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ARTICLE INFO ABSTRACT
Keywords: Due to their geometry and thermal physiology, hands are most vulnerable to cold weather injuries
Human hand and loss of dexterity. Gloves are the most common for hand protection during exposure to
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Glove identifying local (at individual hand segments) glove microclimate properties is still a research
3D scanning gap. For the first time, the glove-microclimate properties for 16 hand segments at high spatial
resolution were analyzed by employing state-of-the-art hand-held 3D scanner and post-processing
techniques for different glove types. Our results clearly indicate that the glove area factor for
distal phalanges is significantly higher (by 49.8 %) than that for other hand segments, which
increases the heat transfer from distal phalanges. In contrast, average air gap thickness was
relatively uniform across all hand segments. The glove type had a pronounced effect on glove
microclimate properties, e.g., bulky and heavy cold weather protective gloves had a larger
average air gap thickness and glove area factor. Regression models are also developed to estimate
the glove microclimate properties from simple measurement (i.e., ease allowance). Overall, this
study provides essential information for the design and development of protective gloves that can
help improve safety, comfort, and dexterity. Methods and mathematical models developed in this
study also contribute to facilitating extremity (e.g., hand) focused thermoregulation modeling,
hazard simulation, injury prediction, ergonomic design, optimum performance (dexterity and
tactility) along with thermal protection.

1. Introduction

Millions of occupational workers suffer from hand injuries and illnesses that lead to significant healthcare burdens and lost pro-
ductivity [1-4]. Apart from ergonomic factors such as exposure to mechanical hazards and repetitive work tasks, environmental
factors such as exposure to cold and wet conditions represent major contributors to hand injuries and illnesses [5-7]. Exposure to cold
environments may cause cold injuries such as frostnip and frostbite [8] along with local peripheral cooling which adversely affects the
physiological, biomechanical, and neurological functions of hands and fingers [8,9]. Reduced hand functionality may cause accidents
and further hand injuries and illnesses [1,10]. However, many occupational workers simply cannot avoid working in cold and wet
conditions, such as miners, construction workers, or poultry and warehouse workers having to work in indoor cold storage rooms.
Protecting these workers from adverse environmental conditions is pivotal for maintaining their health and safety while allowing them
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to carry out their tasks. Furthermore, hands are anatomically and physiologically unique and play a critical role in human thermo-
regulation by acting as an excellent radiator, insulator, and evaporator of heat [11]. As per the cortical sensory representation, hands
are very sensitive to thermal aspects and account for about 50 % of the body’s overall sensitivity [12]. Although all extremities of the
human body are vulnerable to cold exposure, hands are especially prone to cold weather injuries because of their unique anatomical
characteristics and thermal physiology. Furthermore, cold exposure can lead to reduced blood flow, skin temperature, and increased
viscosity of the synovial fluid, which all negatively affect the hand’s dexterity, tactile sensitivity (touch perception), grip strength, and
haptic feedback [8,9]. Maintaining hand dexterity is extremely important, as it is essential for most occupations such as industrial
workers, military personnel, first responders, and astronauts. Gloves are the most common type of protection used to shield hands from
extreme thermal and hazardous environments.

Generally, gloves’ thermal protective performance is assessed through an evaluation of their overall thermal insulation, determined
by the material and the air layer characteristics of the glove. This assessment typically involves the utilization of sweating hand
thermal manikins and mathematical models like hand thermoregulation models [10,12-16]. The total thermal insulation of gloves can
be divided into two components: (i) intrinsic thermal insulation and (ii) thermal insulation related to the boundary air layer. The
boundary air layer thermal insulation is often measured using a bare (without clothing/glove) sweating hand thermal manikin, which
cannot accurately represent the effect of the larger surface area of the glove (compared to bare hand) on heat transfer. This needs to be
accounted for by a glove (clothing) area factor that is required as a correction both in experimental setups and in mathematical models
[17]. The glove area factor is an important parameter in all commonly used and accepted thermal comfort models and standards [18,
19]. Furthermore, the gloves’ total thermal insulation is notably influenced by the low thermal conductivity of air and the moisture
diffusion of water vapor in the surrounding air, which collectively impact thermal and evaporative resistance. Furthermore, the direct
contact between skin and clothing has a significant effect on heat and mass transfer because the thermal conductivity of air and
diffusion of water vapor in the air gap is a function of the thickness of the air layer [20]. The direct skin-to-fabric contact enhances
conductive heat transfer and facilitates moisture wicking, directing sweat from the skin to the clothing surface. This process signifi-
cantly influences both mass transfer and evaporation. As a result, the average air gap thickness and the extent of the contact area
between the skin and fabric are pivotal factors in determining clothing thermal insulation. With the advancements in computing
technology, mathematical models are increasingly employed for predicting and analyzing the thermal insulation of clothing and gloves
[21-29]. These models offer intricate insights into diverse heat and mass transfer processes, providing essential information for the
design, development, and enhancement of personal protective equipment (PPE) [24-26]. These mathematical models calculate the
heat and mass transfer from human skin to the environment through PPE and require a range of input parameters such as temperature,
relative humidity, wind speed, fabric properties (thermal and evaporative resistances), and clothing microclimate properties such as
clothing area factor, air gap thickness, and contact area (between skin and fabric) [25]. Due to their significant impact on total thermal
insulation and glove performance, glove microclimate properties are among the most important input parameters for mathematical
models and are essential for analyzing experimental results. However, clothing/glove microclimate properties are often unknown,
which represents a major obstacle to the development of mathematical models.

