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Current methods of reducing physiological strain on a soldier wearing armor vest need significant improvement.  To this end, the major objective 
of this work was to conduct research on development of effective lightweight evaporative cooling system capable of delivering significant cooling 
effect without or with minimal power requirements and additional weight load. During the project we developed major methodology and 
equipment to measure cooling power and temperature effect of virtually any cooling system arrangements in laboratory conditions reliably. 
Resultantly, Surface Differential Scanning Calorimeter (SDSC) was created. In addition, we design and test a novel autonomous evaporative 
cooling system. As a result of the work several cooling arrangements utilizing an evaporative cooling mechanism were created. The driving force 
enabling significant evaporation is the temperature difference between parts of the arrangement created by cooling metal foil located on the 
outside of the vest. The best system demonstrated cooling power of about 100 W/m2 and surface cooling effect of 7-8 oC without using any 
external power source.  The system is extremely lightweight, compact and self-sufficient. We also developed the procedure for preparation of 
hydrophobic membrane assembly and large hydrophobic-hydrophilic gradient fabric for directional water transport inside of the cooling system.
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1. SUMMARY 

Current methods of reducing physiological stress on a soldier wearing an armor vest need 
significant improvement. To this end, the major objective of this work was to develop an 
effective lightweight evaporative cooling system capable of delivering a significant amount of 
cooling without or with minimal power consumption and added weight. During the project we 
developed major methodology and equipment to measure cooling power and the thermal effect 
of virtually any cooling system arrangement reliably, in laboratory conditions. As a result, the 
surface differential scanning calorimeter (SDSC) was created. In addition, we designed and 
tested a novel, autonomous system that operates by evaporative cooling. During this contract, 
several cooling arrangements utilizing an evaporative cooling mechanism were created. The 
driving force enabling significant evaporation was the temperature difference between parts of 
the devices, created by a cooling metal foil located on the outside of the vest. The best system 
demonstrated cooling power of about 100 Wm-2 and surface cooling of 7–8 °C without using an 
external power source. The system is extremely lightweight, compact and self-sufficient. We 
also developed a procedure for preparation of hydrophobic membrane assemblies and a fabric 
featuring a large hydrophobic–hydrophilic gradient to drive directional water transport inside the 
cooling system.  
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2. INTRODUCTION 

Materials for protective clothing have a high fiber density that significantly decreases their 
permeability. A reduction of the material’s permeability results in a dramatic decrease of the 
natural efficiency of evaporative cooling of the human body and, in many cases, it leads to 
thermal stresses [1, 2]. Design of materials with efficient heat transport characteristics requires a 
reliable instrument that would be able to evaluate the materials performance at different 
environmental conditions. Quantitative analysis of thermodynamic and heat transfer properties of 
thin fibrous and porous materials is a challenging task.  In this report, we demonstrate an 
instrument that allows one to evaluate the heat transfer properties of different fabrics. 
 
There are three major approaches to measure the fabric performance. The first method is based 
on the analysis of physiological data (skin temperature, heart rate, etc.) during various types of 
physical activities performed by humans.  The majority of all available published papers on the 
subject of cooling utilize this method [3–9]. The second approach is evaluation of the system 
using a guarded sweating hot plate [10]. It is designed to determine the thermal and evaporative 
resistance of materials producing numerical values for both temperature and power gains in 
cooling systems. While this approach delivers reliable results, the high cost of the plate does not 
allow its widespread utilization in laboratory conditions. The third approach uses a thermal 
manikin and can be described as an advantageous combination of the former two approaches, 
with both temperature and heat values accessible [11–14]. However the apparent attractiveness 
of the last approach is diminished by the high expenses associated with the purchasing of the 
manikin.  This method/apparatus was used to demonstrate the cooling capacity of novel smart 
textile materials for advanced, light-weight, self-cooling protective clothing.  Passive cooling 
was accomplished by creating a laminated structure with a prescribed permeability gradient and 
electrodes to accelerate moisture transport within the system.  
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3. METHODS, ASSUMPTIONS AND PROCEDURES 

3.1. Surface Differential Scanning Calorimeter (SDSC) 

The SDSC consists of a computer, a data acquisition system (Keithley 2700), two power supplies 
(TDK-Lambda ZUP) to heat thin/flexible Kapton heaters with low lateral heat loss (Omega 
Engineering, Inc.), and resistance temperature detector (RTD) sensors (Omega Engineering, Inc.) 
placed at the center and a corner of the heaters. The computer runs a LabView program im-
plementing a proportional integral (PI) control algorithm and a data logging algorithm (Figure 1). 
 

