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A B S T R A C T   

A mask that creates a physical barrier to protect the wearer from breathing in airborne bacteria or viruses, 
reducing the risk of infection in polluted air and potentially contaminated environments, has become a daily 
necessity for the public especially as COVID-19 has exploded around the world. However, the use of masks often 
causes soaring temperatures and thick humid air, leading to thermal and wear discomfort and breathing diffi-
culties for a number of people, and further increasing the elevated risk of heat illnesses including heat stroke and 
heat exhaustion. When wearers become highly active or work under high tension, the excess sweat generated 
negatively affects the functionality of masks. Here, we report on an innovative design of an air-conditioned mask 
(AC Mask) system, facilitating thermoregulation in the mask microclimate, ease of breathing, and wear comfort. 
The AC Mask system is developed by integrating a cost-effective and lightweight thermoelectric (TE) and 
ventilation unit in a wearable 3D printed mask device, compatible with existing disposable masks, to protect end 
users safely against toxic particles such as viruses. A wind-guided tunnel has been developed for quick and 
efficient ventilation of cooling air. Based on a human trial, reductions in the apparent microclimate temperature 
and the humidity by 3.5 ◦C and 50%, respectively, have been achieved under a low voltage. With the excellent 
thermal management properties, the AC Mask will find also wide application among professional end-users such 
as construction workers, firefighters, and medical personnel.   

1. Introduction 

Personal protective equipment (PPE) is widely utilized as in 
healthcare settings but the high protective insulation often reduces the 
performance of thermal management and wear comfort [1]. Respiratory 
PPE such as the filtering facepiece respirator and surgical mask (also 
known as medical mask) [2] has been developed to protect human be-
ings against the inhalation of hazardous substances and infections, by 
filtering toxic particles, viruses, and bacteria shed in liquid droplets from 
the wearer’s mouth and nose [3]. Surgical masks, which are widely 
applied to prevent the spread of viruses such as COVID-19 and influenza, 
have demonstrated a significant reduction (>90%) in virus detection in 
wearers [4]. The use of masks in the COVID-19 pandemic has been 
encouraged as a general measure in infection control by national gov-
ernments and public health departments in East and South East Asia 
[5–7], while recognition of the importance of wearing a mask grows 
globally [8,9]. In the latest research, it has been found that wearing a 
mask in public is the most effective and inexpensive way of preventing 
inter-human transmission of viruses against the outbreak of COVID-19 

[10]. 
Personal protective masks are generally composed of three layers, 

with a melt-blown microfiber filter between two spunbond fabric layers. 
The melt-blown layer acts as the major filter that stops microbes from 
entering or exiting the mask. The outer nonwoven layer is liquid- 
resistant and repellent to external liquid droplets and the inner 
nonwoven layer is skin-friendly and moisture absorbent [11]. Despite 
their acknowledged protection and insulation from toxins and viruses, 
masks have side effects of high temperatures and thick humid air that 
lead to significant discomfort and breathing difficulties for a substantial 
number of people. The air temperature within the mask greatly affects 
human thermal sensation [12], which is generally managed with 
reduced air temperature [13]. Surgical masks with improved filtration 
performance inevitably increase the airflow resistance passing through 
the mask, while the warm and moist air in the microclimate between 
face and mask causes condensation, consequently impairing respiratory 
heat loss and imposing an excessive heat burden [14]. The wet and 
saturated masks can also be sticky to the wearer’s face and become less 
breathable. As well, when wearers such as construction workers, fire-
fighters, or medical personnel become highly active or work under high 
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tension, the excess heat and sweat generated within and outside a sur-
gical mask facilitate the adherence of viruses [15] and can impair the 
working performance and time of wearers [16]. The hot and humid 
environment in tropical regimes such as Hong Kong can further increase 
the elevated risk of heat illness including heat stroke and heat exhaus-
tion, becoming a problematic factor in the individual’s health [17]. It 
has been reported that the major problems of wearing surgical masks 
include lack of thermal comfort and hindrance of occupational activities 
[14,18,19]. Moreover, current surgical masks often do not fit the 
wearer’s face well, due to their loose fit design and frequent contact 
between the wetted mask and the wearer’s mouth [20]. As such, it is 
increasingly important to develop novel surgical masks with improved 
thermal comfort and tolerability for the wear duration without 
compromising filtration performance [18,21]. 

