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Abstract: Though the transition from disposable to reusable surgical gowns holds substantial promise,
successful implementation faces challenges. This study investigated tactile and thermophysiological
comfort in surgical reusable gowns, comparing them with their disposable counterparts. Parameters
such as surface roughness, compression, heat flux, and material rigidity were tested using a Fabric
Touch Tester. Additionally, the water vapour permeability and static charge of the gowns were
assessed. Thermophysiological comfort of the gowns was evaluated by measuring the temperature
and relative humidity (RH) on test subjects during wear trials where they were engaged in an activity
that mimics a surgeon’s performance. Skin temperature was monitored using iButton sensors and
a thermal camera, and the impact on heart rate during the task was analysed. Following each test,
participants provided subjective feedback through a questionnaire. The results indicated that reusable
gowns boasted a smoother texture, translating to reduced friction on the skin and better heat transfer
compared to the disposable fabrics, as indicated using FTT. They also exhibited higher water vapour
permeability compared to their disposable counterparts. The wear trials revealed minimal differences
in comfort between disposable and reusable gowns. While performing the activity, an increase in
body temperature led to decreased RH, yet this rise did not adversely affect subject comfort, as
validated using heart rate and questionnaire survey data. From a comfort point of view, switching
from disposable to reusable gowns would not have drawbacks, meaning hospitals should be able to
switch provided logistics and costs can be managed.

Keywords: reusable surgical gowns; disposable textiles; comfort; tactile comfort; thermophysiological
comfort; sustainable textiles

1. Introduction

Sustainability concerns of medical textiles have attracted a lot of attention recently
as the healthcare sector works to improve its socially and environmentally responsible
practices. A wide range of materials used in healthcare settings are categorised as medical
textiles, including surgical gowns, bandages, drapes, bed linens, and wound dressings [1].
Surgical gowns are medical textiles used to protect the wearer and patient from the spread
of diseases by providing a broad barrier protection [1-3]. Disposable surgical gowns have
been widely used due to their convenience and ease of use. However, they have several
disadvantages, particularly from a sustainability and environmental perspective. Reusable
surgical gowns are ideal for addressing sustainability concerns related to disposable ones.
These gowns are designed to be washed and sterilised after each use, allowing them to be
used an estimated 70 times before they are discarded. Replacing disposable surgical gowns
with reusable ones can have numerous benefits like waste reduction, lower costs, and
contribution to a more sustainable healthcare system but still, there are challenges that need
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further investigation to successfully replace the disposable gowns [1,2,4]. Surgical gowns
must provide an effective barrier against fluids, microorganisms, and contaminants during
surgical procedures and should allow freedom of movement, adequate tensile strength,
be lightweight, and offer good comfort [5]. All these parameters make designing such
products very challenging as many conflicting requirements must be considered during
product development.

In the operating room, the thermophysiological comfort of everyone has to be satisfied
to ensure their duty is performed properly. Thermophysiological comfort is associated with
a thermal balance of the human body and the body’s internal temperature must be kept
constant, which is directly related to the garment’s heat and moisture transport properties.
So, the comfort of surgical gowns greatly influences the performance of the surgeon at
the workplace [6,7]. Tactile comfort (sensorial) of a surgical gown can have a significant
impact on the overall performance of a person on duty in a healthcare setting. The physical
and mechanical properties of a fabric like the water permeability, air permeability, thermal
properties, surface roughness, bending, and the compression of the textile material, affect
the tactile behaviour of the fabric. Therefore, it is important to consider and evaluate the
thermophysiological properties of the surgical gown to maintain the comfort of the medical
staff, which will help them conduct their duty with high quality.

There have been multiple studies conducted over the past decade showing a growing
preference among medical professionals for reusable gowns and finding that reusable
surgical gowns offer comparable or better comfort than disposable gowns, through various
objective and subjective evaluation methods [8-12]. For instance, in a recent study [10]
which involved 80 medical professionals, subjective assessments were collected. Despite a
limitation of only one size available for the reusable gown, overall ratings for the reusable
gown were very positive, with more than 79% of participants rating it as ‘very good’ or
higher across six out of seven criteria, including ‘ease of use’. While many of these studies
rely solely on subjective questionnaires or fabric properties, they nonetheless yield valuable
quantitative and qualitative data.

Fabric properties related to comfort in disposable and reusable surgical gowns have
been explored in several studies [13-15]. The study by Barker et al. [16] shows the effec-
tiveness of both instrument and garment wear trials in discerning subtle properties that
collectively influence comfort perception. They utilised the Kawabata Evaluation System
to evaluate fabric tactile properties. However, it is noteworthy that the physiological pa-
rameters of subjects were not measured in this study. Aslan et al. [11] conducted a study
measuring both the objective physiological parameters and subjective perception of surgical
and disposable gowns, utilising eight subjects for wear trials. They employed a modified
dynamic sweating hotplate to assess thermal and water vapour resistance values. During
the wear trials, physiological changes including skin and microclimate temperature, relative
humidity, heart rate (HR), metabolic rate, and energy expenditure during a 60 min protocol
were measured. In their findings, subjective evaluations revealed comparable comfort
levels between disposable and reusable gowns, despite structural differences in fabrics,
such as reusable gown fabrics having higher thermal resistance values but comparable
thermal comfort perception as disposable gowns. The wear trials of this study involved
moderate and high activity periods on a cycle ergometer, which slightly deviates from
real-world scenarios typically encountered in operating rooms. In the mentioned studies, it
is recommended to further explore newer reusable surgical gowns and various material
technologies present in both disposable and reusable medical gowns [10,16]. Additionally,
larger sample sizes, different materials, and protection levels of gowns can provide more
insights on this topic [12]. Combining objective and subjective measurements for wear
comfort evaluation is very valuable in identifying underlying causes of discomfort and
suggesting areas for further investigation [16].

Tactile comfort (sensorial) of a surgical gown can have a significant impact on the over-
all performance of a person on duty in a healthcare setting. The physical and mechanical
properties of a fabric like water permeability, air permeability, thermal properties, surface
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Polyester and Woodpulp

roughness, bending, and compression of the textile material, affect the tactile behaviour of
the fabric.

