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Abstract

Pressure ulcers (PUs) are one of the most prevalent adverse events in acute and

chronic care. The root aetiological cause of PUs is sustained cell and tissue deforma-

tions, which triggers a synergistic tissue damage cascade that accelerates over rela-

tively short time periods. Changes in skin microclimate conditions are known to

indirectly contribute to PU-risk levels or to exacerbation of existing wounds. It is

therefore surprising that information concerning heat accumulation under dress-

ings is poor. Here, we aimed to investigate the effects of dressings on the microcli-

mate of weight-bearing buttocks skin in 1-hour supine lying sessions. Using a novel

and originally developed experimental-computational approach, we compared the

combined influence of the mechanical and thermal properties of a polymeric mem-

brane dressing (PolyMem, Ferris Mfg. Corp., Fort Worth, TX) on skin microclimate

under and near the dressings with those of a standard placebo foam dressing. We

specifically identified the thermal conductivity properties of dressings as being

highly important in the context of protective dressing performances, given its associ-

ation with potential heat accumulation under dressings. Accordingly, this article

highlights, for the first time in the literature, the relevance of thermal properties of a

dressing in effectively mitigating the risk of developing PUs or aggravating an

injury, and offers a systematic, methodological bioengineering process for assessing

the thermal performances of dressings.
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1 | INTRODUCTION

Pressure ulcers (PUs), also often called pressure injuries,
are one of the most prevalent and adverse events in acute

and chronic healthcare facilities. To minimise their
occurrence that not only cause human suffering but also
impose high financial burden and litigation risks,
healthcare organisations, governments, industry, and
academia are now focusing more on PU prevention in
addition to treatment.

The root aetiological cause of PUs, both the ones asso-
ciated with prolonged exposure to bodyweight forces and
those formed in connection with the use of skin-
contacting or force-applying medical devices (so called

Abbreviations: 3D, three-dimensional; COF, coefficient of friction;
DTI, deep tissue injury; FE, finite element; IRT, infrared thermography;
MRI, magnetic resonance imaging; PHCI, protective heat clearance
index; PMD, polymeric membrane dressing; PU, pressure ulcer; RCT,
randomised clinical trial; ROI, region of interest; SC, stratum corneum;
TEH, temperature exposure histogram; VOI, volume of interest.
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‘medical device-related pressure ulcers’), is sustained cell
and tissue deformations.1,2 The sustained cell and tissue
deformations result in direct cell damage, and then, typi-
cally, secondary inflammatory damage, to which tertiary
ischaemic damage is later added, in a synergistic cascade
that accelerates over a relatively short time course of tens
of minutes to hours.1,2 The tissue damage in a forming
PU may start internally, under intact skin, at which
phase it is termed a deep tissue injury (DTI), which may
eventually progress to a full-thickness wound. The dam-
age process is also possible in the opposite direction,
where an epidermal-dermal injury progresses towards
the depth of the tissues and spreads internally, and even-
tually, evolves into a deep PU.2 In either route of PU
pathogenesis, the structure and function of skin play a
pivotal role.

The morphological and mechanical properties of skin
are influenced by numerous factors, including age, health
status, and diseases, and such effects can be systemic (ie,
over the entire skin organ) or local, as in a burn, scar, or
site of a lesion. Focusing on potential localised effects on
skin structure and function, the thermodynamic
environment including the local (i) skin temperature,
(ii) humidity at the vicinity of skin, and (iii) air move-
ment near the skin will have a substantial impact on skin
properties and behaviour.3 These last three factors define
the skin microclimate conditions at a certain body site.
Changes in skin microclimate conditions, that is, fluctua-
tion of one or more of the three aforementioned factors
outside their respective neutral ranges, will very likely
compromise skin functionality and tolerance to mechani-
cal loads, thereby indirectly contributing to a PU risk.3-5

The localised temperature and humidity of skin are
strongly coupled with the state of skin and subdermal tis-
sue deformations and mechanical stresses. The stratum
corneum (SC), being the outermost skin layer, is the first
to be affected by microclimate changes. Moisture and
wetness, for example, due to prolonged skin occlusion by
an impermeable material, or when a patient is exposed to
incontinence, lead to SC hydration, which remarkably
and promptly decreases the stiffness and strength of the
SC.6-8 Moreover, when the skin is moist at a certain
region, the coefficient of friction (COF) between that skin
region and any contacting material (eg, clothing, gar-
ments, diaper, bedsheets, or a support surface) increases,
leading to more adherence of skin to the contacting
object, and, hence, to greater deformations and stresses,
primarily in shear, within cutaneous and subcutaneous
tissues.9 Skin moisture therefore leads to lower tissue
strength and stiffness and, at the same time, to increased
mechanical loading (by elevated frictional forces), which
concurrently increase the risk to (either superficial or
subdermal) PUs. Skin dryness, on the other hand, is also

undesirable, as it increases fragility and susceptibility to
cracks and fissures, which from a biomechanical perspective
also promote tissue stress concentrations that may lead to
superficial PUs.10-14 Accordingly, hydration of the SC needs
to be regulated and be continuously maintained within a
normative range for the PU risk to be kept minimal.

The localised skin temperature is an important factor
contributing to the corresponding skin moisture. Locally
elevated skin temperatures drive local perspiration,
whereas locally reduced temperatures lead to dryness
and compromised skin barrier functions.3,4,13,15-17 Since
the physical characteristic of thermal insulation of a skin-
interfacing object is known to affect the localised skin
temperatures at the interface site (hence the concept of
thermal clothing), it is important to understand the rela-
tive extent of thermal insulation of any objects and mate-
rials that may potentially contact or be in close proximity
to a patient's body. Among such objects and materials are
clothing, garments and diapers, bedsheets, and also, very
commonly, dressings.