Very few masks commercially available in the market have been 
developed to keep the wearer thermally comfortable and breathe easily. 
A valve-based mask [22] was developed by 3 M to release the wearer’s 
hot exhaled breath through a valve, reducing the heat and moisture level 
inside the facepiece [23]. However, the risk of directly releasing viruses 
or toxic particles along with the breath from an infected wearer is 
significantly increased, such that the mask may fail to prevent the spread 
of virus infection [24]. As well, the mask cannot cool the wearer in an 
extremely hot and humid environment based on natural air ventilation. 
In another design, a mask coated with discontinuous patterns of phase 
change materials (PCM) has been developed to cool the microclimate in 
the internal space of the mask [25]. In particular, the cooling effect was 
enhanced by optimized placement of PCMs within the mask construc-
tion, and by proper arragement of the amount and density of the PCM in 
contact with temperature-sensitive areas of the wearer’s face and areas 
that experienced the major airflow of the exhaled breath [25]. However, 
the duration of the cooling function of PCMs is always limited and they 
require cooling after each occasion of use, which is not cost-effective 
considering the required disposability in the case of highly infectious 
viruses such as COVID-19. To summarize, use of the masks described 
above is less suitable for wearers without comprehensive consideration 
of thermal and moisture management under the practical environment 
and personal conditions. 

Various thermoregulation systems of active cooling have been 
developed and integrated into garments, including liquid cooling cir-
culation [26], air ventilation [27–29] and PCM-encapsulated ventilation 
systems [30,31], in order to improve the cooling effect. Recently, a 
thermal mangement vest intergrated with a thermoelectric module (TE) 
and a hollow tubing network has been developed, supplying cooling and 
warming air based on the Peltier effect [32,33]. However, the study of 
thermoregulative mask systems is still in its infancy. In this paper, we 
propose to develop an innovative mask system for wear and thermal 
comfort, namely “Air-Conditioned Mask” (AC Mask). The AC Mask is a 
3D printed frame integrated with a TE unit, allowing thermoregulative 
ventilation, providing sufficient space for easy breathing, and 

compatible with existing disposable surgical masks. It enables high 
protection against toxic particles such as a virus, for various end users 
such as individual citizens, outdoor workers, firefighters, soldiers, and 
medical personnel. 

2. Material and methods 

2.1. Development of AC mask 

The AC Mask is integrated with a thermoregulation unit and 3D 
printed frame, compatible with disposable surgical masks, for control-
lable temperature and reduced humidity in the mask microclimate 
(Fig. 1). The illustration of the AC Mask from the front view and the side 
view is available in Fig. S1 and the photo of prototypes is in Fig. S2. With 
the 3D printed frame, direct contact between the disposable surgical 
mask and the wearer’s nose and mouth face can be avoided, preventing 
the surgical mask from being wetted directly by sweat or splash from the 
wearer. Moreover, it provides sufficient space for air ventilation inside 
the mask, resulting in improved thermal and wear comfort and easy 
breathing. As the core component of the AC Mask, the 3D printed mask 
frame is made from inexpensive polylactic acid (PLA), with low weight 
but high tensile strength (2.7–16 GPa [34]) for the durable and stable 
mask support. As well, PLA is selected as the most widely used plastic 
filament material in 3D printing and can be economically produced from 
renewable resources. The dimensions of the frame are (95 ± 2) mm (L) * 
(112 ± 2) mm (W) with (28 ± 2) mm depth, corresponding to the Asian 
male head size based on the 3D anthropometric sizing analysis system. 
In particular, the nose protrusion has been found to be 15.8 ± 2.5 mm, so 
the 28-mm-depth chamber can provide good wear fit and comfort. To 
ensure contact fit and wear comfort, a soft, elastic silicon “sealing 
cushion” (SMOOTH-ON Ecoflex™ 00–30) is molded to the edge of the 
mask frame. Moreover, the silicone sealer can also block the penetration 
of external particles and viruses through the contact interface between 
the mask frame and the human face. 