The aim of this study is to evaluate the thermophysiological and tactile comfort
provided by surgical gowns during surgical activities involving a set of objective and
subjective measurements. The thermophysiological comfort aspect involves measuring
the skin and microclimate temperature as well as the humidity of individuals wearing
surgical gowns. The sensorial comfort of the gowns was studied using a Fabric Touch
Tester (FIT) [17]. Two types of reusable surgical gowns and a disposable commercial
gown were examined in a comparative study to assess their influence on comfort, with
a particular focus on body temperature, skin relative humidity, and various sensorial
comfort parameters. Furthermore, the study included an investigation into the water
vapour permeability and electrostatic charge of the surgical gowns.

2. Materials and Methods
2.1. Materials

Two types of commercially available reusable surgical gowns (RU1 and RU2) and
one standard disposable surgical gown (Disp.) were included in this study. Regarding
the size of gowns, subjects were wearing the following: for RU1, either size “M” or “S”,
depending on the subject; for RU2, size “M” which was the only available size for this
gown, and for Disp., size “XL” which was the only available. The disposable surgical
gown contains a main (basic) material (Disp. basic) and fabric reinforcement (Disp. critical)
which were covering areas of the gown as shown in Figure 1a. The main material was
a nonwoven product of 73 g/m? made from polyester and wood pulp and the fabric
reinforcement consisted of a polyethylene film over the main area, forming a reinforced
layer of 110 g/m?. The RU1 gown was characterised by a back panel of non-critical fabric
(RU1 basic) made of plain weave (127 g/ m?) and a critical front area (RU1 critical) with a
twill weave (145 g/m?), both containing 99% polyester and 1% carbon fiber for antistatic
purposes, and treated with a water repellent finish. These sections were not sewn together,
laminated, or layered on top of each other; instead, they were separate fabrics sewn into
the gown using seams. Similarly, the second reusable gown (RU2) was composed of woven
fabrics with 99% polyester and 1% carbon fiber, the critical zones (RU2 critical) having
a weight of 134 g/m?, and the non-critical zones (RU2 basic) weighing 110 g/m?. These
zones were separate fabrics joined together in a similar manner as RU1.

Reinforcement
'V‘\ Polyethylene film/Spunbonded
Polypropylene

Basic fabric

Critical fabric

(@) (b)
Figure 1. (a) Disposable surgical gown; (b) reusable surgical gown.

2.2. Methods
2.2.1. Fabric Touch Tester for Sensorial Comfort

The Fabric Touch Test (FTT) device designed for the objective measurement of the
tactile properties of textile fabrics was used to assess the tactile behaviour of gowns [17].
This device takes measurements for bending, heat, surface roughness and compression, all
of which run simultaneously during the testing process.

Prior to testing, the fabrics were ironed to avoid any creases that can impact the
results and were conditioned for 24 h in standard room atmosphere (RH = 65 + 2% and
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T =20 %+ 2 °C). To conduct the tests, we prepared samples from each gown by cutting
them in an L shape, each measuring 31 cm x 31 cm. This sample arrangement allowed us
to evaluate the parameters in both the weft and warp directions, in accordance with the
manufacturer’s instructional manual for the device [17]. Ten measurements were carried
out for each fabric of the gowns, with five conducted with the inner surface (fabric back)
facing upward in the machine and the warp oriented vertically on the testing plate. The
remaining five measurements were performed with the outer surface (fabric front) facing
upward and the warp oriented horizontally, as outlined in reference [18]. Mean values
and standard deviations (SD) for the inner fabric surfaces were calculated using the FTT
software (FTTSystem 4.1.0), as for the purpose of the study the skin-facing side of the
gowns is considered relevant for the wearer’s comfort perception.

2.2.2. Water Vapour Permeability and Electrostatic Test

The Water Vapour Permeability (WVP) test is employed to gauge a textile fabric’s
capacity to permit the passage of water vapour, which aids in evaluating the fabric’s
breathability. We conducted an investigation of the fabric’'s WVP, using samples taken
from the gowns in accordance with the standard test method ASTM E96. To evaluate
the electrostatic qualities of the medical gown, electrostatic testing was carried out using
a tapping electrostatic characterisation device [19,20]. The tapping device operated at a
frequency of 2 Hertz and applied a pressure of 1.5 bar. This testing was conducted on test
samples that had a diameter of 10 cm. An electrometer was used to measure the voltage and
copper fabric was the electrode for the production and collection of the electrical charge.
For these two types of tests, three samples were taken for each fabric and the means and
standard deviation were calculated.

2.2.3. Thermophysiological Comfort Test

The thermophysiological comfort of the surgical gowns was evaluated with wear
trials. Participants wore the gowns while performing a predetermined task. Parameters
that were measured during the wear trials include: temperature and relative humidity
(RH) and heart rate (HR). The tests were conducted with the three different gowns in a
randomised order where every test took 30 min. The study was carried out according to
guidelines from standard EN 17558:2023 [21]. The surgical gowns were conditioned in a
standard atmosphere room for 24 h (RH = 65 £ 2% and T = 20 £ 2 °C) before conducting
the tests and all the tests were conducted in this standard atmosphere room. Subjective
perception was also taken into account and is described at the end of this section.

Participants of the wear trial are from the University of Ghent, The Centre for Textile
Science and Engineering (students and engineers). The study purposefully included partici-
pants unfamiliar with wearing these gowns to ensure a non-biased assessment. Ten subjects
participated including six males and four females, on average aged 30.8 & 7.5 years. Among
these, only five subjects conducted tests with the RU2 gown as the available size did not fit
some of them. The sample size was determined based on practical and time constraints.

Each participant was instructed to wear the surgical gown according to the correct
wearing procedure. The wear trials were designed to simulate a surgeon performing
delicate fingerwork behind a table. Participants were tasked with deconstructing a Lego
set and rebuilding it without step-by-step instructions, mimicking the fine motor skills
required in surgical tasks (Figure 2b). This requires thinking, keeping attention, and fine
hand movement while wearing the gown. So, participants were given a short brief about
the test and activities to be performed when conducting the test before starting the test.
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Figure 2. (a) Schematic block diagram of iButton placement on the skin; (b) deconstructing and
building a Lego set while conducting the test.

