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ABSTRACT

Fidelity is a crucial factor affecting the efficacy of medical simulation
training for clinicians. However, the inability of existing manikins
to provide a realistic simulation of cyanosis undermines the ability
to evaluate skill performance and clinical decision-making ade-
quately. To address this gap, we developed and evaluated four color-
changing mechanisms to realistically simulate cyanosis in newborn
manikins. The four mechanisms included an electrochromic de-
sign using LEDs, a hydrochromic design using colored liquids, and
two electromechanical designs using differently colored moving
elements. We evaluated the effectiveness of these designs in sim-
ulating the correct cyanosis coloration using quantitative color
measurements and comparing them with neonatal patient data.
Additionally, we performed qualitative assessments with clinicians
to evaluate the realism of the simulation. Our results demonstrate
that a hydrochromic mechanism provides a realistic simulation
of cyanosis coloration, as compared to neonatal patient data and
through clinician assessment. Our study addresses the gap in real-
istic cyanosis simulation in newborn manikins, providing valuable
insights for future iterations of medical simulation training for clin-
icians. These findings will guide the development of new manikins
that can provide more accurate simulations, thereby enhancing
training outcomes and improving patient safety.
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1 INTRODUCTION

Cyanosis is the slightly bluish discoloration of the skin and mu-
cous membranes caused by decreased amounts of oxygen bound
to hemoglobin in the erythrocytes [1-3]. Whereas oxygenated
hemoglobin is bright red, giving the infant a pink skin, low levels
of hemoglobin result in a dark blue or purple skin tone [3]. This
phenomenon can be classified into peripheral and central cyanosis
[3]. Peripheral cyanosis is the discoloration of the extremities and
is relatively common in newborns at birth [3]. In contrast, the pres-
ence of central cyanosis (visible in mucous membranes, tongue,
and mouth linings) signals the presence of a potentially serious
and life-threatening condition and typically necessitates immediate
assessment [3, 4]. Typically, newborn infants exhibit cyanosis for
several minutes after delivery, but once the oxygen saturation rises
above 85%, the cyanosis fades away [4-6]. Persistent cyanosis is a
serious condition that requires rapid treatment [3]. The shortage
of hemoglobin in the blood may be assessed using pulse oxime-
try, a standard instrument for evaluating the oxygen saturation of
hemoglobin. If the oxygen saturation is at least 60%, it is possible to
estimate the oxygen saturation with sufficient precision [6]. Because
cyanosis can often be visually assessed, a physical examination is
performed before using other methods. This physical examination
of the neonate is being performed using the APGAR score criteria,
a method to assess signs of hemodynamic compromise [7]. One of
the criteria is Appearance, i.e., skin tone, and determines whether
cyanosis is present. Preterm newborns are more often diagnosed
with central cyanosis compared to term infants [8]. This could be
due to the fact that extreme preterm infants often have underly-
ing pathologies affecting oxygen saturation, such as Respiratory
Distress Syndrome (RDS), which results from the immaturity of
their lungs [9]. Since cyanosis among new infants could be an early
sign of underlying pathologies, such as lung disease and congenital
heart pathologies, it is essential to determine the occurrence of
cyanosis with viable tests and to prescribe effective treatment upon
accurate diagnosis [2].

1.1 Medical simulation

Simulation-based training is frequently used in healthcare to prac-
tice realistic and complex scenarios in a simulated environment to
improve clinicians’ performances and ensure patient safety [10, 11].
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Within these simulation sessions, manikins of human patients are
often used with specific functionalities and/or pathologies.

The participants can develop their clinical reasoning and train
their critical decision-making skills in a low-risk environment [12].
‘Suspension of disbelief” is one factor contributing to the improve-
ment of fidelity. Suspension of disbelief focuses on convincing the
trainee to forget that he or she is in a simulated setting and to be
as committed as in a genuine emergency [13]. If the simulator and
training environment are realistic and of high-fidelity, it is easier to
suspend disbelief [13]. There are two main types of fidelity known
for (medical) simulators: functional and physical fidelity [14, 15].
Physical fidelity encompasses i.e., visual stimuli and could include
the external appearance of a manikin, such as its skin color or other
signs of symptom display. Functional fidelity relates to the ‘act
and feel’ of the simulator and whether the simulator responds in a
realistic manner [15].

1.2 Simulation of cyanosis

Due to the slight discoloration of the skin, the dynamic occurrence
of cyanosis is particularly difficult to notice; this study aims to de-
velop a simulation of central cyanosis in an infant manikin to help
clinicians recognize and manage this condition more adequately
by training the visual assessment of the skin. Since the realism
of cyanosis simulation is affected by both functional and physical
realism, developing a high-fidelity simulator would be beneficial.
Previous scientific work on the simulation of cyanosis has focused
on the accurate measurement of the color space of cyanotic skin.
For this, a method was developed to measure and determine cyan-
otic coloration quantitatively [4]. In the study by Azmi, the CIELAB
color space is used (compared to other color spaces such as RGB,
HSV, and Yxy) as the coloration of cyanosis appeared to be quan-
tifiable in this color space [4]. The depiction of a CIELAB color
involves three values, L*, a*, and b*, which correspond to perceptual
brightness and the four distinct hues of human visual perception,
red, green, blue, and yellow. CIELAB is perceptually uniform; any
numerical change would result in an equivalent perceived mod-
ification in color. Previous research has shown that the CIELAB
color space is adequate for skin color assessment [16, 17]. Still, no
functional implementation of these color values has been made
into a neonatal manikin. Since the 1960s, manikins for simulation-
based teaching have been developed [18]. While certain existing
high-fidelity manikins can display cyanotic skin, none of them
are described to be based on color measurements retrieved from
clinical data. Nevertheless, dynamic, color-changing functionalities
have been accomplished in the NENASim Infant (Medical-X, the
Netherlands), which can demonstrate both central and peripheral
cyanosis as well as a healthy skin tone. Also, the Newborn TORY
$2210 (Gaumard Scientific Company, USA) can demonstrate a range
of skin tones, from pink to mild and severe cyanosis. Unfortunately,
the cyanosis in these manikins appears in the incorrect locations,
around the cheekbones. In addition, it looks unrealistic because of
the glare of the Light Emitting Diodes (LEDs), and with the LEDs
appearing as a light point source. Therefore, despite the apparent
promising implementation of LED-based mechanisms for cyanosis
simulation in multiple studies, its realism still needs to be improved
[4, 19].
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The manikin developed in the context of this research will be
used to develop and train usage with extra-uterine life support sys-
tem technology [20, 21]. Such a system is a biomimetic alternative
to current neonatal incubators for extremely preterm infants by
making it liquid-based [22]. During the delivery of the infant into
an extra-uterine life support system, pulse oximetry might not be
continuously available. Therefore, visual assessment (i.e., direct or
via a camera) will be useful to train during medical simulations.
Consequently, the aim of this research is to develop a functional
cyanosis simulation mechanism based on the correct coloration of
cyanosis in a fetal simulation manikin.

