototype box 

5 min 10 min 60 min 

  

Table 12B Time for heating elements to reach 37°C 
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Figure 14: Heating Elements in Wooden Box 

  

In summary, the hair dryer and halogen heater heated the incubator quickly and to a very high 

temperature. So high, in fact, that we chose to stop testing before the maximum temperature 

was reached, as it was well above our goal of 37°C. The heating blanket heated at a much 

slower pace and to a much lower temperature, though it still reached the goal of 37°C in even 

our prototype housing. 

  

The final set of tests we performed using the heating elements were on a 1kg bag of water. We 

used a heated IV bag of water to simulate a hypothermic infant. We first heated the IV bag to 

35°C on a hot plate, then placed the bag in the prototype incubator, along with each of our 

heating elements. We attached the Oakton Temp 340 probe to the outside of the bag and 

measured the amount of time the heating element took to raise the temperature of the IV bag 

from 35°C to 37°C. Similarly to the other heating element testing, the IV bag heated most 

quickly with the hair dryer and the halogen heater, whereas the heating pad took nearly an hour 

to heat the bag fully. Heating blanket results can be seen in Figure 15. All of the results can 

also be seen in Table 12 above and in Appendix DS-F.  

Figure 15 Heating Blanket Reaches 37C Within 60 Minutes 

  

Additionally, we tested each heating element over an extended period of time to ensure that 

each could provide consistent heat. We tested the halogen heater and the heating pad for 4 

hours each, measuring the temperature 10 cm away in the open air. We tested the hair dryer for 
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just 1 hour, given the hair dryer has a high power consumption and would not be operating for 4 

hours continuously. All elements provided consistent heat over the time period, however, the 

heating pad did not heat the probe very much, as it was 10 cm away and the heating pad 

operates using convection. Heating blanket results can be seen in Figure 16 Full results of this 

testing can be seen in Appendix DS-G. 

 

Figure 16: Heating Blanket Maintains Constant Temperature Over Time 

 

Eventually, after conversations with our mentor, Dr. Oden, as well as physicians in Malawi, we 

decided to use the heating pad as our heating element. The heating pad allows for gentle 

heating of the infant over a safe time period. Heating pads are safe, commercially available for 

human use, and have very little chance of over heating the infant. Also, they are simple to 

control, and easy to integrate into a microcontroller system without modification; for instance 

they have the potential to be integrated via a mechanical relay. Therefore, should one of the 

heating pads break, they would be easy and low cost to replace, and would not require any 

technical modifications.  

 

Conclusion  

To summarize, the results of our brainstorming and initial testing resulted in an incubator made 

of plywood with a false bottom and acrylic sides. We decided the temperature would controlled 

by an Arduino Uno microcontroller that allows data gathered from thermistors to regulate the 

output of a heating element. Testing and talking with mentors determined that the heating pad 

was the optimal solution. Additionally, our design brainstorming proved that the double walled 

housing performs significantly better than a simple plywood box and that the microcontroller and 

thermistor set-up is capable of measuring the temperature in our system with a high level of 

accuracy (<1% error). The next section of this report will detail the steps we took to integrate our 

brainstormed components into a complete device.  
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Final Design 

Incubator Overview 

Following our initial brainstorming and testing of individual components, we integrated all of the 

components into a final prototype. The final incubator is a double-walled wood and acrylic box, 

with heat generated by two heating pads, and probes that monitor the temperature of the infant 

and of the environment. These probes feed into a microcontroller that automatically turns the 

heating pads on and off based on the probe readings to regulate the infant’s temperature. Key 

features of the incubator include automatic temperature regulation, high visibility provided by 

acrylic walls and lid, alarms to alert care providers about power loss or overheating, and high 

accessibility provided by a hinged lid. The incubator, seen in Figure 17, can be broken down 

into four major subsystems: housing, heating, sensors, and controller, as seen in Figure 7.  

 

 
Figure 17 Final incubator prototype, full view of housing  

 

Housing 

The housing of the incubator is comprised of wood (¼” birch) and acrylic (¼”). All pieces are 

laser-cut using the Boss laser cutter from the Oshman Engineering Design Kitchen (OEDK), to 

allow for easy on-site manufacturing or for flat packing. Appendix FD-A shows several of the 

many CAD drawings for the current incubator design. The wood has been coated with a water-

proof sealant (Zinsser shellac), which improves the durability and cleanability of the wood. In the 

future, a medical grade sealant will be used to ensure safety for the infant contacting the wood. 

As shown in Figure 18, the incubator has four major components: a main compartment, a lid, a 

platform, and a control box. The infant lies in the main compartment of the incubator. The lid 

sets on top of the main compartment and is hinged for access to the infant. The platform is 

beneath the main compartment and contains the bottom heating pad. The control box is 

connected to the left side of the main compartment. It houses all of the electronics and provides 

a user interface.  
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Figure 18 Labeled housing picture 

 

For the main compartment of the incubator, all 4 sidewalls (not including the floor or lid) are 

double-walled. The outer compartment of the incubator is 78 x 45.5 x 40.5 cm and the inside 

dimensions are 65 x 34.5 x 34.5 cm. All sidewalls are made of wood, and the front wall has an 

acrylic window. The sidewalls have 2 cm of space between the walls to provide insulation and 

are fixed with finger joints. The front and sidewalls are filled with polystyrene foam insulation. A 

5 lb rice-filled chitenje (Malawian fabric) mattress rests on the bottom of the incubator main 

compartment and provides a comfortable space for the infant and heat retention. A heating pad 

is placed inside the back wall in the 2 cm air space to provide convective heat to the incubator. 

The temperature probe wire feeds through this port, as well as any other necessary medical 

equipment, such as CPAP or feeding tubing. The front wall has a double-walled acrylic window, 

which, along with the acrylic lid, provides visibility and allows for the care provider and family to 

monitor the infant.  

 

The lid, seen in Figure 19, provides both visibility and access for the care provider and family. It 

consists of a wooden frame with an acrylic cutout. The lid has outer dimensions of 71 x 40.5 cm 

with the inside window of dimensions 26.5 x 57 cm. The lid is comprised of two layers of wood, 

each with a rectangular cutout. The two layers of wood are affixed to each other using 

commercially available wood glue. The bottom layer of wood has a slightly smaller cutout than 

the top layer, creating an edge. The acrylic panel rests on this edge and lies flush to the top 

layer of wood. The lid is affixed to the main compartment of the incubator with two metal hinges.  

 



 34 

 
Figure 19 Wood and acrylic incubator lid 

 

On the bottom of the incubator is the platform, a box that houses the bottom heating pad, as 

seen in the cutaway image in Figure 20. The platform is 78 x 45.5 x 4 cm, slightly wider than 

the main compartment. Airspace and foam within the platform provide insulation to the 

incubator. The platform also separates the heating pad from the infant, which improves both 

ease of cleaning and safety. 

 

 
Figure 20 Incubator cutaway view 

 

Finally, the control box is attached to the outer left wall of the main compartment, as seen in 

Figure 21. The control box houses the PCB, the microcontroller, a power strip to plug in both 

heating pads, and the alarm systems. It measures 5 cm x 45.5 cm x 40.5 cm, sits on the ledge 

provided by the platform, and has a 30° angled top for easy visibility from the front. The top is 

also the user interface.  
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Figure 21 Incubator control box 

 

To assemble the housing, the user first laser cuts all pieces using patterns found in Appendix 

FD-A. Next, the user assembles the six sides of the platform into a box, interlocks the finger 

joints, and hammers the joints until snug. The user applies a small amount of wood glue to affix 

the pieces together. Next, the user fits the walls of the main compartment into the slots on top of 

the platform. During platform assembly, the user must make sure the heating pad is placed 

securely inside of the platform. Following this step, the user connects the inner walls of the main 

compartment together, then the outer walls. Finally, the user fits the walls of the main 

compartment onto the slots in the top of the bottom platform. Again, the finger joints should 

interlock together and be affixed with wood glue or masking tape, as needed. To assemble the 

lid, the user aligns the two wooden pieces and uses wood glue to attach them, with the piece 

with the smaller cutout on top. The user must spread the glue smoothly and clamp the 2 pieces 

together for 1 hour, ensuring that the glue will not expand and obstruct the acrylic piece. Then, 

the user places the acrylic piece into the resulting slot and affixes it with epoxy glue. The user 

hinges the cutout from the smaller wood on top of the acrylic. Finally, the user affixes the lid to 

the assembled main compartment using two metal hinges attached to the back, wooden wall. 

An exploded view of how these parts fit together can be seen in Figure 22.  
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Figure 22 Incubator exploded diagram 

 

After implementation, the primary operators of the incubator will be nurses and other healthcare 

providers. Because these workers have such a large workload, it is critical that the incubator be 

simple to use and require little user intervention. Thus, we have designed a simple, easy to read 

user interface. The interface, shown in Figure 23, features a display for the infant’s 

temperature, a slider to change the infant set temperature, two LEDs for the alarms, and a 

power switch. Currently, the slider allows the user to set values between 33 and 38°C. These 

values are the desired temperature value that the microcontroller will use to regulate the infant’s 

temperature. 

 

 
Figure 23 Labeled user interface 

 

Heating 

Heat for the incubator is provided by two heating pads, one beneath the floor of the incubator 

and one in the back wall of the main compartment as seen in the cutaway figure in the Housing 

section of this document. The heating pads are both Sunbeam King Size Heating Pads with 
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UltraHeat Technology. Each pad measures 24 x 3 x 12 inches (61 x 7 x 30 cm) and has a low, 

medium, and high setting. Currently neither requires modification in order to be integrated into 

the incubator. The low level of modifications necessary for the heating pads allows for easy 

integration, replacement, and repair if any of these are required.  

 

The heating pads are capable of reaching surface temperatures of approximately 60°C through 

the activation of two heating coils in each pad. One of these coils has a constant current 

throughout the heating pad operation and is always powered on. The second of these heating 

coils is turned off for low power, has a medium range current for medium power, and has a high 

current for high power. Circuit diagrams can be seen in Figures 24a-24d. Each of the heating 

pads is turned on and off by a mechanical relay. Finally, the heating pads do not have an auto 

shut-off feature and can therefore remain on for an extended period of time, keeping an infant 

warm without user interference.  

 

 

 
Figure 24a Heating pad circuit: Heating pads off 

 

 
Figure 24b Heating pad circuit: Heating pads on low 

 

 
Figure 24c Heating pad circuit: Heating pads on medium 

 

 
Figure 24d Heating pad circuit: Heating pads on high 
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Sensors 

The temperature sensors (probes) for the incubator are all Vishay NTC thermistors, which give 

readings with an average deviation of 0.35°C from values of a gold standard of measurement, 

the Oakton Temp 340. The temperature probes, as seen in Figure 25, are created by soldering 

electrical wires to the end of the NTC thermistors. The wires are then secured in place using 

1/16 in. diameter heat shrink wrap.  

 

 

 

Figure 25 Temperature probe assembly 

 

Currently, the incubator uses 2 temperature probes, one on the infant and one on the mattress, 

to read and transmit temperature data, as seen in Figure 26. The temperature probes can be 

positioned in various set-ups depending on the testing, and for some testing set-ups we use up 

to 6 probes to measure heating pad temperature, wall temperature, and incubator air 

temperature. However, for normal use, the incubator uses 2 temperature probes. Temperature 

probe 1 is placed on the top of the infant, on the abdomen. This positioning is where the liver of 

an infant would be, which is gives an accurate read of core body temperature. Ultimately, this 

probe will be attached to the baby with a polyurethane laminate (PUL) fabric band over the 

abdomen, which will stretch to accommodate different girths. Temperature probe 2 is attached 

to the corner of the mattress to measure the temperature of the heat contacting the infant. 
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Figure 26 Schematic of probe placement in incubator 

 

The data from these temperature probes (thermistors) is received by the Arduino Uno 

microcontroller (see controller section below) via connections made on a mini breadboard, seen 

in Figure 27. The breadboard uses a voltage divider circuit to modify the current by converting it 

into a voltage value. This value is then read by the microcontroller and then converted to a 

temperature value. In the future, the mini-breadboard may be replaced with a custom designed, 

milled printed circuit board (PCB).  

 

 
Figure 27 CAD model of circuitry, including microcontroller, breadboard, and user interface 

components  
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Controller 

The entire incubator system is controlled by an Arduino Uno microcontroller. This 

microcontroller, and its associated PCB, resides in the control box attached to the side of the 

incubator, as seen in Figure 28. A schematic for this controller can be seen in Figure 29 and a 

list of parts is in Appendix FD-C. The four main subsystems are the alarm LEDs (blue), power 

loss alarm (red), temperature measurement (purple), and other connected hardware (green). As 

mentioned, the temperature probes are thermistors, which are placed in a voltage divider 

configuration so that the Arduino can measure the thermistor resistances. The “connected 

hardware” is all controlled with the digital or analogue pins as well the +5V of the Arduino. The 

alarms’ circuitry will be discussed in the following section.  

 

 
Figure 28 Electronics inside control box (Arduino Uno and mini breadboard) 

 

This microcontroller is controlled by a code written in modified C++, seen in Appendix FD-B. 

The code is comprised of six sections that control operation of the incubator. 1 First, the 

microcontroller continually reads the voltage inputs from the temperature probes and calculates 

the derivatives of the function they create. These derivatives provide information on how quickly 

the infant and box are heating. In the future, the derivatives will provide a more comprehensive 

heating algorithm. 2 After reading the voltage, an experimentally determined algorithm converts 

the voltage into a temperature value. 3 The controller then compares this temperature to a set 

temperature. 4 The controller turns the heating pad on or off depending on whether the 

temperature is above or below the set temperature by a certain amount. If the temperature is 

above the set temperature, the heating pad turns off. The opposite is true if the temperature is 
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below the set temperature. 5 If the temperature probes read a critical temperature (39°C), the 

Arduino sounds the overheating alarm until the temperature returns to an acceptable range. 6 

Finally, the Arduino displays the temperature on a seven segment numeric display for the user 

to read. 

