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Abstract—A method is described for measuring the heat and
water vapor dissipation characteristics of wheelchair cushions
and seating systems while under simulated loading conditions.
Thermal interaction between the body and seating surfaces can
result in elevated tissue temperature and moisture build-up,
which may increase the risk of pressure ulcers associated with
prolonged ischemia or due to macerative damage. Both the
materials and geometry of commercial seating systems are
thought to influence the body-support surface microclimate. A
thermodynamic rigid cushion loading indenter (TRCLI) has
been developed to simulate the thermal and loading conditions
of the body on seating surfaces. Results are reported for 32
commercially available wheelchair cushions. The results dif-
ferentiate the cushions into clusters of comparable properties
that offer the potential for classification of support surfaces
based on their heat and water vapor dissipation performance.
This study has shown that deducing the heat and water vapor
dissipation characteristics of a seating system from material
physical properties is of limited value because of the influences
of particular design features of combinations of materials. Test-
ing of individual products with the use of the TRCLI can, how-
ever, reliably differentiate wheelchair cushions by their ability
to dissipate heat and water vapor.

Key words: anatomical loading, heat and water vapor dissipa-
tion, humidity, pressure ulcer, rehabilitation, seating, tempera-
ture, test method, thermal properties, wheelchair cushion.

INTRODUCTION

Systematic research to address the prevention of pres-
sure ulcers has been in progress for over 30 years. In this
time, the reported prevalence of pressure ulcers in patient-
care settings has not improved and may have even deteri-
orated [1–3]. Although much attention has been directed to
the reduction of ischemia-initiated soft tissue injury through
mechanical means, the influence of tissue temperature and
the effect of moisture have been neglected. Kokate et al.
have shown in an animal model that pressure ulcer inci-
dence can be correlated with elevated tissue temperature
[4]. Soft tissue fragility also increases in the presence of

Abbreviations: ANOVA = analysis of variance, CEP = Cen-
tres for Evidence-Based Purchasing, CLI = cushion loading
indenter, CV = coefficient of variation, HWVD = heat and
water vapor dissipation, ISO = International Organization for
Standardization, IT = ischial tuberosity, NHS = National
Health Service (UK), PU = pressure ulcer, RCLI = rigid cush-
ion loading indenter, RH = relative humidity, TRCLI = thermo-
dynamic rigid cushion loading indenter.
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moisture [5]. Support surfaces such as wheelchair cushions,
other seating surfaces, and mattresses can have a major
influence on the microclimate experienced by these tissues
and are thought to be the result of a complex interaction
between tissue physiology, environmental conditions, and
the properties of the materials used in the construction of the
seating system when loaded by the body and their overall
geometry [6]. The requirements of users of seating systems
also vary considerably depending on levels of exertion,
environmental conditions, and physiological factors, includ-
ing those that may be associated with pathology (e.g., reflex
sweating or vulnerability to hyper- or hypothermia) [7].

While the relative impact of heat build-up on pressure
ulcer formation has not been determined, significant evi-
dence exists implicating heat as a major contributor in ulcer
formation. The role of elevated tissue temperature on injury
risk appears to be associated with the rate at which meta-
bolic reactions occur, as stated in Arrhenius equation [8].
The opposite is certainly true, where surgical hypothermia
reduces metabolic activity, extending tissue survival time
under conditions of reduced blood flow or ischemia [9–10].
Heat trapping caused by lying on thermal insulating support
surfaces or being seated on a cushion is thought to increase
metabolic demand at a time when ischemia limits the
exchange of tissue metabolites. Many products intended for
pressure ulcer prevention claim to improve microclimate,
yet reliable tools for measurement of body support surface
conditions have not been developed.

Clinicians and users who want to make an informed
selection of a support service would value information
about its heat and water vapor dissipation characteristics.
Although systems have been developed for measuring the
heat and water vapor dissipation (HWVD) characteristics
of flat support surfaces such as mattresses [11–12], an ana-
tomically shaped analog or mannequin for this purpose has
not been reported in the literature. The use of a buttock-
shaped system for cushions or a supine mannequin for
mattresses provides the surface compression and associ-
ated local changes in heat and moisture permeation that are
present in actual use by humans. Achieving an anatomical
fit between the contoured HWVD-loading indenter and the
seating surface is vital; otherwise, a large void can be cre-
ated between a flat HWVD indenter and a contoured seat
surface, yielding unrepresentative information. It is also
likely that the HWVD characteristics of some materials are
significantly altered when loaded, particularly those made
from porous compressible materials or comprising colum-
nar structures.

Cushion loading indenters (CLI) have been devel-
oped and used in a number of standardized test methods
for assessing the characteristics of seat cushions [13–16].
The CLI reported in International Organization for Stan-
dardization (ISO) 16840-2 [16] is a simple-to-fabricate
representation of the human buttock, comprising simple
conical components, that can be fabricated in both solid
and hollow forms. The dimensions of the mold-forms
needed to construct the buttock-shaped indenters are
given in Appendix A of ISO 16840-2 [16] and come in
two sizes. The ability of this specific shape to generate
loading representative of that seen in human volunteers
has been demonstrated by Staarink [17].

