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Executive Summary 
The risk of accidental immersion in cold water is one that many people who work on, or travel over, are 

exposed to every day. Sudden immersion in cold water can produce a series of physiological responses, 

termed the cold shock response, that can be fatal, and prolonged immersion can result in hypothermia. 

Immersion suits are life saving appliances that are designed to protect against the cold shock response, 

and delay the onset of hypothermia. In order to ensure they provide a sufficient level of thermal protection 

against cold water, immersion suits are certified to various international standards. While human 

participants can be used to assess the thermal protection of immersion suits in these standards tests, they 

are physically gruelling, and potentially ethically questionable to do. Thermal manikins offer an alternative 

to using human participants, but are not accepted by the International Maritime Organization until they show 

that they correlate satisfactorily to human results. Previous work has correlated two thermal manikins 

across a range of commercially available immersion suits, and suggested the use of correlation ensembles 

to help with correlating various thermal manikins around the world. To contribute to the growing knowledge 

base establishing this correlation, Transport Canada requested the National Research Council Canada to 

perform tests with thermal manikins to investigate the viability of correlation ensembles.  

Two thermal manikins, TIM and NEMO, were tested in four separate correlation ensembles. Each 

correlation ensemble consisted of different garments such as long underwear and fleece pile suits to 

achieve a specific thermal insulation (clo) value. Both thermal manikins performed at least two immersion 

tests in each correlation ensemble in the same conditions in the National Research Council Canada’s 

Thermal Measurement Lab. After dressing the thermal manikin in the ensemble, it was secured to a metal 

stretcher and immersed in ~5°C stirred water. Each test lasted until at least 30 minutes of thermal steady 

state data was recorded. 

Across all four correlation ensembles (Correlation Ensembles 1-4), NEMO measured a higher clo value 

compared to TIM. For Correlation Ensemble 1, TIM reported a mean [SD] clo value of 0.875 [0.035] clo, 

and NEMO reported a mean clo value of 1.173 [0.041] clo. For Correlation Ensemble 2, TIM reported a 

mean clo value of 0.530 [0.028], while NEMO reported a mean co value of 0.715 [0.019] clo. For Correlation 

Ensemble 3, TIM reported a mean clo value of 0.285 [0.021], while NEMO reported a mean clo value of 

0.411 [0.017] clo. For Correlation Ensemble 4, TIM reported a mean clo value of 0.140 [0.000], while NEMO 

reported a mean clo value of 0.202 [0.006] clo. Across all four ensembles, there was a very strong 

correlation (r = 0.998) between the two thermal manikins.  

The results from this study show that the concept of correlation ensembles is valid. When tested according 

to a standardized methodology, there was excellent agreement between the two thermal manikins using 

the correlation ensembles. While there were absolute differences between the two thermal manikins, with 

NEMO measuring higher clo values compared to TIM, the strong correlation between the two allows for the 

results from one manikin to be referenced to the other. As a result, the use of correlation ensembles could 

allow for any thermal manikin to be correlated back to one that has been compared to human tests. This 

would ensure that any immersion suit certification tests performed with any thermal manikin, that has been 

tested with the correlation ensembles, can be correlated back to human results. Correlating thermal manikin 

results back to human tests would allow for increased confidence that any immersion suit tested with 

manikins would indeed provide a sufficient level of protection from cold water, increasing the safety of 

people who may need to rely on them.  
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1.0 Introduction  
The global economy is reliant on the daily activities of people who work on, near, or travel over ocean water 

in a variety of industries. These individuals who are around the ocean, or any open water, have the potential 

to become accidentally immersed in it, which can pose serious safety risks. If the temperature of the water 

is below 15°C, then it is cold enough to trigger a series of physiological responses called the cold shock 

response (CSR) (Tipton et al., 1991). Upon initial, unprotected, immersion in cold water, the CSR can result 

in: a large involuntary gasp; hyperventilation; tachycardia; and a constriction of peripheral blood vessels 

(Tipton, 1989). The respiratory components of the CSR will increase the chances of aspirating water and 

drowning, while the cardiac components can be fatal for people with pre-existing conditions (Stocks et al., 

2004). Prolonged, unprotected, immersion in cold water will result in the development of hypothermia, and 

eventually death (RCPL, 1966).  

Immersion suits are life saving appliances (LSA) that are designed to protect the wearer against the 

physiological responses of the CSR, and delay the onset of hypothermia. Given their importance in helping 

to increase the safety of people who may become accidentally immersed in cold water, immersions suits 

are often mandated by various regulatory bodies around the world to be carried in sufficient quantities on 

vessels to ensure that every person on board has one.  