The thermoregulation unit on the basis of the Peltier effect (Fig. 2a) 
in the AC Mask includes a square TE module and different types of heat 
sink and fan in the cooling and hot sides. The TE module has two sides, 
and one side becomes cooler while the other gets hotter when a voltage 
is applied to transfer the heat. The thermoregulation unit is fixed at the 
bottom of the 3D printed frame, where the cooled air is supplied to 
reduce the temperature and humidity in the mask microclimate 
(Fig. 2b). To avoid bulky appearance, the dimensions of the thermo-
electric system are constrained within (76 mm × 37 mm x 39 mm) ± 2 
mm. On the cooling side, a tiny side blowing fan is connected to the heat 
exchanger to supply a flow of cool air, where the air is cooled within the 
heat exchanger and then blown through a 3D-printed wind-guided 
tunnel. The heat exchanger is made from an aluminum plate-fin heat 
sink covered with an impermeable copper sheet (Fig. S3a). An alterna-
tive design for the heat exchanger is integrated the plate-fin heat sink 
covered by tiny holes on the top surface for performance comparison 
(Fig. S3b). Both designs ensure that the air flow is fully cooled by the TE 
module without compromising the air flux. Meanwhile, a tiny fan is 
placed below the aluminum heat sink on the hot side for dissipation of 
heat to the environment. Besides its compatibility with disposable sur-
gical masks, the AC Mask frame can be reused after sanitizing. A detailed 
dimension description of the thermoregulation unit is shown in 
Table S1, and the weight of the AC Mask is 190g exclusively with a 
detachable chargeable battery that can be placed in the pockets, as 
presented in Table S2. 

To further improve the performance inside the mask, an L-shaped 
pipe was installed and connected with surgical mask and the air inlet of 
the fan in cold side (Fig. 3). By suctioning the air from the ambience 
through the filtration mask, where the temperature is lower than the 
human’s exhaled air, the cooling effect will be improved in comparison 
to the internal air circulation. Moreover, the humidity of the ambient air 
is also lower than that directly from human breathing, avoiding 

Nomenclature 

AH Absolute 
Humidity g/m3 

ATApparent Temperature ◦C 
D Characterized length m 
Re Reynolds Number 
RH Relative Humidity 
TTemperature ◦C 
TdDewpoint Temperature ◦C 
V Flowing velocity m/s 
ρ Density kg/m3 

μ dynamic viscosity Pa⋅s  
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Fig. 1. Illustration of AC mask.  

Fig. 2. Thermal management mechanism of AC Mask: (a) Peltier effect of the TE module; (b) thermal exchange and ventilation of the AC Mask.  

Fig. 3. (a) L-shaped pipe installation inside AC Mask; (b) Working principle of L-shaped pipe in AC Mask.  
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excessive moisture accumulation inside the facepiece. 

2.2. Evaluation of thermal management 

The thermoregulation based on the TE module and the fan speed 
affect the cooling performance and coolant flow of the AC Mask. Two 
types of heat exchangers were investigated (Fig. S3). The applied volt-
ages of TE unit and fans in both cold and hot sides varied from 1V to 4V 
and 5V–11V, respectively. The row number of perforated holes on the 
copper sheet in the first type of heat exchanger were varied with 2 
(Fig. S4a), 4 (Fig. S4b), and 8 (Fig. S4c) for each channel of the plate-fin 
heat sink. The heat exchanger with impermeable copper sheet was tested 
for guided air flow (Fig. S4d). 

Steam tests were conducted to evaluate the cooling performance of 
the AC Mask based on the four different heat exchanger types under 
different voltages (Fig. S4). To simulate human breathing, heat and 
humidity sources were created by steam generation. The water vapor 
was produced by 250 ml boiled water, which was directed through a 
conical flask to supply warm moisture vapor within the AC Mask. Gore- 
Tex fabric was used to cover the conical flask, only allowing water vapor 
to pass from the boiled water to the AC Mask while maintaining the 
vapor temperature at 50 ◦C (to approximate a thermal microclimate at a 
high heat load) consistently during the test. The AC Mask was exposed to 
an environment in temperature set at (30 ± 1) ◦C with relative humidity 
(RH) at (60 ± 5)%. Polystyrene foam covering the conical flask was used 
to avoid heat loss to the surroundings. To better examine the cooling 
performance, the reduction in the apparent temperature (AT) was 
calculated based on the measurement of variations in temperature and 
humidity by a commercial temperature and humidity sensing system. 
The AT was equivalent to a human-perceived equivalent temperature, 
calculated by the formula: 

AT = − 2.653 + 0.994T + 0.0153T2
d (1)  

and 

Td =

243.04
(

ln (RH) + 17.625T
243.04+T

)

17.625 − ln (RH) − 17.625T
243.04+T

(2)  

where AT is the apparent temperature, T is the dry-bulb temperature, Td 
is the dew point temperature, and RH is the relative humidity [35,36]. 
The absolute humidity (AH) was used to indicate change in the amount 
of water vapor content in air inside the AC mask, and the formula for AH 
is given by Ref. [37]: 

AH =
6.112 × e

[

17.67×T
T+243.5

]

× RH × 2.1674
273.15 + T

(3) 

Both AT and AH were obtained based on the values of the measured 
temperature and RH inside the AC mask. The recorded data was 
smoothened by neighboring data points and the smoothing equal to a 
weighted average of them. In particular, Gaussian Function was 
employed to be the smoothing function, avoiding over high frequency 
oscillation. 