The subjects were instructed to sequentially perform various activities throughout
the duration of the data recording to simulate the tasks typically carried out by a surgeon
during the surgical process. These activities were to be completed consecutively:

1.  Bend the neck, and without bending both arms, hold scissors in the right hand and
tweezers in the left hand and move the Lego around, while including the picking and
dispatching of the tools. Vary this with building or disassembling the Lego in the
same posture for 7 min;

2. Bend the neck and both hands, and bend at the elbow and perform the task, including
picking and dispatching the tools, for 7 min;

3. Bend at the neck, shoulder, and both hands and bend at the elbow, to perform the
task, including maximum stretching picking and dispatching the tools for 8 min;

4. Bend at the abdominal, waist and both hands and bend at the elbow while holding
scissors in right hand and tweezers in left hand, including picking and dispatching
the components of the Lego for 8 min.

Each subject was wearing standard office clothes (T-shirt/polo and long trousers), on
top of which a surgical gown was worn. Thus, two microenvironments with a separate
microclimate were formed: one between the skin and standard clothing (near-skin microcli-
mate) and one between the standard clothing and the surgical gown (intermediate clothing
microclimate). Four DS1923 iButton data loggers were used to collect the temperature and
RH for each test, all set to take readings every 30 s. They were attached to the gown and the
skin to measure the temperature and RH between the standard clothes and the gown. Two
ibuttons where attached to the inner side of the gown to measure the temperature and RH
of the intermediate microclimate (abbrieviated as MCT and MRH, respectively)—one on
the front, inner side of gown next to the chest and the other from the backside. The other
two iButtons were attached on the skin, one around the left chest and the other on the back
side (as shown in Figure 2a) to measure the near-skin microclimate parameters, namely
the near-skin temperature (SET) and relative humidity (SRH). Adhesive textile-based tape
was used to fix the button on the skin and gown. A hole was cut in the center of the tape as
shown in Figure 2a, which is fitted over the hole in the iButton that connects to the inner
sensors, to enable accurate sensor readings without interference from the tape covering the
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iButtons. Firstly, for comparison and to study the effect of the activity on body temperature
and RH, we collected reference data by having the subject complete the activities without
wearing any gown over their standard clothes. In this case, sensor buttons on the skin were
the only ones present (2 instead of 4 sensors) and we denote the results as reference (Ref.).
By standard clothes we considered clothes that would be usually worn by surgeons under
their gown: long trousers, and short sleeved T-shirt or polo. For the next tests, the subject
wears the surgical gown having the iButtons also attached to the inner side of the gown.

The data collected using the iButtons were then uploaded to a computer for analysis.
The subject took a 15 min break after every measurement before going to the next test.

A thermographic camera (FLIR camera) was used to take a temperature measurement
from the forehead of the subject at different timesteps during the test. The FLIR camera
was set on a pedestal at a height so that if the person sits 1 m away, a good reading of
the temperature is possible and readings were taken at the start, middle, and end of the
test. When a reading was conducted, a photo and a movie with 100 frames were taken
(presented in Figure 2b).

To investigate the effect on the heart rate (HR) during the test, electrocardiography
(ECG) was used to measure it at the start and end of the test using BIOPAC System:s, Inc,
for 3 subjects. This was a test to evaluate if the test had an influence on the HR of subjects.
The ECG electrodes were placed with lead I electrode configuration [22]. Collected signals
were analysed using Biopack student lab 4.1 and the heart rate was determined for each
ECG signals.

A custom questionnaire featuring Likert scales ranging from 1 to 7 was utilised to
conduct subjective comfort evaluations, providing an additional measure of participants’
comfort perceptions (see Appendix A). After completing one test which lasted 30 min, the
participants were asked to fill out the questionnaire to evaluate the comfort of the surgical
gown during the surgical activities. As described in the questionnaire, participants had to
describe their sweat sensation from no sweat (1) to sweat a lot (7). The thermal sensation
levels were rated from cold (1) to hot (7), with comfortable in between (4). The active touch
feeling (touching with a finger) was rated from dislike a lot (1) to like a lot (7). The general
level of easiness or difficulty in performing the task while wearing the surgical gowns was
rated from not different to standard clothes (1) to very high impact (7). The overall fit of the
surgical gowns was rated from too loose (1) to very tightly fitted (7), with good in between
(4). The comfort feeling of different body parts while wearing the gowns was rated from
very unpleasant (1) to very pleasant (7).

For the analysis of the results from the thermophysiological comfort study, we used
means and standard deviations. Additionally, we employed the Analysis of Variance
(ANOVA) to determine whether there were significant differences in the data collected
using the iButton sensors and surveys.

3. Results and Discussion
3.1. Fabric Touch Tester Results

In Table 1, the mean values for the following parameters assessed with the Fabric
Touch Tester are given: Bending Average Rigidity (BAR), heat flux, Surface Roughness
Amplitude (SRA) in warp and weft direction and Compression Average Rigidity (CAR).
The mean values presented here are averaged for five meaurements per fabric side (inner
and outer side). For skin comfort, the mean values for the inner (skin-facing) fabric side are
important and will be analysed in this section. BAR and SRA values are associated with
fabric stiffness/flexibility and smoothness [13] and may hold greater significance for the
basic non-critical fabrics, as this fabric area is more prone to direct contact with the wearer’s
skin. The critical areas primarily come into contact with the clothing worn beneath the
gown, as they are positioned closer to the torso, but it depends on the gown design. CAR
values are related to the softness of a fabric and may also be less relevant when comparing
the critical fabric areas. Fabrics with higher heat flux values are associated with greater
thermal comfort, as heat can more effectively be transfered to the outside.
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Table 1. Sensorial (FTT) test results of reusable and disposable gowns, mean and standard deviation
(SD) of five measurements per fabric side.