 
Figure 1. Schematic Drawing of the SDSC Experimental Setup 

 
 
The design of the system is based on the standard test method for thermal and evaporative resis-
tance of clothing materials using a sweating hot plate (ASTM F1868). As shown in Figure 2, the 
SDSC has two heating systems. Thin, flexible 10-cm × 10-cm Kapton heating films (Figure 2 
(right) are placed onto the Styrofoam insulation (b). Thus, heat flows only upward. The heaters 
in both systems are covered entirely by cotton fabrics (Figure 2c). Cotton fabrics are dipped into 
water (Figure 2d) to keep them wet, thus, simulating a body surface. Materials under testing 
(Figure 2e) are positioned between the fabric and the top insulation. 
 
The first system—the reference system—is isolated from the ambient environment by covering 
the fabric’s surface with a plastic film and Styrofoam insulation (simulating impermeable 
clothing). This prevents evaporation and gives the temperature and power values for a non-
evaporating condition. The second—sample—system is used to test the evaporative heat transfer 
of the cooling arrangement of interest and incorporates top Styrofoam insulation (“the clothing”). 
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Figure 2. Reference (left) and Sample System (right) Arrangements  Showing (a) the 

Styrofoam Insulation, (b, c) the Cotton Wicking Layer, (d) the Water Reservoir, and (e) the 
Test Sample 

 
 
The SDSC operates in two modes, constant power and constant temperature. In constant-power 
mode, the same power is supplied to both systems while temperatures of the two heating films 
are monitored. The temperature difference is a value characteristic of the evaporative efficiency 
of the arrangement. In constant-temperature mode, the systems are maintained at the same 
constant temperature and the power supplied to each system is monitored. The increase in power 
required to hold the sample heating system at the same temperature is another value 
characteristic of the efficiency of the sample’s evaporative cooling. 
 
To carry out actual experiments, the SDSC was placed in a controlled-temperature-and-humidity 
chamber (Thermal Product Solutions) (Figure 3). Variations in temperature and RH inside the 
chamber were ± 0.5 °C and ± 2 %, respectively, and synchronous, whence we can state that the 
absolute concentration of water vapor in the chamber stayed constant and only the temperature 
changed. All experiments were run at 35 °C and variable RH inside the chamber. In temperature- 
 

 
Figure 3. Controlled-Temperature-and-Humidity Chamber 

Reference System Sample System 

a 
 
c 

e 
 
 
d 

b 
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controlled mode the temperature of all heaters was set to 40 °C. In power-controlled mode the 
power supplied to the heaters was adjusted to hold a temperature of 40 °C in the reference sys-
tem. The detailed experimental procedure was as follows: desired conditions inside the chamber 
were reached (equilibrated in ~ 1 h); temperature control mode was executed (the system equil-
ibrated in ~ 1 h); then power-control mode was executed (the system reequilibrated in ~ 1 h). 
 
Various cooling arrangements were tested. For all systems tested plastic spacers of appropriate 
height were used to separate top and bottom insulation. The surface of the top insulation facing 
the heater in the sample system was covered with plastic film to prevent the transport of water 
vapor through the insulation. The abovementioned arrangement was used when influence of air 
gap and evaporation through the membrane or membrane assembly were studied. 
 
In the experiments using a metal foil (copper (Cu) or aluminum (Al)) the foil itself was attached 
to the top insulation. The cooling systems are described in more detail in the Results and 
Discussions section. 
 