Other than treatment dressings, prophylactic PU dress-
ings are gaining popularity as part of PU prevention strate-
gies. The biomechanical protective effects of both types of
dressings have been studied extensively in recent years,

Key Messages

• changes in skin microclimate conditions are
known to indirectly contribute to pressure
ulcer risk levels or to exacerbation of existing
wounds, hence it is surprising that information
concerning heat accumulation under dressings
is poor

• using a novel experimental-computational
approach, we compared the combined influ-
ence of the mechanical and thermal properties
of a polymeric membrane dressing on skin
microclimate, under and near the dressing,
with those of a standard placebo foam dressing

• our data confirmed that skin and subdermal
tissue temperatures rise, and that heat is natu-
rally being accumulated at the contact areas
between the weight-bearing buttocks and
dressing or a support surface

• our experimental-computational results, con-
sidered together, demonstrated that the ther-
mal, physical, and mechanical properties of the
materials that are in contact with skin have a
distinguished impact on the resulted skin tem-
perature rise
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primarily by our group,18-26 and our findings were
supported by several large-scale randomised clinical trials
(RCTs).27-29 With that said, all dressings induce some
physical occlusion to skin, and, therefore, all dressings
may potentially interfere under the neutral skin microcli-
mate conditions, as heat could be accumulated between a
dressing and the covered skin. Changes in skin tempera-
ture and moisture are nearly inevitable in seriously ill
patients and in real-world clinical environments, and such
conditions should be managed to the best possible extent
to protect tissues. Although the concept of microclimate
and its effects on PU risks and deterioration of existing
wounds are increasingly gaining attention from clinicians
and researchers, knowledge concerning heat accumulation
under dressings is relatively poor. We conducted a
PubMed and Google Scholar database search using the
terms “microclimate,” “skin,” “temperature,” and “dress-
ing” that yielded four papers, which quantitatively
addressed the issue of microclimate under dressings: a
paper by Call and colleagues30 where they utilised a physi-
cal phantom, two additional papers that report skin tem-
peratures under dressings applied to intact skin31 and to
wounds,32 and our own recent work reporting preliminary
results of an infrared thermography (IRT) study.17 The
general goal of this study was to investigate the effects of
dressings on the microclimate of buttocks skin, while a
patient is lying in a weight-bearing supine position, and,
to determine the combined influence of the mechanical
and thermal properties of dressings on skin microclimate
under and near the dressings. Using the presently devel-
oped bioengineering methodology, we specifically aimed
to quantitatively compare skin temperatures and heat
accumulation under a polymeric membrane dressing
(PMD; PolyMem, Ferris Mfg. Corp., Fort Worth, TX) with
those under a standard placebo foam dressing. We
describe here the detailed integrated experimental-
computational work for the above purpose, including labo-
ratory measurements of mechanical and thermal material
properties of the aforementioned dressings, conducted to
inform a three-dimensional anatomically realistic multi-
physics finite element (FE) model, originally developed by
our group. The role of FE modelling in the study of dress-
ings and the vast progress that we have achieved in the
field in the last several years has been described in our
recent comprehensive review article,26 and interested
readers are referred to this published work for detailed
explanations concerning the necessity in using FE model-
ling to establish efficacy of dressings.

The present study is a direct continuation of our ear-
lier published work where we have developed a theoreti-
cal framework to study heat accumulation between
patient bodies and support surfaces.33 Here, for the first
time in the literature, we have added the fundamentally

important aspect of the impact of dressings (as an inter-
face layer in-between the skin and support) on skin
microclimate. Accordingly, this article highlights how
thermal properties of dressings, thermal conductivity in
particular, are important in effectively mitigating the risk
of developing a new PU or aggravation of an existing one.

2 | METHODS

To determine the effects of dressings on the microclimate
of buttocks skin while a patient is lying in a weight-
bearing supine position, we first characterised the den-
sity, stiffness, and thermal conductivity properties of two
types of dressings: (i) a PMD (PolyMem, Ferris Mfg.
Corp., Fort Worth, TX) and (ii) a standard semipermeable
polyurethane dressing, which is referred to here as “pla-
cebo foam dressing.” This latter foam dressing had speci-
men dimensions that were equal to those of the PMD,
but it was lacking the specific active PMD components,
which act synergistically to result in inflammation modu-
lation in skin and deep tissues wherever applied.1,34 We
then developed a multiphysics three-dimensional
(3D) anatomically realistic FE model of the buttocks in
which each cheek of the buttocks has been covered by
one of the aforementioned two dressings. An additional
FE model variant of bare buttocks was developed to
assess the impact of each type of dressing relative to the
case in which no dressing is used. In both model variants,
the buttocks have been laid on a standard medical foam
mattress. We specifically aimed to compare skin tempera-
ture magnitudes and distributions between the cases with
and without dressings and for each dressing type. These
systematic comparisons enabled objective, standardised,
and quantitative evaluations of the influence of the mate-
rial characteristics and engineering design features of
dressings on skin microclimate.

2.1 | Engineering characterisation of
dressing materials

2.1.1 | Density and stiffness
measurements in dry conditions

The apparent density of the dry dressing materials was
determined by measuring the volume and weight of three
5 × 5 cm2 test specimens for each dressing sample. The
dimensions and weights were measured using a Vernier
calliper with resolution of 0.05 mm and a GF-2000 preci-
sion balance (A&D Ltd., Tokyo, Japan), respectively. Aver-
age apparent density values were then calculated as
volume/weight ratio (per measurement set). Stiffness
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properties of dressings in dry conditions were further mea-
sured at ambient conditions of 23 ± 1�C and relative
humidity of 50% using an electromechanical testing
machine (Instron model 5944, Norwood MA) according to
the ASTM 3574 uniaxial compression testing standard. A
load cell with a capacity of 2 kN and precision of 1/1000 of
that load cell capacity has been employed, and the defor-
mation rate has been set as 50 ± 5 mm/min. The elastic
moduli of three test specimens of each dressing material
were calculated as the mean slope of the stress–strain
curve obtained in each test for a strain domain of 10%
to 40%.