To ensure that immersion suits provide a sufficient level of protection from the dangers of accidental 

immersion in cold water, various national and international standards exist that specify levels of thermal 

protection for these LSA (ISO, 2012; IMO, 2017). These thermal protection tests require human participants 

to perform six-hour immersions in 2°C water to determine if they experience a 2°C drop in deep body 

temperature. If the participants do not experience this 2°C drop in deep body temperature, then the 

immersion suit passes the thermal protective tests. The necessity of performing these tests have been 

questioned as they are physically grueling for the participants to complete, logistically complicated, costly, 

and ethically questionable (Barwood and Tipton, 2011).  

The relative costs and logistics associated with human testing can be a barrier for innovation for immersion 

suits. Any new version of an immersion suit created by a manufacturer would need to use human 

participants to determine if the level of thermal insulation in it is sufficient to pass the thermal protective 

tests. This can be a lengthy and costly test program to undertake to determine if a new version of an 

immersion suit has the required amount of thermal protection. These high costs can be a barrier for 

manufactures from investigating new immersion suit designs that may innovate on previous versions.   

A possible alternative to using human participants for the thermal protection tests with immersion suits is 

the use of thermal manikins. Thermal manikins can be used to measure the amount of thermal insulation 

in an immersion suit in a significantly shorter amount of time compared to humans, for much less cost, and 

does not subject people to grueling tests. While these are clear advantages compared to using human 

participants, thermal manikins are not universally accepted for testing as some standards require them to 

have “...been demonstrated to provide test results which correlate satisfactorily in all aspects to tests results 

using human subjects” (IMO, 2017).  

At the time of this writing, the International Organization for Standardization (ISO) has been developing a 

new standard for immersion suits (ISO/DIS 15027-3:2023) which includes a methodology for testing with 

thermal manikins. To help demonstrate the validity of this methodology, and to assist with the adoption of 

thermal manikins as an approved test method for immersion suits, ISO TC 188 SC1 working group began 

a series of round robin tests with various thermal manikins across the world. The goal of these round robin 
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tests was to measure the thermal insulation (clo) value of an immersion ensemble (underclothing and 

immersion suit) with the various manikins in their respective laboratories to see how they correlated with 

each other. The initial results from this testing found that there were differences in the clo values for the 

immersion ensemble as reported by the thermal manikins. However, the physical setup for the tests varied 

from laboratory to laboratory, which may have potentially caused differences in the reported clo values. 

To address these inter-laboratory variations, multiple studies were conducted where two thermal manikins, 

TIM and NEMO, were tested in the same laboratory using the same procedure (Power et al., 2022; Power 

et al., 2023) The results from these studies showed that when tested under the same conditions, using the 

same procedures, there was a very strong agreement between the results of TIM and NEMO (Power et al., 

2023) supporting the idea that thermal manikins can be a consistent tool for testing immersion suits.  

One of the recommendations from Power et al. (2023) is that thermal manikins should be correlated back 

to a reference manikin that has shown to have good agreement with human participants, which would meet 

the criteria set out by IMO (IMO, 2017). This would ensure that regardless of the thermal manikin being 

used to test an immersion suit, as long as it was correlated back to a reference manikin who had good 

agreement with human subjects, then the results from any certifying tests for thermal protection would be 

valid.  

Power et al. (2023) did note however that there exists a challenge with correlating thermal manikins. While 

thermal manikins themselves are durable, the electronic controllers that regulate their heater output can be 

delicate and damaged during transportation. During the previous tests by Power et al. (2022; 2023), the 

controller for the TIM manikin was damaged twice during transportation. Power et al. (2023) suggested that 

it was not feasible to ship thermal manikins around the world to correlate them back to a reference manikin 

due to this potential for damage during transportation. Instead, Power et al. (2023) suggested that 

correlation ensembles be developed, which would allow for the correlation of thermal manikins back to a 

reference manikin. These correlation ensembles would consist of various garments that provide a range of 

immersed thermal insulation values similar to those outlined in Table D.1 in Annex D of ISO/DIS 15027-

3:2023. 

Expanding on the previous work, Transport Canada requested the National Research Council Canada 

(NRC) to conduct a series of tests evaluating the feasibility of correlation ensembles. The goals of this 

project were: 

• Develop a series of correlation ensembles consisting of various garments, that would cover a range 

of insulation values as outlined in Table D.1 in Annex D of ISO/DIS 15027-3:2023.  

• Test these correlation ensembles on two different thermal manikins, TIM and NEMO, and compare 

the results to determine if they are a viable concept for correlating thermal manikins.  
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2.0 Materials and Procedure 

2.1 Thermal Manikin – TIM 
One of the thermal manikins used was TIM, a 13-zone submersible thermal manikin (Figure 1). Each of the 

13 independently heated zones contain a heater and two thermistors for measuring skin temperature. TIM 

uses four resistance temperature detectors immersed in the water to measure the temperature of it. TIM 

has a height of 1.83m; a mass of 94.5kg; and a reported surface area of 1.74m2. 

 

Figure 1: Thermal manikin, TIM. 