3.2. Membrane Assembly 

Materials used: 
• Poly(glycidyl methacrylate) (PGMA) (Mn = 300,000 Da, PDI = 2); 
• Lauric and perfluorododecanoic acids; 
• Poly(ethylene terephthalate) membrane (Sterlitech Corp., pore size = 400 nm, thickness = 

10 µm, calculated porosity = 12 %); 
• Nickel wires (90 µm); 
• Stainless steel wires (330 µm). 

 
The experimental procedure (brief description): 

• Metal wires were evenly spaced using U-shaped bolt with threaded arms as a template. 
The distance between pitches in the thread defines the distance between wires; 

• The wires were covered with epoxy glue; 
• The membrane was attached to the both sides of the wires (top and bottom); 
• The assembly was cured at 80 °C for 1 h. 

 
Assembly modification: 

• the assembly was treated with plasma to activate the surface (18 W for 5 min); 
• PGMA polymer was deposited on the assembly surface by dip-coating from 1 wt. % 

solution in methyl ethyl ketone (MEK) and grafted to the membrane and wire surfaces at 
120 °C for 1 h; 

• residual PGMA was removed by rinsing and washing in pure MEK for 30 min; 
• hydrophobic acids were grafted to the PGMA from vapor at 150 °C for 16 h; 
• residual acids were removed by rinsing and washing in pure MEK for 30 min; 
• Individual membranes were modified in the same way. 

 
Testing procedure: 

• water vapor penetration through the individual membranes and the assembly was 
measured by weight loss of water in the vial covered with the sample under the test; 
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• in case of the assembly the top membrane's surface (facing outer environment) was 
sealed to allow the vapor to escape only on the side of the membrane assembly. 

 
Morphology of individual membrane samples was tested by scanning probe microscopy (SPM) 
and performed on a Dimension 3100 (Digital Instruments, Inc.) microscope. Tapping mode was 
used to study surface morphology of membranes in ambient air. Silicon tips with spring 
constants of 40 N/m (tapping mode) were used. Imaging was done at scan rates of 0.5–1 s-1. 
 
3.3. Gradient Fabric 

Gradient fabric preparation procedure: 
• Plain weave polyester fabric (Test Fabric Inc.) was treated with 40 wt. % aqueous sodium 

hydroxide for 2 min to activate the surface; 
• The fabric was immersed in a 0.5 wt. % solution of  PGMA in MEK and grafted in the 

solution for 3 h at 50 °C; 
• Carboxyl-terminated polystyrene (PS-COOH, Polymer Source Inc., Mn = 48,000 Da, PDI 

= 1.05) was deposited by dip-coating from a 2 % (w/v) solution in toluene; 
• The fabric was placed in the oven at 150 °C and gradually withdrawn from it at a rate of 

0.5 cm/min, thus establishing a gradient of grafting densities that are correlated to the 
duration of thermal exposure. 

• Residual PS-COOH was removed by washing the fabric in toluene for 2 h; 
• Poly(acrylic acid) (PAA, Sigma–Aldrich, Mw = 100,000 Da) was deposited by dip-

coating from a 1% wt./vol. methanol solution; 
• The polymer was grafted at120 °C for 6 min; 
• Residual PAA was removed by washing the fabric in methanol for 2 h; 
• Uniformly loaded hydrophilic (PAA) and hydrophobic (PS-COOH) fabrics were 

prepared using the same procedure (grafted at 130 °C). 
 
Contact angle (CA) measurements were performed with water to evaluate the wettability of 
individual membranes, the membrane assemblies and the fabrics. The measurements were 
conducted at room temperature using the sessile drop method; equilibrating time was 30 s. 
Results were recorded on the drop shape analysis instrument (DSA, Kruss, Germany) with the 
DSA software. 
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4. RESULTS AND DISCUSSIONS 

4.1. Membrane Assembly 

A piece of produced membrane assembly is shown in Figure 4. The shape of the assembly can 
be changed arbitrarily without any loss of integrity of the assembly (Figure 4, right). The 
distance between membranes in the assembly is set by the size of wires and can be easily 
controlled and adjusted by changing the wires' dimensions (Figure 5). Successful modification of 
the membranes by PGMA anchoring layer was confirmed by atomic force microscopy images 
(Figure 6).  
 