2.1.2 | Thermal conductivity studies

To determine the thermal conductivity of the dry dress-
ing materials, a custom-made testing device was assem-
bled, as follows (Figure 1). Dressing specimens, cut to the
approximate size of 4 × 4 cm2 and thickness of 2–3 mm,
were placed between brass and aluminium blocks, each
with a size of 37 × 37 × 50 mm3. Thermocouples were
soldered at equal distances along these brass and alumin-
ium blocks, and temperature readings from each were
digitally and automatically recorded using the LabView
data acquisition software (Version 7.2, National Instru-
ments, Austin, TX).35 An electrical silicon heating mat
(RS Components Ltd., Corby, UK) placed on top of the
brass block transferred heat flux, which was controlled
using a power supplier (Techno Instruments (Pvt) Ltd.,
Kalubowila, Sri Lanka). An inferior cooling plate, located
underneath the aluminium block, was cooled using a
water flow system to create a relatively large temperature
gradient over the smaller (test chamber) distance in the
testing device. The silicon heating mat, brass block,

dressing specimen, and aluminium block compartments
were all isolated to impose a (theoretically) unidirectional
heat flux through the system, perpendicular to the dress-
ing sample, that is, so that the heat flux is transferred
along the thickness axis of the dressing. The ambient
conditions at the room were 23 ± 1�C and relative
humidity of 50%. We applied pressure of 3.4 kPa on the
samples using precision weights. Temperature readings
were collected for four preadjusted equal intervals of heat
flux. We waited for 15 minutes to reach steady-state heat
distributions after each time where the heat flux has been
raised by increasing the voltage generated through the
power supplier. After each such waiting time interval,
readings from the temperature sensors were stable. For
each heat flux level, five readings were taken from all
thermocouples at time intervals of 30 seconds. The five
temperature values measured by each thermocouple were
then averaged, and the thermal conductivity was calcu-
lated for each heat flux level.

Specifically, the thermal conductivity coefficient K of
the dressing materials (Kdressing) was calculated using
Fourier's law for 1D heat transfer under the assumption
that the heat flux along the brass, dressing, and alumin-
ium materials was equal in the experiments due to the
complete thermal isolation of the testing device from the
environment:

Q=Kbrass �A �T1−T2A

Xbrass
=Kdressing �A

�T2A−T2B

t
=Kaluminium �A � T2B−T3

Xaluminium
, ð1Þ

where Q (W/m2) is the heat flux, A (m2) is the contact
area of the samples, and T2A (�C) and T2B (�C) are the
measured temperatures at the superior and inferior bor-
ders of the dressing specimen, respectively (calculated
from the temperature gradients in the brass and alumin-
ium blocks). The temperature T1 (�C) is that of the
highest thermocouple in the brass block, and T3 (�C) is
the temperature at the lowest thermocouple in the alu-
minium block. The thickness of the tested dressing speci-
men is t (m), and X (m) is the length of the block. Kbrass

(W/mK) and Kaluminium (W/mK) are the thermal conduc-
tivity of the brass and aluminium blocks, respectively.
Reordering terms and isolating the parameter of interest,
Kdressing (W/mK), yields

Kdressing =
Kbrass

Xbrass
� t � T1−T2A

T2A−T2B
: ð2Þ

2.1.3 | Statistical analyses of
empirical data

We report descriptive statistics of average ± SD for all
measurements. Unpaired, two-tailed t tests were

FIGURE 1 Schematic diagram of the thermal conductivity

testing device
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conducted to compare between the PMD and placebo
properties per each measured parameter. Statistical sig-
nificance was considered for P < .05.

2.1.4 | Geometry of the computational
model

The 3D model of the buttocks was developed using
76 T1-weigheted axial magnetic resonance imaging
(MRI) slices of the weight-bearing buttocks of a 28-year-
old healthy female subject. The slices were imported to
the ScanIP module of the Simpleware software (Synopsis
Co., Mountain View, CA) for segmentation of the bones,
skeletal muscles, fat and skin tissues (Figure 2A). The
two dressing types, each with approximate area of
10 × 10 cm2 and thickness of 3 mm, were placed nearly
symmetrical on each cheek of the buttocks at the sites of
the ischial tuberosities. A flat foam mattress was further
added under the buttocks (Figure 2B).

2.2 | Numerical method

Meshing of the tissues, two dressings and mattress com-
ponents, was performed using the ScanIP module of Sim-
pleware.36 Four-node thermally coupled tetrahedron
elements (C3D4T) were used in all model components.
Mesh refinements were applied locally in skin-mattress
and dressing-mattress interfaces to reach adequate con-
vergence of the numerical solution. There were a total of
more than 1.5 million elements in the FE model variant
with the dressings, with the following breakdown: 164 105
mattress elements, 183 484 skin elements, 431 616 fat ele-
ments, 532 587 skeletal muscle elements, 210 536 bone tis-
sue elements, and 65 565 dressing elements (Figure 2C).
The meshed geometry was then imported to the ABAQUS
CAE 2017 Standard Solver (Dassault Systems, Vélizy-Vil-
lacoublay, France) for the set-up of the coupled structural-
thermal analysis.37 Converging time steps were chosen for
the numerical data collection, so that the resulting
bodyweight reaction force deviated from the target

FIGURE 2 Finite element

computational modelling of the

buttocks with a polymeric

membrane dressing (PMD,

PolyMem; Ferris Mfg. Corp., Fort

Worth, TX) and matched placebo

dressing (lacking the inflammation

modulating components of the

PMD) on the right and left sides of

the buttocks, respectively. A, The

applied mechanical and thermal

loading and boundary conditions. B,

geometric model of the skin and

dressings (left); definition of the

boundaries of the two volumes of

interest of skin under the two

dressings (right). C, The tetrahedral

mesh of the pelvic region, the PMD,

and placebo dressings and the

mattress in an axial cross section
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reaction force by no more than 0.8%. The time for solving
each simulation case, using a 64-bit Windows 10-based
workstation with Intel Core i9-7900X 3.30 GHz CPU and
64 GB of RAM, was approximately 65 hours. In other
words, due to the complex structural-thermal coupling in
this novel modelling framework, each FE simulation
required nearly 3 days to run up to completion on the
abovementioned powerful workstation.