BAR, Warp BAR, Weft SRA, Warp SRA, Weft

Material Type  Fabric Side Direction Direction Heat Flux Direction Direction CAR
(gf mm/rad)  (gf mm/rad) (W/m?) (um) (um) (gf/cm? mm)

RU1 basic Inner 74.94 440.12 1093.91 34.25 15.86 4313.58
+7.92 4 43.95 + 2251 4+ 11.43 +1.17 + 3625.68

RU exitical Inner 585.15 152.89 1361.10 9.83 14.24 3375.05
criiea € + 67.55 + 32.64 4 149.43 +7.74 +8.12 +901.15

RU2 basic Inner 163.94 276.48 1201.91 6.78 14.83 9513.64
+20.50 +20.33 +6.94 + 381 +1.36 + 3042.56

RUD eritical Inner 80.15 71.54 1289.79 5.85 11.74 5831.34
+7.87 +6.91 + 2855 +3.28 +1.06 + 1495.28

Diso. basi e 43.97 702.66 984.21 35.43 39.00 9670.44
Sp- basic € +29.19 +115.16 +21.24 +433 +487 + 1749.67

Diso,. eritical Inner 149.29 533.41 694.99 71.82 72.88 825.62
P + 4505 + 202.84 + 15.67 +8.14 +18.89 + 179.40

BAR = Bending Average Rigidity, SRA = Surface Roughness Amplitude, CAR = Compression Average Rigidity.

First, we can analyse the inner surfaces of the basic fabrics. In warp direction, the
inner side of Disp. basic shows the lowest BAR value (43.97 £ 29.19 gf mm/rad), fol-
lowed by RU1 (74.94 + 7.92 gf mm/rad) and RU2 basic (163.94 + 20.50 gf mm/rad).
In weft direction, there is an opposite trend with RU2 having the lowest BAR value
(276.48 £ 20.33 gf mm/rad), followed by RU1 (440.12 + 43.95 g mm/rad) and Disp. basic
(702.66 + 115.16 g mm/rad). A higher bending rigidity value indicates greater stiffness or
resistance to bending. In this case, our results are inconclusive due to the different bending
rigidity trends in the weft and warp directions. SRA in the warp direction is lowest for
the RU2 basic (6.78 &+ 3.81 um), whereas RU1 and Disp. basic exhibit very similar values
(34.25 £ 11.43 and 35.43 £ 4.33 pm, respectively). In the weft direction, both reusable basic
fabrics’ inner sides show similar values (15.86 + 1.17 um for RU1 and 14.83 4+ 1.36 um for
RU2), which are lower than the disposable one (39.00 & 4.87 um). The SRA results suggest
that the inner sides of reusable gowns give a smoother feel against the skin, resulting in less
friction compared to disposable gowns. CAR values have high standard deviations, so it is
difficult to make any definitive conclussions. The inner side of RU2 basic exhibits the high-
est heat flux (1201.91 + 6.94 W/m?), followed by RU1 basic (1093.91 & 22.51 W/m?), while
Disp. basic gives a slightly lower value (984.21 4 21.24 W/m?). In summary, the inner sides
of reusable basic fabrics RU1 and RU2 demonstrate slightly better performance in thermal
comfort and suggest that the basic fabrics of reusable gowns can provide a smoother feel to
the skin at the body areas exposed to the fabric, compared to the disposable ones.

Next, we can compare the inner surfaces of critical fabric areas of reusable and
disposable gowns. In the warp direction, RU2 critical displays the lowest BAR value
(80.15 £ 7.87 gf mm /rad), followed by Disp. Critical (149.29 & 45.25 gf mm/rad), while
RU1 critical exhibits the highest BAR value (585.15 & 67.55 gf mm/rad). In the weft direc-
tion, RU2 critical again shows the lowest value (71.54 £ 6.91 gf mm/rad), followed by RU1
critical (152.89 + 32.64 gf mm /rad), with Disp. critical demonstrating the highest value
(533.41 = 202.84 gf mm /rad). This suggests that RU2 has a softer, more flexible feel than the
rest. For the SRA, both in warp and weft direction, RU2 critical exhibits the lowest values,
followed by RU1 critial, with Disp. critical having the highest SRA in both directions. Simi-
lar as for the basic fabrics, the inner, skin-facing, critical fabrics have a smoother surface
with less friction compared to the disposable gown tested. CAR values are lowest for Disp.
critical (825.62 4 179.4 gf/cm? mm), whereas RUT critical and RU2 critical present higher
values (3375.05 & 901.15 and 5831.34 + 1495.28 gf/cm? mm, respectively). Heat flux is the
main parameter of interest for the critical gown areas. RU1 and RU?2 critical exhibit similar
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high values (1361.10 £ 149.43 and 1289.79 + 28.55, respectively), while heat flux for Disp.
critical is the lowest (694.99 & 15.67). This indicates that the heat transfer of the critical part
of the gown is greater for both reusable options compared to the disposable gown.

Previous studies that included the evaluation of fabric sensorial comfort proterties
of reusable and disposable gowns show some favorable results for the reusable fabrics.
Aslan et al. [11] investigated the bending rigidity of woven and nonwoven surgical gown
fabrics (given in mg per cm in that study due to a different method used than FTT), showing
significant differences which translate to better flexibility of the reusable fabrics due to a
smaller bending rigidity than the disposable fabrics. In the same study they found that
reusable fabrics had higher thermal resistance values compared to their disposable coun-
terparts, but despite these findings, wear trials showed this difference has no significant
effect on heat dissipation from the gowns, which raises the importance of wear trials for
validation. Barker et al. [16] compared disposable (nonwoven synthetic) and reusable
(woven cotton) fabric for surgical gowns using the Kawabata System (KES), similar to
FTT for fabric sensorial properties evaluation. In their study, surface roughness (um) and
bending rigidity values (gf/cm?) for the disposable and reusable fabrics were comparable.
The surface roughness values from that study were 7000 and 7300 pm for the disposable
and reusable fabric, respectively. They concluded that the disposable fabric is equivalent
to the reusable gown in all specific comfort fabric descriptors, except weight and stiffness
(beding rigidity), where it has an advantage. In our study, surface roughness values indi-
cated that the reusable fabrics perform better compared to disposable gowns in terms of
smoothness, for both basic and critical fabric areas. Furthermore, our results show better
thermal transfer compared to reusable gowns based on sensorial tests.