2.2 Thermal Manikin – NEMO 
The second thermal manikin used was NEMO. NEMO is a 23-zone submersible thermal manikin (Figure 

2). Similar to TIM, each of the 23 independently heated zones contain a heater and two thermistors for 

measuring skin temperature. NEMO uses two thermistors immersed in the water to measure the 

temperature of it. NEMO has a height of 1.77m; a mass of 71kg; and a reported surface area of 1.86m2. 
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Figure 2: Thermal manikin, NEMO. 

2.3 Thermal Measurements Lab 
All tests were conducted in NRC’s thermal measurements lab (TML). The TML is a temperature-controlled 

facility that is capable of maintaining an air temperature (𝑇𝑎) over a range of 4-30°C, which is monitored by 

a pair of thermistors located on the North side of the room. For all tests, 𝑇𝑎  was 5°C. The TML contains an 

immersion tank which was filled with ~5°C water. Over the course of the tests, the water temperature (𝑇𝑤)  

ranged from ~4 – 7°C as it was heated by the manikins during the tests. The water in the immersion tank 

is temperature controlled through the use of a refrigeration system and is continuously circulated using 

mechanical stirrers located on either side of it. Ten thermistors are positioned throughout the immersion 

tank to measure water temperature. For all tests, the thermal manikins were secured to a metal stretcher 

(198 cm long, 66 cm wide) with mesh webbing on the back, which was lowered into the immersion tank 

(Figure 3). The stretcher itself was secured in the tank for all tests.  
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Figure 3: TIM on the metal stretcher in the immersion tank in the TML. 

2.4 Correlation Ensembles 
The correlation ensembles were comprised of a variety of garments to cover the range of insulation values 

given in Table 1.  

Table 1: Thermal insulation (clo) range for specific correlation ensembles (adapted from Table D.1 in 

Annex D of ISO/DIS 15027-3:2023). 

Correlation Ensemble  Thermal Insulation (clo) Range 

1 0.75 - 1.00 

2 0.50 - 0.65  

3 0.25 – 0.40 

4 0.10 – 0.20 

 

The correlation ensembles consisted of the following garments: 

• Wool socks 

• One-piece underwear - size medium (Inner layer: 50% Merino wool, 50% polyester; Outer Layer: 

60% Cotton, 40% Polyester) 

• One-piece fleece pile suit (300g·m-2) - size medium 

• One-piece fleece pile suit (300g·m-2) - size large  

• Uninsulated immersion suit – size extra large, with latex wrist and necks seals, and Gore-Tex® 

lined fabric.  

• Neoprene hood 

• Neoprene gloves 

• Neoprene boots 

Pictures of the garments are given in Figures 4 – 10. 
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Figure 4: Wool socks. 

 

Figure 5: One-piece underwear.  
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Figure 6: Large (left) and medium (right) fleece pile (300g·m-2) suits. 

 

Figure 7:  Uninsulated immersion suit – size extra large, with latex wrist and necks seals, and Gore-Tex® 

lined fabric.  
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Figure 8: Neoprene gloves.  

 

Figure 9: Neoprene hood.  
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Figure 10: Neoprene boots.  

To achieve the specific clo values given in Table 1, the garments were arranged in the following 

configurations: 

Correlation Ensemble 1: 

• Wool socks 

• One-piece underwear, size medium  

• One-piece fleece pile suit, size medium  

• One-piece fleece pile suit, size large  

• Uninsulated immersion suit 

• Neoprene hood 

• Neoprene gloves 

• Neoprene boots 

Correlation Ensemble 2: 

• Wools socks  

• One-piece fleece pile suit, size medium 

• Uninsulated immersion suit 

• Neoprene hood 

• Neoprene gloves 

• Neoprene boots 

Correlation Ensemble 3: 

• Wool socks 
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• One-piece underwear, size medium 

• Uninsulated immersion suit 

• Neoprene hood 

• Neoprene gloves 

• Neoprene boots 

Correlation Ensemble 4: 

• Wool socks 

• Uninsulated immersion suit 

• Neoprene hood 

• Neoprene gloves 

• Neoprene boots 

2.5 Procedure 

2.5.1 Immersion Tests 
The goal of this study was to evaluate the concept of correlation ensembles as a method for correlating 

thermal manikins. It was not the intention of this study to measure the insulation of the uninsulated 

immersion suit garment to assess its thermal performance. The uninsulated immersion suit was strictly 

used as a waterproof outer shell to allow the undergarments to be mixed and matched to achieve the clo 

values as specified in Table 1. As a result, the clo value of the uninsulated immersion suit used in this study 

would be different than the results reported here if a standardized thermal insulation test was performed, 

such as in ISO/DIS 15027-3:2023.  

Prior to each test, the mass of each undergarment in the correlation ensembles was measured to obtain its 

pre-test value on a OhausTD52P scale. The mass was measured again following the test to determine if 

there was any water leakage. The uninsulated immersion suit, neoprene gloves, hood, and boots were not 

measured as these garments were always immersed, and therefore wetted, for every test.  