2.3 | Biomechanical model and
mechanical properties

Constitutive laws and mechanical properties of the tissue
components and the mattress were adopted from the lit-
erature. Specifically, bone tissues (sacrum and femurs)
were modelled as a linear-elastic isotropic material with
an elastic modulus of 7 GPa and a Poisson ratio of
0.3.38-40 Muscle, fat, and skin tissues were assumed to
behave as homogeneous-isotropic-hyperelastic materials
that follow a large strain elasticity behaviour through the
neo-Hookean form of strain energy density potential,
with a strain energy density function W:

W =C10 �I1−3ð Þ+ 1
D1

Jel−1ð Þ, ð3Þ

where �I1 is the first invariant of the right Cauchy-Green
deformation tensor, C10 [kPa] is a material stiffness
parameter, Jel is the determinant of the deformation gra-
dient tensor, and D1 is

D1 =
2
K0

, ð4Þ

where K0 (kPa) is the initial bulk modulus of the mate-
rial. The material constants that were used here were

obtained in earlier work of our group33 (Table 1). The
mattress was considered linear-elastic isotropic material
with an elastic modulus of 7.5 kPa and a Poisson ratio of
0.3, again, based on the literature.41 The mechanical
properties of the dressing materials were determined
experimentally as described in Section 2.1, and the results
for these studies are reported in Section 3.1 and Table 1.

2.4 | Biothermal model and thermal
properties

The passive and active thermoregulation systems of the
body were represented using the Fiala's thermoregulation
modelling framework.42,43 The fundamental heat transfer
balance within biological tissues was formulated by
means of the Pennes equation44:

kr2T + qm + ρblwblcbl Tbl,a−Tð Þ= ρc
∂T
∂t

, ð5Þ

where k (W/mK) is the thermal conductivity of the tis-
sue of interest, T (�C) is the temperature of that tissue,
qm (W/m3) is the metabolic heat rate of the same tissue;
qbl (kg/m

3), wbl (s
−1), and cbl (J/kg K) are the blood den-

sity, perfusion rate, and heat capacity, respectively; and
Tbl, a(�C) is the arterial blood temperature. The rate of
temperature change over time ∂T/∂t (�C/s) is considered
to be zero since a steady state has been assumed. Under
neutrality conditions, the heat rate and perfusion rate of
a given tissue are set to be at basal levels, and as the tis-
sue temperature begins to differ from its natural state,
their values are changed as a function of that forming
temperature difference. The equations for calculating
the updated qm and wb considering the current tissue
temperature were also adopted from Fiala's passive
model42:

TABLE 1 Mechanical properties of the tissues, dressings (PMD = polymeric membrane dressing), and mattress

Model component Neo-Hookean material parameter Initial bulk modulus Poisson's ratio Elastic modulus

C10 (kPa) K0 (kPa) ν E (kPa)

Skina 4 666.67 0.494 -

Fata 0.4 66.67 0.494 -

Skeletal musclea 0.225 37.5 0.494 -

Boneb - - 0.3 7 × 106

Mattressc - - 0.3 7.5

PMDd - - 0.3 15.5

Placebod - - 0.3 33.5

aZeevi et al.33
bLinder-Ganz et al, Palevski et al, and Gefen et al.38-40
cPeko Cohen et al.41
dExperimental results described in detail in Section 3.1.
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qm = qm,0 +Δqm, ð6Þ

where Δqm (W/m3) is considered here as the additional
heat rate due to possible local autonomic thermoregula-
tion, neglecting the possible metabolism due to shivering
and exercising (which are irrelevant in the pressure ulcer
research context). The Δqm value is hence calculated
according to the following equation:

Δqm = qm,0 � 2
T−T0
10 −1

h i
, ð7Þ

where T0 (�C) is the tissue temperature at its set point.
The blood perfusion rate varies with potential changes in
local metabolic heat rate:

wbl =wbl,0 +Δwbl, ð8Þ

where wbl, 0 (s−1) is the basal blood perfusion rate and
Δwbl (s

−1) is the change in demand for oxygen as a func-
tion of the change in metabolic rate:

wbl =wbl,0 +
μbl �Δqm
ρblcbl

, ð9Þ

where μbl is the proportionality constant. The passive
blood circulation was assumed to be in equilibrium, that
is, the blood pool temperature was assumed to be equal
to the venous temperature, and the counter-current heat
exchange between blood vessels was not incorporated
into the present modelling; hence, Tbl, a is constant. A
volumetric heat production by the muscle, fat, and skin
tissues was calculated according to the thermal model,
which was described earlier, using a specially developed
HETVAL Fortran subroutine that was implemented in
the computational model and integrated in the ABAQUS

simulation codes. The thermal properties of the tissues
and mattress were adopted from the literature.45-47 The
thermal properties of the dressings were measured in our
present work (as described earlier) and the results are
specified in Section 3.1 (Table 2).

2.5 | Boundary conditions and loads

To investigate the coupled biomechanical-biothermal
behaviour of the soft tissues of the buttocks during
supine bedrest, in interaction with the studied dressings,
which are attached to the noninjured buttocks as in pro-
phylactic use, we applied bodyweight forces to the model-
ling. Specifically, we sought to simulate the descent of
the weight-bearing pelvic and sacral bones, together with
the heat transfer between the body and the environment
(including the dressings and mattress). For this purpose,
a downward displacement of 2.1 cm (in the Y-direction of
the model) was applied on the bones (Figure 2A). The
bottom of the mattress was fixed for all motions so that
only the buttocks tissues and attached dressings were
able to move, whereas the mattress was able to deform
under the bodyweight forces but not to perform a “free-
body-motion.” These virtual loading conditions mimic
reality, where a mattress is placed on a bedframe.
Surface-to-surface frictional contact was further defined
between the skin and dressing surfaces and the superior
surface of the mattress; the COF at these contact sites
was set as 0.4.22,48

The thermal model was first solved separately in a
steady-state heat transfer simulation to obtain the tem-
perature field in the buttocks under the following ther-
mal neutrality conditions: ambient temperature Tamb of
28�C, air velocity vair of 0.05 m/s, relative humidity RH of
40%, and surrounding wall emissivity ϵw of 0.93.