Various methods have been employed to characterize clothing microclimates, such as 3D scanning [15,29-34], photographic
techniques [35,36], and tracer gas dilution [37-39]. Havenith et al. [37] stated that for the analysis of microclimate volumes, the
tracer gas method was cumbersome, laborious, and prone to errors compared to alternative methods such as 3D scanning or
photography. The photographic technique, on the other hand, is often perceived as cumbersome and involves intricate laboratory
procedures and obtained data lacks fine spatial resolution (local body segments). In contrast, due to its precision and reproducibility,
the 3D scanning method has been extensively adopted in numerous studies for the quantitative evaluation of clothing microclimates
[15,29-34]. This approach enables an in-depth exploration of the impact of air gap thickness/microclimate volume and clothing area
factor on clothing thermal insulation and thermal protective performance with high spatial resolution, facilitating more precise
predictions related to human thermal comfort and burn injuries [15,22,40-42]. Furthermore, researchers have also delved into
investigating various factors influencing clothing microclimates, including body posture, the presence of moisture, and gender
(anatomy) [43]. Recently, the 3D scanning method has been employed to analyze the clothing microclimate of specific garment types
(body segments) such as hip protective garments, hats, and seasonal clothing for infants [36,44,45]. However, the microclimate
properties of clothing for human extremities such as hands and feet are still unknown. While ISO 9920:2007 (E) [17] provides a useful
database regarding clothing area factors for various clothing ensembles, no data is available for gloves and individual hand segments.
Existing empirical relations can be used to estimate the area factors for clothing ensembles based on thermal insulation measurements
using thermal manikins [46,47], however, details of individual hand segments are not available. Although several studies analyzed the
thermal and evaporative resistance of gloves [10,12-14], there are no existing empirical relations to link glove thermal insulation to
glove microclimate properties. This knowledge poses a significant hindrance to both theoretical/experimental investigations into the
dissipation of heat from hands to the environment when using protective gloves. Heat transfer from the hand varies considerably
depending on the hand segment (e.g., distal phalanges, palm) [48] which makes it necessary to resolve the individual hand segments
when conducting an analysis of clothing/glove microclimate properties. Although the 3D scanning method is highly accurate and
reliable, it is also very time-consuming and expensive which makes it desirable to also create a database and regression model for
estimating glove microclimate properties. In summary, it is important to determine the clothing microclimate properties of the
hand-glove system due to its major contribution to overall thermoregulation and to ensure health, safety, and dexterity. However, the
lack of even the most basic clothing microclimate data hinders the development of extremity-focused clothing (gloves, socks, and
shoes) and thermoregulation models (hand and feet) as well as the design and development of personal protective equipment.

The aim of the study was to analyze glove microclimate properties such as glove (clothing) area factor, air gap thickness, and
magnitude of contact area at a high spatial resolution (16 hand segments: palm, dorsal, distal, and proximal of all 5 fingers and middle
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phalanges of index, middle, ring, and little fingers) using a 3D scanning method. The proposed study will produce an important
database of 3D scanned gloves, including a total of 22 firefighter glove types, 12 cold-weather protective gloves, 17 vibration-reducing
(VR) gloves, and 14 light-duty work gloves of various sizes/fit level (S to XXXL), materials, weights, and designs. This database will
form the basis for further statistical analyses to develop empirical regression models to estimate the glove area factor, air gap thickness,
and magnitude of contact area to evaluate glove performance and optimize glove design for superior protection and dexterity.
Knowledge of these glove microclimate properties and the resulting database is essential to evaluate glove performance with regard to
thermal comfort and protection, maintaining dexterity and tactility, and preventing cold/burn injury at individual hand segments such
as distal phalanges. Furthermore, the resulting glove microclimate data will facilitate the development/modification of standards for
measuring and assessing glove properties such as fit and ergonomics. Our results may also lead to improved extremity-specific
thermoregulation and clothing models as both require microclimate properties as one of their key inputs.