   
Figure 4. Sample of the Membrane Assembly: Flat (left) and Bent (right) 

 
 

 

 
Figure 5. Membrane Assembly Made with 90-µm (top) and 330-µm (bottom) Wires 

 
 

 
Figure 6. AFM Images of the Membrane: Original (left) and Modified with PGMA (right) 

 
membrane wire 

 membrane wire 
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Successful modification of the membrane with a hydrophobic layer was confirmed by CA 
measurements (Figure 7). This modification of the surface with a hydrophobic layer is essential 
because it prevents water from wetting the membrane and blocking pores, which might hinder 
the evaporation process. 
 

 
Figure 7. Water Droplets on Membranes Treated with  

a) Lauric Acid and b) Perfluorododecanoic Acid 
 
 
Table 1 summarizes all results and experimental conditions used for evaporation studies. For the 
assemblies at room temperature conditions, significant water condensation was observed (Figure 
8, notice the water droplets along the wires, more water was present inside the assembly that is 
not visible in the picture).  
 
This condensation is a direct consequence of slower water transport through the side of the 
assemblies than through single-membrane samples, and of the temperature difference between 
the water and top membrane (the temperatures for S#9 in Table 1 were about the same, which 
corresponds to the real condition in the space between a body and a vest—and no condensation 
was observed). 
 

Table 1. Results of Evaporation Tests 

S# Twater, °C Toutside, °C RHoutside, 
% Sample type Surface type Evaporation rate, 

mg*h-1cm-2 
1 

34 ± 1 24.0 ± 0.5 30±1 single 
membrane 

original 64±1 
2 lauric acid 56±1 

3 perfluoro-
dodecanoic acid 55±1 

4 40.0  
± 0.5 

23.5±0.5 34±1 open surface - 64±2 
5 23.0±0.5 31±1 single membrane original 77±3 
6 40.0±0.5 

40.0±0.5 
23.0±0.5 29±1 assembly  

(90-µm wire) 
original 24±2 

7 21.5±0.5 19±1 lauric acid 20±1 
8 40.0±0.5 22.0±0.5 21±1 assembly  

(330-µm wire) lauric acid 23±1 
9 39.0±0.5 40.5±0.5 10±1 14±1 

 
 

 
a) b) 105o  115o  
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Figure 8. Water Condensation inside the Membrane Assembly 

 
 
4.2. Surface Differential Scanning Calorimeter (SDSC) 

The key element behind reliable operation of the SDSC is consistent performance of the two 
systems under equivalent conditions (reference and sample systems are identical). Several 
experiments were performed to verify such performance. In general, the two systems differed by 
~ 0.01 W and ~ 0.2 °C when operated in constant temperature and constant power modes, 
respectively. Furthermore, the systems demonstrated identical performance in constant- 
temperature mode when set at several temperature values (Figure 9). The results demonstrate 
very good reliability of the SDSC.  
 

 
Figure 9. Power Supplied to Identical Reference and Sample Systems at Different Set 

Temperatures 
 
Reproducibility of the experimental results was checked by performing a few experiments under 
identical environmental conditions and set-up arrangements. The results obtained for the two 
systems were found to agree within experimental error. This again indicates very good 
repeatability and reproducibility of the SDSC. 
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4.3. Initial Experiments 

4.3.1. Single-Membrane and Membrane Assembly 
Initial tests with the experimental setup were performed with Styrofoam as a top insulation and 
one RTD sensor at the center of the heater. Three different arrangements of the sample system 
were tested: 

1. Open, wet fabric (no insulation on top); 
2. hydrophilic/hydrophobic membrane on top of the fabric (no insulation on top); 
3. hydrophobic membrane assembly with the wire (330 µm) as a spacer (insulated on top) 

 
In all experiments performed the temperature inside the chamber was held constant at 35.5 ± 0.5 
°C. The results are presented in Figure 10. 
 