TABLE 2 Thermal properties of the tissues, dressings (PMD = polymeric membrane dressing), and mattress

Model component Thermal conductivity Specific heat Density Basal metabolic rate Basal blood perfusion

k (W/mK) Cp (J/kg K) ρ (kg/m3) qm, 0 (W/m3) wbl, 0 (s
–1)

Skina 0.47 3680 1085 368 1.05 × 10−3

Fata 0.16 2300 850 58 3.60 × 10−6

Skeletal musclea 0.42 3768 1085 684 5.38 × 10−4

Bonea 0.75 1700 1357 0 0

Mattressb,c 0.026 1000 40 - -

PMDd 0.089 1000 210 - -

Placebod 0.058 1000 227 - -

aFiala et al.45
bPrasad et al.46
cJarflat et al.47
dExperimental results described in detail in Section 3.1.
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Heat transfer by radiation was calculated according to
Fiala's thermoregulation modelling framework by Fiala
et al 42:

qR = hR � Tsk−Tambð Þ, ð10Þ

where Tsk = 33.5 � C is the area-weighted mean skin
temperature, Tamb = 28 � C is the ambient temperature,
and hR is calculated by

hr = σϵsfϵsrψ sf−sr � T*2
sk +T*2

amb

� �
T*
sk +T*

amb

� �
, ð11Þ

where σ = 5.67 � 10−8 (W/m2K4) is the Boltzmann
constant, ϵsf = 0.99 and ϵsr = 0.93 are the emission
coefficients of the body and of the surrounding sur-
faces, respectively, ψsf − sr = 0.9 is the corresponding
view factor, T*

sk and T*
amb (�C) are the absolute tempera-

tures of the local skin sector and of the surrounding sur-
faces, respectively. Heat fluxes by convection, radiation,
and evaporation from the body to the environment were
set between the whole skin surface in the model and the
surroundings, and calculated using the Fortran FILM
and DFLUX subroutines, which were integrated in the
ABAQUS simulation codes. This solution was used as ini-
tial conditions for the buttocks temperature in the full
structural-thermal coupled modelling. The initial temper-
atures of the mattress and dressings were considered to
be uniform and set as 28�C.

In the structural-thermal coupled model, the skin
surface was divided into two regions of interest (ROIs).
The first region included skin elements in the rear side
of the buttocks, which are at an initial distance of 3 cm
or less from the superior surface of the mattress. The
second region included the rest of the skin elements,
which do not come into contact with the mattress dur-
ing the simulations (Figure 2A). For the first ROI, we
assumed heat transfer through thermal conductance
only between the body and mattress. We used the For-
tran GAPCON subroutine, which has been integrated
in the ABAQUS simulation codes to calculate the con-
ductance in the gap between the inferior skin surface
and the top mattress surface, as a function of the dis-
tance between them. For the second ROI, we assumed
heat transfer by convection, radiation, and evaporation
to the environment. In that context, the skin stiffness
material parameter C10 was defined as a function of the
skin temperature, according to the findings of Patel
and colleagues.49 Specifically, they have found that as
the skin temperature increases from 28�C to 36�C, the
respective skin stiffness increases by 25%, which is
approximately more than 3% greater stiffness per each
1�C increment.

A total reaction force of 56 N has been obtained for
the studied buttocks segment (Figure 2A) for all model
variants. This represents approximately 11% of the total
bodyweight force of the subject, which is applied locally
at the pelvic region.

2.6 | Outcome measures from the
computational structural-thermal
modelling

The outcome measures listed in the following were
obtained for the modelling framework and boundary con-
ditions that have been described earlier, which were iden-
tical for both the model variant with dressings and the
variant without the dressings. The left and right sides of
the buttocks in the modelling were not precisely symmet-
rical due to the realistic subject anatomy that has been
captured by means of the MRI scan. Accordingly, we com-
pared the dressing types by examining the differences
between the cases with vs without dressing per each side
(cheek) of the buttocks (right side with the PMD, and left
with the placebo). We specifically defined two cubical vol-
umes of interest (VOIs) in the buttocks tissues, each
included the elements of skin directly under the dressing,
and then, we have systematically compared temperature
magnitudes and distribution in each VOI between the
cases with vs without a dressing (Figure 2B). The volumet-
ric exposures of skin to elevated temperatures were
analysed for the two VOIs, using temperature exposure
histogram (TEH) charts, as per a similar methodology
developed in our previous work for structural loads in tis-
sues.20,21 As a final step in the computational analyses, we
determined a protective heat clearance index (PHCI) of
the two dressing types by calculating the relative % differ-
ences in the area under the TEH curves, separately for the
PMD and placebo dressing, relative to the case where no
dressing has been applied (bare buttocks):

PHCI %½ �= SNo dressing−SDressing
SNo dressing

�100, ð12Þ

where S is the area under the TEH curve of each case.

2.7 | Experimental validation

The computational results of the heat transfer simula-
tions, which were used here to obtain the thermal neu-
trality conditions of the body tissues, and the additional
results of the full coupled structural-thermal simulations,
were validated against empirical skin temperature mea-
surements acquired by means of high-resolution IRT
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imaging. Our IRT experimental work to characterise the
microclimate of skin tissues under dressings has been
recently reported by Gefen et al17 and is briefly described
here for completeness. After acquiring baseline steady-
state temperature images of the two buttocks sides in
three healthy adult subjects (age range: 25–31 years,
height: 159–164 cm, weight 43–65 kg) who were lying
prone (ie, so that the buttocks tissues were not weight
bearing), PMD and placebo dressings of the sizes used in
the present FE modelling were attached to their right
and left buttock cheeks, respectively, as described earlier
for the present modelling work (Figure 2B). The IRT tem-
perature measurements were then repeated following
nearly motionless lying for 1 hour in a Fowler's position,
immediately after removing both dressings. The average
skin temperatures measured by means of IRT in the body
regions similar to the ones considered in the

computational model (Figure 2B) in basal conditions
were 33.9 ± 1.9�C and 33.5 ± 2�C for the right and left
buttocks sides, respectively. Immediately after the 1-hour
supine lying session, these skin temperatures increased to
36.6 ± 1�C and 36.5 ± 0.9�C for the right and left but-
tocks sides, respectively. SDs of temperatures that were
obtained are similar to those reported by Hayden and
Cole,31 who compared skin temperatures at the knees of
patients who underwent knee arthroscopies and received
PMD vs cotton gauze. Using a DermaTherm temperature