The subject was exposed to an environment in temperature set at (30 
± 1) ◦C with RH at (60 ± 5)%. First, the AC Mask was worn by the 
subject for 10 min. Then the AC Mask was operated for 30 min and 
switched off until the temperature fell back to the initial state. A com-
mercial temperature and humidity sensing system was used to measure 
the temperature and RH close to the nose area inside the AC Mask, and 
the thermocouples were used to monitor changes of the face skin tem-
perature within throughout the whole human test, as shown in Fig. 4. 

To obtain a better cooling performance analysis, a 3 M™ N95 Health 
Care Particulate Respirator and Surgical Mask (Product number 1860) 
was used to compare the temperature rise by 3 conditions: L-shaped pipe 

installation, thermoregulation unit turned on and off. Based on the same 
location of the temperature and humidity sensors in Fig. 4, the tem-
perature and AH were recorded right after the subject worn the AC 
Mask. 

A total of 15 subjects (6 males and 9 females, 20–30) were recruited 
to wear the AC Mask in the human subjective test. The ambient condi-
tion was (32 ± 1) ◦C with RH at (63 ± 5)%. The total duration of the 
human subjective test was 20 min, with the TE unit off for 10 min and on 
for 10 min. Then the subjects were asked to provide feedback and 
complete the rating form (Tables S3–S5). Table S3 includes the ASHRAE 
seven-point scale and the Nicol five-point thermal preference scale that 
were used for Thermal Sensations Vote (TSV) and Thermal Preference 
(TP) [38]. Humidity Feeling (HF), Humidity Preference (HP) and 
Overall Comfort (OC) were also evaluted based on the subjects’ 
perception [38,39] (see Tables S4 and S5). For the TSV, the ASHRAE 
seven-point scale was used, viz., cold (− 3), cool (− 2), slightly cool (− 1), 
neutral (0), slightly warm (+1), warm (+2), and hot (+3). The subjects 
also indicated their TP, which was expressed in the Nicol five-point 
thermal preference scale, viz., much cooler (− 2), a bit cooler (− 1), no 
change (0), a bit warmer (+1), and much warmer (+2). Analogously, the 
HF and HP were measured based on the subjects’ responses of humidity 
sensations. The OC was eventually rated to indicate the degree of 
comfort, viz., very comfortable (− 3), moderately comfortable (− 2), 
slightly comfortable (− 1), neither comfortable nor uncomfortable (0), 
slightly uncomfortable (+1), moderately uncomfortable (+2), and very 
uncomfortable (+3). 

Granuled calcium chloride (CaCl2) with diameter of 1–2 mm was 
selected as desiccant materials for investigation of humidity manage-
ment considering the great hygroscopic capacity [40]. CaCl2(s) is very 
unlikely to evaporate from the package due to its strong ionic bonding, 
avoiding diffusion into the human’s respiratory system. The CaCl2 has 
also been employed for medical usage [41]. The estimated moisture 
absorption amount is about 4 g–9 g of the moisture per unit gram of 
CaCl2 under the mean temperature 31 ◦C and RH 85% [42]. Similar with 
the human objective test in the Temperature Control Management sec-
tion, temperature and RH were recorded by the commercial temperature 
and humidity sensors after subjects wore the AC Mask with the 5g 
desiccants, which were firmly sealed in microporous packages. The 5-g 
desiccant pack was placed on the cold side of heat sink, as shown in 
Fig. 5 (left). In a different setting, 2 packs of desiccants with (2.50 ±
0.05) g each in average, were attached on the upper wall of the AC Mask 

Fig. 4. Temperature and humidity sensors’ location in human objective test.  
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frame, as shown in Fig. 5 (right). In order to evaluate the effect of the 
CaCl2 desiccants, 4 cases of experimental data were obtained from with 
and without thermoregulation unit operation, 1 and 2 pack(s) CaCl2 
allocations, respectively. The temperature and AH were measured right 
after the subject worn the AC Mask. 

2.3. Filtration tests 

To characterize the filtration performance of the proposed mask, a 
test setup has been built, as presented in Fig. S5. It consists of three parts: 
source of air flow with particles, a dummy wearing a mask, and a par-
ticle detector. The particles were generated by a smoke reactor. A fan 
was applied to drive the flowing particles to the mask. A particle de-
tector was connected to the inside chamber of the mask through a silicon 
tube. In the test, two types of masks, i.e., a 3 M™ N95 Health Care 
Particulate Respirator and Surgical Mask (Product number 1860) and 
the proposed AC mask, were tested and compared. 