 
Figure 10. Experimental Results for the Set-up: without Top Insulation with Bare Fabric 

and the Fabric Covered with the Membrane (left); with Top Insulation and the Membrane 
Assembly on Top of the Fabric (right) 

 
 
“Open fabric” configuration lacks any top insulation, simulating the situation without protective 
clothing. In our experiments this arrangement can generate about 400 Wm-2 of cooling power, 
compensating entirely for the heat generated by a moderate work rate [17] as is achieved 
naturally through evaporation of water on the skin’s surface. 

 
For the open surface, the resulting average “skin” temperature at moderate humidity was in the 
vicinity of 31–32 °C, which is close to the average temperature for human skin [18]. This result 
shows that the SDSC produces values consistent with those observed in real life. 
 
Hydrophobic and hydrophilic PET membranes show the same results as open bare fabric. These 
results provided useful in preparation of the modified hydrophobic membrane. Essentially, it 
prevents direct contact between water in a fabric and any arrangements of materials under the 
test without decreasing the evaporation and cooling rates.  
 
Next, the experimental setup was improved by incorporating four RTD sensors at the center of 
the assembly and the top of the Styrofoam insulation. This improved the accuracy of temperature 
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measurements (now averaged over four sensors) and control over temperature fluctuations inside 
reference and sample systems. 
 
4.3.2. Influence of Air Gap and Water Absorbents 
Figure 11 shows the results for evaluation of power and temperature differences at different RH 
values (temperature inside the chamber = 35.5 ± 0.5 °C). 

  

Figure 11. Experimental Results for Power (left) and Temperature Difference (right) for 
Various Size of Air Gap between the Fabric and the Top Insulation 

 
 
For both 2- and 5-mm air gaps, water condensed on the insulation surface above the fabric 
(Figure 12).The temperature of the top insulation surface facing the fabric was found to be only 
0.3–0.5 °C lower than the fabric itself. Considering condensate is formed at 100 % RH, RH in 
the gap space close to the fabric was estimated to be near 98 %. Table 2 presents results from 
additional experiments performed to eliminate the condensate and study the influence of 
moisture absorbents on cooling performance of the system (T = 35.5 ± 0.5 °C, 35–40 % RH). 
 

 
Figure 12. Water Condensed on the Top Insulation’s Surface Facing the Fabric 
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Table 2. Results of the Experiments Aimed to Eliminate the Condensate 
Material 
Tested Conditions ΔT (°C) 

Membrane 
Assembly 

- 1.4 
4 g Silica gel 2.1 

Filter paper pocket  (no absorbent) 2.0 
2 g Silica gel (150-Å pore size)  

+ 2 g sodium polyacrylate (SPA) in filter paper pocket 2.7 

Bare 
Fabric 

2-mm air gap 1.6 
2-mm gap (1 mm air + 1 mm metal mesh) + filter paper pocket 2.1 

2-mm gap (1 mm air + 1 mm metal mesh) + 2 g silica gel (60 Å)  
+ 2 g SPA in filter paper pocket 3.5 

3-mm gap (2 mm air + 1 mm metal mesh) + 2 g silica gel (60 Å)  
+ 2 g SPA in filter paper pocket 4.1 

3-mm air gap (2 mm air + 1 mm metal mesh) + filter paper pocket  2.7 
 
 
It is evident that the introduction of a water absorbent such as a simple layer of filter paper 
improved the temperature difference by an additional 0.5 °C. More-absorbent materials, such as 
sodium polyacrylate (SPA) or silica gel, when present alone, did not improve the performance 
significantly (0.7–0.8 °C). Silica gel saturated very fast in RH near 100 %. The layer of SPA 
closest to the fabric saturated first and swelled, blocking vapor access to the remaining volume of 
the polymer. At the same time, a mixture of silica gel and SPA provided a performance boost of 
1.5–2 °C compared to the system without any absorbents. The experiments demonstrated that 
eliminating the condensate improved the cooling performance.  
 