A number of techniques have been reported for measur-
ing heat and water vapor transfer through clothing [18–19];
however, they are not designed to apply mechanical loading
to the tested material. Sweating hotplates have also been
used in a nominally unloaded state to measure HWVD in
flat surfaces such as mattresses and overlays [11,18–26].

Studies in the clothing industry have been ongoing for
at least 50 years, resulting in the development of a number
of test methods that measure classical thermodynamic
properties such as heat and/or moisture dissipation [27–
28]. These methods provide information in heat and mass
transfer units for the calculation of thermal resistances of
individual clothing layers and are normally based on
steady-state conditions. Seating systems, on the other hand,
have complex geometries and combinations of materials,
which make absolute measurements, using heat and mass
transfer units, more difficult to measure and interpret. In
this study we propose a heated, sweating cushion loading
indenter to deliver controlled heat and water vapor transfer
rates, allowing measurement of boundary conditions,
which permits comparisons between products. This sys-
tem permits both the measurement of the steady-state and
transient conditions normally generated by the seated
individual.

METHODS

Specifications for Thermodynamic Rigid Cushion 
Loading Indenter

The normal human body core temperature is about
37.5 °C. In still ambient conditions at 20 °C, skin surface
temperature when clothed is between 31 °C and 36 °C [29].
For a resting individual, the total heat loss from a body
surface area of 1.8 m2 is typically 64 W/m2 (44 W/m2

sensible, 20 W/m2 latent) and for heavy work, it is
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244 W/m2 (91 W/m2 sensible, 153 W/m2 latent) [29]. For
a resting individual, the normal insensible moisture vapor
flow through the skin per day is about 0.40 kg/m2 [7]. In
conditions of exertion, hot weather, high environmental
humidity, or fever, active sweating accounts for a water
flow of >2.40 kg/m2 per day [7]. These ranges may easily
be produced with the immobilized patient. Studies on adult
individuals seated at rest in wheelchairs in an outdoor envi-
ronment showed a sensible heat loss in the pelvic-perineal
area of 3 g/s.

Based on these studies, a thermodynamic rigid cush-
ion loading indenter (TRCLI) was designed to operate at
close to core temperature, delivering boundary conditions
of 35 °C and relative humidity (RH) of 80 percent on a
standard foam block, loaded to 500 N, at equilibrium. The
loading conditions were chosen to match those specified in
ISO 16840-2 [16] for testing the physical and mechanical
characteristics of seat cushions and is considered to repre-
sent the load applied to a seat cushion by a 78 kg male.
Figures 1 and 2 represent the system developed to meet
these specifications.

Description and Function of TRCLI
An inner reservoir tank was formed by machining an

aluminum-negative fiberglass mold according to the speci-
fications for a rigid cushion loading indenter (RCLI) for
the 13b mold-form as specified in ISO 16840-2 [16]. The
fiberglass vessel formed in this mold is watertight and was
fitted with two inlet and two outlet pipe fittings to receive
circulating water at a controlled temperature. The tank was
filled with spherical glass flow dispersers (marbles) nomi-
nally 15 mm in diameter. Water was supplied to the tank
through a closed circuit recirculating heater unit (Forma
Scientific, model 2095, Bath and Circulator; Marietta,
Ohio) at a flow rate of 0.8 L/min. The temperature of the
water in the recirculator was controlled at a set point of
37.5 °C ± 0.2 °C.

An outer shell was vacuum-formed from 4 ± 1 mm
polycarbonate sheet (Figure 1) over a positive shape mold
produced according to the specifications for an RCLI with
the inner surface of the shell formed from an enlarged ver-
sion of the 13b shape with the dimensions in Table 1 and
according to the fabrication instructions specified in ISO
16840-2 [16]. The shell was perforated (diameter 2.3 mm)
between the pubic symphysis and the region associated
with the ischial tuberosities (ITs) to provide areas for mois-
ture vapor transfer, as illustrated in Figure 2.

The density of the perforations was greater in the
perineal region, because this area has been reported to
have a higher rate of sweating [30].

Figure 1.
Diagrammatic expanded view of thermodynamic rigid cushion loading
indenter (TRCLI). Expanded cross-sectional view of circulation of
water within tank of TRCLI and location of microporous water vapor
permeable membrane (gray), capillary matting (green), and outer
polycarbonate shell (blue).

Figure 2.
Distribution of perforations between ischial tuberosities and symphysis
pubis regions of outer shell of thermodynamic rigid cushion loading
indenter and location of sensors on outer shell. ϕ = diameter.
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A microporous water vapor-permeable membrane
GORE-TEX laminate (5l/24 h/m2) was glued to the inside
surface of the perforated region of the outer shell. A capil-
lary mat (Nortene PNI0102 horticultural capillary mat-
ting, Capital Gardens; London, United Kingdom; 0.28 kg/
m2, dry thickness 2.6 mm) was shaped to conform to the
shape of the RCLI shell. The outer shell was bolted with a
rubber gasket to the tank. The gap between the inner and
outer shells was charged with a fixed aliquot of water that
was able to gradually diffuse across the water vapor-
permeable membrane and through the perforations. The
capillary matting ensured that the water was dispersed
across the perforated region of the TRCLI.