2.4. Numerical simulation of cooling ventilation 

A numerical simulation of the proposed AC Mask has been conducted 
using COMSOL 5.5 to reveal the thermal transport and temperature 
distribution. The boundary condition and generated meshes were pre-
sented in Fig. 6. The flow type inside the AC mask is determined by the 
Re number, which is expressed as: 

Re=
ρVD

μ (4)  

where ρ is the density of air (1.225 kg/m3), V is the flowing velocity, μ is 
the dynamic viscosity of air (17.9х10− 6 Pa s), D is the characterized 
length (44.8х10− 3 m) which is defined as the hydraulic diameter of the 
cross section of AC mask (112х28 mm). It has been reported [43] that 
airflow velocities ranging from 0.25 m/s to 1 m/s are comfortable for 
human being. The flow velocity of the AC Mask fans can be adjusted to 
generate a comfortable airflow. The corresponding Re numbers have 
been calculated, which ranges from 769 to 3079, corresponding 0.25 
m/s to 1 m/s, respectively. The actual flow velocity in the AC Mask is 
generally less than 1 m/s. Here, a Laminar flow model was applied for 
the simulation. 

The non-isothermal flow was set as Multiphysics and the fluid ma-
terial was air. A weakly compressible flow was set for the laminar flow 
under the pressure of 1 ATM. The inlet flowing air velocity was set to a 
comfortable value for human and the outlet boundary was a pressure 
outlet. The temperature for inflow air was 298.55 K. Initially, the ve-
locity of the whole domain was 0 m/s and the temperature was 308.15 K 
with all-wall thermal insulation except for the inflow and outflow 
boundary. The mesh type was 3D-free tetrahedral with a minimum 
element size of 0.111 mm for the refined region and 1.48 mm for the 
basic region. The overall mesh number was 717,102, with an average 
element quality of 0.6603. 

3. Results and discussion 

3.1. Simulated breathing test and optimization of cooling effect 

In the steam test, the change of AT was examined by different volt-
ages applied to the TE unit and fans based on different structures of heat 
sink. The reduction in AT is shown in Fig. 7 and Fig. 8 on the basis of the 
4 different heat sink types when the voltage of TE was fixed at 3V. In all 
cases, the values of AT became constant within 10 min. In particular, the 
AT was significantly reduced, ranging from 15 ◦C based on Heat Sink A 
to over 30 ◦C based on Heat Sink D with the fan voltage of 9V on the hot 
side. It is also noted that, based on Heat Sinks A, B and C, the cooling 
performance of the AC Mask was maximized when the voltage for the 
fan was set at 7V, but that for Heat Sink D shifted to 9V. The optimal 
voltage applied to the fan on the hot side exists, possibly because the 
lower voltage limited the air flow for heat exchange and the too high 
voltage imposed intrinsic heat to the AC Mask. Among these heat sinks, 
Heat Sink D revealed the best cooling performance based on according 
to the temperature reduction. 

Fig. 5. Allocations of desiccants in AC Mask: 1 pack of (5.00 ± 0.05) g desiccant on the cold side of heat sink (left) and 2 packs of (2.50 ± 0.05) g in average per each 
pack of desiccant on the upper wall of the mask frame (right). 

Fig. 6. The generated meshes of the mask with a refined meshes region.  
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Fig. 7. Change of AT on the basis of different voltages applied to the fan in the cold side when the voltage of TE is fixed at 3V.  

Fig. 8. Effects of the voltage applied to the fan in the cold side on the AT in the AC Mask under a constant TE voltage of 3V with (a) Heat sink A, (b) Heat sink B, (c) 
Heat sink C and (d) Heat sink D. 

Fig. 9. Change of AT on the basis of different voltages applied to the TE when the voltage applied to the fan is fixed at 7V.  
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Fig. 9 and Fig. 10 demonstrate the changes of AT with different 
voltages applied to the TE under the fixed voltage applied to the fans on 
both cold and hot sides at 7V, on the basis of the 4 different heat sink 
types. The test process was the same to that in Fig. 7. It is shown that the 
reduction of AT is 13 ◦C with Heat Sink B when the TE voltage is 1V to 
over 30 ◦C with when the TE voltage is 4V. In general, a higher voltage 
applied to the TE led to superior cooling performance for all heat sinks. 
However, it is interesting to note that the AT was reduced when the 
voltage applied on the TE varied from 3V to 4V, indicating that a 
possible optimal voltage exists for maximum cooling performance. 