3.2. Water Vapour Permeability and Electrostatic Behaviour

Textile clothes with higher water vapour permeability are desirable for effectively
dissipating sweat. The results (Figure 3) indicate that RU1 basic fabric exhibits similar WVP
performance to Disp. basic fabric. On the other hand, the Disp. critical fabric performs
noticeably worse, showing results lower than those of RU2 basic and critical. RU2, in
particular, exhibits a poorer performance compared to RU1.

8000

7800

7600
7400
7200
7000
6800
6600
6400
6200
6000

RU1 basic RU1 critical RU2 basic RU2 critical Disp basic Disp critical

Water Vapor Permeability (g/day/m?)

Fabric type
Figure 3. Water vapour permeability test results.

In the study by Aslan et al. [11], reusable fabrics demonstrated much lower WVP
values compared to our findings, with values of 1772.89 and 2338 g/day/m? for reinforced
fabrics from the two reusable gowns tested, while in our cases WVP values of 7456.3 and
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7035 g/day/m? for RU1 and RU2 critical, respectively, were recorded. However, the specific
type of reinforcement, raw material, level of protection and other construction differences
in those gowns can greatly influence the results. The WVP values for reusable basic
fabrics ranged between 5000 and 6500 g/day/m?, with varying performances compared
to disposable basic fabrics. Our results suggest that the reusable surgical gowns used
in this study can achieve effective moisture transport, comparable or better than the
disposable ones.

Lower static charging of textile fabric is generally associated with increased comfort
as it reduces the potential for discomfort, irritation and inconvenience caused by static
electricity and the related issues it can create. In Figure 4, the results of the electrostatic test
are presented. The peak voltage represents the average of the five highest peaks observed
on the graph, while the valley voltage similarly denotes the average of the five lowest
valleys. The results in Figure 4 show that the RU1 gown exhibits lower static charging.
Both types of reusable gowns are safe to use due to having a very low electrostatic charge
developed on their surfaces, possibly due to the presence of the carbon component in both
gowns as described in Section 2.2.1.

[ ] Peaks voltage
[ Valleys voltage

T T T T T T

35

30

~ 20

Peaks electrostatic voltage
Valleys electrostatic voltage

T T T 0
Disp critical Dis basic RU2 critical RU2 basic RU1 basic RU2 critical

Material Type

Figure 4. Electrostatic charge test results.

In contrast, for Disp. critical (fabric reinforcement), the values are a bit higher for the
critical part but comparable and still safe for use. The main material of the disposable gown
(Disp. basic) revealed low static voltage, possibly due to the presence of wood pulp which
is assumed to have a negligible static charge. Overall, all types of gowns exhibit a low static
charge, which suggests that they are comfortable to wear and that there is only a small
chance of sparks igniting near electrical items.

3.3. Temperature and Relative Humidity between Surgical Gowns and Skin

For these results, it is necessary to note that despite the fabric type the size of gowns
worn on subjects influences on the results as the garment fit is an important thermophys-
iological factor. Figure 5a,b shows the near-skin (SET) and intermediate microclimate
(MCT) temperatures of two representative subjects, collected during the wear trials. The
temperatures from the front side are represented with ‘F’ and the temperatures from the
back side are denoted by ‘B’. “Ref” is used to describe the reference test from subjects (no
surgical gown, only wearing standard clothes), described in details in Section 2.2.3. For
example, ‘RU1 SET F’ represents near skin temperature acquired from the front side while
the subject wears the gown RU1. As we can see from Figure 5a,b, SET values show a slight
increase in the beginning and then stay constant throughout the test (for example, Disp.
SET F, RU2 SET F and B in Subject 2 and RU2 SET B in Subject 1), but in other cases, it
shows a small sharp fluctuations.
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Figure 5. Near-skin (SET) and intermediate microclimate (MCT) temperatures from (a) Subject 1,
(b) Subject 2.

As an overall observation, the SET recorded while wearing the different gowns
(reusable or disposable) is observed to be generally higher than MCT values. The SET
values during the test typically fall within the range of 34 to 36 °C, which coincides with
the range where the SET of the reference test is also observed to increase. The MCT values
of reusable and disposable gowns fall within a similar temperature range of around 24 to
29 °C. In some cases, reusable gowns show an even lower temperature change than the
disposable ones, like the MCT of RU1 for Subject 2 in Figure 5b. Overall, we can say the
gowns have no serious impact on the skin and intermediate microclimate temperature.
Aslan et al. [11] studied physiological parameters during wear trials on an cycle ergome-
ter with varying activity levels, wearing disposable or reusable gowns, measuring skin
temperature and microclimate temperature and RH from the chest, back and upper arm
of subjects. Their results showed that the microclimate T measured at the back, from all
reusable/disposable tested gowns and subjects, rises in a range from around 27.5 to 29 °C
(comparable to our MCT results) after moderate activity of 15 min cycling at 20% VO, max,
as observed from the graph given in the study. In that comparison, the reusable gown
made of cotton/polyester mix has the lowest temperature measurement. Not all measured
temperature values were presented in the study.

Table 2 below shows the mean SET temperature of different gowns and the reference
from nine subjects. The data for one participant are absent from these test results due to a
recording issue where the data failed to be stored properly. The mean SET increase was
observed, relative to the reference value per subject, with significant differences found
for reusable gowns (RU1 and RU2) in most cases (p-value < 0.01 at a= 0.05); still, since
the temperature increase was mostly <1 °C, there is an insignificant temperature effect on
the body.
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Table 2. The SET mean values collected while the subjects performed the test with reference clothes
(Ref), disposable (Disp), and reusable (RU) gowns. Mean and standard deviation (SD) values are