2. Methods
2.1. Hand manikin and gloves

For the measurement of glove thermal insulation and 3D scanning, a hand manikin (Thermetrics, Seattle, WA, USA) that represents
the 50-percentile western male hand size with an open hand posture (human hand at rest) (Fig. 1a) [49] was scanned using the
handheld 3D scanner (HandySCAN BLACK Elite, developed by Creaform, Levis, Canada). The hand manikin with open hand posture
had sufficient space between fingers with an articulated thumb to allow easy donning and doffing of gloves (Fig. 1b).

For the glove microclimate analysis, gloves with a wide range of sizes (ease allowances (EA)/fit level), thicknesses, weights, fabric
layers (single/multiple), and structures (Fig. 2) were analyzed. This included different types of commercially available gloves typically
worn by various occupational groups such as firefighter gloves (n = 22), cold weather gloves (n = 12), vibration-reducing gloves (n =
17), and light-duty work gloves (n = 14). The material properties, thickness, and design vary depending on the glove type. For
example, firefighter and cold weather gloves are bulky and thick for added thermal protection which makes them less dexterous, while
light-duty work gloves are thin and provide the hand with more dexterity. The size and glove fit level were quantified as the ease
allowance, defined as the difference between glove circumference and hand circumference measured at the base of the little finger’s
proximal phalanx. The circumference of the hand manikin is 174.1 mm. The resulting EA for each glove is reported in Fig. 2. The
thickness and weight of the gloves were measured by thickness tester (Checkline, MTG-D-W, Electromatic Equipment Co., New York,
NY, USA) and electronic scale in accordance with the ASTM D 1777-96 and ASTM D3776-96 standards, respectively [50,51]. The
different sizes of gloves were analyzed on single-sized hand which will allow us to analyze the effect of EA on glove microclimate
properties. The smaller EA results in tight-fitting gloves compared to larger EA, but EA itself does not imply which fit is a “good fit” or
the ease of donning and doffing [52,53].

The thermal insulation of gloves was measured using hand thermal manikin, which consisted of the eight zones (four fingers,
thumb, dorsal, palm, and wrist). The hand thermal manikin also consisted of a guard zone adjacent to the wrist to eliminate/minimize
heat leakage and improve the accuracy of measurements. Each zone has evenly distributed heating elements (for homogeneous
temperature distribution) and temperature sensors; which control the temperature/heat flux of each zone independently. The thermal
insulation of each glove (Fig. 2) was measured according to ASTM F1291 standard [49]. The skin temperature of the hand thermal
manikin was set at 35 °C, ambient temperature was at 23 °C, relative humidity was 50 %, and wind speed was at 0.4 m/s. The heat flux
from each zone was measured and the thermal insulation of gloves were measured as expressed in Egs. (1)-(3).

Rct :(Tyk - Ta) / qglove (1)
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circumferencé

o circumference
of hand manikin

of glove

(b) Hand manikin

(a) Hand manikin : :
with glove on it

Fig. 1. Measurement location of circumference of (a) hand manikin and (b) hand manikin with glove.
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Type Firefighter Firefighter Firefighter Firefighter

Weight (g) 99.1, 103.4, 106.5 181.4,201.9, 196.6 151.8,169.7,187.7 156.3, 156.8 ,186.4, 189.9, 192.5
Thickness (mm) 272 12.15 8.16 11.42

EA (mm) 24.2,26.8,29.9 59.5,72.7,76.8 61.4,69.2,78.5 61.8,69.5, 79.2, 81.0, 89.7

AlA 804

Type Firefighter Firefighter Firefighter Cold Weather

Weight (g) 108.9, 121.4,137.5 185.6, 192.3 169.9, 189.3, 206.9 108.4, 119.3,121.4
Thickness (mm) 3.12 13.33 6.63 18.28

EA (mm) 20.8, 37.1, 511 92.8, 107.6 58.1, 66.7, 66.3 73.4,775, 841

Type Cold Weather Cold Weather Cold Weather Vibration Reducing

Weight (g) 104.2,112.5, 1132  99.4,106.9, 109.2  67.3,70.1,73.2 137.8148.2, 153.9, 164.2, 174.3
Thickness (mm) 15.08 20.85 7.97 9.17

EA (mm) 91.190.2, 107.77, 105.8, 106.5, 125.8 50.4,46.5,49.4 22.9,33.2,38.4,34.9,42.6.

AlAVATA

Type Vibration Reducing  Vibration Reducing Vibration Reducing Vibration Reducing
Weight (g) 55.9, 60.2, 69.1 63.3,69.9,74.9 62.6, 62.9, 69.8, 39.4,43.9,446
Thickness (mm) 7.02 8.19 8.35 5.34

EA (mm) 27.3,27.9,38.4 20.9,57.7,31.8 44.6, 43.1,51.7 27.6,28.9,36.4

|

Type Light Duty Light Duty Light Duty Light Duty
Weight (g) 55.9, 60.6, 65.2 9.1,11.4,123 29.7,34.7,37.1,37.9 99.1, 103.4, 106.5
Thickness (mm) 2.13 2.79 7.02 2.05

EA (mm) 20.4,31.2,294 12.1,9.3,12.9,19 12.1,14.8,13.3, 15.9 12.5,12.1, 13.6, 19.6

Fig. 2. Details of the gloves used for the microclimate analysis (EA = ease allowance).