2 METHODS
2.1

To find suitable mechanisms for the simulation of cyanosis, an
analysis of mechanisms for color change, or chromism, was per-
formed. Chromism is the phenomenon of a substance’s reversible
color shift that happens in solids and liquids owing to a struc-
tural change [23]. External stimuli alter the structure of the sub-
stance, resulting in a change in color. There are many varieties of
chromism, named based on external stimulus, i.e., thermochromism,
photochromism, and electrochromism. The various mechanisms
were analyzed and weighted using a simplified Weighted Objectives
Table (WOT) method to assess suitability for cyanosis simulation
[24]. Criteria were listed to comply with the application in an extra-
uterine life support system context and included: dimensions limit,
temperature range, color range, color accuracy, color changing
time, safety, availability of technology, required voltage, and ease
of implementation in a fetal manikin. Assigned scores were sub-
sequently ranked and gave an indication of success when further
developing the mechanism. Mechanisms with a score of zero were
disqualified, as well as mechanisms that scored low on safety. Five
color-changing mechanisms with the highest scores were selected:
(1) electrochromism, (2) hydrochromism, (3) photochromism, (4)
thermochromism, and (5) mechanochromism.

To operate the color-changing mechanisms, a selection of suit-
able actuators was made to be considered during development. The
classification included electrical, electromechanical, electromag-
netic, hydraulic, pneumatic, and smart material actuators [25, 26].
Additive and subtractive color mixing are the two methods of color
mixing. In additive color mixing, light sources are added to the
process to create a sensation of color, with the light reaching the
eye directly from its source [27]. In subtractive color mixing (Figure
3), the paint, pigments, dyes, or other colorants absorb or subtract
some parts of the spectrum and transmit or reflect other parts
[27, 28]. The parts of the visible spectrum that are reflected when
absorption takes place is the color that is determined [28]. In this
mode, the light is reflected by another object which can alter the
color tone of the original source [27].

Mechanism selection

2.2 Design and development

Ideations on the selected mechanisms resulted in design sketches
leading to five physical prototypes. Two prototypes were based
on an electromechanical mechanism, one on electrochromism, one
on thermochromism, and one on hydrochromism. The prototypes
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Figure 1: The component layers that make up the electrochromic cyanosis simulator.

were created using a Research-through-Design methodology, gain-
ing knowledge, and understanding through consecutive design
iterations [29].

2.2.1 Electrochromic design. The electrochromic prototype uses
small LEDs to simulate cyanosis and, therefore, works via an ad-
ditive color mixing method. The electrochromic design consists
of four layers: (1) a 3D printed fetal manikin face with LEDs, (2)
a sponge, (3) a 3D printed mask of mixed materials, and (4) a sili-
cone skin layer (see Figure 1). The manikin’s face was 3D printed
with transparent PETG (Jupiter series, 123-3D, The Netherlands).
Glued on the 3D-printed face are custom-made PCBs with con-
nected LEDs (WSB2812 2020 RGB). A digital model of the face was
used to determine the correct dimensions of the PCBs and allowed
for planning the arrangement of the LEDs. Eventually, two differ-
ent PCB sizes were designed: 2-LED PCBs and 3-LED PCBs. The
LEDs were soldered onto the PCBs, after which the PCBs were
glued onto the 3D-printed manikin’s face and soldered in series.
Multiple ground and 5V cables were attached to ensure enough
power ran through the LEDs. In addition, two data cables were
necessary because a single data cable resulted in the last LEDs of
the series flickering. All electronics were connected to an Arduino
Pro Micro (arduino.cc, NY, USA) with a connected button to start
the programmed cyanosis code. A sponge layer was added between
the LEDs and the 3D-printed mask to make sure that the LEDs
would sufficiently diffuse the light, making it possible to brighten
the LEDs at the beginning (cyanotic state), after which they can
slowly dim (non-cyanosis state). Secondly, when dimming the LEDs,
the blue LED stops the fastest (due to the blue wavelength being
the shortest), whereas the red LED is dominant. A blue sponge
was specifically chosen as the blue material absorbs red and green
and reflects blue, overcoming the problem that the cyanotic area
will appear red when dimmed. The 3D-printed mask covers the
sponge and the 3D-printed face with LEDs. The mask consists of
white PLA (polylactic acid filament, Ultimaker, the Netherlands)
and transparent PETG (polyethylene terephthalate glycol filament,
Ultimaker, the Netherlands), ensuring that cyanosis is only visi-
ble in the correct areas. The cyanotic area was determined based
on a photo of a neonatal cyanotic patient [4, p. 5]. Software was
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written to program the LEDs and make them fade away after a set
time. Once the button is pressed, the LEDs are turned on, making
the cyanosis appear. A random timer between 30 and 60 seconds
is started, and after that timer, the LEDs fade away (resulting in
the cyanosis fading). For experiment purposes, the timer was set
between 30 to 60 seconds to reduce simulation time for the partici-
pants. Still, in realistic simulations, this timer could be programmed
for an extended duration (between one to ten minutes [4, p. 65]).
The choice was made to keep the LEDs active while in the non-
cyanotic stage to maintain the additive color mixing mode rather
than move between additive and subtractive color mixing (when
turning LEDs off) [27, 28]. This ensured that the human eye would
be unable to recognize the difference.