FIGURE 3 Engineering characterisation of the dressing

materials. A, Apparent density; B, stiffness; C, thermal

conductivity. PMD, polymeric membrane dressing (PolyMem,

Ferris Mfg. Corp., Fort Worth, TX). Placebo = matched foam

dressing (lacking the inflammation modulating components of the

PMD). Error bars are the SD from the mean (N = 4 specimens per

each dressing and trial type). *P < .05

FIGURE 4 The temperature distributions resulting from the

weight-bearing supine lying simulations on the (A) dressings and

surrounding skin and (B) superior surface of the mattress. The heat

transferred from the tissues through the dressings and on to the

mattress during weight-bearing conditions resulted in lower

temperatures of the placebo dressing itself (left frames) and the

mattress underneath, compared with the polymeric membrane

dressing (PMD, PolyMem, Ferris Mfg. Corp., Fort Worth, TX; right

frames), which indicates more heat accumulation under the

placebo dressing, at the skin-placebo dressing interface. It is worth

noting that the PMD dressing mildly warms up given its superior

thermal conductance, which clears heat away from the body

through the dressing and hence reduces heat accumulation under

the PMD dressing. Placebo = matched foam dressing (lacking the

inflammation modulating components of the PMD)
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strip (incorporating liquid crystal technology for skin
temperature measurements that requires contact with
skin, and is therefore different from IRT), they obtained
SDs of approximately 1.7�C which is similar to the SDs
reported here.31 These experimental data are also in
excellent agreement with the present FE modelling
results, as reported next.

3 | RESULTS

3.1 | Engineering characterisation of
dressing materials

3.1.1 | Density and stiffness data

The average density of the placebo foam dressing mate-
rial was 227.4 ± 4.3 (kg/m3) and that of the PMD was
210 ± 9.8 (kg/m3), that is, the placebo dressing was sig-
nificantly 1.1 times denser than the PMD (P < .05;
Figure 3A). Consistently, and as foams are known to
exhibit correlation between density and stiffness proper-
ties (typically a power law density-stiffness relationship
exists), the elastic modulus of the placebo material was
statistically significantly 2.1 times greater than that of
the PMD (the average elastic modulus of the placebo
dressing was 33.5 ± 1.6 (kPa), whereas that of the PMD
was 15.5 ± 0.4 (kPa) (P < .05; Figure 3B).

3.1.2 | Thermal conductivity properties

The thermal conductivities of the placebo foam dressing
and PMD were 0.058 ± 0.01 (W/mK) and 0.089 ± 0.02
(W/mK), respectively. The PMD is therefore a superior
heat conductor with respect to the placebo, as it cleared
heat energy away from the heat source 1.5 times statisti-
cally significantly more than the placebo (P < .05;
Figure 3C).1,34

3.2 | Coupled structural-thermal
computational model

In both FE model variants, metabolic heat generation in
the soft tissues of the pelvic region resulted in heat
transfer from the buttocks to the environment, as could
be expected. Temperature distributions on the dressings
and adjacent skin and on the superior surface of the
mattress in the weight-bearing conditions are shown in
Figure 4. The heat transferred from the body tissues
through the dressings and on to the mattress by thermal
conductance during weight-bearing conditions, which

resulted in lower temperatures of the placebo dressing
itself and the mattress underneath, compared with the
PMD dressing, which indicates more heat accumulation

FIGURE 5 Skin temperature distributions resulting from the

weight-bearing supine lying simulations (A) under the placebo

foam dressing (left buttocks side) and polymeric membrane

dressing (PMD, PolyMem, Ferris Mfg. Corp., Fort Worth, TX at the

right side) and (B) for the bare buttocks (both sides are without

dressings). For both sides of the buttocks, skin temperatures were

higher without dressings, as both dressing materials conduct heat

better than the mattress (ie, there is less local heat accumulation on

buttocks skin when applying a dressing compared to the bare

buttocks state). The aforementioned observation may be counter-

intuitive, but this depends on the specific thermal properties of the

selected dressing and mattress. With that said, there has been

greater temperature reduction in the case where the PMD was

applied (right frames). C, The ratio between skin temperature

differences obtained when the PMD was applied on the right

buttock side, over the skin temperature differences obtained in the

left buttock with the placebo dressing applied there, along a

horizontal axis originated in the proximal side of each dressing
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under the placebo dressing, at the skin-placebo dressing
interface (Figure 4). Contrarily, the PMD dressing
mildly warms up given its better heat conductance,
which clears heat away from the body tissues through
the dressing and hence reduces heat accumulation
under the dressing (Figure 4). Temperature distributions
on skin during weight-bearing conditions at the left and
right buttocks cheeks, with and without the dressings,
are shown in Figure 5A,B. For both sides of the but-
tocks, skin temperatures were higher without dressings,
and hence the average skin temperatures in the two
VOIs were slightly reduced when dressings were used,
as both dressing materials conduct heat better than the
mattress so in general there is less local heat accumula-
tion on the buttocks skin when applying a dressing
compared to the bare buttocks state (which is counter-
intuitive, but would depend on the specific thermal
properties of the selected dressing and mattress). With
that said, there has been greater temperature reduction
in the right VOI where skin was in contact with the
PMD. Specifically, the reduction of average skin temper-
ature demonstrated in the right VOI was 1.6 times
greater than the reduction in the left side VOI, which
was covered by the placebo dressing, again due to the
greater thermal conductivity of the PMD. In Figure 5C,
we quantitatively display the ratio between skin temper-
ature differences obtained when the PMD was applied
on the right buttock side, over the skin temperature dif-
ferences obtained in the left buttock with the placebo
dressing applied there.

To quantify the abovementioned complex phenomena
in a practical engineering format that will further facili-
tate future systematic comparisons and rating of microcli-
mate performances of prophylactic dressings, we have
used the percentage difference between the cumulative
volumetric skin temperature exposure in the no-dressing
case vs the respective case where a dressing has been
applied. These data are depicted in Figure 6 for each of
the two studied dressing types (VOIs). Consistent with all
the experimental and computational findings reported
earlier, the results shown in Figure 6 demonstrate consid-
erable reduction in skin exposure to elevated tempera-
tures when the PMD dressing is applied, compared to
placebo, particularly as concerned the higher tempera-
ture range (which, in real-world conditions, could be
associated with any potentially ongoing inflammatory
process). This difference between the dressing perfor-
mances is also evident and quantifiable by means of the
PHCI values, being 3.4% for the PMD compared to just
2.4% for the placebo dressing, that is, the PHCI of PMD is
1.42 times greater than that of the placebo foam).