 

 

 
Figure 29 Schematic of circuitry, including microcontroller, breadboard, and user interface 

components 

 

Alarms 

To improve safety, the incubator also features two alarms to alert the care provider of problems 

with the infant or the device. The first alarm is a power loss alarm, a schematic of which can be 

seen in Figure 30, that alerts care providers to a loss of power. If the incubator power switch is 

on and the power supply cuts off due to a power outage or accidental unplugging, an alarm LED 

flashes and a buzzer emits a tone for approximately 10 minutes or until the issue is resolved. 

This alarm is powered by a 9F super capacitor, which is charged to 3V from the 5V power 
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supply of the Arduino by a voltage divider circuit (R2, R3). If the incubator has power, the signal 

D2 from the Arduino at the P-Mosfet gate prevents the alarm from going off. However, if power 

is lost, the alarm will sound. 

 

 
Figure 30 Schematic of power loss alarm 

 

The second alarm is an overheating alarm, a schematic of which can be seen in Figure 31. 

Using the same buzzer and a different LED, this alarm alerts the care provider if the infant is 

overheated or heating too quickly. If the temperature probe in contact with the infant (probe 1) 

reads over 39°C, the Arduino signals the alarm LED to light up and the buzzer to sound for 10 

minutes or until the issue is resolved. Additionally, if the infant is heating too quickly, the alarm 

will trigger. The rate of heating is calculated by the microcontroller, which reads the last several 

temperature readings and calculates their derivative. The exact rate values that are dangerous 

and require alarm will be optimized in later iterations of the device, using feedback from 

clinicians.  

 
Figure 31 Schematic of overheating Alarm 
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Design Specifications 
In conjunction with the development of the incubator, our design team developed a set of design 
specifications, as seen in Appendix FD-D. All key components of the incubator stemmed from 
these initial design criteria and are met within the implementation and operation of the incubator, 
as discussed in the next section.  
 

Our housing was specifically designed to meet specific dimensions and is capable of housing 
mattresses that are traditionally found in Malawian nurseries. Additionally, it is robust and, 
largely due to its sturdy and short platform, able to withstand an excess of weight (over 15kg) for 
an extended period of time, ensuring that the incubator will not warp under the weight of a 
neonate and associated medical equipment.  
 

Additionally, the heating and temperature feedback system in the incubator is designed to meet 
our design criteria. Having two heating pads placed in our device with each having adjustable 
power supply allows for the potential to have a range of set temperatures at which our incubator 
can equilibrate. Additionally, the high heat potential of these heating pads allows for rapid 
warming of a hypothermic infant and prevents immediate heat loss when the infant is placed in 
the incubator. Finally, our temperature probes positioned strategically throughout the incubator 
allow for a high degree of accuracy (within 2.5%) in relation to the actual temperature in the 
incubator.  
 

Lastly, our electronic components allow for the incubator to meet temperature and safety 
regulations. The microcontroller interface will eventually allow for user adjustability of the 
temperature within the incubator, accommodating for infants in any stage of hypothermia. The 
heating pads we have chosen are low power, and draw minimal watts as the time of incubator 
operation increases and a high temperature is maintained. Using a Watt-o-Meter our team 
determined that the incubator uses a maximum power of 99.4 Watts during heat up time and 
only uses 49.4 Watts when maintaining its temperature after heating up. Additionally, the alarm 
circuits provide a high level of safety and allow our device to meet basic IEC standards, easing 
the transition this device would have from foreign to local markets. Finally, the low cost of these 
electronics combined with the ease of availability of the housing components of our design keep 
the bill of parts under our goal of 250 USD.  

 

Implementation 

To set up the incubator, the user must correctly position all components, including the heating 

pads, mattress, and the 2 temperature probes, as seen in Figure 32. These positions are 

discussed in further detail in earlier sections of the paper. 
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Figure 32 Heating pad, temperature probe, and mattress positioning 

 

To operate the incubator, the user must plug in the incubator into an outlet. Next, the user 

ensures that both heating pads are on high. From here, the user can place the infant (IV bag 

simulation baby) into the incubator, ensuring the infant is centered and face-up. The user should 

then attach a temperature probe to its “abdomen” using an adhesive, reflective sticker. In the 

future, this probe will be attached using PLU fabric band described previously.  

 

Next, the user closes the incubator lid and turns on the incubator using the power switch on the 

control box. After checking that the seven segment display is correctly displaying infant 

temperature, the user should set the desired infant temperature with the slider on the control 

box. This value will typically be 37°C.  

 

From here, the incubator will automatically self regulate, as previously dictated in the 

microcontroller section. The microcontroller will turn the heating pads on or off, depending on 

the reading from the infant’s temperature probe reading. If the infant is below the set 

temperature, the heating pads will turn on; if above, the heating pads will turn off. Once set, the 

user must check on the infant at least once every 2 hours and respond to any alarms. Alarms 

will sound if power is lost or the incubator comes unplugged or if the infant is below or above 

safe temperatures.  

 

We have developed a protocol to summarize daily use of the incubator. The full protocol can be 

seen in Appendix FD-E. An abbreviated version is listed below.  
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Incubator daily use 

1. Wipe down surfaces of incubator 

2. Place mattress and heating pads in incubator 

3. Connect incubator to power 

4. Place infant in incubator 

5. Place temperature probes 

6. Close lid 

7. Turn on incubator 

8. Adjust initial temperature based on infant’s temperature (follow 

guidelines) 

9. Check infant’s temperature every 2 hours 

 

Each day, the user must clean and set up the incubator for use. Cleaning can be completed with 

a simple bleach solution or cleaning wipes. The user will wipe down the wood and acrylic 

surfaces and also remove and wipe the heating pads. To set up the incubator, the user will 

position the heating pads, mattress, and temperature probe appropriately. The heating pad and 

mattress will be positioned as in Figure 32 above.  

 

Cost to Prototype and to Manufacture 

Cost is an important factor in our incubator design. The cost to manufacture the incubator goes 
down as the volume of manufactured units goes up. We assumed a burdened labor rate of $18 
per hour and 9.6 required hours of labor to manufacture an incubator. We calculated that a 
single incubator will cost $406.64 to build, including parts and labor. At high volume (1,000 
units), an incubator will cost $331.16 to build. Table 13 shows the calculated costs of parts and 
costs of parts + labor for manufacturing the incubator at different volumes. The full labor, 
burden, and materials analysis can be seen in Appendix FD-E.  
 

 

Cost of 
parts 

Cost of parts 
+ labor 

Single incubator $243.69 $406.64 

High volume 
(1,000 units) 

$149.36 $331.16 

Table 13 Calculated cost of parts and manufacture of incubator 

 

Regulatory Considerations 

A number of different standards documents have contributed to the design of our incubator, and 

we would have to seek approval according to these regulations before implementation. The 

International Electrotechnical Commission (IEC) 60601-1 provides general requirements for 

safety of medical electrical equipment (“Medical electrical equipment- Part 1”, 2012). The IEC 

60601-2-19 is more specific and provides safety regulations specifically for neonatal incubators 

and the IEC 80601-2-35 specifies regulations for heating pads (“Medical electrical equipment- 

Part 2-19”, 2009: “Medical electrical equipment- Part 2-35”, 2009). Additionally, the International 

Standards Organization (ISO) 10993-1 establishes biocompatibility testing of medical devices 
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(“Biological evaluation of medical devices”, 2009). While these documents provide important 

information and standards to adhere to when classifying our design, it is important to note these 

standards are required only for devices in the developed world. Malawi has not yet adopted the 

IEC standards 60601 or 80601. Therefore while we are not bound to these standards for our 

primary market, these standards are important to adhere to as best as possible, firstly because 

they ensure that the device is safe, and secondly because adherence to these standards will 

allow our device to be adopted by countries outside of Malawi. 

  

The specific regulations we followed when designing our device pertain to carbon dioxide (CO2) 

levels and alarm systems. CO2 content must remain below 0.5% (Kriman, 1995). Currently, the 

CO2 levels in the incubator reach 0.3% within 6 minutes, which fails to meet the regulations 

safety factor of 2, indicating that we must improve the ventilation capabilities of our device 

(further detailed in Summary and Recommendations). Additionally, the levels maxed out our 

CO2 reader. Finally, IEC 60601-2-19 details that safety alarms for overheating and power loss 

must sound for at least 10 minutes. Our alarms for both power loss and overheating are capable 

of sounding for 10 minutes, or until a provider turns them off.   

 

Additionally, there are certifications that lend credibility to our design, its safety, and 

effectiveness. The ISO allows accredited 3rd party certifiers to certify devices to specific 

standards. The African Accreditation Cooperation (AFRAC) is one such party that serves this 

role in Africa (“Certification”, n.d.). Our device is classified by the FDA as a class II medical 

device, and we can gain FDA certification through use of the Pre-market Approval form and the 

510(k) (“CFR”, n.d.). Although our initial target is not the United States market and we do not 

need FDA approval, meeting as many of these standards as possible will lend strong credibility 

to our design. 
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Testing Results 

 

In order to ensure that our incubator met our design criteria, we developed and performed an 

extensive list of tests. These tests focused on the mattress surface temperature, time 

temperature is sustained, heat retention, ease and time required for operation, robustness, 

temperature feedback abilities, power consumption, accuracy, heat up time, and safety. The 

specific protocols for these tests are detailed in Appendix TR-A. As an overview, the tests we 

performed included: 

• Thermal tests 

o Temperature reading accuracy 

o SimuBaby set up 

o Heat up ability 

o Heat retention after power loss 

o Automated temperature feedback reliability 

• Quantitative criteria 

o Size 

o Robustness 

• Safety 

o Alarm accuracy 

o Carbon dioxide build up 

• IRB surveys 

o Ease of use 

o Ease of clean-up 

o Ease of accessing the infant 

o Ease of repair 

o Ease of training 

 

Thermal Tests 

 

Temperature Reading Accuracy  

To determine the accuracy of the temperature probes, we placed 6 of our thermistors and in a 

bath of water with the Oakton submersible temperature probe. This test was run for a total of n 

= 3 times at 5 different temperatures (23, 29, 35, 37, and 39°C), representing a range of 

temperatures over which our incubator operates. To run this test, we set a hot water bath to 

each of these temperatures (+/- 1°C), and measured the water temperature with both the 

Oakton temperature probe and our group of thermistors simultaneously. Once the temperature 

readings stabilized, we recorded all temperature readings and calculated the average of the 

probe measurements. A sample image of this set up can be seen in Figure 33 To pass this test, 

the average error needed to be within 2.5% from the Oakton standard for each temperature 

point. The temperature probe readings were an average of 1.57% from the correct temperature, 

thereby passing the test. The results from these tests can be seen in Table 14. Appendix TR-B 

contains the raw data for this experiment.  
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Figure 33 Temperature Probe Set Up 

 

 

 

 

Temperature Probe 1 Probe 2 Probe 3 Probe 4 Probe 5 Probe 6 Average 

23 0.66% 2.07% 4.71% 1.11% 1.20% 1.60% 1.89% 

29 1.51% 1.72% 1.33% 1.08% 1.71% 1.54% 1.48% 

35 1.35% 0.11% 0.24% 0.59% 4.09% 0.95% 1.22% 

37 1.62% 0.86% 0.55% 1.08% 4.29% 1.21% 1.60% 

39 1.63% 0.59% 0.57% 0.98% 4.56% 1.66% 1.67% 

AVERAGE: 1.35% 1.07% 1.48% 0.97% 3.17% 1.39% 1.57% 

 

Table 14 Temperature Probe Accuracy Data 

Average percent error was 1.57% over all probes 

 

SimuBaby Testing Set Up 

To perform the tests that addressed incubator temperature, we used a simulation baby 

(“SimuBaby”) made from an IV bag. We filled the IV bag was with hot water and connected it to 

a water pump in a hot water bath via IV. The hot water circulated through the IV bag, simulating 

an infant generating body heat. This set-up can be seen in Figure 34. SimuBaby served two 

purposes. First, SimuBaby demonstrated how the incubator would heat up with a warm, 

radiating body contributing to the internal temperature. Second, SimuBaby helped prove 

whether the incubator would be capable of heating a hypothermic infant.  
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Figure 34 SimuBaby Set Up 

 

To test the efficacy of this set up, we compared the heat loss from SimuBaby over time with the 

heat loss of an uncirculating, heated IV bag over time. The uncirculating, heated IV bag lost 

heat at a rate of 5°C/hour. In contrast, SimuBaby lost heat at a rate of only 1°C/hour. This is 

more similar to a hypothermic infant, which maintains a low, relatively constant level of heat. 

The results of this test can be seen in Figure 35. We were able to use this set up to keep 

SimuBaby at 33°C (+/- 1°C) throughout the duration of our testing.  

 

 

 
Figure 35 SimuBaby Testing Results 

Shows that simulation baby retains heat better than a heated IV bag and mimics real 

body cooling 

 

Heating Testing 

Once we had a working simulation baby, we were able to test the ability of our incubator to heat 

a hypothermic baby over time. The first test we performed was a heat-up test, to measure the 

amount of time the incubator took to heat, as well as its ability to keep the mattress at a steady 

temperature. In this test, we set the SimuBaby to 34ºC, placed it in the incubator, and turned the 

two heating pads to the “high” setting. We attached one temperature probe to the rice mattress 

at the bottom of the incubator. For each test, the microcontroller code was written to oscillate 
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the mattress temperature around a set temperature. Three tests were performed at each set 

temperature: 27ºC, 32ºC, and 37ºC. The Arduino Uno microcontroller collected temperature 

data every second from the mattress temperature probe. The graphed data is shown below in 

Figures 36a, b, c and d.  