4.4. Gradient Fabric 

We performed pilot experiments on preparation of pure PAA-, polystyrene (PS)- and PGMA-
modified fabrics. That the fabrics were modified successfully is evidenced by CAs displayed in 
Figure 13. On a flat surface CAs for PGMA and PS were about 70° and 90°, respectively, and 
the PAA surface showed a small CA due to its extreme hydrophilicity. The larger CAs seen for 
PS and PGMA, and complete wetting of PAA were caused by surface roughness of the fabric. 
 
 

 
Figure 13. Water Droplets and Contact Angles on Fabrics Modified with PGMA (130°) 

(left); PS-COOH (140°) (middle) and PAA (Completely Wetted) (right)  
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Next, a gradient fabric was prepared. Table 3 presents CA values measured along the length of 
the fabric. In initial experiments on the gradient fabric preparation a monotonic gradient was 
created (from completely hydrophobic on one end to completely hydrophilic on another end). 
For actual testing of the cooling arrangements a bidirectional gradient fabric was prepared 
(completely hydrophobic at the center to completely hydrophilic on the sides).  
 

Table 3. Contact Angle Values Along the Gradient Fabric Length 
Distance from edge 

of fabric, cm Contact Angle, o Optical Image of Water 
Drop on Fabric Surface 

0–2 143 

 

2–4 133 

 

6–8 90 

 

8–10 54 
 

10–12 0 
 

 
 
4.5. Cooling Systems 

4.5.1.  Small Samples (10 cm × 10 cm) 
As we demonstrated in Section 4.3.2., a simple air gap can produce a sizable cooling effect. To 
enhance this effect, a gradient- and a pure-polymer-modified fabric were attached to the top 
insulation. The obtained results are presented in Figure 14 (conditions: T = 35.5 °C, 55 % RH, air 
gap = 3 mm), and the gradient fabric achieved a better result than did the completely hydrophilic 
or completely hydrophobic fabrics.  
 
The significant cooling effect (for the 5-mm gap in particular) probably originates in the 
diffusion of cooler outside air into the inside space and cooling of the top insulation. The lower 
temperature of the top insulation facilitates condensation of water vapors (Figure 12), from 
which effective evaporation can produce a sizable cooling effect. The observation of cooling of 
the surface of the top insulation and the attendant cooling effect inspired the creation of new 
cooling system design (Figure 15). 
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Figure 14. Cooling Power (left) and Temperature Effect (right)  

Measured with Polymer-Modified Fabrics 
 
 

 
Figure 15. Schematic Representation of Cooling Systems: Standard (top left); with Bare 

Metal Foil at the Top (top right); with the Foil Covered with Wet Fabric at the Top 
(bottom left); and System III Isolated from the Outside Environment (bottom right) 

 
 
Due to its high thermal conductivity the metal foil can transport heat from the inside to the 
outside fast. Thus, a greater cooling effect can be produced (Figure 16 (conditions: T = 35.5 °C, 
55 % RH, air gap = 3 mm). About four times more cooling power can be achieved just by using 
aluminum foil. The cooling power can be increased by decreasing the temperature of the portion 
of foil located outside. To promote cooling, the foil portion located outside was covered with wet 
fabric. 
 
Figure 17 compares results obtained for four cooling arrangements (conditions: T = 25 °C, 40 % 
RH, air gap = 3 mm). Notable were the increased cooling power of System III (~ 45 Wm-2) and 
the minimal change in power when it was isolated from the outside environment. The last fact 
indicates that the system is not strongly dependent on environmental conditions and so can be 
designed as a closed system.  
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Figure 16. Cooling Power (left) and Temperature Effect (right) of the Standard Cooling 
Arrangement (System I) with Modified Fabrics and System II (Aluminum Foil)  

 
 

 
Figure 17. Cooling Power Measured for Cooling System Arrangements I–IV 

 
 
Further experiments were performed in the chamber, in which bare foil located on the outside 
was in equilibrium with the environment and held an average temperature of about 35 °C. It was 
found that evaporation of water at 35 °C can lower the temperature of the foil to 30 °C. Thus, the 
temperature can be decreased significantly without any external power requirements through a 
natural evaporative cooling process.  
 