This assembly was attached to a pneumatic piston in
a loading rig to enable a controlled load of 300 N to be
applied at a pointed defined by the intersection of the
centerline and the join between the buttock and thigh
conical sections. The cushion was positioned so that the
rear edge of the cushion was 125 mm behind the point of
loading on the TRCLI (Figure 3).

Sensors
Single-chip complementary metal-oxide semiconduc-

tor temperature and humidity sensors (SHT75, Sensirion
AG; Staefa, Switzerland) were attached to the outer surface
of the outer shell in the positions corresponding to the left
and right thigh, left and right ITs, and the perineal area
(Figure 2). These sensors provide accuracy of ±0.3 °C at
25 °C and ±1.8 percent RH (0%–100% range).

The testing environment was controlled to be 21 °C ±
0.5 °C and 50 ± 5 percent RH.

Calibration of Temperature Sensors
The temperature sensors are precalibrated by the manu-

facturer, because they cannot be calibrated using conven-
tional fixed-point immersion techniques. The humidity
sensors’ calibration was verified by placing them first in a
closed environment with a saturated salt solution at 25 °C
that generated 75 percent RH [31] and then in the same

closed environment with a diatomaceous earth desiccant
(W. A. Hammond, Drierite; Xenia, Ohio).

Verification of TRCLI
The TRCLI was suspended in the room with minimal

air movement and allowed to equilibrate, then the internal
temperature was confirmed to be in the range 37.5 °C ±
0.5 °C. Deviation from these values was likely to be a
consequence of poor water flow or mixing.

Repeatability
The environmental conditions of the test required that

the room temperature and RH be maintained within the
range 21 °C ± 0.5 °C and 50 ± 5 percent RH. The TRCLI
was allowed to equilibrate by suspending it free in air (60 ±
5 min) and then bringing it into contact with a plain,
uncovered 100 mm-thick resilient polyurethane cushion
(HR70) for 2 h. Readings from the temperature and

Table 1.
Dimensions for conical sections required to fabricate outer shell according to ISO specifications.*

ISO 
Indenter 
Model

Indenter 
Width 
(mm)

Overall 
Length 
(mm)

Distance 
Between
ITs (mm)

Cone
Angle

(°)

Cone Width 
at First

Cut (mm)

Cone Height 
Without 

Sphere (mm)

Height
with Sphere 

(mm)

Height 
Without 

Sphere (mm)

Major 
Diameter of 
Cone (mm)

Minor 
Diameter of 
Cone (mm)

Length of 
Cone Edge 

(mm)
Enlarged 390 500 137 120 10 195 357 495 274 148 363
Regular (13b) 360 500 127 110 10 180 367 494 254 124 373
*International Organization for Standardization (ISO). Wheelchair seating—Part 2: Determination of physical and mechanical characteristics of devices intended to
manage tissue integrity—Seat cushions. Geneva (Switzerland): International Organization for Standardization; 2007. Report No.: ISO 16840-2.
IT = ischial tuberosity.

Figure 3.
Relative position of cushion and loading surface of thermodynamic
rigid cushion loading indenter.
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humidity sensors were taken automatically every 3 s. The
TRCLI was then removed from the cushion for at least 12 h
before repeating the test. The test was repeated nine times.

Cushion Testing
A selection of 32 internationally representative, com-

mercially available, unused wheelchair cushions were
obtained by inviting donations of different products from
manufacturers as part of the United Kingdom National
Health Service (NHS) Centres for Evidence-Based Pur-
chasing (CEP) program. We employed a limit of two
cushions from each manufacturer to encourage product
diversity and to limit the size of the study. Prior to test-
ing, the cushions were preconditioned according to the
protocol specified in ISO IS16840-2 [16].

The TRCLI was allowed to hang in air until it reached
equilibrium (60 ± 5 min). The surface temperature hanging
in air was recorded. Then it was placed on the cushion
under a load of 300 N.

Statistical Methods for Clustering Cushions with
Similar Properties

To identify which of the parameters derived from the
contact temperature and humidity measurements are
most influential in differentiating wheelchair cushions
into classes according to their heat and moisture dissipa-
tion characteristics, we performed a cluster analysis on
the data from the 32 cushions tested.

Initially, we performed an agglomerative hierarchical
cluster analysis using SPSS version 15.01 (Chicago, Illi-
nois) (November 2006). A squared Euclidean distance
interval measure was used employing Ward’s method.
Variables were standardized with Z-scores. This approach
enabled us to perform analysis to determine the optimum
number of clusters from the data obtained. We performed
cluster analysis separately for each of the anatomical sites
on the TRCLI (thigh, IT, and perineum), as well as by
grouping all the sites into a combined measure. We found
that the data could be successfully represented by two dis-
tinct clusters, consistently, for all three anatomical sites
and for the combined dataset.

We then performed a two-step cluster analysis pro-
viding more detailed information about the contribution
made to the clusters by the separate variables. The mean
values of all the parameters used to form the clusters
were also calculated, and estimates of the confidence
intervals of the means of each parameter for each cluster
were plotted.