given.
Mean SET (°C) Front Mean SET (°C) Back
Subject Ref. Disp. RU1 RU2 Ref. Disp. RU1 RU2
1 33.52 + 0.64 33.73 £ 0.60 34.20 £ 0.67 33.74 £ 0.15 34.72 £ 0.33 34.46 +0.24 35.36 £ 0.25 35.02 £ 0.22
2 32.02+0.25 3359 +054 3275+ 041 33.86 £0.08  32.67+0.68  33.62+032 3413+0.23 3443 +0.31
3 33.86 + 0.08 33.68 £0.29 33.17 £ 0.65 34.23 £0.19 34.61 £0.37 35.14 £+ 0.00
4 33.61 = 0.56 34.52 + 0.58 33.71 +£0.14 33.34+1.14 3453 £0.21 34.30 £ 0.27
5 33.51 +0.39 34.00 £+ 0.60 34.00 £ 0.60 34.21 £ 0.54 34.62 £0.31 35.09 £ 0.15
6 33.67+£047  3339+062 33.79+024 3368+£024 3296+027 33.60+014 3322+025 3353+0.21
7 32.63 +0.18 34.19 £ 0.64 34.83 £0.23 34.41 +£0.62 33.04 £ 0.28 3471 £0.18 34.96 + 0.24 34.08 +0.22
8 3156 £ 026 3237 +0.64  32.85+0.23 30.83+£034  31.64+0.00 3220+0.21
9 34.65 £ 0.51 35.12 £ 0.63 34.96 + 0.58 35.55 + 0.55 3495+ 0.63 35.18 £0.13 35.40 + 0.25 35.53 +0.34
Total Mean 33.22 +0.37 33.84 +£0.57 33.80 £ 0.41 34.24 +0.32 33.43 +0.48 3410 £0.21 34.42 +0.20 34.51 £ 0.26

Cases with temperature changes >1 °C are discussed here. For Disp., the mean SET
increased by more than 1 °C compared to the reference in 22.2% of cases (two out of nine
subjects): in Subject 2 (front), with a SET rise of 1.57 °C, and in Subject 7 (front and back)
with increases of 1.56 °C and 2.67 °C, respectively. It is important to note that as one overall
case, we considered each subject that showed a mean SET increase > 1 °C compared to Ref.
For RU1, in 33.3% of cases, there was a >1 °C increase, observed in Subject 2 (back) with a
rise of 1.46 °C, Subject 7 (front and back) with increases of 2.2 °C and 1.92 °C, respectively,
and in Subject 8 (front and back) with rises of 1.29 °C and 1.37 °C, respectively. For RU2,
in 40% of cases tested (two out of five for this gown), an increase of more than 1 °C was
observed: for Subject 2 (front and back) with increases of 1.84 °C and 1.76 °C, respectively,
and Subject 7 (front) with an increase of 1.78 °C. When comparing reusable and disposable
gowns, we can observe from Table 2 that in 77.7% of cases, or in seven out of nine subjects,
where a subject wears a reusable gown (RU1 or RU2), the increase in SET is lower or equal
to when wearing a disposable gown, while the only exceptions are noted for Subject 3 and
Subject 8 where both SET from the front and back are higher for the reusable gowns. In any
case, the difference between disposable and reusable gowns is mostly <1 °C.

From the comfort perspective, we can say the observed SET increase during the
course of the tests while wearing reusable gowns has no negative impact on the comfort.
The measured temperature is lower than normal skin temperature values [14] and the
differences between reusable and disposable are negligible. It is worth noting that the
results of SET show values lower than a normal skin temperature due to the sensors
(iButtons) placement—they were attached to the skin, but the sensor opening was facing
the air gap between the skin and the first clothing layer, not the skin side.

In Figure 6a,b, the RH values of two subjects are given. SRH and MRH denote the near
skin and intermediate microclimate RH, respectively. The RH from the front side is repre-
sented with ‘F,, and from the back side is denoted by ‘B’. Comparing
Figures 5 and 6, it can be seen that as the air temperature increases, the air can hold
more water molecules which causes a decrease in relative humidity (RH) and vice versa.
Temperature measurements showed that the near-skin environment has a higher tempera-
ture compared to the intermediate microclimate of the gowns (SET > MCT). These higher
temperatures lead to a decrease in relative humidity, thus in most measurements SRH is
observed to be lower than MRH. Wearing gowns over standard clothes increases RH values
for around 10-20% in the microclimate between them, due to a decreased evaporation as
a result of the additional layer, but there are no notable differences between disposable
and reusable gowns. Also, SRH values for all gowns are similar with the refererence tests,
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which means that both reusable and disposable gowns provide sufficient ventilation as
there was no buildup of RH in the near-skin environment.
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Figure 6. Skin (SRH) and intermediate microclimate relative humidity (MRH) from: (a) Subject 1;
and (b) Subject 2.

3.4. Survey Results

Table 3 shows the numerical comparison of the subjective evaluation of the comfort
collected via the questionnaire. Ten participants completed the survey at the end of the
thermophysiological comfort test. The mean and standard deviation of each parameter were
calculated from the responses where the numerical value represents a certain comfort level
as we can see from the questionnaire (see the Section 2.2.3. and Appendix A). Regarding
sweat sensation, the responses showed almost no sweat sensation over the course of the
tests: the maximum rating was 2.4 for RU1, as shown in Table 3, but still, statistical tests
revealed no significant differences even when compared to Ref. (p-value = 0.057 at « = 0.05).
The maximum mean rate of thermal sensation levels was 4.4 for RU1, with a significant
difference (p-value = 0.02 at o« = 0.05) compared to Ref., and an insignificant difference with
the disposable, most common type of surgical gown. Regarding passive touch sensations
around the arm, while wearing the gown, a higher level of comfort was reported with RU2,
RU1, and Disp., respectively. However, no significant differences were observed.
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Table 3. A questionnaire survey where the numeric values represent the mean score of com-
fort/discomfort level and SD.