In addition to measuring the actual cooling effect in the environment of the chamber, we tested 
the influence of gradient and PAA fabrics on the system’s performance (Figure 18) (conditions: 
T = 34 °C, 40 % RH, air gap = 3 mm). The initial short period of rapidly decreasing power 
corresponds to establishing equilibrium in the system. The window of constant power 
comprising the second period characterizes the steady-state conditions for wet fabric on the foil 
(the cooling effect for System III), and the subsequent trend of gradually decreasing power 
reveals the eventual depletion of water in the fabric. The constant value of power reached after 
the second decline is that of the dry fabric (true cooling effect for System II). 
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Figure 18. Cooling Power for System III in Presence of Gradient and PAA Fabrics 

 
 
As shown in Figure 18, the cooling power of System III reached about 65 Wm-2 and for System 
II the same 40 Wm-2 was observed as was determined previously (60 % increase compared to 
System II and more than 600 % increase compared to the original System I). The gradient fabric 
showed the same performance as the PAA fabric. 
 
To boost the performance of the system further we inserted another copper foil in the space 
between the heater and the wet fabric simulating the skin (System V, Figure 19 (top)). By this 
means we introduced an additional route of transporting the heat away from the body. In a real-
life situation a copper mesh, not a foil, can be positioned in close proximity to the skin. The 
porous mesh allows water transport to the surface and evaporation. As a matter of convenience 
we used copper foil. The result obtained is presented in Figure 19 (bottom). 
 
Several regions merit notice in Figure 19 (bottom). The three plateaus correspond to steady 
states: I, both fabrics (top and bottom) on the foil are wet; II, one of the fabrics is wet; and III, 
both fabrics have dried. The new system provided an additional boost in performance, reaching a 
new high of about 90 Wm-2 (and local cooling power values of 100 Wm-2 were seen). Even dry 
foils achieved a useful value, ~ 60 Wm-2. An additional characteristic of the systems with metal 
foils is that they can produce constant cooling power for a very long time despite heavy 
condensation of water on the top foil. The system presented in Figure 19 performed at 60 Wm-2 
power for almost 24 h, when the experiment was arbitrarily stopped.  
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Figure 19. Improved Cooling Arrangement—System V (top) and  

Cooling Power Produced by System V (bottom) 
 
 
4.5.2. Large Samples (20-cm × 20-cm) 
To estimate the performance of the cooling system integrated in a real-life armor vest, measure-
ments were performed using a larger (20-cm × 20-cm) heater, whose surface area was four times 
larger than the initial 10-cm × 10-cm heater. The larger dimensions made it impossible to fit the 
two-system (control and sample) setup into the limited space inside the chamber. Instead, we 
first carried out the experiment using one heater completely isolated (no evaporation) and with 
no cooling arrangement to estimate the equilibrium power required to keep the system temper-
ature at 40 °C. Then, the cooling arrangement was added, transforming the unit into the sample 
system. The power value obtained from the first experiment was used to calculate cooling power 
in constant-temperature mode and as the power input in constant-power mode.  
 
The external surface area of the copper foils was the same for both the small and larger heater. 
The equilibrium power value determined for the non-evaporative (reference) system was about 
0.44 W, in excellent agreement with the value observed for the smaller heater (0.10 ~ 0.11 W) 
recalculated for the 4x larger surface area. 
 
We used System V in the cooling experiments. The results are plotted in Figure 20. As shown 
the total cooling power for the larger system is 2.94 - 0.44 = 2.5 W/0.04 m2 or about 63 Wm-2. 
This result is very good, but somewhat less impressive than that of the smaller system. The main 
reasons for this difference are that, compared to the small system, the distance from the center of 
the heater and RTD elements to the edges of the copper foil is greater but the area of copper 
exposed outside the large system is not. As a result heat transport is less efficient. We foresee 
that the cooling power can be improved by using a copper foil of larger area.  
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Figure 20. Cooling Power (left) and Temperature Effect (right)  
of System V Using the  Larger Heater 

 
 
The observed temperature effect is excellent (Figure 20 (right). In essence, it provides a drop of 
7 °C—to near the normal skin temperature of a subject not wearing an armor vest. 
 