Where, R, is total thermal resistance of the glove (m2K /W), Ty is surface(skin) temperature of thermal manikin (K), T, is air
temperature (K), ggiove is heat flux from hand thermal manikin (when it is covered with glove) (W /m 2), R, is air thermal resistance of

nude (without glove) hand thermal manikin (m2K /W), gnuq. is heat flux from nude hand thermal manikin (W /m?), Ry is intrinsic

thermal resistance of glove (m?K /W), f,; is glove area factor (%).

2.2. 3D scanning and post-processing

The handheld 3D scanner was used to digitize the surface geometry of the hand manikin and gloves. The handheld 3D scanner
projects quadrilateral blue laser lines onto an object and measures the surface geometry using two cameras. Stickers are placed on the

surface of the hand manikin and glove that serve as reference points that allow calculation of the relative p

osition between the
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handheld scanner and hand manikin. For object sizes ranging from 50 mm to 4 m, the surface is represented by a mesh with a grid size
of 0.1 mm, which ensures high spatial resolution of the 3D scanned object. Several studies have shown that this method yields an
accurate, reliable, and repeatable digital representation of 3D objects [30,31]. The glove dressing protocol consists of a gentle
downward pull of the glove at the wrist to ensure that the glove is properly dressed on the hand manikin. To determine the repro-
ducibility and resolution of the present 3D scanning approach, a glove from each category was scanned three times. As the distribution
of air gaps was variable between scans and depended on the draping of gloves on the hand manikin, variation of air gaps between scans
was measured to determine the reproducibility. The reproducibility of the 3D scanning method was very good with an average de-
viation of 0.3 mm (less than 2.5 %), which is in line with the previous 3D scanning approaches [31,43,54].

As a first step, we scanned the bare manikin hand which serves as the reference object; then, the hand manikin fitted with a glove
was scanned which acts as a test object (Fig. 3). The 3D scans were saved as stereolithography images (.STL file format) for post-
processing using a Geomagic Wrap 2021 (3D Systems, USA). Post-processing included a series of operations such as removing
redundant texture, filling voids (portions of the manikin/glove surface that were not captured during the 3D scanning), and defining
the hand segments. Then, the 3D scans of the reference object (scan of bare thermal manikin) and test object (scan of the gloves) were
aligned and superimposed. To generate the subdivision of the hand into 16 hand segments for a more realistic representation of the
hand and its skeletal anatomy and geometry (Fig. 3). The division of the digitized hand and glove geometry was performed by cutting
the scan through planes and splines.

The quantitative analysis of the glove microclimate was performed as follows.

@ The surface area of the gloved and bare manikin hand was calculated using the inbuilt function of the post-processing software.
Then, the glove area factor (f;;) was calculated as the ratio of the gloved and bare hand surface areas as expressed in Eq. (4) [55]:
Aglnve

fa=

Ahand

@
where, f is glove area factor (—), Agoy. is the outer surface area of the glove (m?), and Apgnq is the surface area of the bare hand (m? )

@ The 3D scan of the gloved hand manikin (test object) captures the glove surface, displaced away from the surface of the bare hand
manikin (reference object). This displacement is due to an entrapped air layer and the thickness of the glove itself. Therefore, the air
layer thickness can be obtained by subtracting the thickness of the glove material and the resolution of the 3D scanner from the total
displacement. The average distance (air layer thickness) between the surface of each segment of bare hand manikin to the inner
surface of the glove was determined. The percentage of the glove inner surface area that is in contact with the manikin surface is
quantified as expressed in Eq. (5) [29]:

A contac
contact area %)= (M) %100 (5)

hand

where, A onace is the inner surface area of the glove that is in contact with the skin (m? ) and Apgnyq is the total surface area of bare hand
segment (m? )

2.3. Statistical analysis
The glove microclimate properties, namely glove area factor, air gap thickness, and contact area were analyzed for each hand

segment and glove type. A linear regression analysis was performed to develop the predictive model of the glove microclimate
properties. The strength and direction of linear regression was quantified using the Pearson correlation. In linear regression, glove area

J Air gap
3 i - A » M) thickness

g . 27.0 !
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Alignment of Glove microclimate
Hand segments .
scans analysis
3D scanning Post-processing

Fig. 3. 3D scanning and post-processing to analyze the glove microclimate.
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factor, average air gap thickness, and contact area were considered the dependent variables and ease allowance was the independent
variable. Data was analyzed using one-way analysis of variance (ANOVA) in MS Excel 2016. The accuracy of the regression model was
quantified based on the root mean square error as expressed in Egs. (6) and (7):

(x5 —x)

Root Mean Square Error (RMSE) =
n

(6)

2 (=X —y)
Z(x -3 20y —y)

Pearson Correlation coefficient (r) =

@)

where, x; and y; are the measured values, x; and y; are the estimated value, x; is the predicted value, and n is the number of ob-
servations.