 

 
Figure 36a Warm Up Testing Results for 37ºC 

 

 
Figure 36b Warm Up Testing Results for 32ºC 
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Figure 36c Warm Up Testing Results for 27ºC 

 

 
Figure 36d Extended Time Warm Up Testing Results for 37ºC 

 

For all tests the green line is the set value and the red lines are the upper/lower bounds 

All graphs demonstrate the incubator is capable of oscillating at a set temperature points 

*Temperature measured is mattress temperature  

The results of these tests were promising. First, we demonstrated that our PID microcontroller 

code enabled the incubator to oscillate under a tight range (+/- 1ºC) at low (27ºC), medium 
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(32ºC), and high (37ºC) temperatures. Though our low temperature (27ºC) settled 

approximately 0.5ºC higher than intended, this is of least concern as it is least likely that a 

hypothermic infant would be in an incubator producing so little heat.  

 

This test also demonstrated that the incubator warms to the appropriate temperature in just over 

60 minutes (average time to heat to 37ºC was 67 minutes). From our initial design 

specifications, guided by literature values and discussions with physicians, our design 

specifications require the incubator to be able to heat up as quickly as possible, without 

thermally shocking the infant.  

 

Additionally, the incubator remained within an appropriate temperature range (+/- 1ºC) for over 3 

hours (Figure 36d) with no user intervention. We recommend that healthcare providers check 

on the infant at least every 2 hours, so we are confident that our incubator is capable of safely 

regulating temperature during that interim time, without physician presence. We demonstrated 

that our incubator can heat to and maintain a range of temperatures, from low to high, which is 

important because different temperatures may be necessary for different operation 

environments and for different infants.  

 

Heat Retention 

Following heat-up testing, we tested the cool-down of the incubator. For this testing, we 

simulated a power loss, during which the heating pads will not be on, but it is still critical that the 

incubator retain heat for the infant. We measured the drop in temperature of ambient incubator 

air to assess the heat retention capabilities of the incubator. To run this test, we heated the 

incubator to 37ºC. Then we unplugged our incubator and monitored the ambient temperature in 

the incubator over time. Our goal, as stated by Dr. Oden, was to have less than a 2ºC 

temperature drop within 45 minutes after power loss. We achieved this goal, with the incubator 

air temperature dropping average of a 2.03ºC in 45 minutes. The data from this test was 

gathered using the microcontroller and can be seen in Table 15 and in Figure 37 below.  

 

Test Starting Temperature Temperature at 45 min Delta Temperature 

n=1 30.91 °C 29.13 °C 1.78 °C 

n=2 28.48 °C 26.1 °C 2.38 °C 

n=3 29.43 °C 27.5 °C 1.93 °C 

  

Average:  2.031 

Table 15 Data from Heat Retention Testing: demonstrating minimal heat loss from incubator 
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Figure 37 Heat Retention Testing Results 

Incubator demonstrates only a small temperature drop (2.03º) in 45 minutes without power 

 

Automated Temperature Feedback 

After measuring the ability of our incubator to operate over a wide range of temperatures, the 

next step was to determine if our temperature feedback system worked with SimuBaby. This 

testing, in contrast with the temperature control testing, utilized the SimuBaby. Testing was 

performed on the SimuBaby (IV bag) at 34°C. A temperature sensor was attached to the top of 

SimuBaby, and then SimuBaby was placed in the incubator for 3 hours. The microcontroller 

code was implemented such that the PID-based automatic temperature oscillation ran based on 

the baby's temperature until the baby reached 37°C (or for the duration of the 3 hour 

experiment). As seen in Figure 38, this feedback system was accurately able to raise the 

infant’s temperature to the desired 37°C and maintain that temperature within a +/- 1°C range. 

Additionally, this test demonstrated that the infant's temperature did not decrease when in the 

incubator, even initially, meaning that our incubator heats up quickly.   

 

Additionally, to demonstrate that in case of overheating the incubator temperature will decrease, 

we placed a hyperthermic SimuBaby in the incubator. After the 37°C test, we increased the 

temperature of SimuBaby to a body temperature of 38°C using hot water, leaving SimuBaby in 

the hot incubator. The resulting data demonstrated that, if the SimuBaby's temperature goes 

over 37°C, the incubator temperature plateaus or decreases so that the infant does not hit a 

temperature higher than 39°C or lower than 36°C. The results of these tests can be seen in 

Figure 38.  
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Figure 38 Temperature Feedback 

Incubator is able to maintain the infant at an appropriate body temperature without significant 

deviation from the desired temperature and is also able to cool an overheated baby 

SimuBaby was made hyperthermic after 4, 3, and 3.5 hours for trials 1, 2 and 3 (respectively) 

 

Simple Quantitative Criteria 

In addition to the relatively complex temperature regulation test, we also developed some 

simple tests to make sure our incubator met our basic goals for cost, size, robustness, and 

accuracy.  

 

Size 

For our size criteria, we wanted the inner dimensions of our incubator to be able to fit one 

mattress typically used in neonatal wards in Malawi. However, through the course of our 

research we determined that these mattresses were highly variable in size and composition 

and, as previously described, we decided to fabricate our own rice mattress. We were 

successfully able to fabricate a mattress that fit in our incubator and could be fabricated in 

Malawi to be within +/- 0.5 inches of our incubator dimensions. As was previously described in 

the final design section of this report, we were able to meet these criteria.  

 

Robustness 

Additionally, we wanted to make sure that the incubator could withstand the weight of an 

average neonate, with a high factor of safety. To complete this test we placed a 16 kg weight (a 

metal piston) into our incubator. We then left the incubator for six hours and came back to check 

for obvious bending deformations or cracks in the incubator base. We repeated this test three 
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separate times. Because there was no significant warping or breaking that rendered the 

incubator inoperable, the incubator passed the robustness test. An example of this test can be 

seen in Figure 39. Again, due to time and material constraints, we elected to not test the effects 

of wear or impact on this prototype.  

 

 
Figure 39 Robustness Testing Set Up 

 

Safety  

The third set of tests that we performed were safety tests. The International Electrotechnical 

Commission (IEC) is the international standards and conformity assessment body for all fields of 

electro-technology. We established goals in regards to alarms and carbon dioxide (CO2) build 

up that were congruent with their guidelines for neonatal incubators in operation throughout 

developed countries.  

 

Alarms 

The IEC outlines that alarms in the case of incubator power loss must have both an audial and 

visual component and also sound for at least 10 minutes (“Medical electrical equipment- Part 2-

19”, 2009). As described in the final report, we implemented this power loss alarm in our 

incubator. We also implemented an additional alarm in case of overheating (if the incubator 

reached higher than 41°C, the alarm would sound). Independent of the IEC our team 

determined that our alarms should have at least 95% accuracy. 

 

To test the power loss alarm, we turned the incubator on and then turned off the power source 

20 times. We waited for ten minutes to ensure that the alarm and light turned on for the duration 

of the test. Because our incubator had 0 false positives and 0 false negatives, it met the criteria 

for our alarms.  

 

To test the incubator overheating alarm, we turned on the incubator and manually raised the 

temperature in the incubator to 41°C. We waited for 10 minutes to ensure that the alarm and 

light turned on for the duration of the test. Because our incubator had 0 false positives and 0 

false negatives, it met the criteria for our alarms.   
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Carbon Dioxide  

Additionally, the IEC outlines guidelines for CO2 content. According to the IEC, the incubator 

needs to have CO2 content below 0.5% for the duration of its operation (“Medical electrical 

equipment- Part 2-19”, 2009).  

 

To test CO2 build up, the set-up we used involved a commercial CO2 sensor placed inside of the 

incubator compartment. We then used BioPac equipment from the Rice University Systems and 

Physiology Lab and had a subject blow through a one-way valve that has an inlet tube feeding 

into the incubator. The subject breathed into the incubator over the course of ten minutes (or 

until failure) at a rate of 1 breath every 45 seconds. This decreased breath rate accounts for the 

diminished vital capacity of infants in comparison to humans, and the calculations from which 

this number resulted can be seen in Appendix TR-C. Carbon Dioxide levels were measured 

over the course of 10 minutes. To meet our criteria, the incubator air will need to rise to no more 

than 3000 ppm (an approximate factor of safety of 2, given that OEDK air is approximately 1000 

ppm as determined experimentally). The setup for this test can be seen in Figure 40 and a 

graph can be seen in Figure 41. Data for this test can be seen in Appendix TR-C. Ultimately, 

the test failed all three trials, reaching unacceptable levels of carbon dioxide after an average of 

5 minutes and 54 seconds. Therefore, future improvements on the incubator will necessitate the 

introduction of a fan or ventilation system to ensure the infant does not suffocate.  

 

 
Figure 40 CO2 Testing Set Up 
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Figure 41 CO2 Testing Results Show Failure After ~6 Minutes 

 

IRB Usability Testing 

The final set of tests we ran on our incubator were IRB-approved usability tests. For these tests, 

we interviewed 10 different people concerning the ease of use, ease of cleaning, ease of 

access, and ease of repair of the incubator. The test consisted of having the subject sign an 

informed consent form, providing a brief (<5 minute) instruction on how to operate the incubator, 

asking the interviewee to repeat the action they were just taught, and then giving the 

interviewee a brief questionnaire regarding their experiences. The questionnaire contained up to 

12 questions about the experience and the interviewee answered on a scale of 1-5, with 5 being 

the most positive response and 1 being the least positive response. The informed consent and 

surveys used for these tests can be seen in Appendix TR-D. Overall results are shown in Table 

16 below, and detailed results are listed in Appendix TR-E. We met our goal of scoring a 4/5 

average for all usability surveys, and we also gained valuable user feedback about our device, 

gaining ideas for future incubator modifications.  

 

Test Average score (out of 5) 

Ease of use 4.72 

Ease of clean up 4.71 

Ease of access 4.34 

Ease of repair 4.16 

Table 16 Average usability scores for IRB ease of use surveys 

 

Additionally, we had a goal to be able to train a user in under 4 hours. We created a lesson plan 

for a training session (Appendix TR-F). The session includes background on hypothermia, an 
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overview of the incubator, how to operate and maintain the device, and relevant safety 

warnings. All together, the training would take an estimated 1.5 hours to perform. Due to time 

constraints, we did not perform this training on subjects.  
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Summary and Recommendations 

 

Current status 

Currently, the incubator is a functional prototype, capable of heating a simulation infant, 

retaining heat without power, and using alarms to alert the user to power failure or 

hyperthermia. Though the device works well, there are still several features (detailed below) that 

must be optimized before it is ready for use with patients. This summer, interns from Rice 360 

will be taking a version of the device to Queen Elizabeth Central Hospital (QECH) in Blantyre, 

Malawi. There, they will obtain feedback from nurses and physicians on the function and 

aesthetics of the device. Associates from Rice 360 will then incorporate this feedback to 

optimize the device and make it ready for clinical testing and, ultimately, implementation.  

 

Major features 

The incubator has a number of features that make it especially suited for low resource settings. 

Its automatic temperature regulation ensures that it is easy to use, especially in short-staffed 

hospitals. The insulated double-walls retain heat, even in the event of a power loss, which may 

be frequent in a developing world hospital. Additionally, the acrylic viewing panel and lid provide 

high visibility for care providers and family, while the hinged lid and tubing ports make the infant 

accessible. The user interface is simple and easy to use. Because the heating pads are 

commercial and unmodified, they are easily replaced if broken, making the incubator easy to 

repair and sustainable. The manufacture of the device is another beneficial feature. Since all 

walls are laser cut, the device can be made in any setting with a laser cutter or it can be flat 

packed for easy shipping. Finally, with a cost of parts of $214.13, the incubator is affordable and 

therefore practical for use in low-resource settings. 
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Meeting Design Criteria 

Table 17 lists the current status of the incubator with respect to our original design criteria. 

 

Design criteria Incubator status 
Goal 

achieved? 
Future work 

Adjustability: reach mattress 
surface temperatures 27-37°C 

Able to hold mattress 
temperature constant at 
27, 32, and 37°C 

Yes None 

Amount of time temperature is 
sustained, continuous power 
supply: sustain temperature 
continuously 

Able to hold temperature 
for at least 10 hours 

Yes None 

Size: fit one mattress currently 
used in Malawi (56 x 33 x 6 cm) 

Inner dimensions are 65 
x 34.5 x 34.5 cm 

Yes None 

Cost of parts: cost of parts 
under $250 

Cost of parts $243.69 Yes None 

Ease of use: requires less than 8 
steps to operate 

User must complete 6 
steps to operate 
(Appendix FD-E) 

Yes None 

Amount of time temperature 
sustained, power loss: 
incubator drops less than 2°C in 
45 minutes without power 

Without power, incubator 
drops 2.03°C in 45 
minutes 

Yes None 

Amount of training required: 4 
hours or less 

Developed training 
lesson plan that lasts 1.5 
hours (Appendix TR-F) 

Yes Test on users 

Time to operate: Under 30 
minutes 

Users take 63.9 seconds 
to operate 

Yes None 

Robustness: Holds at least 15 
kg without breaking 

Holds 16 kg for 6 hours 
without breaking 

Yes None 

Automated temperature 
feedback: Capable of keeping 
infant’s temp steadily increasing 
to 37°C 

Capable of keeping 
infant’s temp steadily 
increasing to 37°C 

Yes None 

Power consumption: Less than 
400 Watts 

Operates using 
maximum of 99 Watts 

Yes None 

Temperature reading accuracy: 
temperature probes are accurate 
within 2.5% of actual temperature 

Temperature probes are 
accurate within 1.57% 

Yes None 

Incubator heat up time: Under 
60 minutes to reach stable 
temperature 

Incubator takes 66 
minutes to reach stable 
temperature 

No 

Improve 
insulation 
capabilities to 
speed heating 

Alarm accuracy: Power loss and 
overheating alarms sound 
accurately at least 95% of the 
time 

Both alarms sound 
accurately 100% of the 
time 

Yes None 

Table 17 Current status of incubator with respect to design criteria 
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Recommendations and suggestions for improvement  

The incubator is fully functional, however, there are several features that must be added before 

it is ready for clinical use.  