RESULTS

Classification of Cushion Properties
The material used to construct the cushion was clas-

sified into four material types: air, foam, gel, and visco-
foam. Additional subclassifications (such as “solid gel”
and “viscous fluid”) are desirable but we did not adopt
them in the analysis to retain statistical power. We felt
that such differences would be small in their thermody-
namic effect, even though they have significant influence
on mechanical support characteristics. In some cases, the
cushions were constructed from multiple material com-
ponents close to the surface and were classified as “com-
posite.” The cushions were also classified according to
their shape: “flat” and “contoured.” The covering materi-
als used were also classified into three groups: “fabric,”
“polyurethane,” and “none.” The number of cushions in
each category of properties is summarized in Table 2.

Repeatability on HR70 Polyurethane Foam Cushion
Table 3 summarizes the mean ± standard deviation

results obtained from nine tests for repeatability repre-
senting parameters extracted from the test data at the IT
region of the TRCLI.

Influence of Site on TRCLI for Measurements of 
Mean Heat and Moisture Dissipation Parameters

One of the design features of the TRCLI is the means
to measure at different anatomical locations with the added
provision for controlling the rate of delivery of water vapor

Table 2.
Classification of cushions under evaluation.

Property Number of
Cushions Tested

Core Material
Foam 12
Gel 6
Viscofoam 9
Air 5

Construction
Uniform 27
Composite 5

Shape
Flat 27
Contoured 5

Cover
Fabric 7
Polyurethane 21
None 4
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through different perforation densities in the outer shell. In
addition, the degree of cushion compression, the geometry
of the outer shell, and characteristics of the cushion (e.g.,
use of composite construction or surface contouring) were
expected to influence the values obtained for the parame-
ters of interest. The analysis of variance (ANOVA) results
(Table 4) suggest that significant differences exist in the
temperature readings obtained at different anatomical sites
but not in the RH readings.

A two-step cluster analysis grouped the cushions into
two clusters, each having similar thermodynamic proper-
ties. The results for the measurements at the ITs of the
TRCLI are summarized in Table 5. However, when we
performed an ANOVA to determine which parameters
were significantly different in the two clusters of cush-
ions, the influence of the anatomical location of measure-
ment was not particularly significant. The role of each
parameter in defining the clusters is most apparent in the
combined dataset.

Table 6 summarizes the characteristics of the two
clusters generated for each model.

Cushion Construction Characteristics
We analyzed the relationship between the cushion

property and the cluster to which the cushion was
assigned using the two-step cluster analysis and tested the
significance of the association between a cushion prop-
erty and its assigned cluster using the χ2 statistic. Table 7
summarizes the results and indicates only isolated
instances in which cushion properties are associated with
cluster membership. These results may be influenced by
the unequal group sizes for the cushion properties.

However, analysis that does not attempt to categorize
cushions into clusters reveals more detail. We performed
an ANOVA for each of the variables tested using data
from the sensors in the IT region of the TRCLI for each
cushion characteristic (Table 8). Using the simple group-
ing of cushion material characteristics, we can infer some
practical guidelines for cushion design. The cushion
cover did not appear to influence any of the heat and
water vapor dissipation parameters used in this study.
The core material used was associated with differences in

Table 3.
Repeatability test results for IT region for each variable extracted from the temperature/humidity versus time data using HR70 flat polyurethane
cushion, uncovered.

Test
Mean (°C) Mean Differences (°C) Mean (% RH) Mean Differences (% RH)

T0 T1 T2 T1–0 T2–0 T2–1 H0 H1 H2 H1–0 H2–0 H2–1

Mean 29.0 34.3 35.0 5.37 6.07 0.704 41.7 55.95 54.06 14.23 25.1 –0.89
SD 0.47 0.51 0.38 0.48 0.43 0.14 1.05 1.33 1.68 1.55 1.91 1.08
H0 = relative humidity (%) at time of contact between TRCLI and cushion, H1 = relative humidity (%) 1 h after contact, H2 = relative humidity (%) 2 h after contact,
H1–0 = relative humidity difference (%) between 1 h and time of contact (H1 – H0), H2–0 = relative humidity difference (%) between 2 h and time of contact (H2 – H0),
H2–1 = relative humidity difference (%) between 2 h and 1 h after contact (H2 – H1), IT = ischial tuberosity, RH = relative humidity, SD = standard deviation, T0 =
temperature (°C) at time of contact between TRCLI and cushion, T1 = temperature (°C) 1 h after contact, T2 = temperature (°C) 2 h after contact, T1–0 = temperature
difference (°C) between 1 h and time of contact (T1 – T0), T2–0 = temperature difference (°C) between 2 h and time of contact (T2 – T0), T2–1 = temperature difference
(°C) between 2 h and 1 h after contact (T2 – T1), TRCLI = thermodynamic rigid cushion loading indenter.

Table 4.
Results from analysis of variance to determine whether heat and moisture dissipation values differ with site of measurement.