2.2.2  Hydrochromic design. The hydrochromic prototype uses col-
ored liquids to simulate cyanosis. Strictly speaking, the term hy-
drochromic refers to a liquid changing color. This is not the case in
this mechanism; however, for clarity, we speak of a hydrochromic
mechanism. In a future version, a color-changing liquid could be
used.

The design consists of three layers: (1) a cyanotic area, (2) a
3D-printed manikin’s face, and (3) a silicone skin layer (see Figure
2). The cyanotic area is designed as a cavity and 3D-printed in a
transparent resin (Clear Resin, Formlabs, USA). The back of the
model has two openings to which silicone tubes (diameter 4/6 mm)
are connected. One of the silicone tubes was necessary to remove
trapped air when initially filling the cavity with liquid. The top tube
was zip-tied after filling. This resulted in an airtight construct that
could be operated using a syringe. The colored liquid was made
from water mixed with food dye. The water and dye ratio used was
100 ml of water, 0.35 ml of red dye, and 0.1 ml of blue dye, which
resulted in a CIELAB value of L* 13, a* 3, and b* -7. The cyanotic
area was placed inside a transparent PETG 3D printed manikin’s
face (Jupiter series, 123-3D, The Netherlands).

2.2.3 Thermochromic design. The thermochromic prototype em-
ploys temperature-sensitive pigment that temporarily changes color
when exposed to heat. To test this approach, a custom-made heat
element was covered with polyimide foil (Kapton, DuPont, USA)
to fit in the contour of the cyanosis region and could be placed
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Figure 2: The component layers that make up the hydrochromic cyanosis simulator.

underneath a layer of silicone skin. The silicone skin layer was
mixed with black thermochromic pigment (Hali Industrial, China)
that would change from black to white at 40 °C. In a default state
of cyanosis, the polyimide foil could be inactive, whereas if the
cyanosis faded out, the foil would need to be heated.

Although the first iterations were positively visually assessed
by the researchers, several downsides of this mechanism became
apparent. First, in the context of this research, the fluid in which
the manikin will be placed has a temperature of 37 °C which could
interfere with the working range of the pigment. However, a ther-
mochromic pigment working in a different temperature range (i.e.,
50 °C) could solve this. Secondly, the heating element could also
disrupt other functionalities of the manikin (such as interference
with integrated temperature sensors). And lastly, over time, the
quality of the thermochromic pigment will likely diminish, making
the simulation unreliable and in need of more frequent maintenance
compared to other mechanisms. For these reasons, the continued
development of this mechanism type was halted.

2.24  Electromechanical design. This electromechanical design sim-
ulates cyanosis through a 3D-printed purple dome with control-
lable white slats covering the dome. The flexible slats are connected
to four stepper motors that, upon rotation, can make the purple
cyanosis coloration visible and invisible. The prototype consists of
five parts: (1) cyanotic dome, (2) flexible slats, (3) transparent dome,
(4) manikin face, and (5) silicone skin (see Figure 3). The cyanotic
dome is a 3D model printed with matte grape-like purple PLA fil-
ament (Real Filament, The Netherlands) with a CIELAB value of
L* 18, a* 19, and b* 6. The final round dome shape was determined
through an iterative process, as the purple color needed to be as
close as possible to the transparent surface to be visible. Inside the
dome, four stepper motors control the cyanotic state. The flexible
slats are 0.5mm thin and 3D printed in white TPU (thermoplastic
polyurethane filament, Ultimaker, The Netherlands). Through it-
erative printing and testing, the models resulted in a final shape.
The slats were printed flat and were reshaped (heat molded) to the
bent shape of the cyanotic dome to ensure smooth movement and
prevent friction. Subsequently, the slats were glued to the stepper
motor pins. The flexible slats were guided in the right direction
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using a transparent cover dome (Clear Resin, Formlabs, USA) to
avoid contact of the slats with the silicone skin (which results in too
much friction). Lastly, the transparent dome could be fitted inside
the manikin’s face (white PLA, Ultimaker, The Netherlands), with a
lasting distance of 2 mm between the transparent and purple dome.
The stepper motors were coupled in pairs to DRV8833 bipolar mo-
tor drivers, which were then connected to the Wemos D1 Mini (an
ESP-8266EX microcontroller). These stepper motors had to be set
up in a way that made the change from cyanosis to non-cyanosis
seamless.

2.2.5 Electromechanical design Il. The second electromechanical
design prototype simulates cyanosis through a rotating cone - re-
sembling a spinning top — which has a gradient of color tone from
non-cyanotic to cyanotic. To avoid obstruction and friction with the
silicone skin suit, the cone is covered by a transparent cover. The
prototype consists of three parts: (1) the cone, (2) the multi-material
face part with a transparent cyanotic area, and (3) the silicone skin
(see Figure 4). The cone was 3D-printed in white PLA (Ultimaker,
The Netherlands) and was covered with paint to create a gradient
from white to cyanotic tone (cyanotic tone consisted of the color
L* of 20, a* of 27 and b* of -28). The cone was dimensioned and
positioned in such a way to minimize the distance between the
skin and the cone. Within the cone, a metal axis was assembled, of
which one side was placed in a designed notch at the back of the
3D-printed face. The other end of the cone was attached to a servo
motor (Bluebird BMS-101 DMG, Blue Bird Technology, Taiwan),
connected to an Arduino Uno. The face part was 3D printed (Objet
Connex, Stratasys) in two different materials, a transparent cyanotic
area and a white face part (VeroClear and VeroWhite, Stratasys).