 

● Improve insulation capabilities: Though the incubator is currently well-insulated, it just 

misses our goal for heat up time. Improving the insulation capabilities of the incubator, 

potentially by using more effective seals, would hopefully solve this issue. 

● Improve ventilation capabilities: We have worked extensively on the heat retention 

capabilities of the incubator, but as a result, the incubator’s ventilation properties are 

low. Either a fan, vents or another solution is necessary to improve airflow in the 

incubator. However, this feature must not compromise the heat retention. Previously, we 

tried using a computer fan, but it required a large hole in the walls of the incubator. 

● Add weaning setting for infants that are no longer hypothermic: One additional 

feature that may be beneficial to clinicians and patients is a weaning setting, for infants 

with very mild hypothermia or who have been treated for hypothermia and are 

transitioning out of the incubator. We envision this setting to have the same basic 

controls as the current incubator settings, but to control the temperature of the incubator 

interior, rather than the temperature of the infant. For a weaning setting, the incubator 

would not have to be as hot, maybe just a few degrees above room temperature (25 - 

30°C). We believe that physicians would like to have the ability to control the 

temperature of the box, not just the infant.  

● Integrate temperature probes with temperature band: Another Rice engineering 

team has designed a temperature probe band that straps around an infant’s abdomen 

and alerts the user if the infant is hypothermic. Integration between this project and the 

incubator would be beneficial for a hospital, as clinicians would not have to change 

temperature probes if an infant is in the incubator or just being monitored. Steps toward 

integration have already been taken, as both projects use an audio jack to plug in the 

temperature probe. Further integration would require calibration between the 

temperature band probe and the incubator control system. 

● Increase comfort for infant and care provider: To increase the comfort and safety of 

the device, the edges should be dulled to prevent accidental scrapes or injuries. 

Additionally, the sealant currently used on the wood is non-toxic, but a medical grade 

sealant would improve the safety of the device. The toxicity of the sealant should also be 

tested when the box heats.  

● Use specialized fabric to block infant from EMI: Some studies have shown that 

electromagnetic interference (EMI) emitted by electronic devices may be dangerous for 

infants (Antonucci, 2009). Because the heating pads are in such close proximity to the 

infant, this may be a safety concern. Fabrics that block EMI exist and should be 

implemented into the design of the box. 

● Add humidity capabilities: Most developed world incubators have a humidity function, 

given that premature babies often have underdeveloped skin and lose water quickly. A 

humidity feature would be beneficial for these patients. However, great care must be 

taken to ensure that the humidity does not introduce bacteria into the incubator, 

especially since water supplies in developing countries may not be reliably clean. 
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APPENDIX DS - Design Strategy Appendices 

 

Appendix DS-A: Design Strategy Criteria 

 

 

Specification Ideal Value Marginal Value 

Temperature in 

incubator 

Temp can be set 

between 25-39°C 

Temp can be set 

between 30-37°C 

Time after initial 

heating until 

reheating 

None 8 hours 

Size Fits inside 

Chatinkha nursery 

bed 

66 cm x 106 cm x 

46 cm, < 20 kg 

Cost to manufacture $200-$250 $400 USD 

Ease of use Requires less than 

8 steps to operate 

Requires less than 

12 steps to operate 

Ambient humidity 

(range) in incubator 

Up to 60% humidity 

with no bacterial 

contamination 

No humidity with no 

bacterial 

contamination 

Amount of training 

required 

< 4 hours < 8 hours 

Time to operate Set up 30 minutes, 

Check every 2 

hours 

Set up 30 minutes, 

Check every 30 

minutes 

Robustness Hold >20kg Hold >10kg 

Temperature 

feedback 

1°C higher than 

baby 

User controlled 

feedback 

Power consumption 400 W 500 W 

Temperature 

feedback accuracy 

2.5% 5% 

Heat up time 15 minutes 40 minutes 

 

The most important criteria we considered was the temperature in the incubator. We want our 

heating element to generate a temperature inside the incubator of up to 39°C and our cooling 

element to cool to room temperature. Additionally, we need our temperature sensing element to 

sense temperatures within this range. Secondly, our criteria requires that the temperature 
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(heating or cooling) will be achieved quickly and sustained continuously within the incubator. 

Therefore, heater and cooling method were evaluated in regards to this parameter. The ability of 

the sensor to accurately measure the temperature was evaluated for the temperature feedback 

accuracy parameter, as the sensing elements will control the overall heat output of our device. 

Ease of use, training time, robustness and time to operate were evaluated for each of our 

components aside from housing, as all of these components require interaction with the 

healthcare practitioner. 

  

The size of the individual components of our material were evaluated only for bulky devices; 

when designing our device and housing, we will adhere to the dimensions in our design 

constraints. Similarly, while we wanted each component to be low cost, most important was the 

overall cost of our device, which we evaluated in the Pugh scoring matrix for our composite 

designs. Additionally, power consumption of each individual element in our device was also 

considered; however the most important factor in our design was the net power consumption. 

Finally, humidity was minimally evaluated and temperature feedback ability criteria was not 

evaluated, as our device currently will not be focusing on humidity, and all of our proposed 

devices had temperature feedback ability. 
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Appendix DS-B: Screening Matrix Justification  

When scoring our matrices we gathered the applicable data for each element in a data Pugh 

chart not shown in this document. We then selected the components with median criteria values 

to set as our 0 score. The remaining components were evaluated on a scale of -,+, or 0 if they 

were worse, better, or equivalent to the criteria of the median component. The components 

chosen for the zero value standards can be seen in the chart below. 

  

Specification Median Component Criteria 

Cost Polycarbonate $14.28 

12 in x 24 in x 0.093in 

(“LEXAN”, 2014) 

Prototyping 

Feasibility/Ease 

Glass Can be cut/manipulated 

with available facilities 

and tools; however, 

manipulation requires 

special considerations. 

R Value Wood Panels 2.5 

(“Insulation”, 2014) 

(Safety) Clean 

Up/Sanitation 

Styrofoam Can be cleaned by 

standard products 

(bleach); however, 

products deteriorate the 

surface causing 

sanitation capability to 

decrease every time. 

(“Cleaning Your 

Incubator”, 2013) 

Ability to Retain 

Humidity 

Wood Panels Wood absorbs water; 

however, acrylic and 

other coatings easily 

minimize water 

absorption. 

(Silversten, n.d.) 

  

Table 1 Housing 
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Specification Median 

Component 

Criteria 

Temperature 

range and 

adjustability 

Halogen space 

heater 

3 settings 

(“DLUX”, 2014) 

Time 

temperature 

sustained by 

element 

Electric heating 

blanket 

Automatically 

turns off after 2 

hours 

(“Heated Electric 

Blankets”, 2014) 

Ease of use Hair dryer Requires 3 steps 

to operate 

Size Hair dryer One component, 

smaller than 

incubator box size 

Cost Halogen space 

heater 

$10-40 

(“DLUX”, 2014) 

Robustness Halogen space 

heater 

Will last >1 year 

Heat up time Electric heating 

blanket 

~10 minutes 

(“Heated Electric 

Blankets”, 2014) 

Safety Kettle No exposed 

heating element 

Ease of repair Halogen space 

heater 

May require 

halogen bulb 

replacement, can 

be repaired 

without entire unit 

being replaced 

(“DLUX”, 2014) 

Power 

consumption 

Halogen space 

heater 

400 W 

(“DLUX”, 2014) 

Table 2 Heater 
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Specification Median Component Criteria 

Cost Digital Thermometer 

$2.20 

("MABIS TinyTemp", n.d.) 

Accuracy AnalogThermometer 

±1°C 

("H-B Instrument", n.d.) 

Time to Read 

Temperature Color Change Stickers 

60 sec 

(Alexandar, 2014) 

Ease of use/ Training 

Required Thermistor 

User Defined Scale 

("Mouser Product" n.d.) 

Ease of repair/simplicity Infrared Sensor 

Integrated device 

("Infrared Thermometer", 

n.d.) 

Robustness Digital Thermometer 

Rugged enough for everyday 

use 

("MABIS TinyTemp", n.d.) 

Safety Infrared Sensor 

User Defined Scale 

("Infrared Thermometer", 

n.d.) 

Temperature range and 

adjustability Analog Thermometer 

-20 to 110°C 

("H-B Instrument", n.d.) 

  

Table 3 Temperature sensor 

  

Ease of Use 

Ranking Description 

+ 

Integrated Electronic 

System 

0 

Integrated, but non-linear 

response 

- 

User must perform a series 

of tasks to generate 

temperature value 

  

Table 3a User Defined Scale for Ease of Use/Training Required 

  

  

Safety 

Ranking Description 

+ 

Easy to attach to baby and obtain readout at the same 

time 

0 

Readout is spatially separated from the baby but could be 

disrupted 

- 

Difficult to attach probe to baby and read at the same 

time 

Table 3b User Defined Scale for Safety 
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Specification Median 

Component 

Criteria 

 Ease of Use Microcontroller No user input required unless a component 

breaks 

 Size Manual Control Thermometer size: 69 in3 (“AcuRite”, 2014) 

 Cost Manual Control Thermometer cost: $9.20 (“AcuRite”, 2014) 

 Robustness Microcontroller Operating Temperature: -40C to 85C 

(“A000049 Datasheet”, n.d.) 

Ease of Repair Microcontroller Microcontroller has editable code that would 

enable the system to be changed without physical 

component change (“All About Microcontrollers”, 

2014) 

Power 

Consumption 

Potentiometer 

circuit 

Adding a potentiometer to the heating circuit 

requires no additional electricity. 

Time to Operate Potentiometer 

circuit 

Time is based on user raising or lowering the 

resistance of the potentiometer based on the 

observed temperature. 

Accuracy Potentiometer 

circuit 

Circuit is more tunable than heat expanding 

material, but less tunable than a microcontroller. 

(Mazidi 2006) 

Addition of 

Alarms 

Potentiometer 

circuit 

An alarm can be added to the circuit, the the 

heater circuit will be slightly changed. 

Works well with 

sensors 

Expanding material Material expansion itself acts as a sensor, but the 

system only reacts completely at one set 

temperature. 

Table 4 Interface 
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Specification Median 

Component 

Criteria 

Cost   

Vent 

6 USD 

(Robot Check, 

n.d.) 

Cool Down Time Ice Dependent on 

size of container 

  

Ease of Use 

Fan On/off switch 

and adjustable 

settings (non 

binary) 

(Robot Check 

Pelonis, n.d) 

Ease of 

Repair/Simplicity 

Fan Single system 

of electronic 

components 

Power Consumption Fan 4-12 V 

(Mini 5V, n.d.) 

Safety Fan Safe. Some 

hazard because 

runs on 

electricity 

Temperature Range 

and Adjustability 

Vent Has non-

continouous 

intensity 

settings 

(Robot Check, 

n.d.) 

Time Temperature 

Sustained by 

Element 

Open Lid Sustains 

ambient air 

continuously 

  

Table 5 Cooling Method 
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Appendix DS-C: Pugh Scoring Matrix Justification 

  

Design Criteria Scoring Criteria 

Temperature feedback 

(accuracy, speed) 

5 - Control system, heating, and cooling element all respond quickly to temperature 

changes 

3 - Control system responds quickly to temperature changes, but heating or cooling 

elements respond slowly 

1 - Control system, heating and cooling element all respond slowly to change 

temperature 

Cost (Total cost of parts) 

5 - Less than $40 

3 - Between $75 and $125 

1 - More than $200 

Safety 5 - Heating element poses no fire risk or ability to overheat a neonate 

3 - Heating element is minimally exposed and has small potential to cause burns or 

overheating in the neonate 

1 - Heating element is exposed and poses a fire risk 

Robustness 5 - Housing material is sturdy with no moving parts 

3 - Housing material is moderately sturdy and may contain some moving parts 

1 - Housing material is not sturdy and design has many elements with moving parts 

Accessibility 

(physician) 

5- Neonate can be viewed externally and multiple panels can be removed to access the 

neonate 

3 - Multiple panels can be removed to access the neonate 

1 - 1 panel can be removed to access the neonate 

Manufacturable/ 

feasible 

5 - Housing can be assembled from laser cut, single material panels, no additional 

changes need to be made to panels 

3 - Housing can be purchased, but requires some modification to assemble composite 

design 

1 - Housing can be purchased, but requires major modifications to assemble composite 

design 

Time temperature 

sustained 

5 - Housing is an excellent insulator and heat source heats continuously 

3 - Either housing or heat source does not retain heat 

1 - Housing is a poor insulator and heat source does not retain heat 

  

  

Power consumption 5 - Heating element and cooling system require less than 100W 

3 - Heating element and cooling system require 400 - 800W 

1 - Heating element and cooling system require more than 1500W 

Ease of use 5 - Cooling mechanism requires no user attention 

3 - Cooling system is semi-automatic 

1 - Cooling mechanism requires full user attention 

Ease of cleanup 5 - Housing is easy to access and non-porous 

3 - Housing is easy to access but is porous 

1 - Housing has hard to reach places that cause build-up of bacteria 

Heat up time 5 - Heats up in less than 30 seconds 

3 - Heats up in 2 minutes 

1 - Heats up in more than 30 minutes 
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Appendix DS-D: High Priority Specifications 
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Appendix DS - E: Heating Element Test Results 

  
 

Figure 1: Heating Elements in Cooler  

 
Figure 2: Heating Elements in Wooden Box 

 

 
Figure 3: heating elements in prototype incubator 
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Appendix DS-F: Heat Up Time Testing 

 

Figure 1: Hair Dryer     Figure 2: Heating Blanket 

 

 

Figure 3:Halogen Heater 
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Appendix DS-G: IV Baby Testing 
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Appendix FD - Final Design Appendices 

 

Appendix FD-A: CAD Incubator Drawings 
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Appendix FD-B: Microcontroller Codes 

 

Arduino Thermostat Code 

 

//=============================OVERVIEW============================ 

/* 

Below is a code for a thermostat for use in incubators in the developing world.  