Measurement 
Site

Heat Dissipation (Mean ± SD) Mean Difference ± SD Moisture Dissipation (Mean ± SD)

T1
* (°C) H1 (% RH) T2

* (°C) H2 (% RH) T1–0 (°C) H1–0 (% RH) T2–1
* (°C) H2–1 (% RH) T2–0

* (°C)
Thigh 33.8 ± 1.3 47.9 ± 9.2 34.8 ± 1.1 48.3 ± 11.3 5.4 ± 1.2 8.2 ± 7.7 0.98 ± 0.40 0.39 ± 2.6 6.4 ± 1.2
IT 34.4 ± 1.5 51.9 ± 13.2 35.2 ± 1.1 52.6 ± 15.8 5.2 ± 1.3 11.7 ± 9.7 0.81 ± 0.53 1.4 ± 3.2 6.0 ± 1.1
Perineum 36.9 ± 1.1 50.4 ± 13.2 37.3 ± 0.78 52.2 ± 14.3 4.9 ± 1.0 13.4 ± 9.8 0.43 ± 0.41 1.9 ± 1.9 5.4 ± 0.89
*Parameter significant at p <0.001.
H0 = relative humidity (%) at time of contact between TRCLI and cushion, H1 = relative humidity (%) 1 h after contact, H2 = relative humidity (%) 2 h after contact,
H1–0 = relative humidity difference (%) between 1 h and time of contact (H1 – H0), H2–0 = relative humidity difference (%) between 2 h and time of contact (H2 – H0),
H2–1 = relative humidity difference (%) between 2 h and 1 h after contact (H2 – H1), IT = ischial tuberosity, RH = relative humidity, SD = standard deviation, T0 = tem-
perature (°C) at time of contact between TRCLI and cushion, T1 = temperature (°C) 1 h after contact, T2 = temperature (°C) 2 h after contact, T1–0 = temperature differ-
ence (°C) between 1 h and time of contact (T1 – T0), T2–0 = temperature difference (°C) between 2 h and time of contact (T2 – T0), T2–1 = temperature difference (°C)
between 2 h and 1 h after contact (T2 – T1), TRCLI = thermodynamic cushion loading indenter.
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heat and water vapor parameters associated with the first
hour of loading. Composite construction did influence
heat dissipation. Contoured construction did not influ-
ence heat or water vapor dissipation.

Properties of Proposed Classification System
Although the models only significantly differentiated

two distinct clusters, it is interesting to test the potential of
these data to define four clusters. Four clusters would clas-
sify cushions according to the conceptual “classification
table” in Table 5. If four groupings of cushions are pro-
posed, it is then interesting to determine whether heat and
moisture dissipation threshold values can be established to
classify cushions. Figure 4 illustrates the “combined sites”
cluster model if the two-step cluster analysis is forced to
generate four clusters from the 1 h temperature and humid-
ity data.

The 1 h data was chosen because no sensor failures
occurred at 1 h. Sensor failure causes the cluster analysis
to exclude that cushion from the analysis completely,

which with the “forced” four-cluster model, would fur-
ther weaken the statistical power of the analysis and the
generalizability of the results.

The confidence intervals indicate that Clusters 1 and
3 in terms of temperature at 1 h and Clusters 2 and 4 in
terms of moisture dissipation can be significantly differ-
entiated. We elected to define the thresholds for “high”
and “low” by using the boundaries of the upper and lower
quartiles of temperature and humidity measurements of
the IT sensors after 1 h (Table 9).

Cushions that produced a temperature below 34 °C after
1 h were classified as “high heat dissipaters” and above
36.5 °C, “low heat dissipaters.” Cushions producing a RH

Table 5.
Conceptual classification table for four thermal characteristics labeled
according to the results of force two-step cluster analysis.
Property High Dissipation Low Dissipation
Heat Cluster 3 Cluster 1
Moisture Cluster 2 Cluster 4

Table 6.
Parameter values in Cluster 1 relative to Cluster 2 (two-step analysis). Summary of mean ± SD (n in cluster) values for each cluster model
(created from data generated at each anatomical site, plus combined data set model).

Combined Data Thigh Ischial Tuberosity Perineum
Parameter Cluster 1 (35) Cluster 2 (58) Cluster 1 (13) Cluster 2 (19) Cluster 1 (13) Cluster 2 (16) Cluster 1 (13) Cluster 2 (19)

T1 Sig. ↓ in Cluster 1* 34.0* ± 2.1 35.7* ± 1.45 32.7 ± 1.6 34.4 ± 0.7 33.2 ± 1.8 35.1 ± 0.7 35.8* ± 1.2 37.5* ± 0.2

H1 Sig. ↑ in Cluster 1* 61.0* ± 10.4 43.3* ± 7.0 58.2* ± 4.1 42.5* ± 5.7 64.3* ± 9.6 43.2* ± 7.4 60.0 ± 13.1 44.6 ± 9.6

T2 Sig. ↓ in Cluster 1* 34.9* ± 1.7 36.3* ± 1.2 33.8* ± 1.2 35.4* ± 0.6 34.2 ± 1.1 35.8 ± 0.6 36.6* ± 0.8 37.8* ± 0.2