4 | DISCUSSION

In this study, we aimed to investigate the effects of dress-
ings on the microclimate of buttocks skin in a patient
lying in a weight-bearing supine position. The body-
dressing-environment interactions were investigated in a
prophylactic context here, but in future work, a similar
computer modelling approach can be expanded to wound
treatment as well. The biomechanical modes of action
and function of prophylactic dressings in PU prevention
and treatment were extensively studied, primarily by our
group.18-26 However, the thermal properties and perfor-
mances of dressings and the effects of these thermal
properties on body tissues, in the context of PU preven-
tion, were evaluated here for the first time in the litera-
ture. We specifically focused on assessing skin
temperatures directly under the dressings, and on experi-
mentally and mathematically formulating the relevant
heat transfer phenomena and body-dressing-environment
thermal interactions. We specifically compared a PMD
dressing, containing the complex composition of inflam-
mation modulating components,1,34 against a placebo
standard foam dressing with the same shape and dimen-
sions. We first performed rigorous laboratory tests to
characterise the engineering properties of each dressing
type, and the empirical results were then implemented in
a multiphysics computational anatomically realistic FE
model, which facilitated methodological quantitative
comparisons between the structural-thermal effects of
these two dressings on the body tissues.

FIGURE 6 Differences in skin cumulative temperature

exposure between the no-dressing and dressing conditions, for each

volume of interest (VOI) during weight bearing. A greater

temperature difference indicates more heat conduction through the

dressing and better clearance of potentially accumulated heat that

may compromise skin integrity, properties, and function
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Our present simulation data, based on in vitro and
in vivo experimental work, confirmed that skin and sub-
dermal tissue temperatures increase and that heat is nat-
urally being accumulated at the contact areas between
the buttocks and dressings or support surface. This is rea-
sonable and well expected from both a physical perspec-
tive and a physiological perspective, because heat
conductance from the core of the body to external sur-
faces should depend on the aforementioned contact
areas, which in turn, relate to the bodyweight forces and
their pattern of distribution. Moreover, our experimental-
computational results, considered together, demonstrated
that the engineering properties of the materials that are
in contact with skin have a distinguished impact on the
resulted skin temperature increase, and in particular, on
the heat accumulation between the skin covered by the
dressing and the contacting dressing in combination with
the support surface in use. Specifically, the placebo dress-
ing, which was experimentally found to have lower ther-
mal conductivity (1.5 times), greater density (1.1 times),
and higher stiffness (2.1 times) with respect to the PMD
dressing (Figure 3), was also shown by the computational
modelling to cause more heat accumulation under its
structure (Figures 4 and 5). This is consistent with knowl-
edge that in foam materials, better thermal conductivity
is correlated with lower density and stiffness.50

Since the thermal conductivity of the mattress in the
present model is lower than those of the two tested dress-
ing types, the insulation provided by the mattress is
indeed greater where no dressings are present and the
skin contacts the mattress directly. The thermal conduc-
tivity of the support surface is therefore critical as well
and plays a major role in these complex body-object ther-
mal interactions. These results are in agreement with our
previously published work, focusing on support surfaces,
where we reported that body tissues at the sacral area
reached different temperatures, depending on the nature
of the support surface.33

Temperature differences reported here between the
dressing and no-dressing cases, and between the placebo
and PMD dressings appear to be mild; however, they are
physiologically and clinically meaningful in the context
of computational modelling of intra-subject body temper-
atures. For example, Bhargava and colleagues reported
that in the context of pressure ulcer prevention, the
increase of intra-subject temperature between 0.25�C and
0.9�C could be associated with inflammation processes,
whereas the decrease of intra-subject temperature
between −0.2�C and −0.5�C could be associated with
local ischaemia, that is, in both cases—of inflammation
and ischaemia—the intra-subject temperature differences
are within a fraction of 1�C.51 Considering that the com-
putational modelling framework used here is a

deterministic system, consistent differences in the micro-
climate conditions under the two dressing types
(Figure 5C), despite being in the range of a fraction of
1�C, are meaningful, as they do not incorporate the vari-
ability that is characteristic to living model systems. The
present article, together with that previously published
work,33 formulate the complete bioengineering theory to
scientifically describe microclimate conditions in PU pre-
vention research and development endeavours. The pre-
sent approach can also be expanded to studies of skin
microclimate in the context of management of diabetic
foot ulcers, venous ulcers, surgical and traumatic
wounds, and other chronic and acute wounds where
dressings are being used.

During prolonged, stationary lying in bed or sitting,
when bodyweight forces apply, an increase in local skin
temperature at weight-bearing sites may have devastating
consequences on skin and subdermal tissues, and would
affect biological function and tissue metabolism rapidly,
thus considerably contributing to the risk for new PUs.
According to Patel and colleagues, a 1�C increase in skin
temperature results in approximately 10% increase in
metabolic demand.49 Blood perfusion will increase in an
attempt to meet these elevated metabolic demands of the
affected tissues, consequently making these tissues more
susceptible to ischaemic damage at lower deformation
levels.3,52,53 The Patel's study also reported that an
increase in skin temperature results in skin stiffening,
which promotes more mechanical stress concentrations
in skin and underlying tissues as skin is locally less able
to redistribute loads through (low level but widespread)
deformations.14,49 Furthermore, when skin temperatures
increase over a threshold of approximately 33�C
(depending on the core body temperature), local perspira-
tion is triggered, which results in moisture on skin. That
moisture softens the skin, leading to potential skin mac-
eration and breakdown.53 It is worth noting that the stud-
ies cited earlier is that Kokate and colleagues reported
that for pressures above 100 mmHg, the severity, extent,
and depth of tissue injury were closely related to the
imposed temperature (in the 25�C-45�C range).54 Taken
together, the abovementioned literature indicates that
minimising heat accumulation between the body and a
dressing, or a support surface, or both, should be a prior-
ity for achieving effective PU prevention. It is also highly
important to analyse the thermal conductivity of preven-
tion dressing materials, as demonstrated here.