3. Results and discussion

The glove microclimate properties (glove area factor, average air-gap thickness, and contact area) were quantified and analyzed for
16 hand segments and 67 different (for various occupational glove types and sizes) gloves using an advanced 3D scanning method. This
is the first time the glove microclimate properties for the hand segments were evaluated quantitatively along with regression models to
estimate glove microclimate properties for any glove type and glove fit. The variation of glove microclimate properties over various
hand segments were analyzed and its effect on thermal protective performance of gloves was discussed. To achieve high spatial
resolution, the hand was divided into 16 segments that represent the details of skeletal anatomy and geometry: distal phalanges of four
fingers and thumb, middle phalanges of four fingers, proximal phalanges of four fingers and thumb, palm, and dorsal. Based on the
database of measured glove microclimate properties, an empirical regression model was developed that can estimate the glove
microclimate properties based on easy-to-measure independent parameters (ease allowance).

3.1. Glove microclimate for different hand segments

The variation of glove area factor, average air gap thickness, and contact area for different types of gloves and hand segments were
analyzed and the results are presented separately for each glove type (firefighter, cold weather, vibration-reducing, and light duty
work glove) (Figs. 4-6).

3.1.1. Glove area factor

As presented in Fig. 4, the glove area factor varies significantly between hand segments. On average, distal phalanges have a 49.8 %
larger glove area factor compared to the other hand segments, although this value varies for different fingers. The distal phalanx of the
little finger has the largest glove area factor (67.4 %) followed by the thumb (50.8 %), index (49.1 %), middle (41.4 %), and ring (40.0
%) finger compared to the average value of the hand. This indicates that the distal phalanx of the little finger will experience the
highest heat transfer amongst the entire hand and potentially be more vulnerable to cold weather injury and loss of dexterity (if air gap
thickness and material are evenly distributed across all hand segments).

As different glove types have different designs this also affects the glove area factor (Fig. 4). The gloves were grouped into four
segments namely Firefighter gloves, Cold weather gloves, Vibration-reducing gloves, and Light duty work gloves. Each group consisted
of several gloves (Fig. 2) varying in size, design, and material. Cold weather gloves have the highest glove area factor, mostly due to
their bulkiness and thickness, followed by firefighter, vibration-reducing, and lastly light duty working gloves. The average glove area
factors of distal phalanges were 2.14 (SD + 0.40) (firefighter gloves), 2.46 (SD + 0.49) (cold weather gloves), 1.80 (SD + 0.25)
(vibration-reducing gloves), and 1.26 (SD =+ 0.18) (light duty work gloves), which is respectively 57.9 %, 73.11 %, 44.9 %, and 15.0 %

W Firefighter glove
Cold weather gloves
4.0 N Vibration-reducing gloves
Light duty work gloves

Glove area factor [-]

L &F g P ¥ & ¢ F R P S R
\'\“\)& N N < Q\‘e}b s &&}\’\“Q N @‘b il J < QO@ *F
Y I Y
Distal phalanges Middle pﬁalanges Proximal phalanges

Hand segments

Fig. 4. Glove area factor for different hand segments (error bars represent the standard deviation of data in any given group of gloves).
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Fig. 5. (a) Average air gap thickness over different hand segments (error bars represent the standard deviation of data in any given group of gloves)
and (b) relation between average air gap thickness and intrinsic thermal insulation; (R* = coefficient of determination, r = Pearson correlation, p =
statistical significance. Statistical significant correlation is shown at p < 0.05).

higher than for the entire hand. ISO 9920:2007 [17] provides a useful database regarding clothing area factors for various clothing
ensembles, however, no specific data is available for gloves and individual hand segments. The observed values of gloved area factor
for the distal phalanges are considerably higher than the clothing area factors reported for the whole body and different clothing
ensembles in ISO 9920:2007 [17].

