
© 2022Terra Science and Education 97 DOI: 10.36838/v4i4.18

RESEARCH ARTICLE

Sheetal Kavach: Hybrid Cooling Jacket for Healthcare Workers 
in India

Vedant Singh  
DPS RK Puram, New Delhi -110016, India; vedant.vasantvalley@gmail.com

ABSTRACT: A novel Hybrid Cooling Jacket (HCJ) using dry ice (solid CO₂) and ventilation fans has been developed for 
health care workers in India, required to work in hot and humid weather conditions. The goal of this HCJ was to decrease the 
related heat stress and heat shock associated with working in these conditions. The effectiveness of HCJ has been validated by 
trials with people in actual working conditions observed during the summertime. 

Earlier developed personal cooling systems, used phase change materials (PCM) to absorb the body heat, however these had 
limitations like high weight, low thermal comfort, shorter duration of cooling (less than one hour), etc. The reason for low duration 
of cooling of the PCM based suits was the low latent heat of vaporization and hindrance of sweat evaporation. 

The physical properties of a number of PCMs were studied and it was found that dry ice with its very high heat of sublimation 
can offer cooling which lasts 3-4 times longer and sweat produced by the body can be used to cool itself by evaporation. Through 
this jacket the cooling duration increased up to 4 hours with very little weight addition. 

Trials performed on real people simulating similar ambient conditions with moderate activity, showed that skin temperature 
was maintained below 35.1°C. Total sweat production was reduced by 21% and heart rate was reduced by an average 14 beats/
min. The perceived thermal comfort parameters like thermal comfort votes, wetness sensation, and perceived exertion improved 
significantly. 

KEYWORDS:  Personal Cooling vest, Phase change material, Ventilation fans based suits, Air ventilation clothing, Dry ice 
jacket.

� Introduction
Health care workers in India work for long hours and have 

to travel to remote places in hot and humid environments for 
vaccination and other medical duties, subjecting them to heat 
stress.¹ During the COVID-19 pandemic period, with the 
addition of personal protection equipment (PPE) suits, the 
problem of dissipating the heat has increased necessitating 
some cooling techniques for workers.

Personal protective clothing as a cooling solution has been 
attempted in past to increase body heat dissipation through 
evaporation, conduction, and convection. Phase change ma-
terial (PCM) cooling vests are worn by workers outdoors.² 
The PCMs have high energy storage in the form of latent 
heat, have the advantage of absorbing the heat from the 
worker’s body.3 These kind of systems are known to be the 
cheapest, most portable, and the simplest to be worn.⁴,⁵ The 
performance of the PCM cooling vests have been assessed in 
previous studies.⁴-⁸ However, their effectiveness is constrained 
in hot humid environments due to reduced moisture transport 
and condensation.⁹-¹² 

Another solution includes hybrid cooling suits/vests, which 
combine PCMs and battery-operated fans to enhance evapo-
rative cooling and convective heat loss.¹¹-¹³ The PCMs absorb 
heat from the human body, while the fans enhance the sweat 
evaporation of through forced ventilation. However, most of 
these solutions have limitations like high weight, low ther-
mal comfort, hindrance in the mobility, and most importantly, 
very short cooling duration due to the low latent heat of va-
porization of the materials used for cooling (< 1 h).

Hybrid cooling suits/vests, which combine PCMs, and bat-
tery-operated fans are one of the most effective pathways to 
dissipate metabolic body heat to lower the core and skin tem-
peratures with limitations as mentioned above. 

To address these limitations, the physical properties of a 
number of phase change materials were studied and it was 
found that dry ice, with its very high heat of sublimation, can 
offer cooling which lasts 3-4 times longer. Moreover, dry ice is 
more practical to use as it melts into a gas instead of a liquid, 
leaving minimal cleanup. Additionally, the proposed solution 
was designed to use the sweat produced by the body to cool 
the body by evaporation.  