2.2.6 Skin layer. A pre-existing 3D model of a neonate was re-
modeled and used as a foundation for the manikin’s skin. Facial
features were reconstructed using a semiautomatic pixel density-
based process using the Materialise software package (Materialise
NV, Leuven, Belgium) and 3ds Max (Autodesk, California, USA). A
3D print (Objet Connex 350, Stratasys, Israel)) was used to develop
a mold that could be used to cast a silicone manikin (Ecoflex 00-30,
Smooth-on, USA) using a vacuum casting machine (340 Multiplex,
Schuchl, Germany). To develop a 1 mm thick skinsuit, an inner
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Figure 3: The component layers that make up the electromechanical cyanosis simulator.

Mechanism
Electromechanical II

Rotating cone with gradient

Skin layer

Template

¢

Figure 4: The component layers that make up the electromechanical II cyanosis simulator.

mold was used with a 1 mm offset and suspended in the outer mold.
For the pigmentation of the skin into a realistic color, the following
ratio was used: 100 ml of silicone with 7 drops (0.24 g) SilTone
medium skin tone pigment for 3 drops (0.1g) SilTone fresh blood
pigment (SilTone, FormX, the Netherlands).

2.3 Evaluations

Four of the five prototypes were further evaluated; the ther-
mochromic design was not part of the assessment. A mixed-
methods technique was utilized to analyze quantitative and qual-
itative data to determine which mechanism could best simulate
cyanosis [30]. Laboratory color measurements of the prototypes
were compared with previous research findings [4] to ascertain
the realism of the color tone. Evaluation with experts provided
qualitative and quantitative data and ensured additional insights
about the designed prototypes.

2.3.1 Color measurements. Lab color measurements were per-
formed using a MacBeth color checker (Color Checker SG, Cal-
ibrite, USA), a color calibration tool. This was done to establish a
reference color value that would allow for the correlation between
the color value in the image and the authentic color. The color
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checker was positioned next to the prototypes when photographed.
Photographs were taken with a Canon 70D under consistent light
circumstances with fluorescent lamps (see Figure 5). Photographs
were imported into Adobe Lightroom to be converted into DNG
files and were re-imported into ColorChecker Camera Calibration
software (ColorChecker Camera Calibration v2.3.0, X-Rite, USA).
Calibrated images can be found in Supplement 1. The created pro-
file was subsequently imported into Adobe Photoshop. The Adobe
Photoshop environment was set to the Lab Color space. To assess
the cyanosis consistently, a mask of the region of interest (ROI) was
created (Adobe Photoshop). This ROI was based on the study of
Azmi [4], who determined six landmarks based on standard face
landmarks used in face anthropometry. Using Adobe Photoshop’s
color sampling tool, the L*a*b* values of all landmark points were
determined, resulting in six cyanosis coloration values for each
prototype.

The six measured colors for each obtained prototype were used
to generate scatter plots. A scatter plot was created comparing the
cyanotic versus non-cyanotic data from Azmi [4, p. 116] with the
data acquired in this investigation. In addition, the measured colors
of all prototypes are visualized in a color palette to give an overview
(see Supplement 1).
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2.3.2  Expert evaluation. Seven clinicians, or clinicians in training,
were included in this study (P1-P7). All participants had experience
assessing cyanosis coloration in newborns and work either in the
neonatal intensive care unit (P1-P3) or the obstetrics department
(P4-P7). Participants were recruited through snowball sampling, us-
ing a non-probability, purposive sampling method [31]. Prototypes
were all assessed in the Maxima Medical Center (Veldhoven, the
Netherlands), in similar lighting environments where the proto-
types were placed on a white A3-sized paper. In the study, a realism
assessment (see Supplement 2) was conducted with both open and
closed-ended questions [32]. Closed-ended questions consisted of a
7-point Likert-scale for each of the prototypes [32].

7-point Likert items were chosen, as these have more sensitive
degrees of assessment, include odd-numbered so participants can
choose a neutral answer, and these have been used commonly in
simulator realism assessments [32]. Questions were grouped into
the following categories broadly covering physical fidelity and
functional fidelity: anatomy, function, performance, and value for
training, which were based on existing medical simulation real-
ism assessments [32, 33]. For each feature, an importance rating
was given to assess participant perceptions of the significance of
each simulator aspect. This could help set priorities in subsequent
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prototype iterations. A complete list of all questions can be found
in Supplement 2. The evaluation duration took approximately 15
minutes per participant. During the evaluation, audio was recorded,
for which participants gave consent. Of the ordinal data, the means
and SD for each aspect were calculated, and the open-ended ques-
tions were analyzed to discover additional insights or alternative
responses to the Likert-type data.

3 RESULTS

The final prototypes of the different mechanisms can be seen in
Figure 5, with the different layers being covered with silicone skin
- all in a non-cyanotic and cyanotic state.

3.1 Color measurements

An analysis was conducted to determine whether the designs ex-
hibited accurate cyanosis coloration based on quantitative measure-
ments during the color measurement process. The measurements
obtained for all designs were plotted in a scatter plot (see Figure
7) and compared with data on cyanosis to non-cyanosis (points 1
to 7) previously collected by Azmi [4, p. 116]. The six measured
landmarks for each prototype were translated into scatter plots (see
Figure 6). Collected data is compared to the reference data from
cyanotic patients from the study of Azmi [4, p. 116]. In addition, the
measured colors of each mechanism are visualized in color palettes
(see Supplement 1).