In this article, we introduced, for the first time in the
wound care literature, an important index, the PHCI,
which could be used to objectively and quantitatively
assess the protective biothermal efficacy of dressings or
dressing components. The PHCI reflects the ability of a
dressing (or a dressing material) to clear body-generated
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heat away from the contact area between the body and
dressing, and, therefore, to prevent excessive heat accu-
mulation. Hence, the greater the PHCI is, the better is
the dressing (or dressing material) from a microclimate
perspective. In the algorithm of calculation of the
PHCI, dressing material properties and the thermal
and mechanical loading scenarios are all taken into
consideration, yielding a comprehensive evaluation of
the preventative capacity of the dressing (material)
under evaluation. Here, we found that the PHCI of the
PMD dressing is 1.42 times greater than that of the pla-
cebo foam dressing. This means that more heat is likely
to be accumulated under a simple foam dressing, lead-
ing to the localised increase of skin temperature and
the negative consequences described earlier. Accord-
ingly, material selection and composition in prophylac-
tic dressings must account for the thermal conductivity
of each component and the effective thermal conduc-
tivity of the composite. These, in addition to the
mechanical (strength and stiffness) properties of the
dressing components, are critical and will shape
the nature of the tissue-dressing-environment interac-
tions (including with regard to tissues' physiological
and mechanical functions, integrity, and health). Ulti-
mately, thermal conductivities of the dressing mate-
rials are a major factor determining the protective
capacity of a dressing design/product.

Polymeric membrane dressings are hydrophilic and
superabsorbent throughout their thickness. This is
achieved via a complex composition of materials, one of
which is glycerol (glycerine). The potential effect of glyc-
erol on the thermal conductivity of PMDs should be con-
sidered as an example, while taking into account that
there are additional materials (eg, surfactant) and inter-
actions in the PMD products, which may influence their
effective thermal characteristics. The beneficial effects of
glycerol on skin have been well recognised, particularly
for moisturising and smoothing in dermatological and
cosmetic preparations. The diverse reported actions of
glycerol on skin include improvement of SC hydration,
skin barrier function and tissue mechanical properties,
inhibition of the SC lipid-phase transition, protection
against irritating stimuli, acceleration of wound healing
and as an antimicrobial effect.55,56 Glycerol is also known
for its unique thermal characteristics, which facilitate its
use as an antifreeze additive and cryoprotectant in medi-
cal cryopreservation. In the present context, it is likely
that the role of glycerol in PMDs may extend beyond a
therapeutic effect on skin to improve heat clearance
through the dressing. This should be investigated further,
including as related to fevering patients, burns, and other
altered systemic or localised thermodynamic body and
tissue conditions.

The clinical study of Hayden and Cole31 is especially
relevant to our current work as it reported that in a group
of patients who underwent knee arthroscopy, following
which a PMD was applied to the treated knee, skin tem-
peratures at the knee region were statistically signifi-
cantly lower (by approximately 1.5�C) under the PMD
compared with those under cotton gauze dressings
applied to a control group. The Hayden and Cole experi-
mental findings31 thereby agree with our present bioengi-
neering analyses in demonstrating that PMDs provide
better clearance of heat away from an inflamed tissue
site, which minimises heat accumulation between the
dressing and skin.

As with any modelling work, assumptions and limita-
tions are inevitable and should be discussed here for
completeness. The MRI anatomy used here is that of a
healthy adult. Hence, the selected anatomy does not nec-
essarily represent the wide variability in patient anato-
mies and conditions, or the risks of extreme body habitus
conditions (such as obesity or cachexia). Likewise, the
thermal model adopted from Fiala's work42,43,45 does not
consider acute/chronic diseases (persons prone to PUs
are rarely healthy) or individual patient conditions such
as hypothermia (eg, in unwarmed surgical patients) or
hyperthermia (eg, in septic patients). With regard to the
empirical skin temperature measurements, it is impor-
tant to say that removal of the dressings in our experi-
ments just prior to acquisition of IRT temperature maps
of the skin could have promoted convective heat transfer
from the skin to the environment; however, an alterna-
tive measurement method, using a thermocouple, would
have only provided point measurement and would have
had its own effects on measurement quality, including
conduction of heat from the skin through the sensor and
localised tissue deformations around the sensor under
bodyweight loads. In addition, we did not consider the
water vapour permeability and moisture absorption
capacity of the tested dressings in our present computa-
tional modelling, although these are also relevant proper-
ties to characterise for objects in contact with skin.
Additional extensive research and development of new
Fortran/FE codes are needed to incorporate these com-
plex physical phenomena in such multiphysics model-
ling. Moreover, to somewhat reduce the very high
complexity of the present modelling framework, we
assumed heat transfer by conduction only for the lower
ROI (Figure 2A). Despite all these inherent limitations,
our use of the same reference human anatomy, as well as
measured biothermal and biomechanical properties of
the body tissues in the modelling framework, facilitated
the consistent, methodological, systematic, quantitative
approach and comparisons that are reported here. Also of
note is that the present approach is novel and pioneering
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in the literature, and may be improved over time with
advances in computer hardware, software, and FE
modelling technology.

In conclusion, characterisation of the thermal proper-
ties and behaviour of prophylactic dressings was con-
ducted here for the first time to determine their effects on
skin and subdermal tissues in the primary context of PU
prevention. Using an in silico approach based on relevant
laboratory experiments and human validation studies, we
identified heat conductivity of dressings and localised
heat accumulation as highly important and relevant
characteristics of dressing performances. We developed
the experimental laboratory setups and procedures, pro-
tocols, and importantly, the biothermal theory and its
mathematical formulation to obtain and describe the sci-
entific evidence related to microclimate and PU care.
This is as opposed to referring to “microclimate” in
descriptive, qualitative terms, as often done in the litera-
ture. We specifically found here, using our novel
approach and methodology, that the PMD dressing is
able to reduce heat accumulation between the dressing
and skin (relative to foam), which provides important
protection to skin and subdermal tissues. The combina-
tion of structural biomechanical analyses of tissue defor-
mations with concurrent evaluation of heat transfer in
dressings/support surfaces and in tissues, as in our pre-
sent multiphysics study, is highly innovative and points
to the importance of material selection (particularly con-
cerning thermal conductivity) in the design of dressings.
Development of additional laboratory testing equipment
and protocols and the corresponding computer modelling
studies to evaluate heat conductivity of dressings and
heat accumulation under dressings in scenarios simulat-
ing fever or hypothermia should be next steps in this bio-
engineering research.
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