Thus, a novel solution in the form of a hybrid cooling jacket 
using dry ice as phase change material for cooling and forced 
ventilation through fans for sweat evaporation was developed. 
Through this jacket the cooling duration increased by up to 4 
hours with very little weight increase. The jacket was carefully 
tailored to allow an efficient air circulation inside the jacket by 
the ventilation fans with a discharge rate of 10 L/s to have a 
mean velocity in the range of 0.7-1.0 m/s for effective cooling. 
The position of fans and dry ice bags was such that relatively 
cool air reaches the most critical areas of body. To release the 
sublimated gas CO₂, two air vents were created at the crotch 
area of the jacket and PPE suit. The dry ice pouches were 
attached to jacket using 4-inch Velcro fasteners for easy re-
placement.
� Methods
Hybrid cooling Jacket (HCJ):
Figure 1, Shows the newly designed hybrid cooling jacket
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made of polyester incorporates two dry ice packs (totaling 1.5 
kg) placed evenly on the abdomen-chest and back areas and a 
pair of ventilation fans on the lower back area. 

The ventilation fan is powered by a 12 V lithium battery 
which has a maximum air flow rate of 10 L/s and can operate 
for up to 6 hours. The weight of the ventilation unit (includ-
ing a battery and a pair of ventilation fans) is 0.350 kg. The 
total weight of the cooling jacket is 1.95 kg. The HCJ mainly 
covered the wearer’s torso, with a total covered body area of 
0.7 m².

Protocol of the experiment:
Trials were performed at an open terrace during hot summer 

weather in the month of July in Delhi. A total of 20 human 
trials (10 people X 2 tests each) at 36.0 ± 1 °C, RH = 55 ± 5% 
were carried out by testing subjects for 40-min walking on a 
treadmill at 5 km/h without a slope followed by a 20-min-
utes recovery by sitting under shade in the same place. Air 
temperatures and the relative humidity were measured using 
digital thermometers with a humidity sensor probe. The sub-
jects wore HCJ over the regular cotton t-shirt and over that 
a PPE suit up to the subject’s neck during both exercise and 
recovery periods and without HCJ and PPE suit in second 
set of trials. Heart rate was measured using heart rate band at 
every five minutes.

Measurement variables:
Physiological parameters: The parameters measured during 

the trials include heart rate and skin temperatures. Heart rate 
was measured using a heart band and temperatures using 
temperature probes attached to body with medical tape. Also, 
pre and post trials weights of the participants, their clothes 
and that of dry ice were measured using a weigh balance. 

Perceptual Parameters: Participants were requested to re-
port their thermal sensation votes (TSVs), thermal comfort 
votes (TCVs), skin wetness sensations (WSs) and ratings of 
perceived exertion (RPE) after every 10 minutes on a pre-de-
fined standard questionnaire. TSVs were assessed using a 
continuous 9-point thermal sensation vote, ranging from −4 
(very cold), −3 (cold), −2 (cool), −1 (slightly cool), 0 (neutral), 
+1 (slightly warm), +2 (warm), +3 (hot) to +4 (very hot).¹⁴
TCVs were assessed by a 5-point thermal comfort scale, 
ranging from 0 (comfortable), +1 (slightly uncomfortable), 
+2 (uncomfortable), +3 (very uncomfortable) to +4 (extreme-
ly uncomfortable).¹⁴ WSs were evaluated using a continuous
5-point scale ranging from 0 (neutral), +1(slightly wet), +2
(wet), +3 (very wet) to +4 (extremely wet). RPE was assessed
using the 15-point Borg scale¹⁵ (i.e., 6- ‘no exertion’, 7 & 8-

‘extremely light’, 9 & 10- ‘very light’, 11 & 12- ‘light’, 13 & 
14- ‘somewhat hard’, 15 & 16- ‘hard’, 17 & 18- ‘very hard’,
19- ‘extremely hard’ and 20- ‘maximal exertion’.

Calculations:
The mean skin temperature (T skin) and Sweat evaporation

(SWevap) during the trial were calculated using equations as 
shown below: ⁹-¹³

T mean skin = 0.25 (T chest + T scapula + T abdomen + T 
lumbar)

SWp = Wnude, start – Wnude, post−trial 
SWcloth = Wclothed, start – Wclothed, post−trial 
SWevap = SWp - SWcloth
where, Wnude, start, and W nude, post-trial is the nude 

body weight before and after the trials, and Wclothed, start 
and Wclothed, post-trial is the clothed body weight before and 
after the trials. 
� Results and Discussion
All participants successfully completed 20 trials. No signif-

icant differences were found between the HCJ and NHCJ in 
the baseline heart rate, mean skin temperatures, and perceptual 
responses prior to starting the trials (p>0.05)..

The total amount of sublimated dry ice in HCJ was 401 g 
over the trial duration and hence, the total cooling capacity of 
HCJ over 1 h trials was 61W (enthalpy of sublimation of dry 
ice: 571.3 kJ/kg; cooling capacity = (sublimated dry ice mass x 
enthalpy) / time duration).