Figure 6 shows that the electrochromic design falls within a CIE
L* difference of approximately -7 to +10 from point 1 (cyanotic
stage). When looking at CIE a*, the electrochromic design falls
within a difference of approximately -9 and -6 from point 1. For
CIE b*, this is -3 to 0. The hydrochromic design falls within a CIE
L* difference of approximately +3 to +15. For CIE a* this is -3 to +2,
and for CIE b*, this is -3 to -1. A difference of -6 to +4 for the CIE L*
values of the electromechanical I design can be found. For CIE a*,
this is -4 to -2, and for CIE b*, this is -5 to -2. Lastly, the difference
for the electromechanical IT design in CIE L* is -5 to +5, CIE a* is
-7 to -3, and CIE b* is -7 to -2. When comparing the CIE a* and
CIE b* space for all mechanisms, the landmarks measured of the
cyanotic-state hydrochromic mechanism are nearest to the cyanotic
state of the reference data. The electrochromic design shows the
largest deviation from the reference data. The CIE a* values are
especially higher than the reference data, which indicates that the
mechanism produces a too magenta-hued color [34]. In contrast,
the electromechanical mechanism appears to be too yellow-toned
and slightly too magenta.

3.2 User tests

The findings of each Likert-scale question from all prototypes were
calculated and combined in Table 1. Score 1 means ‘strongly dis-
agree’, and 7 means ‘strongly agree’. In terms of anatomical real-
ism (color tone, cyanosis area, and overall realism), the highest
scores were rated for the hydrochromic prototype and the lowest
for the electrochromic. Regarding the appearance and disappear-
ance pattern, the hydrochromic prototype scored highest, and the
electrochromic and mechanical II prototypes scored lowest. The
educational and scientific values were rated roughly equally among
the different prototypes, with mechanical II receiving the lowest
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Figure 6: Scatter diagram (in CIE L* and a* and b*) of the electrochromic mechanism cyanosis color measurements versus the
human patient cyanosis color measurements of Azmi [4, p. 116]. Points 1 to 7 indicate the presence to absence of cyanosis.

rating. The importance scale was rated rather homogeneous among
the different subcategories.

According to the analysis, all participants felt that the hy-
drochromic prototype simulated cyanosis best. P1 stated: “This
[hydrochromic] prototype certainly has potential; it is much more
realistic compared to prototype 1 [electrochromic]. The lips are in
a good shade of blue”. P2 said: “The [hydrochromic] prototype is
very subtle, which is like cyanosis, also subtle.” “The color of the
[hydrochromic] prototype is very good, realistic”. Regarding the
disappearance and appearance, P5 said: “The [hydrochromic] pro-
totype is slowly changing, that is nice”. P6 said: “Even though the
[hydrochromic] prototype is much more subtle [compared to the
electrochromic prototype], I see the difference between a cyanotic
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and non-cyanotic stage.” Although all participants stated that the
hydrochromic design showed the best cyanosis coloration, aspects
were mentioned that would need improvement. P1 said: “I find the
subtlety to be much better here [compared to the other prototypes],
but the contrast is slightly too little”.

The electrochromic design had several disadvantages to its de-
sign. P1 said: “It should be more subtle, it is too neon” and “.. .the
contour, the area is too symmetric” “That cyanosis is occurring
is evident, but it is not realistic.” Other comments were made re-
garding the non-cyanotic stage. P2 stated: “The [electrochromic]
prototype stays a bit too gray after the cyanosis has disappeared”
and P4: “The non-cyanosis state still shows a bit of different color
tone in the cyanotic area”
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Figure 7: Scatter diagram of CIE a* and b* for all mechanisms in this study in a cyanotic state versus the cyanosis color
measurements of Azmi [4, p. 116]. Points 1 to 7 indicate the presence to absence of cyanosis, in which point 1 is cyanotic and 7

is non-cyanotic.

Table 1: Questionnaire scores per mechanism

Questionnaire scores(Mean, SD) Importance(mean)
Electrochromic Hydrochromic Mech I Mech I
Anatomy
1. Coloration realism 4.6, 1.5 6.1,1.1 6.1,0.7 5.1,1.2 5.3
2. Area realism 4.9,1.7 6.1,0.4 5.5,0.5 4.6,1.3 5.3
3. Overall realism 4.3, 1.4 6.1,0.7 5.5,1.1 5.2,1.1 5.4
Function
4. (Dis)appearance realism 3.9,1.2 6.4,0.5 5.9,1.0 34,18 5.4
5. Gives valuable information 6.2,0.4 6.2,0.8 5.8,0.4 5.0,1.8 5.7
Education/scientific value
7. Training 6.2, 1.1 6.2, 0.6 6.2, 0.6 5.4,1.8 5.7
8. Decision-making skills 5.9,0.9 6.1,0.7 6.4,0.9 54,15 6.1
9. Treatment development 5.1,1.3 5.9,1.0 5.9,1.0 4.7,2.1 5.6
Overall Means 5.1 6.1 5.9 4.8

Also, the facial area displaying cyanosis was mentioned, with the
hydrochromic prototype appearing more realistic than the other
prototypes. P3 stated: “In the [electrochromic] prototype, the area is
too sharply contrasted with the rest of the face.” P4 mentioned “The
area of cyanosis in [the electrochromic] prototype is too perfectly
framed. P1 stated said: “The area of the face [in the electromechani-
cal I prototype] resulting in cyanosis is too large”. “The overall area
of the electromechanical II prototype is also a bit too large”. And P2
mentioned “The vagueness of the contour of [the hydrochromic]
prototype is better compared to the electrochromic prototype”. P3
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said, “There should be more cyanosis at the lower lip, and less above
the nose [in the electromechanical II prototype]”.