It is intended as an automated, self-regulating system and should require little user system 

interaction.  

It consists mainly of a temperature sensor along with a heat source and cooling fan to allow for 

bang-bang  

heating control for the environment. Additional features are an alarm system (with buzzer and 

LEDS),  

LED display (for easy temperature read-out), and data logging features (exporting the Serial 

data to a .csv  

file for easy plotting and analysis in excel). The user is able to control the desired temperature of 

the  

incubator, the critical threshold temperature considered too hot for the enclosure, and the alarm 

frequency  

using sliders controls. Built-in error cases include notifying the user of incorrect threshold 

settings,  

disconnected thermistor or wiring failures, and automatic timed heating shut-off to prevent 

dangerous overheating. 

*/ 

 

//-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 

//These pin definitions are for v1.7 of the board 

#define SLIDER1  A0 //Sets ambient temperature value for the incubator 

 

#define FAN      3 //Cooling fan 

#define HEAT     4 //Powerswitch tail relay 

#define LED1     5 //alarm LEDs 

#define LED2     6 // 

#define BUZZER   7 //buzzer 

#define BIT1     11 

#define BIT2     12 

#define BIT3     13 

 

 

#include <Wire.h>  

#include "Adafruit_LEDBackpack.h" //library for LED display 

#include "Adafruit_GFX.h" //library for LED display 

//-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 
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unsigned long timerled;  //controls led delay times 

unsigned long start_time;  

unsigned long elapsed_time; //creates time stamp for data recording 

int initcrit; //set initial condition for critical temperature 

boolean led_run1=false; //controls for warning leds 

boolean led_run2=true; 

boolean heat_flag=false; //flag if the heater is on 

int comment=0;  //flags for possible comments/warnings 

int comment2=0; 

int count=0; //counter for heating safety mechanism 

float temperature; 

float total=0; 

float sample_time; 

float old_temp; 

float new_temp; 

int i=-1; 

int second_flag = 0; 

 

 

const int num_dydx = 5;            //input parameter determining how the length of time over which 

to calculate the derivative. Input in seconds 

const float b = -0.1;            //parameters for adjusting the set_temp 

const float c = -0.1; 

 

 

float dydx; 

float dydx_array[num_dydx]; 

int d=0; 

float set_temp; 

float heatingpad_temp = 35; 

float boxair_temp = 35; 

 

Adafruit_7segment matrix = Adafruit_7segment(); //set up for LED display 

 

 

 

void setup() 

{  

  //Initialize inputs and outputs 

  pinMode(SLIDER1, INPUT); 

  pinMode(A3, INPUT); //thermistor  

 

  pinMode(2, OUTPUT); 

  pinMode(LED1, OUTPUT); 
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  pinMode(LED2, OUTPUT); 

  pinMode(HEAT, OUTPUT); 

  pinMode(FAN, OUTPUT); 

  pinMode(BIT1, OUTPUT); 

  pinMode(BIT2, OUTPUT); 

  pinMode(BIT3, OUTPUT); 

     

  //Set up for LED display 

  #ifndef __AVR_ATtiny85__  

  Serial.begin(9600);//can adjust temp display time by adjusting serial.begin 

  #endif 

  matrix.begin(0x70); 

 

  initcrit = 0; //The critical condition is not initialized 

  old_temp=22;  //arbitrary non-zero starting temp 

  sample_time=millis(); 

  start_time = millis(); //initializes the timer 

   

  digitalWrite(2, HIGH); 

   

  for (int j = 0; j < num_dydx; j++) 

    dydx_array[j] = 0; 

     

  //Serial.print("Time"); Serial.print(", "); Serial.print("Temperature"); Serial.print(", "); 

Serial.print("Baby T Threshold"); Serial.print(", "); //Headers 

  //Serial.print("Bang-Bang Counter"); Serial.print(", "); Serial.println("Comments"); 

} 

 

void loop() 

{ 

  delay(100); 

  //=============================READ INPUTS============================ 

  int sensorValue = analogRead(A3); //thermistor 

  int val1 = analogRead(SLIDER1); 

  long slider = map(val1, 0, 1020, 38, 33);     //mapping lower temperature threshold to slider 1 

location 

  long hightemp = slider+2;  //absolute hottest temperature, alarm sounds 

     

  //if (millis() > 100 + sample_time) {   //if 100 milliseconds have passed since the last sample 

time 

    float tempvolt = sensorValue*(5.0/1023.0);  //convert analog reading to voltage 

    float tempcelc = 100*(3.044625*pow(10,-5)*pow(tempvolt,6)-

(.005209376*pow(tempvolt,5))+0.065699269*pow(tempvolt,4)-
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0.340695972*pow(tempvolt,3)+0.897136183*pow(tempvolt,2)-

1.419855102*tempvolt+1.451672296); //voltage to temp conversion eqn 

    total += tempcelc;  //summation of accumulated temperatuer points 

    i++; 

 //   sample_time = millis(); 

 // } 

   

  if (i == 10) { 

    new_temp = total/10;      

     

    dydx -= dydx_array[d];  

    dydx_array[d] = new_temp - old_temp;  //dx = 1 

    dydx += dydx_array[d]; 

      

    old_temp = new_temp;        //making the current values "old" values 

    temperature = new_temp;     //globally used variable for temperature 

    total = 0; 

    i = 0; 

    second_flag = 1; 

    d++; 

    if (d >= num_dydx)            //num_dydx (set above) sets the time length over which the 

derivative is taken. num_dydx = 5 (sec) 

      d = 0; 

  } 

 

   

   

  //======================ADDRESSING USER ERROR 

CASES===================== 

  if (temperature < 10 || temperature > 45){ //addresses temperature probe being out of range. 

Most likely the sensor is unpluged 

    comment = 2; 

      } 

  /* else if (slider>hightemp){ //addresses possible user error of incorrect temperature threshold 

settings  (i.e. the threshold for the upper limit is less than the desired temperature setting) 

    comment = 1; 

    tone(BUZZER, buzSound); delay(100); 

    noTone(BUZZER); delay(30); 

    tone(BUZZER, buzSound); delay(100); 

    noTone(BUZZER); delay(100); 

    } */     

 

   //=============================HEATER 

CONTROL============================= 
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  else{ 

     

    //We plan to add a section to replace slider set temp with new set temp that incorporates 

derivative change in heating pad temp. 

     

    set_temp = slider + b*dydx + c*(heatingpad_temp - boxair_temp);             //the last term being 

a function of how long the heating pad can release heat after it is shut off 

                                                                                     // b,c <0 and small 

     

    comment = 0; //no comment   

    if (temperature < set_temp){    //Baby's temperature is too low 

      digitalWrite(HEAT, HIGH);   //heater turns on 

      heat_flag = true; 

      /*count++; //safety counter increments 

       if (count >250){            //Bang-bang control: if the heater is on for x amount of time 

         digitalWrite(HEAT, LOW); //heater automatically turns off after the x amount of time 

         heat_flag = !heat_flag; 

         if (count >500)           //resets the counter after a certain amount of time 

           count = 0;}*/} 

    else{                  //Baby's temperature is just right 

      digitalWrite(HEAT, LOW); 

      heat_flag = false; 

      count = 0; 

    } 

       

  } 

 

 

   //======================CRITICAL TEMPERATURE 

REACHED====================== 

    if(temperature > hightemp){ //if reaches too hot threshold temp 

      digitalWrite(FAN, HIGH);  //turns on fan 

      comment2 = 1; 

      if (initcrit==0){    //initial case to set up alternating led and timer (timerled) 

        timerled=millis(); //built-in overall timer for led delays 

        initcrit = 1;      //escapes the initial case from now on 

        led_run1 = false; 

        led_run2 = true;}  //changes led states for alternating lights 

      if (millis()-timerled >= 75UL){  //changes state of leds 

        led_run1 = !led_run1; 

        digitalWrite(LED1, led_run1); 

        led_run2 = !led_run2; 

        digitalWrite(LED2, led_run2); 

        timerled=millis();}  //resets the timer 
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    } 

    else{ 

      digitalWrite(FAN, LOW);  //turns off the fan 

      digitalWrite(LED1, LOW); //turns off the leds 

      digitalWrite(LED2, LOW); 

      initcrit = 0;     //resets the initial critical condition 

      comment2 = 0;}  

 

 

  elapsed_time = (millis() - start_time)/1000; 

 

   //=============================PRINT OUTS============================ 

  //Print to 7-segment Display 

  if (second_flag == 1) { 

    matrix.writeDigitNum(1,floor(temperature/10)); //Tens digit 

    matrix.writeDigitNum(3,(int) floor(temperature) % 10,true); //Ones digit, decimal is true 

    matrix.writeDigitNum(4,round(temperature*10) % 10);  //Tenths digit (rounded) 

    matrix.writeDisplay(); 

     

    Serial.print(elapsed_time); Serial.print(", ");   

    Serial.print(temperature); Serial.print(", "); 

    Serial.print(dydx); Serial.print(", "); 

    Serial.print(slider); Serial.print(", "); 

    Serial.print(set_temp); Serial.print(", "); 

    Serial.print(count); Serial.print(", "); 

    Serial.print(heat_flag); Serial.print(", "); 

    if(comment == 1) 

      Serial.println("WARNING: Incorrect temperature settings! Check temperature threshold 

values!"); 

    else if(comment == 2) 

      Serial.println("WARNING: Sensor out of range - check wiring!"); 

    else if(comment2 == 1) 

      Serial.println("It's too hot!"); 

    else 

      Serial.println(); 

    second_flag = 0; 

  } 

} 

 

   //==========================ALARM FUNCTION========================= 

 

void alarm() {                //LEDs flicker off and on 

  digitalWrite(LED1, HIGH); 

  digitalWrite(LED2, LOW);    
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  delay(120);               // wait for 0.12 seconds 

  digitalWrite(LED1, LOW);   

  digitalWrite(LED2, HIGH);    

  delay(120);               // wait for 0.12 seconds 

} 
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Appendix FD-C: Electronics List Of Materials 

 

Subsection Component 
ID 

Value Description 

Alarm LEDs (Blue) LED1  Alternating LEDs during alarm 

 LED2   

 R1 2kΩ Current limiting resistor 

    

Power loss alarm (Red) C1 9F  

 D1 Zener  

 D2 Zener  

 R2 150Ω  

 R3 200Ω  

 Q1  P-MOSFET 

 BUZZER  3V, 82 dB 

 SWITCH  DPDT 

    

Temperature 
measurement (Purple) 

R4,5,6 2kΩ Voltage dividers in series with the 
thermistors 

 Therm1,2,3  Thermistors, Accuracy ±0.5°C 

    

Connected Hardware 
(Green) 

JP1  Fan connections 

 JP2  7-segment numeric display 

 JP3  Slide potentiometer for manual 
temperature setting 
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 JP4  Relay connections 

 JP5  Relay connections 
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Appendix FD-D: Design Specifications  

 

Specification Ideal Value 

Temperature in incubator Temp can be set between 25-39°C 

Time after initial heating 

until reheating 

None 

Size Fits traditional malawian Mattresses 

Cost to manufacture $200-$250 

Ease of use Requires less than 8 steps to operate 

Amount of training 

required 

< 4 hours 

Time to operate Set up 30 minutes, 

Check every 2 hours 

Robustness Hold >20kg 

Temperature feedback Continually heats baby until 37°C.  

Power consumption 400 W 

Temperature feedback 

accuracy 

2.5% 

Heat up time 1 hour 

  

 

The most important criteria we considered was the temperature in the incubator. We want our 

heating element to generate a temperature inside the incubator of up to 39°C and our cooling 

element to cool to room temperature. Additionally, we need our temperature sensing element to 

sense temperatures within this range. Secondly, our criteria requires that the temperature 

(heating or cooling) will be achieved quickly and sustained continuously within the incubator. 

Therefore, heater and cooling method were evaluated in regards to this parameter. The ability of 

the sensor to accurately measure the temperature was evaluated for the temperature feedback 

accuracy parameter, as the sensing elements will control the overall heat output of our device. 

Ease of use, training time, robustness and time to operate were evaluated for each of our 

components aside from housing, as all of these components require interaction with the 

healthcare practitioner. 
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The size of the individual components of our material were evaluated only for bulky devices; 

when designing our device and housing, we will adhere to the dimensions in our design 

constraints. Similarly, while we wanted each component to be low cost, most important was the 

overall cost of our device, which we evaluated in the Pugh scoring matrix for our composite 

designs. Additionally, power consumption of each individual element in our device was also 

considered; however the most important factor in our design was the net power consumption. 