Physiological parameters:
Figure 2 shows variations of heart rates, and mean skin 

temperatures in HCJ and NHCJ. Significant differences were 
found in the heartbeat rate between HCJ and NHCJ through-
out the trial (p< 0.001). Heart rate was reduced by average 
14 bpm and a maximum of 20 bpm in HCJ compared with 
NHCJ during the trials (p<0.001). With regard to torso/mean 
skin temperatures also significant lower temperatures were no-
ticed in HCJ to NHCJ during the trial (p< 0.001). 

The cooling jacket successfully prevented the wearers’ mean 
skin temperatures from rising above 35.1 °C, whereas the 
mean skin temperature in NHCJ crossed 36.5 °C at the 30th 
min of the trial and it stayed above 36.5°C for the remaining 
period. The maximum mean skin temperatures in NHCJ was 
registered at the 30th min, i.e., 36.5 °C. 

Sweat production, sweat evaporation rate :
The total sweat production in HCJ and NHCJ during the 

duration of trials was 368 and 466 g/h, respectively. The total 
sweat evaporated over the trials in HCJ and NHCJ was 152 
g and 193 g respectively. Cooling caused by sweat evaporation 
while wearing HCJ over one-hour trials was 104 W (enthalpy 

Figure 1: Hybrid Cooling Jacket worn over cotton t-shirt

Figure 2: Variation of Mean Skin temperature and Heart Rate with time
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of evaporation of water: 2460 kJ/kg; cooling capacity = (sweat 
evaporated x enthalpy) / time duration)  

Perceptual responses:
Figure 3 shows the time course of perceptual responses 

including TSVs, TCVs, WSs, and RPE in the two studied 
test scenarios. Noticeable differences were found in all 4 
perceptual indicators between HCJ and NHCJ throughout 
the trial. The maximum TSVs in the two test scenarios 
were registered at the 40th min, i.e., +3.4 (between ‘hot’ 
and ‘very hot’), +2.3 (between ‘warm’ and ‘hot’) in HCJ and 
NHCJ respectively. Similarly, approaching the end of the 
40-minute walking period, HCJ and NHCJ showed the
highest TCV ratings, i.e., +2.5 (between ‘uncomfortable’ and
‘very uncomfortable’), +1.7 (‘uncomfortable’) respectively.
With regard to WSs, registered at the 40th min, i.e., +3.0
(very wet), +2.1 (wet) in HCJ and NHCJ. As for RPE values, 
registered at the 40th min, i.e., +14 (somewhat hard), +11.2
(light) in the test scenarios.

� Discussion
This project developed a novel hybrid cooling jacket 

(HCJ) and examined its cooling effectiveness on for health 
care workers required to wear a PPE suit, while performing a 
moderate intensity activity in a hot and humid condition. A 
core temperature of 38.0 °C equivalent to skin temperature 

of 36-36.5°C has been widely adopted as the threshold limit 
by reputable organizations such as WHO and ACGIH to 
protect outdoor workers. The jacket has successfully prevented 
the jacket wearers’ mean skin temperatures from rising to 
temperatures greater than 35.1 °C wherein the wearers’ mean 
skin temperature in NHCJ rose to 36.5 °C in about 30 min. 
In addition to the core temperature, heart rate and sweat rate 
are the other two most important physiological parameters to 
illustrate the exertion perceived by an individual person. The 
current findings indicated that HCJ, compared with NHCJ, 
depressed the heart rate by about an average 14 beats/min 
and maximum by 20 bpm. Moreover, the sweat rate in HCJ 
was considerably reduced by 21.1% which also reduced the 
dehydration rate correspondingly.

Participants had perceived lower TSVs, TCVs and WSs 
while wearing HCJ compared with those in NHCJ case (P 
< 0.05). This study had some limitations in that only young 
male participants took part in the trial. Individual factors like 
age, gender, body fat, and physical fitness might affect the body 
responses to personal cooling.
� Conclusions
A portable hybrid cooling jacket was developed to miti-

gate heat stress of the health care workers performing in a hot 
and humid conditions (36 ± 1 °C, RH = 55 ± 5%, WBGT = 
30.7 °C). Subsequently, trials were performed with real people 
simulating moderate activity conditions in hot and humid en-
vironments. 
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