4 DISCUSSION

The objective of this research was to identify a mechanism that
can accurately replicate the cyanosis coloration in fetal manikins,
specifically within an extra-uterine life support system simula-
tion context. Prior research has explored diverse functions and
applications of neonatal simulation [35]. However, a realistic mech-
anism for simulating cyanosis has yet to be developed [4]. The
present research demonstrates that through the employment of
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a hydrochromic mechanism, the manifestation of cyanosis can
be realistically simulated. The color measurements acquired for
each design are compared with the data presented by Azmi [4].
The findings derived from that assessment suggest that it is feasi-
ble to realistically replicate the coloration of cyanosis in neonatal
manikins. Implementing a hydrochromic approach would be the
optimal mechanism for simulating cyanosis. This assertion is also
supported by user tests, which demonstrate that the hydrochromic
design exhibited the most realistic cyanosis simulation. Through
the user questionnaires and interviews, all participants stated that
the hydrochromic prototype showed the most realistic cyanosis
overall. This was also mentioned for the subcategories color tone,
facial area, and (dis)appearance pattern (see Table 1). Color tone
was assessed as quite similar in the different prototypes except
for the electrochromic prototype, which appeared too bright and
neon. The subtlety of the color and the vague contour of the facial
area of the hydrochromic prototype was regarded as very realis-
tic. Also, the (dis)appearance pattern was considered important,
especially when seeing the electromechanical prototype II in which
the movement appeared unrealistic. Implementing a liquid-based
chromatic approach elicits fabrication-related challenges, with an
electromechanical (I or II) approach being easier to implement. For
this latter mechanism, the coloration must be adjusted to lower CIE
a* and b* values. The electromechanical mechanisms were in the
range of the reference values [4] but rather near timestamps 2 to 4
instead of 1 (fully cyanotic). The electrochromic mechanism was
least competent at simulating a realistic cyanotic color. Predomi-
nantly the CIE L* and a* values of all landmarks were inaccurate
compared to the reference data. Light emitted by the RGB LEDs
had a shorter wavelength [27, 28]. As a result, when the LEDs were
dimmed, the blue light was the first to cease, leading to a shift to-
wards redder light (a higher a* value, [34]). Consequently, creating
a darker blue/purplish hue was unattainable due to the imperative
need to minimize the dimness of the LEDs.

The cyanosis mechanism is intended to be integrated into a fetal
manikin with other functionalities to develop, validate and train
for extra-uterine life support treatment of preterm infants [36].
The inclusion of such a cyanosis simulator would be insightful for
understanding the condition of the infant. Yet, it should be noted
that extremely preterm infants are nearly always born cyanotic [8].
Therefore, the fading out of cyanosis (or the difference between
cyanotic and non-cyanotic stages) might be predominantly valuable
in this case.

Within this context, integrating other components in the facial
area of the manikin necessitates the efficient use of space; the
embedding volume for actuators is small. Having an anatomically
realistic upper airway and oral cavity in the manikin might be
useful. In this case, certain mechanisms would be incompatible with
this requirement (electromechanical mechanisms), whereas others
would allow for this integration (thermochromic or electrochromic
mechanisms).

Incorporating the mechanisms into a complete anatomical model
could necessitate the inclusion of a power source and a microcon-
troller, both of which would require designated space. The elec-
tromechanical designs I and I employ stepper and servo motors
as the actuator driving the color-changing mechanism. The elec-
trochromic design comprises of LEDs affixed to printed circuit
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boards, while the thermochromic design involves a heating ele-
ment. For the hydrochromic design, selecting the most suitable
actuator posed several fabrication challenges. To prevent the for-
mation of air bubbles in the liquid, the chamber of the mechanism
was rendered airtight, yet this resulted in a need to provide suf-
ficient force to push and pull the liquid from a cyanotic stage to
non-cyanosis. This challenge could be overcome by integrating a
buffer on one end of the chamber to host the ‘residual volume’ of air.
However, pilot testing this approach resulted in bubble formation in
the liquid. Another iteration consisted of working with two colored
gels, separated by a ball of foam, that could be pushed through a
tubular structure by a rotational pump. This mechanism appeared
to work correctly in a pilot run. However, the tubular structure
would need to be designed in such a way that is realistic to simulate
the cyanotic area, and with proper use of radii to enable the foam
separator to pass.

4.1 Limitations and future work

The scope of this study was limited to the analysis of a manikin
with only one skin tone to establish a correlation between color
measurements and the findings of Azmi’s study [4]. Additional
research is required to incorporate cyanosis data from neonates
with other skin tones into this study’s framework. The optimal
creation of cyanosis-colored mechanisms (including LEDs, liquid,
and paint) is influenced by the pigmentation of the silicone skin,
which can be adjusted and optimized to achieve the desired visible
cyanosis coloration. Furthermore, the setting in which the cyanosis
simulation was assessed might not be equal to the clinical environ-
ment. Preterm born infants are often shielded from too harsh light
and are kept in dimmed light settings or focused spotlights, which
might impact the realistic appearance of the cyanosis simulator.
Currently no clear objective metric to define skintone of cyanosis
is present, except for one study which reference data was used here
[4]. A mixed-methods approach was employed to evaluate the four
designed mechanisms, incorporating both qualitative and quantita-
tive data collection methods [30]. The utilization of non-probability
sampling methods, along with a limited number of participants,
resulted in possible sampling bias and reduced population validity.

5 CONCLUSION

Prior research has offered valuable insights into the color deter-
mination of cyanosis but has been limited in its ability to produce
a simulator that accurately replicates the condition. The objec-
tive of this research was to give an overview of possible mecha-
nisms for cyanosis simulation and identify a realistic mechanism
for accurately replicating the phenomenon based on qualitative
feedback from clinicians and quantitative color measurements. Dif-
ferent color-changing mechanisms were developed, including elec-
trochromic, hydrochromic, thermochromic, and electromechanical.
The findings obtained from the expert evaluation and quantita-
tive color measurements indicate that the simulation of cyanosis
can be achieved with a high degree of realism through the utiliza-
tion of a hydrochromic mechanism. Participants considered aspects
such as color, cyanotic area, disappearance/appearance pattern, and
the educational and scientific value of the simulator. Within the
context of this research, the novel fetal manikin will be used for
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life-support technology development and treatment training can
be used for simulation in a broader context, such as CPR training
or other scenarios where fetal distress must be adequately assessed
and treated.

ACKNOWLEDGMENTS

The authors want to thank the staff at the /d.search lab at Eindhoven
University of Technology, Jasper Sterk and Chet Bangaru, for their
help in the fabrication of the prototypes. We would like to thank all
participants of our simulation study for their invested time. This
work was supported by the Project “Perinatal Life Support Sys-
tem: Integration of Enabling Technologies for Clinical Translation”
Under Horizon 2020 FET Open Grant EU863087.