To better visualize the effects of the voltages applied to both TE and 
fans and explore the optimization of cooling performance, the change of 
AT was examined with variations in the voltages applied to TE and fans 
on both hot and cold sides on the basis of Heat Sink B in the AC Mask 
(Fig. 11). We found that the trend of reduction in both temperature and 
AT increased with the TE voltage and the fan voltage. However, under a 
constant fan voltage, e.g., 7V, the maximum temperature reduction was 
obtained when the TE voltage was close to 3.5V in Fig. 11a. The optimal 
condition was possibly attributed to increase of the cooling effect with 
voltage, but the excessive heat was generated with a high voltage. 
Similarly, a local optimum condition was found for the AT in Fig. 11b. 
The maximum cooling effect was found when the voltages were close to 
the upper values in Fig. 10, but the high-power consumption would limit 
the application of this portable system. Based on the Peltier effect, the 
greater cooling power can be generated with the increasing voltage. 
However, the thermoelectric unit has an intrinsic maximum Coefficient 
of Performance (COP) at a certain current or voltage, which depends on 

the design of the thermoregulation unit including the heat dissipation 
efficiency [44]. The continuously increasing voltage will lead to extra 
heat inside the thermoelectric module and consequently reduce the 
COP. With the optimized power management, the enhanced cooling 
effect can be obtained at a lower energy consumption for longer working 
duration. Thus, it is critically valuable to find the local optimization for 
enhanced thermal comfort when the voltage and power consumption are 
sufficiently low. 

The AC Mask allows adjustment of temperature and AT towards 
users’ requirements. It is shown in Fig. 12 that both temperature and AT 
vary with the voltage applied to the TE unit from 1V to 3V and then 
conversely, in every 10-min interval, with the voltage applied to the fans 
in both hot and cold sides fixed at 7V on the basis of Heat Sink B in the 
AC Mask. Therefore, the temperature and AT could be well regulated, 
consistent with a temperature- or humidity-responsive control system in 
future work. 

3.2. Numerical simulation of thermal ventilation 

Fig. 13 presents the temperature distribution with a streamline of the 
AC mask with the wind guided tunnel at various states. Streamline 
shows that a high-velocity region is in a band-shape along the flowing 
direction of inlet air. The band-shape low-temperature region is over-
lapped with the high-velocity region (Fig. 13c). The wind-guided tunnel 
is effective since the fresh flowing air is guided to the central zone (close 
to the nose). The cool air with a temperature of 25 ◦C is directed to the 
nose zone. The inside temperature of the mask is majorly reduced from 

Fig. 10. Effects of the voltage applied to the TE on the AT in the AC Mask under a constant fan voltage on both of the cold and hot sides at 7V, with (a) Heat sink A, 
(b) Heat sink B, (c) Heat sink C and (d) Heat sink D. 

Fig. 11. (a) Temperature change and (b) AT with variations in the voltages applied to TE and fans on both of the hot and cold sides on the basis of Heat Sink B in the 
AC Mask. 
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35 ◦C (Fig. 13a) to (25–27) ◦C (Fig. 13d), indicating the effectiveness of 
the AC cooling. Besides, the unevenly distributed temperature field of 
flowing air will make the person feel uncomfortable [45]. In the pro-
posed AC mask, the temperature field is eventually uniform (Fig. 13d), 
which increases the thermal comfort as well. The streamline also pre-
sents that the air flow is separated into two directions after it reaches the 
sidewall, which promotes the convection inside the chamber. 

3.3. Human tests and thermal and moisture management 

It is critically important to conduct human trial test to examine the 
performance of AC Mask for actual applications. Heat sink B and Heat 
sink D, which had the greatest cooling performance among the four 
different types of heat sink were chosen for the human tests by setting 
the voltages applied to TE and the fans targeting at 3V and 9V, respec-
tively. The environmental temperature and absolute humidity remained 
at (30±1) ◦C and (15.8±0.3) g/m3. 

During the testing, the voltage and current output of fans and TE 
module recorded by oscilloscope (KEYSIGHT 34470 A), as shown in 

Fig. 14. The total average power consumed for the human objective test 
was (7.03±0.18) W. The sound of a working AC Mask comes from the 
tiny fans. We measured the sound pressure level (SPL), which was equal 
to 49.5 dB (equivlenet to the sound in a quiet library [46]). 