Finally, humidity was minimally evaluated and temperature feedback ability criteria was not 

evaluated, as our device currently will not be focusing on humidity, and all of our proposed 

devices had temperature feedback ability. 
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Appendix FD-E: Incubator Set-Up Protocol  

1. Wipe down surfaces of incubator 

a. Use a Clorox wipe or 10% bleach solution 

b. Wipe down  

i. Inside of incubator’s main compartment 

ii. Outside of mattress 

iii. Outsides of both heating pads (if applicable) 

2. Place mattress and heating pads in incubator  

a. Fold mattress in half two times (lengthwise and widthwise) and place in bottom of 

main compartment, fully covering wood surface 

b. Place heating pads  

i. In back wall of incubator 

ii. In bottom platform of incubator  

3. Connect incubator to power 

a. Plug in incubator cord to outlet 

4. Place infant in incubator  

a. Gently lay infant face-up on top of mattress in incubator main compartment 

b. Position infant 

i. Infant is centered on mattress 

ii. Any wires or medical tubing can leave incubator main compartment 

through tubing ports 

5. Place temperature probes 

a. Affix temperature probe measurement band around infant’s stomach  

b. Check location of temperature probes throughout incubator and ensure that they 

match provided diagram  

6. Close lid of incubator  

a. Make sure that wooden lid is securely in place on top of acrylic lid 

7. Turn on incubator  

a. Use power switch on user interface 

8. Adjust initial temperature of incubator based on infant’s temperature 

a. Guidelines for safe temperature ranges are provided in incubator user manual  

b. Set infant temperature using slider 

9. Check back on infant’s temperature every 2 hours  

a. Refer to safe temperature ranges in user manual to ensure that incubator is 

functioning appropriately  

b. Make sure that infant’s temperature increases over first several hours of 

operation  
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Appendix TR – Testing Results Appendices 

 

Appendix TR-A: Testing Procedures 

 

Spec Testing Protocol 

Mattress surface 
temperature  

To complete this test, we will set up a temperature probe system measuring the temperature 
in our incubator using a thermistor set on the mattress surface. For each trial we run (n=3) we 
will place the gold standard for temperature sensing (the Oakton probe) in the same location 
as the thermistor, to validate that the readings are accurate. After setting up our system, we 
will turn on the incubator. We will then set the temperature to our desired value and wait for 

the incubator to reach this point. The time for the incubator to first hit the desired temperature 
will be measured as the heat up time of the incubator. Next, we will wait for 1 hour to make 
sure the incubator maintains the given temperature within +/-1 °C. The continual operation 
without the incubator turning off will serve as proof that our incubator can operate over a 
continuous time range. The +/- 1 °C range being met will meet our temperature feedback 
goal. We will run the test for the following temperatures: 27, 32, 37 °C. The data will be 

represented via a line graph, and average standard deviation from expected temperature will 
be calculated for each temperature point 

Amount of time 
temperature is 

sustained, continuous 
power supply  

To complete this test, we will set up a temperature probe system measuring the temperature 
in our incubator using a thermistor set on the mattress surface. For each trial we run (n=3) we 
will place the gold standard for temperature sensing (the Oakton probe) in the same location 
as the thermistor, to validate that the readings are accurate. After setting up our system, we 
will turn on the incubator. We will then set the temperature to our desired value and wait for 

the incubator to reach this point. The time for the incubator to first hit the desired temperature 
will be measured as the heat up time of the incubator. Next, we will wait for 1 hour to make 
sure the incubator maintains the given temperature within +/-1 °C. The continual operation 
without the incubator turning off will serve as proof that our incubator can operate over a 

continuous time range with +/- °C accuracy. We will run the test for the following 
temperatures: 27, 32, 37 °C. The data will be represented via a line graph, and average 

standard deviation from expected temperature will be calculated for each temperature point 

Size (Inner 
Dimensions) 

For this test, we will measure the inner dimensions of our incubator using a tape measure. We 
will then compare these measurements to our ideal incubator measurements and ensure that 

our device is within +/- 0.5 inches on each dimension from its intended size 

Cost of parts 
For this test, we will add up the costs of the purchased components of our incubator, ensuring 

that the total component cost does not exceed 250 USD.  

Ease of Use 

To complete this test, we will create a user manual for our final product. This user manual will 
contain a technical/troubleshooting component as well as an operation component. The 
portion of the manual for user operation will comprise of less than 8 steps to set up and 

operate the device. We will then file for IRB approval to test 10 students to see how well they 
can set up the device. From feedback from these students, we will ensure that the 8 steps 

listed are adequate for device operation with minimal errors  

Amount of time air 
temperature sustained, 

after power failure 

For this test, we will heat our incubator to 37 °C. We will then turn off the incubator and 
measure the amount of time the air temperature in the incubator takes to drop 2 °C. We will 
represent this drop of temperature in a line graph, and we will complete this test 3 times. We 

will use the Oakton probe to verify that our thermistor readings are accurate.  

Amount of training 
required 

To complete this test, we will create a lesson plan for the training of our final product. This 
lesson plan will outline the amount of time each section of the lesson is expected to take. The 

lesson will include basic operation and maintenance (cleaning) of the device, as well as a 
basic physiological background on neonatal hypothermia and safety concerns. Repair 

techniques for the device and technical troubleshooting will not be covered at an advanced 
level. We will create a lesson plan that takes no longer than 4 hours to complete and submit 
this plan to our team mentors for approval. If time permits, we will test this lesson plan once 
on a group of Rice students, to ensure that adequate training time was allowed. If students 
take place in the training, we will ask for feedback regarding what parts of the training were 

confusing and what parts of training could be improved.  

Time to operate 
This testing will be evaluated by the conglomeration of the constant temperature test and 

ease of use test. No additional testing is necessary  
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Robustness To complete this test, we will place a stack of 15kg weights into the incubator and chek the 
incubator every hour (for 6 hours). During these checks, we will be looking for obvious 
bending, deformations, or cracks in the device. If the device has significant warping or 

breaking that renders it inoperable, it will have failed the test. If the device remains in good 
operating condition, it will have passed the test. Therefore, the results of this test will be binary 

(yes/no). We will complete this test 3 times.  

Automated 
Temperature 

Feedback 

Testing will be performed on the SimuBaby (IV bag) at 34 °C. Attach temperature sensors to 
the SimuBaby and place it in the incubator for 3 hours. Run the incubator on automatic 

temperature regulation based on the baby's temperature until the baby reaches 37 °C (or for 
the duration of the 3 hour experiment). Demonstrate that the infant's temperature does not 

decrease. Demonstrate that the incubator mattress heats to no higher than 38 °C. 
Immediately following this test, increse the temperature of SimuBaby in the incubator (still set 

on automatic) to a body temperature of 38 °C using hot water. Demonstrate that if baby's 
temperature goes over 37 °C, incubator temperature plateaus or decreases so that the baby 
does not hit a temperature higher than 39 °C or lower than 36 °C. Perform each test 3 times 

and represent data with line graph.  

Power Consumption 
Run incubator at 37 °C for 30 min. Use wattage monitor to measure power consumption every 

5 minutes. Run test 3 times and represent data with line graph. 

Temperature Reading 
Accuracy 

This test will be run for a total of n = 3 times for five temperatures: 23, 29, 35, 37, 39. To run 
this test, we will set a hot water bath to each of these temperatures, with the water bath 
temperature as read by the oakton within +/- 1 degree of the desired value. We will then 

simultaneously measure the temperature using the oakton and five probes waiting for the 
readings to stabilize. Finally we will calculate the average of the probe measurements. To 
pass this test, the average should be within 2.5% accuracy from oakton standard for each 

temperature point. Data will be represented in tabular form 

Incubator Heat Up 
Time (Mattress Temp)  

To complete this test, we will set up a temperature probe system measuring the temperature 
in our incubator using a thermistor set on the mattress surface. For each trial we run (n=3) we 
will place the gold standard for temperature sensing (the Oakton probe) in the same location 
as the thermistor, to validate that the readings are accurate. After setting up our system, we 
will turn on the incubator. We will then set the temperature to our desired value and wait for 

the incubator to reach this point. The time for the incubator to first hit the desired temperature 
will be measured as the heat up time of the incubator. Next, we will wait for 1 hour to make 
sure the incubator maintains the given temperature within +/-1 °C. The continual operation 
without the incubator turning off will serve as proof that our incubator can operate over a 
continuous time range. The +/- 1 °C range being met will meet our temperature feedback 
goal. We will run the test for the following temperatures: 27, 32, 37 °C. The data will be 

represented via a line graph, and average standard deviation from expected temperature will 
be calculated for each temperature point 

Power outtage alarm 
will sound when the 

power goes off 

Run incubator. Turn off power source while incubator is on. Ensure that alarm sounds and 
light turns on for 10 minutes. Repeat test 20 times and display in binary yes/no form. To pass, 

the alarm must go off at least 19 times and have no more than 1 false positive. 

Overheating alarm will 
sound at the time the 
device reaches 39 C 

Turn on incubator and manually raise temperature in incubator to 41°C using external heat 
source (hair dryer). Ensure that alarm sounds and light turns on for 10 minutes. Lower 

temperature of incubator then repeat test 20 times. To pass, the alarm must go off at least 19 
times and have no more than 1 false positive.  

Safety 

Alarm functionality is demonstrated in above tests. CO2 will be measured using a gas 
analysis chamber. Using a gas analysis chamber we will have a adult human breathe into the 
incubator for a minimum of 5 minutes. We will ensure that CO2 content is below 0.5%. For the 

duration of the experiment.  

Ease of repair 
Determine 3 common device failures and create a troubleshooting manual for fixing problems. 
Introduce failures in device and provide test subjects with manual. Ensure that device can be 

fixed by subjects in under 30 minutes. Perform test on 10 subjects. 

Accessibility 
Determine 3 common actions performed by nurses and doctors on infants. Ask test subject to 

access baby doll in incubator for these actions. Have subject rate ease of accessibility on 
scale of 1 to 5, with 5 being easiest. Perform test on 10 subjects.  

Ease of clean up 
Write protocol for daily cleaning of incubator. Give test subjects protocol and have them clean 

incubator then rate ease on a scale of 1 to 5, with 5 being easiest. Perform test on 10 
subjects. 
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Appendix TR-B: Temperature Accuracy Data 

Set Temperature 23°C 

23.38 24.46 23.44 22.82 22.82 24.7 

22.56 24.26 24.18 24.84 22.87 23.22 

24.58 24.77 25.66 22.82 22.51 23.24 

22.6 25.1 23.45 22.81 22.51 24.92 

23.96 22.93 23.45 22.81 23.75 24.79 

22.57 22.93 24.86 22.88 24.65 23.27 

22.54 24.67 23.57 24.98 22.5 23.23 

24.58 23.11 25.68 22.82 22.5 23.23 

22.55 25.08 23.46 22.81 22.51 24.81 

24.1 22.93 23.45 22.81 23.7 24.63 

23.342 24.024 24.12 23.24 23.032 24.004 

      
Set Temperature 29°C 

29.34 29.62 29.9 29.37 29.08 29.85 

29.41 29.65 29.85 29.33 29.04 29.87 

29.46 29.64 29.85 29.33 29.07 29.87 

29.37 29.63 29.88 29.38 29.11 29.86 

29.37 29.65 29.91 29.4 29.05 29.78 

29.4 29.67 29.88 29.32 29.04 29.82 

29.39 29.62 29.85 29.37 29.04 29.8 

29.44 29.67 29.86 29.33 29.02 29.85 

29.47 29.66 29.86 29.33 29.04 29.83 

29.38 29.65 29.87 29.37 29.08 29.83 

29.403 29.646 29.871 29.353 29.057 29.836 

      
Set Temperature 35°C 

34.48 34.59 34.73 34.23 33.59 34.57 

34.51 34.57 34.74 34.23 33.59 34.55 

34.42 34.58 34.71 34.23 33.59 34.55 

34.41 34.58 34.71 34.22 33.57 34.6 

34.43 34.53 34.71 34.25 33.53 34.59 

34.41 34.58 34.64 34.25 33.51 34.67 

34.42 34.57 34.6 34.25 33.5 34.7 

34.42 34.57 34.61 34.24 33.51 34.71 

34.45 34.6 34.59 34.21 33.51 34.68 

34.42 34.58 34.65 34.24 33.54 34.66 

34.437 34.575 34.669 34.235 33.544 34.628 

      
Set Temperature 35°C 

35.46 35.56 35.78 35.48 34.38 35.6 
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35.43 35.53 35.78 35.52 34.46 35.6 

35.47 35.57 35.72 35.46 34.34 35.58 

35.44 35.57 35.72 35.39 34.36 35.56 

35.4 35.59 35.72 35.44 34.34 35.54 

35.36 35.56 35.73 35.44 34.31 35.59 

35.37 35.53 35.74 35.43 34.29 35.6 

35.39 35.48 35.73 35.44 34.3 35.61 

35.36 35.5 35.72 35.36 34.25 35.59 

35.33 35.53 35.74 35.38 34.26 35.59 

35.401 35.542 35.738 35.434 34.329 35.586 

      
Set Temperature 37°C 

36.66 36.77 36.81 36.74 35.69 36.89 

36.59 36.85 36.93 36.82 35.68 36.7 

36.68 36.93 36.84 36.65 35.61 36.79 

36.64 36.77 36.8 36.73 35.68 36.89 

36.56 36.83 36.92 36.8 35.63 36.71 

36.73 36.84 36.79 36.62 35.61 36.81 

36.51 36.75 36.86 36.8 35.72 36.71 

36.7 36.82 36.82 36.62 35.61 36.79 

36.5 36.75 36.87 36.83 35.69 36.72 

36.73 36.82 36.79 36.62 35.58 36.76 

36.63 36.813 36.843 36.723 35.65 36.777 

      
Set Temperature 39°C 

38.02 38.25 38.42 38.16 36.73 37.86 

38.08 38.28 38.29 38.07 36.78 38.07 

37.94 38.3 38.46 38.22 36.83 37.86 

38.1 38.39 38.31 38.1 36.8 38.06 

37.96 38.38 38.49 38.3 36.81 37.86 

38.07 38.45 38.26 38.19 36.82 38.05 

37.95 38.37 38.43 38.28 36.8 37.88 

38.01 38.34 38.31 38.15 36.77 38.03 

38.07 38.35 38.26 38.14 36.68 38.04 

38 38.42 38.31 38.19 36.67 37.95 

38.02 38.353 38.354 38.18 36.769 37.966 

      
Set Temperature 39°C 

39.7 39.73 39.81 39.73 38.62 39.68 

39.8 39.92 39.81 39.63 38.48 39.68 

39.63 39.89 39.93 39.77 38.46 39.54 

39.61 39.76 39.8 39.79 38.57 39.66 
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39.72 39.89 39.78 39.64 38.46 39.7 