REFERENCES

(1]
(2]
(3]

[10]

[11]

[12]

[13]

[14]

[15]

P. Pahal and A. Goyal, “Central and Peripheral Cyanosis,” PubMed, Oct. 03, 2022.
https://www.ncbi.nlm.nih.gov/books/NBK559167/

A. Adeyinka and N. P. Kondamudi, “Cyanosis,” Nih.gov, Jun. 03, 2019. https:
//www.ncbinlm.nih.gov/books/NBK482247/

R. H. Steinhorn, “Evaluation and Management of the Cyanotic Neonate,” Clinical
Pediatric Emergency Medicine, vol. 9, no. 3, pp. 169-175, Sep. 2008, doi: https:
//doi.org/10.1016/j.cpem.2008.06.006.

N.F. Azmi, “Designing Colour Changing Actuation for Realistic Cyanosis in
a Baby Manikin,” Ph.D. dissertation, Dept. Industrial Design, TU Eindhoven.,
Eindhoven, The Netherlands, 2021. P5, p65, p116.

MK. Park, " Manifestations of cardiac problems in the newborn," in Pediatric
Cardiology for Practitioners, Elsevier Health Sciences, 2014, pp. 107.

P. C. Frommelt and M. A. Frommelt, “Cyanosis,” in Practical Strategies in Pediatric
Diagnosis and Therapy, ch. 10, pp. (166-180), W.B. Saunders, first ed., 2004.

L. V. Simon, M. F. Hashmi, and B. N. Bragg, “APGAR Score,” PubMed, 2020.
https://www.ncbinlm.nih.gov/books/NBK470569/

A. Ponsonby, T. Dwyer, and D. Couper, “Factors related to infant apnoea and
cyanosis: A population-based study,” vol. 33, no. 4, pp. 317-323, Aug. 1997, doi:
https://doi.org/10.1111/j.1440-1754.1997.tb01608.x.

G. Bayley, “Special considerations in the premature and ex-premature infant,”
Anaesthesia & Intensive Care Medicine, vol. 12, no. 3, pp. 91-94, Mar. 2011, doi:
https://doi.org/10.1016/j.mpaic.2010.11.007.

P. A.Hegland, H. Aarlie, H. Stromme, and G. Jamtvedt, “Simulation-based training
for nurses: Systematic review and meta-analysis,” Nurse Education Today, vol.
54, pp. 6-20, Jul. 2017, doi: https://doi.org/10.1016/j.nedt.2017.04.004.

A. Alanazi, N. Nicholson, and S. Thomas, “The Use of Simulation Training to
Improve Knowledge, Skills, and Confidence Among Healthcare Students: A Sys-
tematic Review,” Internet Journal of Allied Health Sciences and Practice, vol. 15,
no. 3, Jan. 2017, doi: https://doi.org/10.46743/1540-580X/2017.1666.

D. C. Letcher, S. J. Roth, and L. J. Varenhorst, “Simulation-Based Learning: Im-
proving Knowledge and Clinical Judgment Within the NICU,” Clinical Simulation
in Nursing, vol. 13, no. 6, pp. 284-290, Jun. 2017, doi: https://doi.org/10.1016/j.
ecns.2017.03.001.

V. C. Muckler, “Exploring Suspension of Disbelief During Simulation-Based
Learning,” Clinical Simulation in Nursing, vol. 13, no. 1, pp. 3-9, Jan. 2017, doi:
https://doi.org/10.1016/j.ecns.2016.09.004.

C.D. Fink and E. L Shriver. 1978. Simulators for maintenance training: Some
issues, problems and areas for future research. Technical Report ADA060088.
Defense Technical Information Center, Fort Belvoir, VA, USA. 71 pages. Interim
rept. Jun 77-Jan 78. https://apps.dtic.mil/sti/citations/ ADA060088

D.H. Andrews, L.A. Carroll, & H-H. Bell (n.d.). The Future of Selective Fidelity in
Training Devices. In Technology (Vol. 35, Issue 6) Technical Report ADA316902,

261

[16]

[20

[21]

W
S

[33

(34]

(35]

&
2

Juliette van Haren et al.

https://apps.dtic.mil/sti/citations/ ADA316902

B.C.K.Ly,E.B. Dyer,]. L. Feig, A. L. Chien, and S. Del Bino, “Research Techniques
Made Simple: Cutaneous Colorimetry: A Reliable Technique for Objective Skin
Color Measurement,” Journal of Investigative Dermatology, vol. 140, no. 1, pp.
3-12.el, Jan. 2020, doi: https://doi.org/10.1016/j.jid.2019.11.003.

L. L. Weatherall and B. D. Coombs, “Skin Color Measurements in Terms of CIELAB
Color Space Values,” Journal of Investigative Dermatology, vol. 99, no. 4, pp. 468—
473, Oct. 1992, doi: https://doi.org/10.1111/1523-1747.ep12616156.

N. Seam, A. J. Lee, M. Vennero, and L. Emlet, “Simulation Training in the ICU;
Chest, Jul. 2019, doi: https://doi.org/10.1016/j.chest.2019.07.011.

P. J. F Peters, FL.M. Delbressine, & , L. M. G. Feijs (2014). Designing
preterm neonatal cyanosis simulation. In Proceedings IWBBIO 2014, 7-9
April 2014, Granada (pp. 1325-1337). s.n.. https://pdfs.semanticscholar.org/74df/

4f654b8ce9e5fbefd2fe5f5dd9f054c29¢15.pdf
M.B. van der Hout-van der Jagt et al, “Interprofessional Consensus Regarding

Design Requirements for Liquid-Based Perinatal Life Support (PLS) Technology,”
vol. 9, Jan. 2022, doi: https://doi.org/10.3389/fped.2021.793531.