After weighing the garments for the given correlation ensemble, the nude manikin was dressed in the 

specific garments. The socks, one-piece underwear (when used), and fleece pile suits (when used) were 

secured at the ankles and wrists using electrical tape. Once the undergarments were secured, the 

immersion suit was donned on the manikin. The manikin was then secured to the metal stretcher using two 

straps: one secured around its chest underneath the arms, and another across its shins. Figures 11 - 14 

show the two manikins dressed in the various undergarments.  
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Figure 11: NEMO dressed in the one-piece underwear and medium fleece pile suit (Note: wool socks not 

yet donned in this picture).  

 

Figure 12: TIM dressed in the medium fleece pile suit with wool socks.  
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Figure 13: TIM dressed in the one-piece underwear, medium fleece pile suit, and large fleece pile suit.  

 

Figure 14: NEMO dressed in the medium fleece pile suit, neoprene boots, with the uninsulated 

immersion suit partially donned.  

Once the manikin was in the water, four ropes were tied to each corner of the metal stretcher to allow for 

the correct freeboard distances to be set on the manikin. The metal stretcher was then lowered into the 

water, with it angled to allow the feet of the manikin to reach the bottom of the tank, while keeping its head 

above water. The manikin remained at this angle while the air trapped under the immersion suit was purged 

via hydrostatic pressure through two, one-way valves located on the shoulders. This angled submersion 

was performed to allow hydrostatic pressure to force trapped air out of the suit in a consistent fashion, 

reducing possible variability between tests, as was suggested by Power et al. (2022). After the air was 

purged, the rope system was used to adjust the freeboard on the manikins so the that the feet were 150mm 

above the water, and the mouth was 95mm above the water. Figure 15 provides an example of a typical 

test. 
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Figure 15: TIM immersed in the immersion tank during a typical test.  

The skin temperature set points were varied for each thermal manikin for a given correlation ensemble to 

ensure that the manikin had sufficient heat output for a given section to maintain the set point. For example, 

with the low level of insulation provided by the neoprene gloves, it would have not been possible for the 

TIM manikin to maintain a skin temperature set point of 35°C in hand zone, so the set point was lowered. 

The skin temperature set points for each thermal manikin for a given correlation ensemble is given in Table 

2. 

Table 2: Thermal manikin skin temperature set points for each given correlation ensemble. 

Correlation Ensemble TIM Skin Temperature Set 
Point (°C) 

NEMO Skin Temperature Set 
Point (°C) 

1 35 (29 for hands) 20 

2 18 20 

3 18 17 

4 12 17 

 

Each test lasted until at least 30 minutes of steady state data was collected. The manikin was considered 

in steady state when there was less than 3% variation in the measured thermal resistance of the immersion 

ensemble during this 30-minute time period.  

Upon completion of the test, the manikin was removed from the immersion tank, and excess surface water 

was removed using hand towels. Once dried, the immersion suit was removed from the manikin and a 

visual inspection of the underclothing was performed to check for water ingress. The immersion suit and 

underclothing were removed, and the later weighed to obtain the post-test mass.  

Each correlation ensemble was tested twice by TIM, and three times by NEMO.  

2.6 Calculations  
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2.6.1 TIM Heater Power Output Calculations 
The total heater power output for TIM was calculated using the following equation: 

Ptotal = ∑Pzone          Equation 1 

 

Where: 

 

Ptotal  = Manikin total heater power output (W) 

Pzone = Manikin individual zone heater power output (W) 

2.6.2 TIM Thermal Insulation Calculations 
The clo value calculations, using the parallel method, for TIM was calculated using the following equation: 

 

𝑅𝑐𝑙𝑜 =
𝑆𝐴

(∑
(𝑃𝑧𝑜𝑛𝑒 ∙0.155)

(𝑇𝑠𝑘𝑖𝑛− 𝑇𝑊)
)
         Equation 2 

 

Where: 

 

𝑅𝑐𝑙𝑜  = parallel clo value (clo) 

 

𝑆𝐴 = Surface area of TIM1 (m2) 

 

𝑃𝑧𝑜𝑛𝑒 = Zone power output (W) 

 

𝑇𝑠𝑘𝑖𝑛 = Zone average skin temperature (°C) 

 

𝑇𝑊 = Water temperature (°C) 

 

All parallel clo values measured and reported are immersed clo values 

2.6.3 NEMO Heater Power Output Calculations 
The total heater power output for NEMO was calculated using the following equation: 

 

Ptotal = ∑ ( 
𝑄

𝐴⁄  ∙ 𝐴𝑖  )          Equation 3 

 

Where:  

 

𝑄
𝐴⁄  = Zone area weighted heat flux (W·m-2) 

𝐴𝑖 = NEMO zone surface area2 (m2) 

2.6.4 NEMO Thermal Insulation Calculations 

 

 