39.63 39.93 39.88 39.71 38.4 39.57 

39.53 39.8 39.8 39.79 38.51 39.6 

39.65 39.83 39.7 39.62 38.45 39.69 

39.62 39.93 39.82 39.64 38.3 39.53 

39.51 39.77 39.8 39.72 38.45 39.56 

39.64 39.845 39.813 39.704 38.47 39.621 

      
Set Temperature 33°C 

32.75 33.07 33.1 32.83 31.81 32.72 

32.72 33.11 33.15 32.85 31.81 32.67 

32.67 33.17 33.16 32.92 31.76 32.66 

32.59 33.17 33.2 32.96 31.8 32.63 

32.61 33.12 33.24 32.98 31.9 32.57 

32.56 33.09 33.21 33.01 31.98 32.59 

32.53 33.09 33.13 33.05 31.98 32.65 

32.59 33.03 33.11 32.99 32.04 32.67 

32.65 33.02 33.06 32.92 32.04 32.69 

32.68 33.11 33.02 32.9 31.96 32.76 

32.635 33.098 33.138 32.941 31.908 32.661 

 

 

Trial Temperature Probe1 %Error Probe2 %Error Probe3 %Error Probe4 %Error Probe5 %Error Probe6 %Error Average 

1 23 1.18% 1.71% 2.12% 1.61% 2.49% 1.63% 1.79% 

2 23 0.11% 2.44% 6.31% 0.98% 0.28% 0.69% 1.80% 

3 23 0.68% 2.07% 5.71% 0.74% 0.82% 2.47% 2.08% 

1 29 0.26% 0.56% 1.33% 0.43% 1.43% 1.21% 0.87% 

2 29 3.22% 2.33% 0.45% 2.14% 0.78% 1.81% 1.79% 

3 29 1.05% 2.26% 2.21% 0.67% 2.92% 1.59% 1.78% 

1 35 0.50% 0.10% 0.17% 1.08% 3.08% 0.05% 0.83% 

2 35 1.75% 0.09% 0.15% 0.26% 4.74% 1.33% 1.39% 

3 35 1.81% 0.13% 0.41% 0.44% 4.46% 1.48% 1.45% 

1 37 1.45% 0.96% 0.88% 1.20% 4.09% 1.06% 1.61% 

2 37 1.69% 1.02% 0.51% 0.99% 4.24% 1.21% 1.61% 

3 37 1.71% 0.59% 0.25% 1.05% 4.54% 1.37% 1.59% 

1 39 1.50% 0.64% 0.64% 1.09% 4.74% 1.64% 1.71% 

2 39 1.23% 0.04% 0.10% 0.73% 4.26% 1.19% 1.26% 

3 39 2.15% 1.09% 0.96% 1.12% 4.69% 2.15% 2.03% 

 
AVERAGE: 1.35% 1.07% 1.48% 0.97% 3.17% 1.39% 1.57% 
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Appendix TR-C: CO2 Testing Data 

 

Adult human tidal volume is 7 liters per minutes. Infant tidal volume is 0.5 liters (Tidal 
Volume, nd). Assuming a normal adult human breathes 12-15 times a minute when at rest, 
we are going to have an adult breathe with one full exhale into the incubator once every 45 
seconds to simulate the breathing of an infant. (See calculations below) (Vital Signs, n.d). 
The CO2 will be measured using the AutopilotDesktop C02 Monitor and recorded every 30 
seconds for 10 minutes or until the Monitor maxes out at 3,000 ppm. The accuracy of the 
monitor is at least accurate to 5 ppm. We ran this test 3 times and on average the test failed 
at 5 minutes and 50 seconds (< 3000ppm). Failure was defined at 3,000ppm because this 
iw when our counter maxes out. The level should not be above 4,000ppm in real incubators, 
so this is a reasonable safety factor.  
 

16 breaths / minute * 1 minute /60 seconds = .26 breaths per second *45 seconds = 
approximately 12 breaths in 45 seconds (16 breaths in 60 seconds).  
 

So because babies breathe 1/14 of the volume amount we do, we would breathe once 
every (60+45)/2 seconds, or ever 52.5 seconds. However, this is difficult to keep track of, 
and therefore we are breathing every 45 seconds (our failure rate will therefore be a slight 
overestimate)  

 

Test n=1 
 

n=2 
 

n=3 

Time (min) CO2 (ppm) 
 
Time (min) CO2 (ppm) 

 
Time (min) CO2 (ppm) 

0:00 1060 
 

0:00 976 
 

0:00 884 

0:30 1060 
 

0:15 909 
 

0:15 878 

1:00 1065 
 

0:30 909 
 

0:30 874 

1:30 1070 
 

0:45 906 
 

0:45 866 

2:00 1070 
 

1:00 901 
 

1:00 863 

2:30 1140 
 

1:15 895 
 

1:15 859 

3:00 1220 
 

1:30 895 
 

1:30 859 

3:30 1325 
 

1:45 895 
 

1:45 918 

4:00 1570 
 

2:00 895 
 

2:00 922 

4:30 1820 
 

2:15 973 
 

2:15 991 

5:00 2060 
 

2:30 979 
 

2:30 1085 

5:30 2280 
 

2:45 1055 
 

2:45 1175 

6:00 2740 
 

3:00 1155 
 

3:00 1250 

6:30 Failed 
 

3:15 1245 
 

3:15 1430 

 
 

 
3:30 1355 

 
3:30 1505 

 
 

 
3:45 1450 

 
3:45 1710 
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4:00 1515 

 
4:00 1870 

 
 

 
4:15 1755 

 
4:15 1985 

 
 

 
4:30 1760 

 
4:30 1990 

 
 

 
4:45 1910 

 
4:45 2270 

 
 

 
5:00 2060 

 
5:00 2390 

 
 

 
5:15 2280 

 
5:15 2630 

 
 

 
5:30 2470 

 
5:30 2760 

 
 

 
5:45 2780 

 
5:45 Failed 

 
 

 
6:00 2890 

 
6:00 

 

 
 

 
6:05 Failed    
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Appendix TR-D: IRB Proposals 

  

Example of Informed Consent Form  

 

Study Title:  Incubator: Ease of Use Evaluation 

 

Principal Investigator: Dr. Maria Oden,   

Department of Bioengineering, Rice University, Houston, TX 77005 

(713)-348-5869, moden@rice.edu 

 

Other Investigator(s):  Carissa Livingston, Caleb Owsley, Zaid Haque, Bailey Flynn 

 

Participant’s Name: _____________________________      Participants ID Number:________________ 

_______________________________________________________________________________ 

 

You may be eligible to take part in a research study. This form gives you important information about the 

study.  It describes the purpose of the research, the risks and possible benefits of participating in the study.  

 

Purpose of this Study 

The purpose of the study is to determine the ease of use of a low cost neonatal incubator for the 

developing world. 

 

Procedures / What will happen to me in this study?  

An investigator will demonstrate use of a new neonatal incubator. You will be asked to open the 

incubator, place a temperature sensing band on an IV bag, close the incubator, and turn the incubator 

on to run. The amount of time taken will be recorded. You will then be asked to complete a short survey 

on the usability of the incubator.  

 

The study will take no longer than 30 minutes and will be conducted at Rice University.  

 

Participant Requirements   

Participants must be students at Rice University all of which are at least 18 years old. 

 

Risks 

The risks and discomfort associated with participation in this study are no greater than those ordinarily 

encountered in daily life or during setting a coffee maker. 
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Benefits 

There may be no personal benefit from your participation in the study but the knowledge received may 

be of value to humanity. 

 

Compensation & Costs 

There will be no cost to you if you participate in this study. You will receive no compensation for your 

participation. 

 

Ending the Your Participation 

Your participation in this study is entirely voluntary. You are free to refuse to be in the study and your 

refusal will not influence current of future relationships with Rice University and participating sites.  

 

Confidentiality 

By participating in the study, you understand and agree that Rice University may be required to disclose 

your consent form, data and other personally identifiable information as required by law, regulation, 

subpoena or court order.  Otherwise, your confidentiality will be maintained in the following manner: 

 

Your data and consent form will be kept separate. Your consent form will be stored in a locked location on 

Rice University property and will not be disclosed to third parties. By participating, you understand and 

agree that the data and information gathered during this study may be used by Rice University and 

published and/or disclosed by Rice University to others outside of Rice University.  However, your name, 

address, contact information and other direct personal identifiers in your consent form will not be 

mentioned by Rice University in any such publication or dissemination of the research data and/or results.   

 

The researchers will take the following steps to protect participants’ identities during this study: (1) Each 

participant will be assigned a number; (2) The researchers will record any data collected during the 

study by number, not by name. Your participation is voluntary.  You are free to stop your participation at 

any point.  Refusal to participate or withdrawal of your consent or discontinued participation in the 

study will not result in any penalty or loss of benefits or rights to which you might otherwise be entitled.  

The Principal Investigator may at his/her discretion remove you from the study for any of a number of 

reasons.  In such an event, you will not suffer any penalty or loss of benefits or rights which you might 

otherwise be entitled. 

 

Rights 

Your participation is voluntary.  You are free to stop your participation at any point.  Refusal to participate 

or withdrawal of your consent or discontinued participation in the study will not result in any penalty or loss 

of benefits or rights to which you might otherwise be entitled.  The Principal Investigator may at his/her 

discretion remove you from the study for any of a number of reasons.  In such an event, you will not suffer 

any penalty or loss of benefits or rights which you might otherwise be entitled. 
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Right to Ask Questions & Contact Information 

If you have any questions about this study, you should feel free to ask them now.  If you have questions 

later, desire additional information, or wish to withdraw your participation please contact the Principal 

Investigator by mail, phone or e-mail in accordance with the contact information listed on the first page 

of this consent.   

 

If you have questions pertaining to your rights as a research participant; or to report objections to this 

study, you should contact William Turner, Assistant Vice Provost for Research, at Rice University. Email: 

william.turner@rice.edu or Telephone: 713-348-6071 

 

Voluntary Consent 

 

By signing below, you agree that the above information has been explained to you and all your current 

questions have been answered.  You understand that you may ask questions about any aspect of this 

research study during the course of the study and in the future.  By signing this form, you agree to 

participate in this research study.   

 

        

PARTICIPANT SIGNATURE     DATE 

 

I certify that I have explained the nature and purpose of this research study to the above individual and I 

have discussed the potential benefits and possible risks of participation in the study.  Any questions the 

individual has about this study have been answered and any future questions will be answered as they 

arise. 

        

SIGNATURE OF PERSON OBTAINING CONSENT    DATE 
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Survey for Ease of Access: 

Incubator: Ease of Access Evaluation 

Age:  ________    Gender:  M    F Degrees of medical training: ____________ 

Please check the box that best reflects your thoughts on using the incubator.  

 

S
tr

o
n
g

ly
 

A
g

re
e
 

M
o

d
e

ra
te

ly
 

A
g

re
e
 

N
e

u
tr

a
l 

M
o

d
e

ra
te

ly
 

D
is

a
g
re

e
 

S
tr

o
n
g

ly
 

D
is

a
g
re

e
 

1.     I think that I would like to use this system frequently if I were a medical 
professional in a developing country. 

     

2.      I found the IV bag unnecessarily complex to access.      

3.      I thought the system was easy to access.      

4.      I think that I would continuously need the support of a technical person to be able 
to easily access the IV bag in the future. 

     

5.      I would imagine that most people would be able to access the IV bag quickly.      

7.      I found it cumbersome to access the IV bag.      

8.      I felt I could access the IV bag very quickly using this system.      

9.   I found it very easy to access the IV bag and record its temperature.      

10.  I did not feel that any components of the device hindered access to the IV bag.      

Amount of time required to be trained:      _______________ 

Amount of time required to set up device: _______________ 

Temperature Drop in Incubator _________ 

Do you have any comments about your experience using the Incubator (or any suggested improvements)? 
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Survey For Ease of Clean Up:  

Incubator: Ease of Clean Up Evaluation 

Age:  ________    Gender:  M    F Degrees of medical training: ____________ 

Please check the box that best reflects your thoughts on using the incubator.  
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1.     I think that this device was easy to clean.       

2.      I found the system unnecessarily complex.      

3.      I thought the system was easy to take apart before cleaning.      

4.      I would imagine that most people would learn to clean this system very quickly.      

5.    I found the system very cumbersome to clean.      

6.     I felt very confident cleaning the system.      

7.  I thought the system was easy to put back together after cleaning.       

8. I think that I am ready to clean this device independently.       

9. I think the device was effectively cleaned using this method.       

Amount of time required to be trained:      _______________ 

Amount of time required to clean device: _______________ 

Do you have any comments about your experience using the Incubator (or any suggested improvements)? 
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Survey for Ease of Repair:  

Incubator: Ease of Repair Evaluation 

Age:  ________    Gender:  M    F Degrees of medical training: ____________ 

Please check the box that best reflects your thoughts on using the incubator.  
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1.     I think that I would like to use this system frequently if I were a medical 
professional in a developing country. 

     

2.      I found the system unnecessarily complex.      

3.      I thought the system was easy to use.      

4.      I think that I would need advanced technical training to repair this device.       

5.      I would imagine that most people could learn to make basic repairs on this 
system relatively quickly.  

     

7.      I found the system very cumbersome to use.      

8.      I felt the troubleshooting manual was adequate to repair this device.       

9.   I found it very easy to read and understand the troubleshooting manual.       

10.  I feel I could repair this device in the future without the use of the troubleshooting 
manual.  

     

11. I felt like this system was robust and would not need repair often.       

Amount of time required to be trained:      _______________ 

Amount of time required to repair: _______________ 

Break repaired: __________________ 

Do you have any comments about your experience using the Incubator (or any suggested improvements)? 
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Survey for Ease of Use:  

Incubator: Ease of Use Evaluation 

Age:  ________    Gender:  M    F Degrees of medical training: ____________ 

Please check the box that best reflects your thoughts on using the incubator.  
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1.     I think that I would like to use this system frequently if I were a medical 
professional in a developing country. 