Heat transfer between the hand’s skin surface and the environment is affected by the thermal insulation of the air gap between skin
and glove, of the material/glove layer, and of the boundary air layer. The thermal insulation of a glove can thus be divided into two
components. First, the thermal insulation from the skin surface to the outer glove surface which includes the air gap and material/glove
layer is known as intrinsic/basic thermal insulation [17]. Second, the thermal insulation provided by the air layer around the glove
surface is known as boundary air layer insulation. Both components (Intrinsic and boundary air layer) of thermal insulation cannot
simply be added to obtain the total thermal insulation due to the difference in surface areas of the hand skin and glove. The larger
surface area of the gloved hand compared to the bare hand increases the heat transfer from the glove’s surface to the environment,
thus, reducing the thermal insulative effect. The higher heat transfer from distal phalanges compared to other hand segments indicates
that it is more vulnerable to cold weather injuries. The existing assumption that the average glove area factor is evenly distributed over
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Fig. 6. Magnitude of contact area over different hand segments (error bars represent the standard deviation of data in any given group of gloves).

the entire hand can lead to misleading results and potentially put the individual wearer at risk.

3.1.2. Average air gap thickness and contact area

The variation in average air gap thickness between hand segments for any given glove was minimal (on average below +2.5 %).
Similarly, the variation in contact area distribution over hand segments was minimal between different hand segments (on average
below +4 %) except for the palm, where average contact area was lower due to the complex anatomical shape of the palm caused by
the thenar and hypothenar muscles of the hand, especially for vibration reducing and light duty work gloves (Fig. 6).

As shown in Fig. 5a and b, the average air gap thickness and contact area varies considerably based on glove type. Cold-weather
protective gloves have the largest air gap followed by firefighter, vibration-reducing, and light-duty work gloves. As the contact area is
inversely related to the air gap thickness, the light-duty work gloves had the largest contact area followed by vibration-reducing,
firefighter, and cold weather protective gloves (Fig. 6). As vibration-reducing gloves are focused on attenuating vibrations mostly
in the palm region with damping material [56], the average air gap thickness and contact area in the palm were 55.4 % higher, and
41.7 % lower than the average value of the rest of the hand segments, respectively.

Several studies have analyzed the effect of air gap thickness (garment fit) and contact area on clothing thermal insulation [25,57].
The average air gap thickness has a significant impact on the intrinsic glove thermal insulation as the thermal conductivity of air is low.
As shown in Fig. 5b, the intrinsic glove thermal insulation increases with increasing air layer thickness until natural convection occurs
[25]. Higher values of coefficient of determination (R% above 0.86) and Pearson correlation (r: 0.93) indicates the better fit of model,
stronger linear relationship between average air gap thickness and glove thermal insulation. A low p-value (p < 0.05) indicates sta-
tistical significance i.e., intrinsic thermal insulation of glove is significantly associated with the average air gap thickness. Similarly,
direct contact between the hand skin surface and glove surface eliminates the air gap between skin and glove (or results in lower
average air gap thickness) resulting in high conductive heat transfer that depends on the glove material properties. As reported by Mert
et al. [58], the thermal insulation of clothing decreases sharply if the contact area between skin and fabric exceeds 42 %, which also
affects mass transfer and evaporative cooling [57]. For most firefighter and cold weather protective gloves the average contact area
was below 42 %. However, light-duty work gloves and vibration-reducing gloves had contact areas above 42 % for all hand segments,
irrespective of glove size, which indicates lower thermal insulation by air gap r due to predominant conductive heat transfer. Both
these glove types focus on maintaining high levels of dexterity and tactile sensitivity (touch perception) to facilitate a good glove fit
that allows the safe and efficient handling of objects. Since both dexterity and tactile sensitivity are negatively affected by a low contact
area/large air gap thickness, light-duty work gloves do not possess adequate thermal insulation [59]. In contrast, cold weather gloves
are designed to provide maximum thermal protection while dexterity/tactility are of secondary importance, which is why these gloves
have a larger average air gap thickness/lower contact area.

The 3D scanned data of glove microclimate properties with high spatial resolution of the hand segment are useful for analyzing the
intrinsic and boundary air layer thermal insulation characteristics. The most advanced, commonly used sweating hand thermal
manikin (Thermetrics) has 7 hand segments (five fingers, palm, and dorsal) along with segments for the forearm and guard zone (to
minimize heat loss and improve the accuracy of thermal manikin). However, this type of manikin cannot provide any information
regarding the individual finger segments (distal, middle, and proximal phalanges) which makes it difficult to analyze the heat
dissipation from these segments. The findings from the present study indicate that the intrinsic thermal insulation is evenly distributed
over the entire finger as variations in air gap thickness and contact area are negligible (0.7 mm and 9.4 %). However, to calculate the
total thermal insulation for individual hand segments the variation in glove area factor must be taken into account as it varies
significantly (more than 26.2 %) between different phalanges of the same finger, with particularly high values at the distal phalanges.
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As a result, the computed intrinsic thermal insulation (Fig. 5b) shows a linear correlation with the average air gap thickness. Thus, the
data from this study will help with the interpretation of experimental results and the development of mathematical models.