1 A surface area of 1.91m2 was used based on the results from Power et al. (2023). 
2 A surface area of 1.92m2 was used based on the results from Power et al. (2023). 
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NEMO’s onboard software (ThermDac) automatically calculates total thermal resistance using the parallel 

method (parallel thermal resistance) for each zone during the tests using the following equations 

(Thermetrics, 2007): 

𝑅𝑐𝑡 =
𝑇𝑠𝑘𝑖𝑛−𝑇𝑤

(𝑄
𝐴⁄ )

          Equation 4 

Where: 

𝑅𝑐𝑡 = Zone thermal resistance (m2·°C·W-1) 

After the zone thermal resistance was calculated, parallel thermal resistance was calculated using the 

following equation: 

𝑅𝑤𝑡𝑑(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) =
1

∑
𝐴𝑖

(𝐴𝑡𝑜𝑡∙𝑅𝑐𝑡)

        Equation 5 

Where: 

𝑅𝑤𝑡𝑑(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) = parallel thermal resistance (m2·°C·W-1) 

𝐴𝑡𝑜𝑡 = Total surface area of NEMO (m2) 

Parallel thermal resistance values were converted to clo units using the following equation (Thermetrics, 

2007): 

𝑅𝑐𝑙𝑜 = 𝑅𝑤𝑡𝑑(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) ∙ 6.45        Equation 6     

All parallel clo values measured and reported are immersed clo values. 

2.6.5 Garment Wetting 
The amount of wetting for each garment was estimated using the following formula: 

Mwet= Mpost - Mpre         Equation 7 

Where: 

Mwet = Estimated garment wetting (g) 

Mpost = Garment mass post-test (g) 

Mpre = Garment mass pre-test (g) 
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3.0 Results 
While performing a test with NEMO in Correlation Ensemble 1, a damaged latex wrist seal resulted in a 

significant amount of water leakage underneath the immersion suit, rendering the results unusable. As a 

result, only two tests with NEMO in Correlation Ensemble 1 will be reported on.   

While performing a test with NEMO in Correlation Ensemble 4, it was observed that there was significant 

water leakage underneath the immersion suit rendering the results unusable. This water leakage was due 

to ingress around the latex neck seal. As a result, only two tests with NEMO in Correlation Ensemble 4 will 

be reported on.  

3.1 Garment Wetting 
The estimated garment wetting based on mass differences during the tests with Correlation Ensemble 1 

are given in Table 3. 

Table 3: Estimated garment wetting (g) for all tests with Correlation Ensemble 1 with both thermal 

manikins. 

Manikin and 
Test 

Number 

 Correlation Ensemble 1 - Estimated Garment Wetting (g) 

 Socks One-piece 
Underwear 

Medium Fleece Pile 
Suit 

Large Fleece Pile Suit 

TIM     

Test #1 0.0 -2.0 0.0 4.0 

Test #2 0.0 -6.0 2.0 4.0 

Mean [SD] 0.0 [0.0] -4.0 [2.8] 1.0 [1.4] 4.0 [0.0] 

     

NEMO     

Test #1 -2.0 4.0 2.0 6.0 

Test #2 0.0 2.0 2.0  2.0 

Mean [SD] -1.0 [1.4] 3.0 [1.4] 0.0 [0.0] 4.0 [2.8] 

 

The estimated garment wetting based on mass differences during the tests with Correlation Ensemble 2 

are given in Table 4. 
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Table 4: Estimated garment wetting (g) for all tests with Correlation Ensemble 2 with both thermal 

manikins. 

Manikin and 
Test 

Number 

 Correlation Ensemble 2 - Estimated Garment Wetting (g) 

 Socks Medium Fleece Pile Suit 

TIM   

Test #1 2.0 70.03 

Test #2 0.0 4.0 

Mean [SD] 1.0 [1.4] 37.0 [46.7] 

   

NEMO   

Test #1 0.0 6.0 

Test #2 0.0 18.0 

Test #3 0.0 22.0 

Mean [SD] 0.0 [0.0] 15.3 [8.3] 

 

The estimated garment wetting based on mass differences during the tests with Correlation Ensemble 3 

are given in Table 5. 

Table 5: Estimated garment wetting (g) for all tests with Correlation Ensemble 3 with both thermal 

manikins. 

Manikin and 
Test 

Number 

 Correlation Ensemble 3 - Estimated Garment Wetting (g) 

 Socks One-piece Underwear 

TIM   

Test #1 2.0 54.04 

Test #2 0.0 20.0 

Mean [SD] 1.0 [1.4] 37.0 [24.0] 

   

NEMO   

Test #1 -8.0 14.0 

Test #2 2.0 18.0 

Test #3 0.0 18.0 

Mean [SD] -2.0 [5.3] 16.7 [2.3] 

 

The estimated garment wetting based on mass differences during the tests with Correlation Ensemble 4 

are given in Table 6. 