H2 Sig. ↑ in Cluster 1* 64.5* ± 11.4 43.2* ± 7.9 61.2* ± 5.6 41.5* ± 6.6 68.8* ± 11.0 42.6* ± 8.3 63.1* ± 13.8 45.7* ± 10.2

T1–0 Sig. ↓ in Cluster 1* 4.1* ± 1.2 5.8* ± 0.6 4.1* ± 1.1 6.1* ± 0.35 4.2 ± 1.4 5.8 ± 0.65 4.1 ± 1.2 5.4 ± 0.4

T2–0 Sig. ↓ in Cluster 1* 5.1* ± 1.2 6.4* ± 0.73 5.1* ± 1.1 7.0* ± 0.34 5.2 ± 1.3 6.6 ± 0.6 4.8 ± 1.1 5.7 ± 0.5

T2–1 NS 0.93* ± 0.66 0.65* ± 0.34 1.0 ± 0.6 0.94 ± 0.2 1.00 ± 0.8 0.72 ± 0.2 0.71 ± 0.6 0.26 ± 0.1

H1–0 Sig. ↑ in Cluster 1* 18.8* ± 8.5 6.5* ± 6.3 16.4* ± 3.4 3.9* ± 5.5 20.4* ± 7.6 5.9* ± 6.1 18.9 ± 10.8 10.1 ± 7.7

H2–0 Sig. ↑ in Cluster 1* 22.3* ± 9.6 6.4* ± 7.5 19.4* ± 4.8 3.0* ± 6.5 24.9* ± 9.0 5.4* ± 7.2 22.0 ± 11.8 11.3 ± 8.4

H2–1 Sig. ↑ in Cluster 1* 3.55 ± 2.2 –0.14 ± 1.8 2.9* ± 2.2 –0.94* ± 1.4 4.5* ± 2.6 –0.5* ± 1.7 3.1 ± 1.9 1.2 ± 1.5

Note: Overall contribution made by each variable is summarized in Column 1 and those instances in which variable in Cluster 1 differs significantly from Cluster 2
for majority of anatomical sites are marked with “*.” Arrow indicates whether Cluster 1 tends to be relatively higher (↑) or lower (↓) than Cluster 2.
H0 = relative humidity (%) at time of contact between TRCLI and cushion, H1 = relative humidity (%) 1 h after contact, H2 = relative humidity (%) 2 h after con-
tact, H1–0 = relative humidity difference (%) between 1 h and time of contact (H1 – H0), H2–0 = relative humidity difference (%) between 2 h and time of contact
(H2 – H0), H2–1 = relative humidity difference (%) between 2 h and 1 h after contact (H2 – H1), NS = not significant, Sig. = significance, T0 = temperature (°C) at
time of contact between TRCLI and cushion, T1 = temperature (°C) 1 h after contact, T2 = temperature (°C) 2 h after contact, T1–0 = temperature difference (°C)
between 1 h and time of contact (T1 – T0), T2–0 = temperature difference (°C) between 2 h and time of contact (T2 – T0), T2–1 = temperature difference (°C)
between 2 h and 1 h after contact (T2 – T1).
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Table 7.
Relative insignificance of importance of cushion characteristics in determining cluster competition. Two-step cluster model from measurements
at each anatomical site.

Cushion Property Combined Thigh IT* Perineum
Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 1 Cluster 2

Contoured
Yes 8 6 4 1 3 1 3 2
No 27 52 9 18 10 15 10 17

Cover Material
Fabric 14 6 5 2 4 2 5 2
Polyurethane 20 41 8 13 7 12 8 13
None 1 11 0 4 2 2 0 4

Core Material
Gel 17† 0 5 1 5 0 6 0
Foam 4 31 1 11 3 8 2 10
Viscofoam 0 27 2 7 1 8 0 9
Air 14 0 5 0 4 0 5 0

Composite
Yes 13† 22 4 1 3 0 5 0
No 0 58 9 18 10 16 8 19

*For IT cluster analysis, three cases were excluded because of humidity sensor failure. Cushion types affected were one each of gel, air, and viscofoam.
†Instances in which cushion composition is significant determinant of cluster in which to classify thermodynamic performance of cushion. 

IT = ischial tuberosity.

Table 8.
Results from analysis of variance to determine whether cushion composition influences heat and moisture dissipation for IT region of TRCLI.