After the AC Mask with Heat Sink B was put on by the subjects, the 
temperature of the mask microclimate dropped by (1.82±0.05) ◦C with 
the TE unit turned on, as seen in Fig. 15a. As well, the value of AH 
dropped by (3.19±0.39) g/kg with great reduction in humidity and the 
values of AT in Fig. 15c decreased by (3.59±0.23) ◦C. The AC Mask 
allows adjustment of temperature and AT towards users’ requirements. 
It is shown in Figs. 15a and c that both temperature and AT vary with the 
voltage applied to the TE unit when the voltage applied to the fans in 
both hot and cold sides is fixed at 9V on the basis of Heat Sink B in the AC 
Mask. By varying the voltage across TE unit, the temperature and AT 
could be well regulated, consistent with a temperature- or humidity- 
responsive control system in future work. Meanwhile, the skin temper-
ature decreased by(1.17±0.11) ◦C as shown in Fig. 15d. The decreased 
AH helps to reduce the hot sensation or AT substantially, improving 
thermal comfort and ease of breath for the wearers. 

Fig. 12. Variations of (a) Temperature and (b) AT with the voltage applied to the TE unit from 1V to 3V and then reversely with the voltage applied to the fans in 
both hot and cold sides fixed at 7V on the basis of Heat Sink B in the AC Mask. 

Fig. 13. The temperature field combined with the streamline of the AC mask at the time of (a) Initial State, (b) Early State, (c) Developing State, and (d) Steady State.  
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The AC Mask on the basis of Heat Sink D (Fig. 15e–h) was also 
evaluated following the same procedure in Fig. 15a–d. It is noted that 
the reduction in the temperature and AH is (2.57±0.23) ◦C and 
(3.26±0.74) g/kg, respectively, and the drop in AT is close to 
(4.41±0.57) ◦C, consisting with the cooling performance demonstrated 
in the steam test. The greater drop in temperature inside the AC Mask 
resulted from the greater forced air flow guided by the 3D printed tunnel 
towards the subject’s nose and mouth. 

According to the evaluated results, Heat Sink D was chosen as the 
experimental setup for the cooling performance comparison due to a 
greater temperature reduction in the human objective test. The AH and 
AT difference has been obtained after the subtraction of ambient tem-
perature and humidity during the 30-min mask wearing experiment 
(Fig. 16 and Fig. 17). The temperature inside the mask increased slightly 
by (5.49±0.13) ◦C when the subject was wearing AC mask with TE and 
fan at 3V and 9V respectively, which is 26% reduced after comparing 
with the temperature increment ((7.43±0.44) ◦C )with the N95 mask. 
Particularly, (3.05 ±0.20) ◦C was increased with an L-shaped pipe 
installation in AC Mask, showing that the cooling performance was 
improved significantly by air suctioning from ambience than directly 
from the human exhalation. In short, the reductions in the apparent 
microclimate temperature and the humidity by around 3.5 ◦C (Figs. 17a) 
and 50% (Fig. 17b), respectively, have been achieved under a low 
voltage. 

Similarly, the AC Mask including Heat Sink D was applied for eval-
uation of the humidity management. The humidity reduction contrib-
uted by CaCl2 was recorded based on the comparison in temperature, AH 
and AT, under fixed voltage supplied to TE and fans at 3V and 9V, 
respectively, as shown in Fig. 18 and Fig. 19. After the AC Maks worked 
for 30 min, the weight of 1 pack and 2 packs CaCl2 was increased by 
(0.50±0.05) g and(0.90±0.05) g, respectively, corresponding to the 
moisture absorption amounts by CaCl2. Fig. 18 shows the results in 
change of temperature, AH and AT under 4 operation settings. It was 
found in Fig. 19a that the rate of temperature increased was lower with 
the aid of thermoregulation unit, showing that the TE unit could 
decrease the heat gained inside the mask. Figs. 19b and c showed that 
the overall changes of AH and AT were lower after CaCl2 was added. The 
heat sink surface temperature was lower than the dew point, indicating 
that the vapor pressure was greater than the corresponding saturated 
pressure of the surface. Hence, the moisture in gas phase condensed into 

liquid phase and the humidity was reduced accordingly. Owing to the 
heat releasing when CaCl2 moisture absorption, more heat was released 
with higher moisture absorption amounts. Therefore, the change of 
temperature was slightly higher in 2 packs of CaCl2 than the other cases. 

3.4. Subjective evaluation 

The human subjective test was carried based on five significant 
factors, including Thermal Sensations Vote (TSV), Thermal Preference 
(TP), Humidity Feeling (HF), Humidity Preference (HP) and Overall 
Comfort (OC). The rating of cooling performance was conducted with 
the N95 mask and the AC Mask on the basis of Heat Sink D. As seen in 
Fig. 20 and Table S6, the AC Mask improved the dryness, coolness and 
the overall comfort of the subjects. As well, the AC mask based on 
programmable design of 3D printed frames fitted most of the subjects. 
The results of TP and OC with the AC Mask were found to be much better 
than with the N95 mask, indicating good thermal management perfor-
mance and wear comfort. 