 

 

3 This wetting was due to the fleece pile suit coming into contact with water on the ground while it was 
being removed from the manikin.  
4 This wetting was due to the long underwear coming into contact with water on the ground while it was 
being removed from the manikin. 
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Table 6: Estimated garment wetting (g) for all tests with Correlation Ensemble 4 with both thermal 

manikins. 

Manikin and 
Test 

Number 

 Correlation Ensemble 4 - Estimated Garment Wetting (g) 

 Socks 

TIM  

Test #1 Not available 

Test #2 Not available  

Mean [SD] N/A 

  

NEMO  

Test #1 Not available 

Test #2 2.0 

Mean [SD] N/A 

 

3.2 Thermal Insulation 
The Tw values as measured by TIM’s resistance temperature detectors were lower than that measured 

using the immersion tank. The values from the 10 thermistors in the immersion tank were averaged to get 

a single Tw , which was used in Equation 2 to recalculate clo values for all tests with TIM.  

The immersed thermal insulation values for each of the tests with Correlation Ensemble 1 are given in Table 

7.  

Table 7: Immersed thermal insulation values (clo) for each of the tests with Correlation Ensemble 1 with 

both thermal manikins. 

 Correlation Ensemble 1 Immersed Thermal Insulation Values 
(clo) 

 TIM NEMO 

Test 1 0.900 1.202 

Test 2 0.850 1.144 

Mean [SD] 0.875 [0.035] 1.173 [0.041] 

 

The immersed thermal insulation values for each of the tests with Correlation Ensemble 2 are given in Table 

8.  
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Table 8: Immersed thermal insulation values (clo) for each of the tests with Correlation Ensemble 2 with 

both thermal manikins. 

 Correlation Ensemble 2 Immersed Thermal Insulation Values 
(clo) 

 TIM NEMO 

Test 1 0.550 0.730 

Test 2 0.510 0.722 

Test 3 - 0.694 

Mean [SD] 0.530 [0.280] 0.715 [0.019] 

 

The immersed thermal insulation values for each of the tests with Correlation Ensemble 3 are given in Table 

9.  

Table 9: Immersed thermal insulation values (clo) for each of the tests with Correlation Ensemble 3 with 

both thermal manikins. 

 Correlation Ensemble 3 Immersed Thermal Insulation Values 
(clo) 

 TIM NEMO 

Test 1 0.300 0.430 

Test 2 0.270 0.403 

Test 3 - 0.399 

Mean [SD] 0.285 [0.021] 0.411 [0.017] 

 

The immersed thermal insulation values for each of the tests with Correlation Ensemble 4 are given in Table 

10.  

Table 10: Immersed thermal insulation values (clo) for each of the tests with Correlation Ensemble 4 with 

both thermal manikins. 

 Correlation Ensemble 4 Immersed Thermal Insulation Values 
(clo) 

 TIM NEMO 

Test 1 0.140 0.206 

Test 2 0.140 0.197 

Mean [SD] 0.140 [0.000] 0.202 [0.006] 

 

The mean [SD] immersed thermal insulation values for both ensembles, with both manikins, are given in 

Figure 16. 
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Figure 16: Mean [SD] immersed thermal insulation values (clo) for all correlation ensembles with both 

thermal manikins.  
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4.0 Discussion 
The goal of this study was to use two thermal manikins, TIM and NEMO, to investigate the concept of 

correlation ensembles for correlating thermal manikins, and determine if they are a viable methodology. 

Four different correlation ensembles, covering a range of insulation values specified by ISO/DIS 15027-

3:2023, were tested with both thermal manikins in NRC’s TML.  

4.1 Water Leakage 
As previously reported by Light et al. (1987), water leakage underneath an immersion suit will decrease the 

thermal insulation provided by the total ensemble. This water leakage can be a potential source of variation 

if present in sufficient amounts. Tables 3-6 provide the estimated water leakage during each test based on 

changes in the mass of the garments.  

For Correlation Ensemble 1, there was a negligible amount of water leakage measured during all tests with 

both thermal manikins (Table 3). The greatest change in garment mass (6.0g) measured was with the large 

pile suit in the second test with NEMO. 

For Correlation Ensemble 2, it appeared that there may have been some water leakage under the 

immersion suit in the first test with TIM based on the change of the mass of the medium pile suit (70.0g) 

(Table 4). However, as was previously noted, this was due to the garment making accidental contact with 

water on the ground during the undressing phase. A visual, and tactile, inspection of the medium pile suit 

while it was still on TIM after the test did not show any evidence of the garment being wetted. During the 

tests with NEMO, it was observed there was an increase in the mass of the medium pile suit after all three 

tests suggesting that some water leakage did occur. While no water was observed during visual inspections 

of the medium pile suit after the tests, based on the decreasing clo values with these tests (Table 4), a 

small amount of water was present.  