4.6. Ultimate Design of the Cooling System 

The ultimate design is based on System V and is depicted in Figure 21. Sweat from the body is 
transferred to the outside by the gradient fabric 5, transporting water from hydrophobic to hydro-
philic regions. Water so transferred evaporates from the outer surface of the fabric. Evaporation 
cools the foils, triggering water condensation on the inner part of the foil at the armor vest’s 
surface and creating a humidity gradient inside the gap. This gradient promotes evaporation of 
water from the body’s surface. Water condensed on gradient fabric 4 is transferred outside by the 
hydrophobic–hydrophilic gradient. Once outside, this water evaporates, contributing to the total 
cooling effect exerted on the outside parts of the foil—water needed for the system’s operation is 
supplied by the system itself. Several variants of the design are possible (for example, the foil can 
comprise two separate parts, top and bottom, and cool themselves from separate water supplies).  
 

 

1- armor vest; 2- body of wearer; 
3- metal (preferably aluminum) foil; 
4- hydrophobic–hydrophilic gradient 

fabric; hydrophobic at the center 
of the armor vest, hydrophilic at 
edges at the inner surface of the 
foil; 

5- hydrophobic–hydrophilic gradient 
fabric; hydrophobic part at the 
center of the body; hydrophilic on 
the sides at the outer surface of 
the foil; 

6- narrow air gap (3–5 mm). 
Figure 21. Schematic Representation of the Ultimate Design of the Cooling System 
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5. CONCLUSIONS 

• SDSC was designed and built to measure the cooling power and temperature effect 
created by various cooling arrangements. The SDSC measures both effects very reliably. 

• Methodology was developed to prepare hydrophobic membranes and a flexible 
membrane assembly, which prevent direct contact of sweat with the components of the 
cooling system and provide an unobtrusive pathway for water evaporation. 

• Methodology was developed to prepare an extraordinarily large-gradient fabric to allow 
directional water transport within the cooling system. System performance using the 
gradient fabric was superior to that seen for fabrics with uniform wettability. 

• Several cooling systems based on a simple air gap were tested; some incorporated water 
absorbents. Such systems demonstrated a moderate cooling effect—average temperature 
decrease of ~ 3 °C. 

• A novel cooling system arrangement utilizing the high thermal conductivity of a metal 
foil was introduced and tested. Several system designs were studied.  

• System V, which incorporates self-cooling metal “wings,” performed best. It uses no 
external power to operate, is lightweight and was able to produce ~ 100 Wm-2 of cooling 
power for 10-cm × 10-cm samples and ~ 65 Wm-2 for fourfold larger samples. 

• The system is capable of producing a temperature drop 7–8 °C and keeping the 
temperature of the surface close to a normal skin temperature. 

• The design is lightweight, compact, self sufficient and can be made as a closed system, 
isolated from the outside environment. 

• An ultimate design was proposed for the cooling system. 
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 

CA contact angle 
cm centimeter(s)  
DSC  differential scanning calorimetry 
h hour(s) 
MEK methyl ethyl ketone 
min minute(s) 
Mn number average molecular weight 

Mw weight average molecular weight 
PAA polyacrylic acid 
PDI polydispersity index 
PGMA poly(glycidyl methacrylate) 
PI proportional integral  
PS polystyrene 
PS-COOH carboxyl-terminated polystyrene 
PS-PAA polystyrene–polyacrylic acid gradient 
RTD resistance temperature detector 
s second(s) 
SDSC surface differential scanning calorimeter 
SPA sodium polyacrylate 
SPM scanning probe microscopy 
µm micrometer 
Wm-2 watts per square meter 
°C degrees Celsius 
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