Cushion 
Property

Direct Measurement (mean ± SD) Difference Measure (mean ± SD)
T1 (°C) H1 (% RH) T2 (°C) H2 (% RH) T1–0 (°C) H1–0 (% RH) T2–1 (°C) H2–1 (% RH) T2–0 (°C) H2–0 (% RH)

Cover
Fabric 33.9 ± 2.4 53.0 ± 15.0 35.0 ± 1.9 55.8 ± 16.9 4.5 ± 1.1 12.6 ± 9.7 1.1 ± 0.63 2.8 ± 2.5 5.6 ± 0.9 15.4 ± 11.7
Polyurethane 35.3 ± 1.6 49.1 ± 10.8 36.0 ± 1.3 50.0 ± 12.7 5.3 ± 1.1 11.0 ± 8.9 0.7 ± 0.4 0.9 ± 2.5 6.0 ± 1.2 11.9 ± 10.9
None 35.8 ± 1.4 47.9 ± 11.9 36.2 ± 1.2 48.1 ± 13.4 5.8 ± 0.6 8.4 ± 10.7 0.4 ± 0.3 0.2 ± 2.4 6.2 ± 0.9 8.6 ± 12.4
Significance NS NS NS NS NS NS NS NS NS NS

Core
Gel 33.0 ± 2.1 57.2 ± 11.9 34.5 ± 1.8 60.7 ± 13.2 4.1 ± 1.2 15.2 ± 8.1 1.4 ± 0.4 3.5 ± 2.2 5.6 ± 1.0 18.8 ± 9.6
Foam 35.7 ± 1.5 47.0 ± 10.7 36.3 ± 1.2 46.9 ± 12.0 5.5 ± 1.0 9.1 ± 8.6 0.6 ± 0.4 –0.1 ± 2.0 6.1 ± 1.0 9.1 ± 10.0
Viscofoam 35.4 ± 1.6 42.4 ± 6.7 36.1 ± 1.3 42.7 ± 7.9 5.8 ± 0.5 6.2 ± 6.8 0.7 ± 0.4 0.3 ± 2.1 6.5 ± 0.6 6.5 ± 8.5
Air 35.2 ± 1.5 62.0 ± 8.7 35.5 ± 1.4 65.4 ± 10.6 4.5 ± 1.3 19.8 ± 8.8 0.3 ± 0.2 3.3 ± 2.5 4.8 ± 1.4 23.2 ± 10.4
Significance * † * † NS NS * * NS NS

Composite
Uniform 35.4 ± 1.7 48.1 ± 11.0 36.0 ± 1.3 49.0 ± 12.9 5.4 ± 1.0 10.0 ± 9.0 0.7 ± 0.4 0.8 ± 2.5 6.1 ± 1.1 10.9 ± 10.9
Composite 33.1 ± 2.1 60.1 ± 12.6 34.3 ± 1.8 63.5 ± 13.6 3.9 ± 1.1 17.3 ± 9.2 1.2 ± 0.6 3.4 ± 2.3 5.0 ± 1.1 20.7 ± 10.6
Significance * NS * NS * NS NS NS NS NS

Shape
Flat 35.2 ± 1.8 49.1 ± 12.3 35.9 ± 1.5 50.0 ± 14.2 5.2 ± 1.2 10.5 ± 9.6 0.7 ± 0.4 0.8 ± 2.5 5.9 ± 1.2 11.3 ± 11.6
Contoured 34.2 ± 2.3 53.2 ± 9.5 35.3 ± 1.7 56.6 ± 10.6 4.8 ± 1.1 14.1 ± 6.7 1.2 ± 0.6 3.4 ± 2.2 6.0 ± 0.7 17.6 ± 8.0
Significance NS NS NS NS NS NS NS NS NS NS

*Significant at p < 0.001.
†Significant at p < 0.01.
H0 = relative humidity (%) at time of contact between TRCLI and cushion, H1 = relative humidity (%) 1 h after contact, H2 = relative humidity (%) 2 h after contact,
H1–0 = relative humidity difference (%) between 1 h and time of contact (H1 – H0), H2–0 = relative humidity difference (%) between 2 h and time of contact (H2 – H0),
H2–1 = relative humidity difference (%) between 2 h and 1 h after contact (H2 – H1), NS = not significant, RH = relative humidity, SD = standard deviation, T0 = tem-
perature (°C) at time of contact between TRCLI and cushion, T1 = temperature (°C) 1 h after contact, T2 = temperature (°C) 2 h after contact, T1–0 = temperature differ-
ence (°C) between 1 h and time of contact (T1 – T0), T2–0 = temperature difference (°C) between 2 h and time of contact (T2 – T0), T2–1 = temperature difference (°C)
between 2 h and 1 h after contact (T2 – T1).
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below 40 percent were considered “high moisture dissipat-
ers” and above 60 percent, “low moisture dissipaters.” These
results yielded a classification table in which 14 (44%) of the
cushions tested were high moisture dissipaters and 13 (41%)
were high heat dissipaters. Seven (22%) of the cushions
were both low heat and low moisture dissipaters. Four cush-
ions (12%) were both high heat and high moisture dissipat-
ers. Of these, two were gel and two were viscofoam.
However, although these groupings can be created, statistical
analysis only permits us to differentiate two distinct groups
or clusters containing cushions with similar properties.

DISCUSSION

We report an apparatus and method for measuring the
heat and moisture dissipation of wheelchair cushions under

simulated loading conditions with a rigid, buttock-shaped
indenter (TRCLI). This system is not intended to measure
the properties of the materials in absolute units such as
watts per square meter per hour or water vapor measured in
kilograms per square meter per hour, but instead the TRCLI
is designed to create conditions similar to those produced
by the human body when supported on typical wheelchair
cushion materials. The heat and moisture output of the
TRCLI has been designed to simulate the sensible and
insensible output of the human body under testing condi-
tions under standard laboratory conditions.