Similar to the tests with Correlation Ensemble 2, there was a measured increase in mass of the one-piece 

underwear with TIM during the tests with Correlation Ensemble 3 (Table 5). For the first test with TIM, the 

mass of the one-piece underwear increased by 54.0g (Table 5), suggesting that water leakage did occur 

during the tests. However, a visual inspection of the one-piece underwear after the test did not appear to 

show any water leakage. As stated previously, this 54.0g increase in mass was most likely due to the one-

piece underwear making incidental contact with water on the ground during the undressing phase. This is 

supported by the higher clo value (Table 8) compared to the second test which had a smaller change in 

garment mass (20 g – Table 5), but slightly lower clo values (Table 7). For the tests with NEMO in 

Correlation Ensemble 3, there was a small increase in mass of the one-piece underwear, which would 

suggest some water leakage did occur.  

The change in mass of the wool socks were not measured for tests with Correlation Ensemble 4 across 

both manikins. However, given that there were very little changes in the mass of the wool socks across all 

the other correlation ensembles (Tables 3-6), it is highly likely that they remained dry during the tests with 

Correlation Ensemble 4.  

4.2 Thermal Insulation  
For all correlation ensembles, NEMO reported a higher clo value compared to TIM (Figure 16). For 

Correlation Ensemble 1, NEMO reported a higher clo value (1.173 [0.041] clo) compared to TIM (0.857 

[0.035] clo); a 34.1% increase in clo value. For Correlation Ensemble 2, there was a similar trend; NEMO 

measured a clo value of 0.715 [0.019] clo, while TIM measured 0.530 [0.028] clo; a 35.0% increase in clo 
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value. For Correlation Ensemble 3, again NEMO reported a higher clo value (0.411 [0.017] clo) compared 

to TIM (0.285 [0.021] clo); a 44.1% difference. Similar to all the previous ensembles, for Correlation 

Ensemble 4, NEMO reported a higher clo value (0.202 [0.006] clo) compared to TIM (0.140 [0.000] clo); a 

44.3% increase.  

In previous studies (Power et al., 2022; Power et al., 2023), it was noted that TIM had a lower variation in 

measured clo values compared to NEMO. Interestingly, in the current study, both thermal manikins had 

similar variations in measured clo values. For Correlation Ensemble 1, the two clo values TIM measured 

were 0.850 clo and 0.900 clo; a range of 0.050 clo (5.9% variation). In the same ensemble, NEMO 

measured clo value of 1.144 clo and 1.202 clo; a range of 0.058 clo (5.1% variation). For Correlation 

Ensemble 2, TIM measured a range a of clo values of 0.040 clo; from 0.550 clo and 0.510 clo which is a 

7.8% variation. NEMO measured a range of clo values of 0.036 clo; from 0.694 clo to 0.730 clo for a 5.2% 

variation. For Correlation Ensemble 3, TIM measured 0.300 clo, and 0.270 clo for tests 1 and 2; a 11.1% 

variation. In the same ensemble, NEMO measured a range of clo values from 0.399 clo to 0.430 clo; a 

7.8% variation. For Correlation Ensemble 4, TIM measured 0.140 clo for both tests, while NEMO measured 

0.206 clo and 0.197 clo respectively; only a 4.6% variation in values. 

It was previously suggested by Power et al. (2023), that a possible reason for the higher variation in clo 

values with NEMO seen in previous studies was due to trapped air underneath the immersion suit. The 

smaller variations in clo values with NEMO observed in the current study suggest that the angled 

submersion method proposed by Power et al. (2022) was effective in reducing variability between tests by 

purging trapped air underneath the immersion suit.  

4.3 Thermal Manikin Correlation 
Figure 17 plots the clo values as measured by TIM for all four correlation ensembles, against the values 

as measured by NEMO.  

 

Figure 17: Immersed thermal insulation (clo) values with TIM (x-axis) and NEMO (y-axis) for the four 

correlation ensembles. 

Across the four ensembles, there is a very strong correlation between the clo values measured by TIM and 

NEMO (r = 0.998), suggesting that there is excellent agreement between the two manikins. The results 

from the current study are in agreement with the previous findings by Power et al. (2023), that also showed 
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a very strong correlation between the two manikins when tested on a variety of commercially available 

immersion suits worn over a standard set of underclothing.  

4.4 Viability of Correlation Ensembles 
The goal of this study was to evaluate the concept of correlation ensembles previously proposed by Power 

et al. (2023). Power et al. (2023) suggested that correlation ensembles could consist of a waterproof outer 

shell, with varying amounts of insulation to allow them to have clo values equivalent to the four levels 

specified in Table D.1 in Annex D of ISO/DIS 15027-3:2023. The correlation ensembles would allow for 

candidate thermal manikins to be correlated back to a reference manikin without the need to ship them to 

different labs, which could increase the risk of damage during transportation.  