One of the main advantages of the 3D scanning approach is that it can provide high-resolution quantitative information of the air
gap thickness and contact area for different glove types (Fig. 7a to 6d). The visualizations will allow researchers to identify the lo-
cations (based on air gap thickness/contact area) where natural convection, conduction, and moisture wicking can occur, thus
facilitating improved glove designs and accurate placement of sensors for smart gloves. The major advantage of 3D scanning over other
methods (tracer gas, vacuum suit, and photographic method) is that it is easy to use and delivers high spatial resolution data with good
accuracy. Though the 3D scanning method is easy to deploy and straightforward to use, it is expensive and time-consuming, therefore,
a regression model that can estimate the glove microclimate properties based on easy-to-measure input parameters is highly desirable.

3.2. Regression model for predicting glove microclimate properties

Empirical equations provide a simple and efficient method for estimating clothing microclimate properties based on input pa-
rameters like weight or ease allowance (size) that are easy to measure. Several researchers have emphasized that ease allowance affects
clothing microclimate properties and thermal insulation [42,60,61]. However, the details of glove microclimate properties were not
available till date, due to this there are no empirical equations that can estimate the glove microclimate properties. Therefore, based on
3D scanning data and regression analysis we have developed empirical equations that can accurately predict the glove microclimate
properties from the glove’s ease allowance. As the weight of gloves varies depending on fabric material and its density, the ease
allowance of gloves were selected as input variables to estimate the glove microclimate properties.

Figs. 8 and 9 represents the glove area factor and air gap thickness of 16 different hand segments as a function of ease allowance of
gloves (measured at the base of the little finger’s proximal phalanx, shown in Fig. 1b). Linear correlation was observed between glove
area factor and ease allowance for the most hand segments (except middle and proximal phalanx of ring and middle fingers) with
Pearson correlation (r) above 0.75, which indicates the glove area factor linearly increased with ease allowance. For middle and
proximal phalanx of ring and middle fingers, the correlation was inversely correlated with Pearson correlation (r) ranging between
—0.19 and —0.47. The glove area factor of the middle phalanges and proximal phalanges of the middle and ring fingers do not show
any significant change with increasing ease allowance (Fig. 8). Average air gap thickness also linearly increased with increasing ease
allowance with strong linear Pearson correlation (r > 0.86) for all hand segments (Fig. 9). A low p-value (p < 0.05) indicates statistical
significance i.e., glove area factor and average air gap thickness are significantly associated with the ease allowance of glove. The glove
microclimate properties can thus be calculated using a simple linear polynomial.

Y=aX+b ®

where Y is the dependent variable (glove area factor, average/air gap thickness), X is the independent variable (ease allowance: as
measured at the base of the little finger’s proximal phalanx), a is the slope (see Table 1), and b the intercept (see Table 1).

The summary of linear regression analysis is provided in Table 1 for individual hand segments. The Root Mean Squared Error
(RMSE) was calculated as a measure of the accuracy of the regression model in predicting values compared to the actual measured
values using 3D scanning. The RMSE for the predicted glove area factor ranges from 0.03 (at palm) to 0.21 (thumb tip), which indicates
amuch better accuracy of the present model compared to existing models for predicting clothing area factor [62]. The maximum RMSE
of predicted average air gap thickness for hand segments is 1.36 mm at the thumb distal phalanx (with an average RMSE of 0.94 mm
and SD of 0.2 mm), which indicates notably higher accuracy compared to existing models for clothing ensembles [42].

Traditionally, the focus of glove design was on material development, novel fabrics, and membranes are developed to maintain
thermal balance and protect against extreme environments and injuries [10,63], while elements of glove microclimate properties
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Fig. 7. Visualizations of air gap thickness for different glove types: (a) light-duty work glove, (b) vibration-reducing glove, (c) firefighter glove, and
(d) cold weather glove.
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Fig. 8. The glove area factor as a function of ease allowance for various hand segments; (R? = coefficient of determination, r = Pearson correlation,
p = statistical significance. Statistical significant correlation is shown at p < 0.05).
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Fig. 9. The average air gap thickness (glove microclimate) as a function of ease allowance for various hand segments; (R* = coefficient of
determination, r = Pearson correlation, p = statistical significance. Statistical significant correlation is shown at p < 0.05).