4. Conclusion 

Based on the experimental and numerical invstigation conducted in 
this paper, the following conclusions can be drawn: 

(1) Based on the human trial, a reduction in the microclimate tem-
perature and user’s face temperature at 2.6 ◦C and 1.1 ◦C, 
respectively, has been achieved under a low power consumption 
at 7.03 W.  

(2) The decrease in the apparent temperature, that equivalent 
perceived by humans by the combined effects of air temperature, 
RH and wind speed, is over 4 ◦C under human trial and 30 ◦C 
under the steam test. The moisture content in terms of RH has 
also been reduced from 82% to 75%.  

(3) The optimal operation conditions with maximum temperature 
reduction (e.g., 18 ◦C) against variations in the applied voltage 
have been derived.  

(4) In the future work, the AC Mask will be improved with reduced 
weight and power consumption. The slight condensation, which 
is generated with the reduction in humidity of the mask micro-
climate, will be transferred and absorbed by highly wicking 

Fig. 14. Voltage and current versus time supplied to (a) Fans in both heat supply and rejection sides, (b) TE unit. (c) The power supplied for the AC Mask.  
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Fig. 15. Performance evaluation of AC Mask when (1) AC Mask was put on by the user; (2) the TE unit turned on with the TE voltage at 3V and the fan voltages in both hot and cold sides at 9V; (3) the TE unit turned off, 
by measuring (a) microclimate temperature, (b) absolute humidity, (c) apparent temperature, and (d) skin temperature on the basis of Heat Sink B; (e) microclimate temperature, (f) absolute humidity, (g) apparent 
temperature and (h) skin temperature on the basis of Heat Sink D. 
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Fig. 16. Change of temperature, AH and AT on the basis of 4 different settings under a fixed voltage applied to the TE and the fan at 3V and 9V, respectively.  

Fig. 17. Change of (a) temperature, (b) AH and (c) AT on the basis of 4 different settings under fixed voltage applied to the TE and fan at 3V and 9V respectively.  

Fig. 18. Change of temperature, AH and AT on the basis of 4 different AC Mask operating settings under a fixed voltage applied to the TE and the fan at 3V and 9V, 
respectively. 
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materials. By switching the voltage, the warming effect with be 
investigated experimentally and theoretically. 

It has been shown that the facemask wearing hiders transpiration 
and cooling of the skin, which leads to the increase in skin temperature 
and human perception discomfort significantly [47]. With the 
proof-of-concept AC Mask prototype, the thermal comfort was improved 
with 2.6 ◦C dropped inside the mask (Fig. 15d) as the face was the most 
thermo-sensitive part with high density of thermoreceptors for human 
thermoregulation [48,49]. As the thermal comfort was a state of mind 
[50], human subjective test indicated that the thermal management of 
AC Mask can achieve the cooling performance well. The cooling per-
formance in the AC mask was dependent on the efficiency of heat 
transfer on TE module, which can be further enhanced by employing a 
higher figure-of-merit (ZT) TE materials [51,52]. Moreover, in order to 
take advantages of the latest inventions on surgical masks, AC Mask was 
designed as an integration with surgical masks and AC Mask frame to 
consolidate the AC Mask filtration performance. For example, the 
laser-induced graphene (LIG) mask can be unitized in AC Mask to 

improve the inhibition rate of bacteria viability which was adhesive on 
the outer surface of surgical mask [53]. The total weight of AC Mask is 
284g, including the battery (i.g., a 5000 mAh lightweight power bank at 
94g) placed in the pocket. In regard to the weight on the wearer’s head, 
the AC Mask frame (190g) is 6% heavier than 3 M™ half mask HF-800 
Series (182g) [54], 45.6% lighter than 3 M™ 6000 series half mask 
respirators including filters (355g) [55], and 38% lighter than Xuper-
mask (313g) [56], a newly commercialized functional facemask. With 
the future development of high-performance miniaturized batteries, the 
power unit could be directly attached to the mask frame. 
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Fig. 19. Change of (a) temperature, (b) AH and (c) AT on the basis of 4 different AC Mask operating settings under fixed voltage applied to the TE and fan at 3V and 
9V respectively. 

Fig. 20. Summary of the human subjective test.  
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