Based on the results from the current study, correlation ensembles can be considered a viable method for 

correlating thermal manikins. Using a standardized test methodology (as based on ISO/DIS 15027-3:2023), 

the correlation ensembles resulted in excellent agreement between TIM and NEMO. While NEMO 

consistently measured higher clo values compared to TIM (Tables 7-10; Figure 16), the very strong 

correlation (r = 0.998) between the two manikins allows for the results from one manikin to be used to 

accurately predict the values from the other.  

4.5 Recommendations for Future Work 
The viability of correlation ensembles has now resulted in the possibility for thermal manikins across the 

world to be correlated, and compared, against each other across a range of clo values specified by an ISO 

standard (ISO/DIS 15027-3:2023). Using both a standardized methodology, and the standardized garments 

in the correlation ensembles, sources of potential variation can be eliminated, allowing for a much stronger 

comparison to be made between the various thermal manikins around the world. Therefore, the following 

recommendations for future work should be considered: 

1. A waterproof, durable, uninsulated outer shell should be custom designed, and fabricated, for the 

sole purpose of being used in thermal manikin correlation ensembles. While the uninsulated 

immersion suit utilized in the current study worked for the purpose of validating the concept of 

correlation ensembles, this was not its original intended purpose, which was to provide protection 

for people who accidentally become immersed in cold water. In the current study, the uninsulated 

immersion suit was donned and doffed over 20 separate times across all the tests on the two 

thermal manikins. The uninsulated immersion suit was never intended to undergo the physical 

stresses of multiple thermal manikin tests, which subjected the suit to mechanical wear and tear 

well past its original intended design. As a result, the uninsulated immersion suit was damaged 

near the end of the current study, rendering it unusable for future work.  

If the purpose of correlation ensembles is to be shipped to various thermal manikin in various labs 

around the world, then they need to be durable enough to withstand the rigours associated with 

testing: mechanical stress from repeated donning and doffing; resistance to damage caused by 

pinching the garment between two solid objects (e.g., thermal manikin and its test frame); and 

material degradation due to repeated wetting and drying cycles.  

Since the purpose of correlation ensembles is to correlate thermal manikins, and not provide 

thermal protection to humans, then this would allow garment manufacturers more freedom in 

selecting the appropriate materials to fabricate them. The outer shell of a correlation ensemble 

would not need to meet the requirements stipulated in various international standards for 

immersion suits, other than allowing the whole ensemble to achieve the various clo values 
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specified in Table D.1 of Annex D of ISO/DIS 15027-3:2023. A garment manufacturer could select 

materials that allow the outer shell to be waterproof, and durable, without the need to consider 

other factors such as colour or flame resistance.  

2. Once an outer shell is fabricated, the correlation ensembles should be tested on a reference 

thermal manikin, and then tested on thermal manikins other than TIM or NEMO. This would allow 

for thermal manikins not tested in the same physical location to be correlated back to a reference 

manikin for comparison.  
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5.0 Conclusions 
Accidental immersion in cold water is a risk faced by the many people who work or travel over it every day. 

Since sudden immersion in cold water can have deadly consequences (Tipton 1989; RCPL, 1966), it is 

therefore important to protect people from it. Immersion suits are valuable LSA that can help to reduce the 

impact of cold water immersion, and are certified to various international standards to ensure that they offer 

a sufficient level of protection. These various international standards require immersion suits to pass 

different tests, including providing a specific amount of thermal protection. If using humans to determine 

the level of thermal protection, the participants are subjected to physically gruelling tests that are ethically 

questionable to perform (Barwood and Tipton, 2011). Thermal manikins offer a potential alternative to 

human testing, but are not yet accepted by different international standards until more work is done to show 

that they correlate satisfactorily with human test results.  

To assist with establishing this correlation to human tests, multiple studies have been conducted (Power et 

al., 2022; Power et al., 2023) that have compared the results between two thermal manikins, TIM and 

NEMO. TIM and NEMO were tested in commercially available immersion suits in the previous studies, 

which resulted in a very strong correlation between the two thermal manikins. The current study builds upon 

these previous results by testing TIM and NEMO in four custom correlation ensembles – a collection of 

garments assembled to meet specific clo values outlined in Table D1 of Annex D of ISO/DIS 15027-3:2023. 

The goal of this study was to investigate if correlation ensembles are a viable method for correlating different 

thermal manikins.  

There was excellent agreement between TIM and NEMO across the four different correlation ensembles. 

Even though TIM measured a lower clo value compared to NEMO for all four ensembles, there was a very 

strong correlation between the two manikins (r = 0.998). These results demonstrate the concept of 

correlation ensembles is valid, and they can be used to assist with correlating different thermal manikins to 

a reference manikin which has shown to correlate satisfactorily with human test results when used with the 

standardized test procedure outlined in ISO/DIS 15027-3:2023. This correlation, and harmonization, of 

thermal manikins would ensure that any tests performed by them would be traceable back to human results, 

allowing them to be used to test immersion suits to ensure they provide the necessary level of protection 

to increase the safety of people working or travelling over cold water.  
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