     

2.      I found the system unnecessarily complex.      

3.      I thought the system was easy to use.      

4.      I think that I would continuously need the support of a technical person to be able 
to use this device in the future. 

     

5.      I found the various functions in this system were well integrated.      

6.      I thought there was too much inconsistency in this system.      

7.      I would imagine that most people would learn to use this system very quickly.      

8.      I found the system very cumbersome to use.      

9.      I felt very confident using the system.      

10.  I needed to learn a lot of things before I could get going with this system.      

11. I think that I am ready to use this device independently.       

12. I think the device required too much force to set up.      

Amount of time required to be trained:      _______________ 

Amount of time required to set up device: _______________ 

Do you have any comments about your experience using the Incubator (or any suggested improvements)? 
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Appendix TR-E: IRB Survey Results 

The goal of these studies was to have a ranking of 4/5 for all the survey questions asked, where 

5 denoted a positive answer. In our surveys, we ranked the questions on a scale o of 1 – 5 

where 5 was Strongly Agree, and 1 was Strongly Disagree. However, for some of these 

questions, this meant that a ‘1’ was a positive response. This is accounted for in the “flipped 

average” row which standardizes the responses so 1 is unfavorable and 5 is favorable. 

  

  

Ease of Use Survey Questions 

 
 1 2 3 4 5 6 7 8 9 10 11 12 

Participant ID 

1 5 1 5 1 5 2 5 1 4 1 5 1 

2 5 1 5 1 5 1 5 1 4 1 5 1 

3 4 1 5 2 5 1 5 1 5 2 4 1 

4 5 1 5 1 5 1 5 1 5 1 5 1 

18 4 2 5 2 4 2 5 2 4 1 4 2 

19 5 1 5 1 5 1 5 2 5 2 5 2 

20 5 1 5 1 4 1 5 1 5 1 5 1 

21 5 1 5 1 4 2 5 1 4 1 4 1 

22 4 1 5 2 4 2 4 1 5 2 5 2 

23 5 1 5 1 5 1 5 1 5 1 5 1 

             
 

 
Average 4.7 1.1 5 1.3 4.6 1.4 4.9 1.2 4.6 1.3 4.7 1.3 

            
  

 
Flipped Average 4.7 4.9 5 4.7 4.6 4.6 4.9 4.8 4.6 4.7 4.7 4.7 

 

 

  

Ease of Clean Up Survey Questions 

 
 1 2 3 4 5 6 7 8 9 

Participant ID 

7 5 1 5 5 1 5 5 5 4 

9 5 1 5 5 1 5 5 5 5 

10 5 1 4 5 1 5 5 5 5 

12 5 1 5 5 1 5 5 5 5 

13 4 2 5 5 2 4 4 5 4 

14 5 1 4 5 2 5 4 5 5 

15 5 1 4 5 1 4 5 5 4 

16 4 1 4 5 2 2 5 5 4 

17 5 1 4 5 2 5 4 5 4 

24 4 1 5 5 1 5 5 5 5 

           

 
Average 4.7 1.1 4.5 5 1.4 4.5 4.7 5 4.5 

           

 

Flipped 
Average 4.7 4.9 4.5 5 4.6 4.5 4.7 5 4.5 
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  Ease of Access Survey Questions 

  
1 2 3 4 5 7 8 9 10 

Participant ID 

5 5 1 5 1 5 1 5 5 5 

6 5 1 5 1 5 1 5 5 5 

8 4 1 5 2 5 1 5 5 5 

11 5 1 5 1 5 1 5 5 5 

27 5 1 5 1 5 1 5 5 5 

26 5 1 5 1 5 1 5 5 4 

29 5 1 5 1 5 1 5 5 5 

30 5 1 5 1 5 1 5 4 5 

33 5 1 5 1 4 4 5 4 5 

34 4 1 4 1 5 2 4 4 3 

           

 
Average 4.8 1 4.9 1.1 4.9 1.4 4.9 4.7 4.7 

           

 
Flipped 
Average 

4.8 5 4.9 4.9 4.9 4.6 4.9 4.7 4.7 

 

  

Ease of Repair Survey Questions 

 
 1 2 3 4 5 7 8 9 10 11 

Participant ID 

25 5 1 5 1 5 1 5 5 5 3 

28 5 1 5 1 4 1 5 5 2 3 

31 5 1 5 1 5 1 5 1 5 5 

32 5 1 5 4 4 1 5 5 4 5 

35 5 2 4 2 5 2 4 4 4 3 

36 5 1 5 2 5 2 5 5 3 4 

37 5 2 5 2 5 1 4 4 3 5 

40 5 1 5 1 5 1 5 5 5 3 

39 5 1 5 1 5 1 5 5 4 5 

 
5 1 4 1 5 1 5 5 5 4 

            

 
Average 5 1.2 4.8 1.6 4.8 1.2 4.8 4.4 4 4 

           
 

 

Flipped 
Average 5 4.8 4.8 4.4 4.8 4.8 4.8 4.4 4 4 
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Averaged ease of use survey scores 

Test Average score (out of 5) 

Ease of use 4.72 

Ease of clean up 4.71 

Ease of access 4.34 

Ease of repair 4.16 
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Appendix TR-F: Incubator Training Protocol 

Below is a preliminary lesson plan for a formal training to operate the incubator in a clinical 

setting. Next to each section is the estimated amount of time to be spent on the topic. All 

together, the training should last approximately 1.5 hours.  

 

1. Background (20 min) 

a. Hypothermia is when a person’s core body temperature goes below 36.5ºC 

i. Mild hypothermia: 36.0-36.4ºC 

ii. Moderate hypothermia: 32.0-35.9ºC 

iii. Severe hypothermia: <32ºC 

b. To measure core body temperature 

i. Place temperature probe on infant abdomen, over liver 

ii. Direct contact with skin 

c. Hypothermia is especially common in infants 

i. Large surface area 

ii. Underdeveloped skin 

iii. Underdeveloped ability to produce heat 

iv. Poor insulation 

d. One way to treat hypothermia is with an incubator 

i. A device that controls environmental conditions 

ii. Provides heat to the infant so that they don’t have to expend as much 

energy producing the heat themselves 

e. How to identify when an infant needs incubation 

2. Incubator overview (20 min) 

a. Housing of incubator 

i. Double-walls and insulation 

ii. Viewing panels 

iii. Tubing ports 

iv. Heating pads 

v. Hinged lid 

b. User interface 

i. Power button 

1. Turns incubator on and off 

2. “I” (down) is on, “0” (up) is off 

ii. Infant temperature display 

1. Displays temperature read by infant temperature probe 

iii. Temperature slider 

1. User sets desired temperature of infant  

iv. LED alarms 

1. Overheating 

a. LED turns on and alarm sounds if infant is too hot (>1ºC 

above set temperature) or is heating too quickly  

2. Power loss 
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a. LED turns on and alarm sounds if power switch is in “on” 

position, but no power is reaching incubator 

b. Turns on in the event of a power loss or accidental 

unplugging 

c. Circuitry (only very brief overview, nothing technical) 

i. Microcontroller 

ii. Breadboard 

d. Control system (keep it simple) 

i. The incubator is automatic. Its temperature adjusts according to the 

temperature of the infant. 

ii. How it works 

1. If the temperature of the baby is below the slider temperature, the 

heating pads are on.  

2. If the temperature of the baby goes above the slider temperature, 

the heating pads turn off. 

3. Incubator use (30 min) 

a. How to set up incubator for use: (10 min) 

i. Wipe down surfaces of incubator 

1. Use a Clorox wipe or 10% bleach solution 

2. Wipe down  

a. Inside of incubator’s main compartment 

b. Outside of mattress 

c. Outsides of both heating pads (if applicable) 

ii. Place mattress and heating pads in incubator  

1. Fold mattress in half two times (lengthwise and widthwise) and 

place in bottom of main compartment, fully covering wood surface 

2. Place heating pads  

a. In back wall of incubator 

b. In bottom platform of incubator  

iii. Connect incubator to power 

1. Plug in incubator cord to outlet 

iv. Place infant in incubator  

1. Gently lay infant face-up on top of mattress in incubator main 

compartment 

2. Position infant 

a. Infant is centered on mattress 

b. Any wires or medical tubing can leave incubator main 

compartment through tubing ports 

v. Place temperature probes 

1. Affix temperature probe measurement band around infant’s 

stomach  

2. Check location of temperature probes throughout incubator and 

ensure that they match provided diagram  

vi. Close lid of incubator  
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1. Make sure that wooden lid is securely in place on top of acrylic lid 

vii. Turn on incubator  

1. Use power switch on user interface 

viii. Adjust initial temperature of incubator based on infant’s temperature 

1. Guidelines for safe temperature ranges are provided in incubator 

user manual  

2. Set infant temperature using slider 

ix. Check back on infant’s temperature every 2 hours  

1. Refer to safe temperature ranges in user manual to ensure that 

incubator is functioning appropriately  

2. Make sure that infant’s temperature increases over first several 

hours of operation  

b. How to use incubator: (10 min) 

i. Open incubator and place IV baby inside 

ii. Attach temperature probe to IV baby via the heat reflective heart sticker (if 

unavailable use tape)  

iii. Plug in and turn on incubator. (on is when the “1” on the switch is in the 

down position). The incubator should be plugged into an outlet in the wall, 

or into a power strip.  

iv. Set the infant temperature to 37ºC (+/- .5ºC) using the user control panel 

on the electronics box. (use the slider to set the appropriate temperature, 

the display will show the ACTUAL temperature, not the set temperature)  

v. Ensure incubator is warming up by touching back wall and floor of 

incubator, double check temperature probe belt connections 

vi. Close lid of incubator 

c. How to clean incubator: (10 min) 

i. Make sure incubator is turned off and unplugged 

ii. Remove heating pad from back wall of incubator, but do not unplug 

heating pad 

iii. Wipe down the surface of the heating pad with 10% bleach solution or 

with a lysol wipe. Be sure to thoroughly wipe down each side of the 

heating pad 

iv. As much as possible, wipe down the inside of the back wall of the 

incubator using 10% bleach or a lysol wipe 

v. Remove the rice mattress and wipe down the inside of the incubator with 

10% bleach solution or a lysol wipe, wipe down all four walls on the inside 

as well as the incubator base  

vi. Leave incubator open and heating pad removed for 15 minutes or until 

surfaces are thoroughly dry  

vii. Return heating pad to incubator wall, and return incubator to operation.  

viii. Note: Incubator should be washed in between every patient and after 

periods of long storage 

4. Safety Warnings (20 minutes) 

a. Temperature probe attachment (5 minutes) 
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i. When in use, the temperature probe must ALWAYS be securely attached 

to the infant. If it becomes disconnected, this will result in an inaccurate 

temperature reading that is generally too low, and may cause the 

incubator to incorrectly heat the infant. 

ii. Signs temperature probe has been disconnected 

1. The temperature reading on the display is below 33ºC 

2. The temperature reading on the display is absent 

3. The incubator is reaching abnormally high ambient temperatures 

4. When taken manually, the infant’s temperature is significantly 

higher than the temperature display reading 

iii. How to repair a disconnected temperature probe 

1. Check the temperature probe belt or sticker to make sure the 

temperature probe is properly in place, if it is not in place, 

reposition the probe to securely contact the infant’s abdomen 

2. If the temperature probe belt is connected, the temperature probe 

may have become disconnected in the control box. To repair this, 

consult a technician and the technical user manual. 

b. Lid closing (5 minutes) 

i. When in use, the lid of the incubator must remain fully closed. If the lid is 

cracked, the incubator will lose heat more quickly, and the infant will not 

receive proper incubation. 

ii. Feed all tubing and wires through one of the two tubing ports on the side 

walls of the incubator. This way, the lid can close fully. 

c. Infant overheating (5 minutes) 

i. Another danger for an infant is hyperthermia, when core body 

temperature is above 37.5ºC. This is very dangerous to the infants’ 

health, especially over prolonged periods.  

ii. If the infant core body temperature is >1ºC higher than the desired 

temperature set by the temperature slider, the Overheating alarm will 

sound and the LED on the user interface will light up. For instance, if the 

slider is set to 37ºC, but the infant is 38ºC, the alarm will sound. 

iii. If this happens, the care provider should immediately open the incubator 

lid to allow heat to be released from the incubator, until the infant 

temperature is back to a safe range. 

iv. If the infant temperature doesn’t drop fast enough, the care provider 

should remove the infant from the incubator and commence Kangaroo 

Mother Care (KMC) if possible. Keep the temperature probe attached to 

the infant for monitoring purposes.  

d. Incubator power loss (5 minutes) 

i. If power is lost to the incubator while the incubator is set to “on” (in the 

event of a power outage or if the device is accidentally unplugged), the 

Power Loss alarm will sound and the LED on the user interface will light 

up. 
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ii. If this happens, the care provider should first check that the incubator is 

plugged into a functioning outlet.  

iii. If it is plugged in, but the alarm is still sounding, power has likely gone 

out. The incubator can turn the incubator to “off” to quiet the alarm. 

iv. During this process, DO NOT OPEN THE INCUBATOR if at all possible. 

The incubator will retain heat for up to 45 minutes without power, as long 

as the lid stays closed. Therefore, a hypothermic infant can still be 

warmed even in the event of a power loss.  

v. The care provider should wait for the power to turn back on, then turn 

back on the incubator.  

 