We used the data produced by a sample of 32 widely
used wheelchair cushions to illustrate the range of values
obtained for parameters defined from a 2 h testing ses-
sion. These parameters gave indications of both the levels
of interface temperature and humidity generated by this
range of cushions and also their rates of change in the
first and second hours of testing.

The test results demonstrate that an acceptable level
of repeatability can be achieved with this system with a
95 percent confidence interval of ±1° (coefficient of vari-
ation [CV] of 4.4%) for the interface temperature after
1 h and ±3 percent RH (CV 7.1%) for the associated level
of humidity.

Statistically significant differences in temperature after
1 and 2 h were recorded for the measurements taken at dif-
ferent anatomical sites on the TRCLI. The perineal area
was warmest, followed by the IT region. The humidity
level at these sites was not significantly different.

We classified the cushions in generic terms to repre-
sent the materials and method of construction. Analysis
showed a strong correlation between the interface tempera-
ture at 1 and 2 h with properties of the core material. The
results showed weak significant differences in moisture
dissipation that correlated with the core material. Compos-
ite design did influence heat dissipation but not water
vapor dissipation. Other cushion characteristics, such as
whether the cushion was contoured or the type of cover

Figure 4.
Means and confidence intervals for temperature (°C) 1 h after contact
and relative humidity (%) 1 h after contact when four clusters were
generated. Enables upper and lower thresholds for these parameters to
be defined.

Table 9.
Proposed classification system for cushion thermal properties.

Property
Heat Dissipation Moisture Dissipation
High Low High Low

T1 < 34 °C X — — —
T1 > 36.5 °C — X — —
H1 < 40 % RH — — X —
H1 > 60 % RH — — — X
RH = relative humidity, T1 = temperature (°C) 1 h after contact, H1 = relative
humidity (%) 1 h after contact.
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used, were not found to significantly alter the thermal and
humidity parameters. These results confirm that to inform
clinicians, users, and providers, product-specific testing of
thermal properties of wheelchair cushions is needed rather
than such simple guidelines as “foam is a poor heat dissi-
pater compared with gel.”

We used cluster analysis to determine whether the cush-
ions could be classified into groups with distinctive proper-
ties (high/low heat/moisture dissipaters). The cushions’
material properties were included in the cluster processing.
As expected, the material properties did not strongly
influence the cluster in which a cushion was placed, but the
heat/moisture dissipation parameters effectively created two
distinct groups (Clusters 1 and 2).

Cluster 1 cushions tend to dissipate heat more effec-
tively but are less effective in dissipating moisture than
Cluster 2 cushions. Cluster models were produced for the
measurements taken at each of the anatomical sites on the
TRCLI (thigh, IT, perineum) and were also lumped
together to form a “combined site” data set. We analyzed
whether the anatomical site used to create the cluster
model modified the allocation of cushions to cluster and
found that it made little difference. Combining the data
from all the anatomical sites was adequate to assign these
cushions to an appropriate classification cluster.

Intuitively, cushions might be expected to fall into
one of four classes: high/low heat dissipaters and high/
low moisture dissipaters. When we permitted the cluster-
ing techniques used to automatically determine the num-
ber of clusters that can be created from the data, they
defined two clusters. However, we chose to use the two-
step method to force the allocation of cushions to one of
four clusters, thereby allowing clinically relevant classes
to be considered.

It would be interesting to undertake a future study that
compared these objective measurements with the subjec-
tive assessments of users of cushions in these classes. The
results from this TRCLI-based test closely parallel those
seen in human studies on a limited cushion set [32]. Also
conceivable is that an index, much like the comfort index
used in meteorology, could be defined, combining the
thermal dissipation and moisture dissipation characteris-
tics into a single score. Environmental heat indices cannot
be translated to body-cushion interface comfort, because
environmental conditions affect the whole body and the
ability to maintain homeostasis.

Finally, it is important to remember that these tests
were performed in a controlled environment. Numerous

factors are not easily reproduced in a standardized techni-
cal test method. For example, the influence of environ-
mental temperature and metabolic factors substantially
modify sweating rates and heat output by the body.
Localized pressure suppresses sweat production [30] and
so there is a complex interaction between the mechanical,
environmental, and physiological conditions that affect
the performance of the cushion.

CONCLUSIONS

We have demonstrated an effective method for measur-
ing the heat and moisture dissipation characteristics under
simulated loading conditions for seat cushions and pro-
vided detailed specifications for its construction. The
method was found to be repeatable and successfully differ-
entiated cushions into clusters according to their capacity to
dissipate heat and moisture. Simple classification of cush-
ion properties was not found to be an adequate predictor of
thermal dissipation properties. For a sample of commer-
cially available cushions, 22 percent were found to be low
heat and moisture dissipaters and 12 percent were found to
possess both attributes according to a proposed classifica-
tion scheme based on this date from this study. Clearly,
room for improvement exists in the design of cushion ther-
mal dissipation performance, and the proposed TRCLI
offers a tool for both designers and objective evaluators of
existing and future products.
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