Parameter Ref. Disp. RU1 RU2
Sweat sensation 1.1 +0.32 220 +1.14 240 +1.26 214 +1.46
Thermal sensation 3.10 £ 1.20 4.20 + 0.79 4.40 + 0.84 4.29 + 0.756
Moisture sensation 210+ 1.29 2.70 £1.25 3.00 £ 1.25 2.86 £ 1.35
Passive touch feeling around the arm 450 +1.27 4.70 £ 1.06 529 +£0.95
Active touch feeling with a finger 4.10 4+ 0.99 4.40 4+ 0.97 5.57 +0.98
Easiness or difficulty in performing work 240+ 1.17 290 +1.29 3.29 £ 1.70
Overall fit 3.40 +1.17 3.40 +1.43 2.86 + 1.46
Comfort feeling around the neck 4.60 4+ 1.08 3.70 = 1.49 4.67 +1.63
Comfort feeling around the shoulder 4.80 £ 0.92 4.70 £ 0.82 4.86 £ 1.35
Comfort feeling around upper arm 4.90 £ 0.88 4.90 £0.74 5.00 £+ 1.00
Comfort feeling around the lower arm 4.80 +1.03 4.60 +1.17 5.29 4+ 0.95
Comfort feeling around the wrist 460 £ 1.17 460 £ 1.17 5.57 £ 0.79
Comfort feeling around the belly 450 £1.27 520 £0.79 5.00 £1.29
Comfort feeling around the chest 4.90 4+ 0.88 5.20 +0.79 5.43 +0.98
Comfort feeling around the armpit 4.80£0.79 5.20 £ 0.63 5.43 £0.98

The mean score for the active touch feeling (touching with a finger) was lower for Disp.
compared to the rest, indicating a slight discomfort sensation when touching the outside of
the gown, but without a significant difference from the rest. The mean rate for the general
level of easiness or difficulty in performing the task while wearing the surgical gowns
was relatively higher for RU2 (3.29), but still, no significant differences were observed.
The results showed that RU2 had a slightly more loose fit compared to the other gowns,
despite the fact that Disp. was a larger size (XL) than the other gowns. The mean score
regarding the comfort feeling (level of pleasantness) of different body parts was lowest
for RU1 around the neck (3.7), but there was no significant difference between the mean
scores. The size of the gowns should also be considered when understanding these results
(RU1 and Disp. were a bigger size than RU2). Overall, based on the survey responses
we can understand that the reusable gowns did not perform worse in subjective comfort
perception compared to disposable gowns.

3.5. Forehead Skin Temperature Results

The forehead temperature of the subjects was collected using a thermographic camera
at the start, in the middle, and at the end of the test. Figure 7a shows the mean forehead
temperature of the 10 subjects, including all gowns tested and the reference test for compar-
ison. Figure 7b—d present the forehead temperature of the 10 subjects, analysed separately
for each gown type, where the data from each individual subject are given for the different
time intervals (at the start of the test, after 15 min and after 30 min). The mean temperature
of the reference test was 34.48 °C at the start of the test and it increased to 34.75 and 34.87 °C
after 15 and 30 min, respectively, which is an increase of 0.39 °C during the course of the
test. For the disposable gowns, the forehead mean temperature was 34.50 °C at the start of
the test and 34.59 °C and 34.71 °C after 15 and 30 min, respectively, increasing in total of
0.2 °C during the testing period. For the reusable gowns, the increase in mean temperature
during the test was 0.31 °C and 0.43 °C for RU1 and RU2, respectively, which are values
similar to the reference. Apart from gown type, there was also interindividual variability in
skin temperature as shown in Figure 7b—d.



Textiles 2024, 4

250

Estimated Marginal Means of Forehead temp (°C)

Estimated Marginal Means of Forehead temp (°C)

349 | Gown type at Gown type = Reusable 1
~——Reference 36.0 Time the
——Reusable 1 reading
Disposable taken
348 i — Atthe start
355 — After 15 min
» After 30 min
c ]
g 347 | s
@
= = 350
= ®
Il [+
5 346 ®
= S 345 -
o° =
- o
s @
E 345 4 s
=] 1
w g 340
w
344 4
335 7
343 4
. r r 33.0
Atthe start After 15 min After 30 min T T T T T T T T T T
St S2 S3 sS4 S5 S6 S7 S8 S9 S0
Time )
Partcipant ID
(@) (b)
Estimated Marginal Means of Forehead temp (°C) Estimated Marginal Means of Forehead temp (°C)
at Gown type = Disposable at Gown type = Reference
355 4 Time the 360 Time the
reading reading
taken taken
— At the start — At the start
— After 15 min — After 15 min
After 30 min 355 o After 30 min
@ 350 o
& -
L @
= =
E E 350
o o
5 345 ] =
. 3
';‘ 8345 o
1 o
E E
=]
@ 340 4 w
340 -
335 335 A
! ! J ) J g : J . T St S2 93 sS4 S5 6 S7 S8 S8 SI0
St S2 S3 sS4 S5 S6 ST S8 S9 S10 o
Partcipant ID Partcipant ID
(0) (d)

Figure 7. (a) Forehead mean temperature from 10 subjects, all gowns and reference test (no gown); and
forehead temperature of the 10 subjects collected from the 10 subjects: (b) RU1; (c) Disp.; and (d) Ref.

3.6. Electrocardiography Results

The results of the forehead temperature showed a slight increase in body temperature
over the course of the tests, both with or without a gown, which could influence the heart
rate of the test subject. To study this influence, ECG signals were collected from three
participants at the start and at the end of the tests. Table 4 shows the average HR of the
three subjects from which HR measurements were taken, acquired at the start and end
of the test, wearing three different surgical gowns and the reference, i.e., performing the
activity with their standard clothing (without gown). The results revealed that the HR
values at the start and end of each test have no uniformity. That means in some cases the
HR at the start of the test is higher than at the end and in some case it was the reverse,
which shows the slight increase in body temperature during the test does not have an
impact on the heart rate of the test subject by the time the ECG is performed. The standard
value of HR for men is in the range of 60-100 bpm [15] and all collected HR values were in
this range.
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Table 4. Average heart rate and SD in beats per minute.