(which is related to glove fit) such as area factor, microclimate volume/air gap thickness, contact area between skin and gloves were

often neglected. The findings of the presented study will help to improve the glove design to provide better thermal protection while
maintaining the highest possible dexterity/tactility. Results highlighted the larger variation of glove area factor across the hand
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Table 1
Coefficients from the linear regression analysis, RMSE, Pearson coefficient (r), and R2 for glove area factor and average air gap thickness.
Hand segments Glove area factor [—] Average air gap thickness [mm]
Slope Intercept RMSE r R? Slope Intercept RMSE r R?
(@ (b) [-1 [-1 [-] (a) (b) [mm] [-1] [-1

Hand 0.0048 1.0430 0.04 0.93 0.86 0.1193 —0.1589 0.67 0.96 0.93

Palm 0.0015 1.0062 0.03 0.75 0.56 0.1060 1.4948 0.91 0.93 0.86

Dorsal 0.0037 1.0093 0.04 0.89 0.79 0.1406 —0.4274 0.94 0.96 0.92

Index Distal Phalanx 0.0172 1.0320 0.17 0.93 0.86 0.1185 —0.3119 0.89 0.95 0.91
Middle Phalanx 0.0041 1.0898 0.07 0.82 0.67 0.1077 —0.4490 0.77 0.94 0.89
Proximal Phalanx 0.0041 0.9922 0.04 0.90 0.82 0.1075 —-0.3312 0.60 0.97 0.94

Middle Distal Phalanx 0.0122 1.1888 0.17 0.86 0.73 0.1213 —0.2336 0.83 0.96 0.92
Middle Phalanx —0.0016 1.2186 0.08 —0.43 0.18 0.1291 —0.8779 1.24 0.89 0.79
Proximal Phalanx —0.0014 1.0559 0.06 —-0.47 0.23 0.1417 —0.9995 1.19 0.91 0.84

Ring Distal Phalanx 0.0126 1.1483 0.16 0.88 0.78 0.1231 —0.4153 0.86 0.95 0.90
Middle Phalanx —0.0007 1.2099 0.08 —-0.20 0.04 0.1242 —0.6738 1.20 0.90 0.81
Proximal Phalanx —0.0006 1.0565 0.07 -0.19 0.03 0.1385 —0.4914 1.18 0.92 0.85

Little Distal Phalanx 0.0236 0.9397 0.22 0.92 0.84 0.1256 —0.5489 0.98 0.94 0.88
Middle Phalanx 0.0054 1.1642 0.09 0.81 0.66 0.1060 —0.0927 0.78 0.95 0.91
Proximal Phalanx 0.0060 0.9948 0.05 0.93 0.86 0.1150 —0.1909 0.71 0.96 0.93

Thumb Distal Phalanx 0.0168 1.0731 0.21 0.89 0.79 0.1256 —0.5489 1.36 0.86 0.88
Proximal Phalanx 0.0074 1.2181 0.10 0.88 0.77 0.1060 —0.0927 0.87 0.93 0.91

segments and glove types. It also emphasizes the underlying need to consider the high spatial resolution of the hand segment especially
at distal phalanges in predicting and preventing cold weather injuries to the hand. The anatomic shape, thermal physiology of the
human body, and higher heat transfer at distal phalanges due to higher glove area factor which make distal phalanges most vulnerable
to cold weather injuries. Thus, the glove microclimate properties affect ergonomics, dexterity, gripping force, thermal protection, and
thermal comfort. Therefore, the outcomes of the present study will help in understanding the various components of glove thermal
insulation and necessary inputs for the advanced modeling of heat dissipation through extremities (hands) and hand-specific ther-
moregulation models. Furthermore, the study will also provide essential data to optimize the glove sizes, thermal properties of the
fabric, and identify the ideal locations for sensor placement in smart gloves.

4. Conclusion

This study provided the first quantitative analysis of glove microclimate properties, namely glove area factor, average air gap
thickness, and contact area. The importance of glove microclimate properties on thermal protective performance and dexterity was
discussed. The high spatial resolution of the hand segments (16 segments) were considered and a regression-based model was proposed
to estimate the glove microclimate properties based on easy-to-measure input (ease allowance). The results revealed considerable
variations in glove area factor, average air gap thickness, and contact area between different hand segments and glove types. The study
highlighted that the glove area factor for distal phalanges was higher compared to other hand segments. Average air gap thickness and
contact area were evenly distributed across most hand segments. From among the different glove types analyzed (firefighter, cold
weather, vibration-reducing, and light duty work gloves), cold weather protective gloves had the highest glove area factor and average
air gap thickness followed by firefighter, vibration-reducing, and light duty work gloves. On the contrary, the contact area was largest
for the light-duty work gloves followed by the vibration-reducing, firefighters, and cold weather protective gloves. Moreover, the
regression models developed in this study provide a valuable tool to estimate glove microclimate properties based on easy-to-measure
parameters like ease allowance. This study provides essential information for the design and development of protective gloves to
improve their safety, comfort, and dexterity while facilitating the development of mathematical models to investigate extremity (hand)
focused thermoregulation model, hazard simulation (e.g., skin burn injury), clothing models, ergonomics, apparel design, wearable
devices, heating/cooling gloves, optimum performance (dexterity and tactility) along with thermal protection.
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