B. G. van Willigen, M. B. van der Hout-van der Jagt, W. Huberts, and F. N. van
de Vosse, “A review study of fetal circulatory models to develop a digital twin
of a fetus in a perinatal life support system,” Frontiers in Pediatrics, vol. 10, Sep.
2022, doi: https://doi.org/10.3389/fped.2022.915846.

E. A. Partridge et al., “An extra-uterine system to physiologically support the
extreme premature lamb,” Nature Communications, vol. 8, no. 1, Apr. 2017, doi:
https://doi.org/10.1038/ncomms15112.

P. Bamfield, Chromic Phenomena. Technological Applications of Colour Chem-
istry. 3rd Edition, 2018

N. Cross, Engineering design methods: strategies for product design, Chichester,
England: John Wiley & Sons Ltd, 2008.

M. Zupan, M. F. Ashby, and N. A. Fleck, “Actuator Classification and Selection—
The Development of a Database,” Advanced Engineering Materials, vol. 4, no. 12,
Pp. 933-940, Dec. 2002, doi: https://doi.org/10.1002/adem.200290009.

J. E. Huber, N. A. Fleck and M. F. Ashby, “The selection of mechanical actu-
ators based on performance indices,” in Proceedings of The Royal Society A
Mathematical Physical and Engineering Sciences, vol. 453, pp. 2185-2205, 1997.
J. S. Zarach and N. M. Morris, “Principles of Colour and Colour Perception,” in
Television Principles and Practice, London, Palgrave, 1979.

E. Verity, “Colour and Light,” in Colour Observed, London, Palgrave, 1980.
Godin, D., & Zahedi, M. Aspects of Research through Design: A Literature Review.
2014

T. C. Guetterman and M. D. Fetters, “Applying Mixed Methods Research to
Healthcare Simulation,” Jan. 2019, doi: https://doi.org/10.1007/978-3-030-26837-
4 31.

Y. Rogers, H. Sharp and J. Preece, “Chapter 8: Data Gathering,” in Interaction
Design: Beyond Human-Computer Interaction, Indianapolis, IN, John Wiley And
Sons Ltd, 2019, pp. 259-305.

E. Wilson, D. G. Hewett, B. C. Jolly, S. Janssens, and M. M. Beckmann, “Ts that real-
istic? The development of a realism assessment questionnaire and its application
in appraising three simulators for a gynaecology procedure,” Advances in Simu-
lation, vol. 3, no. 1, Nov. 2018, doi: https://doi.org/10.1186/s41077-018-0080-7.
A. Hill et al,, “Assessing the realism of colonoscopy simulation: the development
of an instrument and systematic comparison of 4 simulators,” Gastrointestinal
Endoscopy, vol. 75, no. 3, pp. 631-640.e3, Mar. 2012, doi: https://doi.org/10.1016/j.
gie.2011.10.030.

D. Malacara and Society Of Photo-Optical Instrumentation Engineers, Color
vision and colorimetry : theory and applications. Bellingham, Wash. (1000 20Th
St. Bellingham Wa 98225-6705 Usa): Spie, 2011.

M. Thielen, M. “ReVive: designing the newborn life support manikin” Ph.D.
dissertation, Dept. Industrial Design, TU Eindhoven, Eindhoven, the Netherlands,
2019

T. Hoveling, J.S. van Haren, and F.L.M. Delbressine, “Simulating the First Breath:
Design of the Respiratory Reflex in a Fetal Manikin,” 2021 8th International
Conference on Biomedical and Bioinformatics Engineering, Nov. 2021, doi: https:
//doi.org/10.1145/3502871.3502897.


https://www.ncbi.nlm.nih.gov/books/NBK559167/
https://www.ncbi.nlm.nih.gov/books/NBK482247/
https://www.ncbi.nlm.nih.gov/books/NBK482247/
https://doi.org/10.1016/j.cpem.2008.06.006
https://doi.org/10.1016/j.cpem.2008.06.006
https://www.ncbi.nlm.nih.gov/books/NBK470569/
https://doi.org/10.1111/j.1440-1754.1997.tb01608.x
https://doi.org/10.1016/j.mpaic.2010.11.007
https://doi.org/10.1016/j.nedt.2017.04.004
https://doi.org/10.46743/1540-580X/2017.1666
https://doi.org/10.1016/j.ecns.2017.03.001
https://doi.org/10.1016/j.ecns.2017.03.001
https://doi.org/10.1016/j.ecns.2016.09.004
https://apps.dtic.mil/sti/citations/ADA060088
https://apps.dtic.mil/sti/citations/ADA316902
https://doi.org/10.1016/j.jid.2019.11.003
https://doi.org/10.1111/1523-1747.ep12616156
https://doi.org/10.1016/j.chest.2019.07.011
https://pdfs.semanticscholar.org/74df/4f654b8ce9e5fbefd2fe5f5dd9f054c29c15.pdf
https://pdfs.semanticscholar.org/74df/4f654b8ce9e5fbefd2fe5f5dd9f054c29c15.pdf
https://doi.org/10.3389/fped.2021.793531
https://doi.org/10.3389/fped.2022.915846
https://doi.org/10.1038/ncomms15112
https://doi.org/10.1002/adem.200290009
https://doi.org/10.1007/978-3-030-26837-4_31
https://doi.org/10.1007/978-3-030-26837-4_31
https://doi.org/10.1186/s41077-018-0080-7
https://doi.org/10.1016/j.gie.2011.10.030
https://doi.org/10.1016/j.gie.2011.10.030
https://doi.org/10.1145/3502871.3502897
https://doi.org/10.1145/3502871.3502897

	Abstract
	1 INTRODUCTION
	1.1 Medical simulation
	1.2 Simulation of cyanosis

	2 METHODS
	2.1 Mechanism selection
	2.2 Design and development
	2.3 Evaluations

	3 RESULTS
	3.1 Color measurements
	3.2 User tests

	4 DISCUSSION
	4.1 Limitations and future work

	5 CONCLUSION
	Acknowledgments
	References