Heart Rate (bpm)

Subject Subject 1 Subject 2 Subject 3
Start End Start End Start End
Ref. 91.63 4= 2.48 90.41+ 3.81 71.73 £ 4.86 69.02 +3.73 82.33 4+ 2.46 80.45 4+ 3.12
Disp. 84.46 + 3.34 78.13 + 4.56 70.19 +4.44 70.54 +4.19 79.67 + 2.64 74.48 + 2.01
RU1 75.39 £+ 5.45 64.37 + 4.42 67.71 + 3.50 70.23 4+ 3.87 83.76 + 4.79 83.33 4+ 3.56
RU2 89.30 &+ 2.56 76.99 £+ 3.01 67.25 1+ 4.69 7249 4+ 3.26

4. Conclusions

In this study, thermophysiological and sensorial comfort of two types of reusable
surgical gowns were studied. RU1 and RU2 were put into comparison to a traditional
disposable surgical gown, used at the University Hospital of Ghent, Belgium. To assess
the tactile properties of these gowns, including fabric rigidity, roughness, heat flux, and
compression, an FIT device was employed. Additionally, wear trials were conducted
with test subjects imitating a surgical activity while wearing the investigated surgical
gowns. During this test, near-skin and (intermediate) microclimate temperature and
relative humidity (RH) between the body and clothing layers were monitored, using
iButton sensors attached to the skin and the inner part of the gowns. The body temperature
from the forehead was additionally measured using a thermal camera. Furthermore, we
gathered subjective data on comfort perception through questionnaires answered by the
participants after completing each wear trial. The results showed that reusable gowns offer
better sensorial comfort compared to disposable gowns, especially in terms of heat flux.
In terms of water vapour permeability, Reusable 1 fabrics demonstrated a performance
similar to that of the standard disposable fabrics, while the fabrics of Reusable 2 had a
worse performance. However, for the critical (protective) part of the gown where reinforced
fabrics are used, the fabric from the disposable gown showed the worst water vapour
permeability in comparison to the rest. Thermophysiological comfort tests (wear trials)
revealed a temperature increase in the iintermediate microclimate (between the gown and
standard clothing) and near the skin while wearing the disposable or reusable gowns,
compared to when they were not wearing any surgical gown. In any case, the difference
between disposable and reusable gowns was not substantial and the temperature increase
was less that 1 °C in the majority of cases. It is worth noting that the increase in temperature
was not solely attributed to the gowns; even during activities without gowns, there was a
rise in body temperature, leading to a decrease in relative humidity (RH). Importantly, this
increase in temperature did not negatively impact the subjects” comfort, as supported using
heart rate data and responses from the questionnaire survey. It is important to note that the
study’s findings may be influenced by the different size of gowns available for testing. For
example, the larger size of the disposable gown worn during wear trials potentially leading
to increased air gaps between standard clothing and the surgical gown could contribute to
enhanced ventilation within the microclimate formed under the gown, affecting overall
comfort perceptions. This is a limitation of the current study and should be addressed in
further wear trials.
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Appendix A

Surgical Gown Comfort subjective evaluation

The aim of this survey is to evaluate the comfort of surgical gowns during surgical
activities. This study provides for non-commercial research and distribution, and educa-
tional use; there were no pressures to undertake this project. The result will be utilised for
education and corrective action only.

Your honest and genuine answer is very important to the ultimate objective of this project.

Rate by putting a tick mark (v') under the category of the correct numeric value in the
table that most closely indicates the extent to which the item is present in your current job.

Height: cm Test day and date:
Chest circumference: cm
Test person Weight: cm Age:
Waist circumference: cm Gender:
Size:
Sample code & order: Ref A B. C.
Ref. | A
B e ‘ Environmental Temperature (°C):
Room Temperature (°C):
Humidity (RH %):
. Measuring Scales
Product code Questions
1 2 3 4 5

How would you describe your sweat sensation when using the gown?

Ref From no sweat (1) to sweat a lot (7).

1. A From no sweat (1) to sweat a lot (7).
B From no sweat (1) to sweat a lot (7).

C From no sweat (1) to sweat a lot (7).

How would you describe your thermal sensation level when wearing

the gown?
Ref From cold (1) to hot (7), with comfortable in between (4).
2 A From cold (1) to hot (7), with comfortable in between (4).

From cold (1) to hot (7), with comfortable in between (4).

C From cold (1) to hot (7), with comfortable in between (4).
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How would you describe your moisture sensation level when
wearing the gown?

Ref From none/dry (1) to wet (7).

3. A From none/dry (1) to wet (7).
B From none/dry (1) to wet (7).

C From none/dry (1) to wet (7).

How do you experience the passive touch feeling (feel on your arms)
of the surgical gown while wearing the gown?

Ref From very uncomfortable (1) to very comfortable (7)

4. A From very uncomfortable (1) to very comfortable (7)

From very uncomfortable (1) to very comfortable (7)

C From very uncomfortable (1) to very comfortable (7)

Product code Questions

Measuring Scales

3

4

5

How much do you like the active touch feeling (touching with finger)
of the surgical gown when touching the outside of the gown?

Ref From dislike a lot (1) to like a lot (7).

5. A From dislike a lot (1) to like a lot (7).
B From dislike a lot (1) to like a lot (7).

C From dislike a lot (1) to like a lot (7).

How do you evaluate the gown influences the general level of
easiness or difficulty in performing your work? From not different to
standard clothes (1) to very high impact on ease of performing the work (7).

Ref
6. A
B
C
How do you rate the overall fit of the surgical gown?
From too loose (1) to very tight fitted (7), with good
Ref .
in between (4).
A From too loose (1) to very tight fitted (7), with good
” in between (4).
B From too loose (1) to very tight fitted (7), with good
in between (4).
C From too loose (1) to very tight fitted (7), with good

in between (4).
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At which body parts does the surgical gown cause a highly

8. unpleasant feeling? Indicate per body part a score, from very unpleasant (1)

to very pleasant (7).

8.1. Neck
8.2. Shoulder
8.3. Upper arm
8.4. Lower arm
8.5. Wrist
8.6. Belly
8.7. Chest
8.8. Under the arm pit
8.9. Neck
8.10. Shoulder
8.11. Upper arm
8.12. Lower arm
8.13. Wrist
8.14. Belly
8.15. Chest
8.16. Under the arm pit
8.17. Neck
8.18. Shoulder
8.19. Upper arm
8.20. Lower arm
8.21. Wrist
8.22. Belly
8.23. Chest
8.24. Under the arm pit
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