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The Virtual Habitat project (V-HAB) at the Technical University of Munich (TUM) aims 

to develop a dynamic simulation environment for life support systems (LSS). Within V-HAB 

a dynamic human model interacts with the LSS by relevant metabolic inputs and outputs 

based on internal, environmental and operational factors. The human model is separated 

into five sub-models (called layers) representing metabolism, respiration, thermoregulation, 

water balance and digestion. As V-HAB is evolving, new requirements emerge for the 

human model, as it is used for the simulation of both short term (e.g. EVA) and long term 

(e.g. space station) missions. These requirements call for different fidelity levels for each of 

the layers of the model (to allow for faster or more detailed simulations) and a more precise 

calculation of heat production and heat exchange within a subject and with its environment. 

The current version of the thermoregulation focuses on the trunk temperature and warmer 

environments, containing six thermal nodes. However, for a scenario like EVAs, the 

resolution of this model especially in the extremities is too low. Therefore, the Wissler 

thermal model was converted from Fortran to C#, also introducing a more modularized 

structure and a standalone graphical user interface (GUI). Currently, a initial interface to V-

HAB is being implemented, making it possible to use the model in V-HAB. To fully integrate 

the Wissler model with the V-HAB simulation, the fluid and thermal solver framework in V-

HAB has to be used to solve the equations provided by the Wissler model. This will allow a 

close interaction between the human thermal layer and the environment defined in V-HAB. 

This is necessary to allow using the model not only in normal environments, but also connect 

it to e.g. the model of the liquid cooling garment implemented in V-HAB. While this 

integration is ongoing, the currently implemented arm model and initial validation results 

are presented. 

Nomenclature 

 

API = Application Programming Interface 

EVA = Extra Vehicular Activities 

GUI = Graphic User Interface 

ISS = International Space Station 

LCVG = Liquid Cooling and Ventilation Garment 

LRT = Lehrstuhl für Raumfahrttechnik (engl. Institute of Astronautics) 

LSS = Life Support System 

MCL = Model Confidence Level 

OOP = Object Orientated Programming 

PLSS =   Portable Life Support System 

V-HAB = Virtual Habitat 

V-SUIT = Virtual Suit 
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I. Introduction 

HE Virtual Habitat (V-HAB) project is a 

tool to model and dynamically simulate 

life support systems (LSS) [1]. It is based on 

Matlab and uses the object oriented 

programming (OOP) approach to enforce a 

robust and structured code base. It is in 

development since 2006 and contains 

models – see Figure 1 - spanning from 

physio-chemical subsystems covering e.g. 

air revitalization and water processing 

technologies to biological subsystems such 

as plants and an algae reactor. Also, it 

contains a crew model that consists of five 

layers representing the human metabolism, 

respiration, thermoregulation, water and salt 

balance as well as the digestion. It can react 

to various environmental and operational 

parameters as temperature and work load 

and calculates the relevant metabolic inputs and outputs to be able to act as a “consumer” for the LSS [2]. 

 As the different models are validated to various degrees [3], [4], V-HAB uses a metric called the model 

confidence level (MCL) [5] to determine the overall validity of an integrated simulation consisting of several 

modules with different validation levels. 

 Initially, the main focus of the project was to simulate “ISS” type missions in terms of crew size, mission 

duration, habitable volume etc. In recent years, the objective of the software did broaden, both towards simulating 

smaller volumes and shorter mission durations in greater detail, as well as simulation longer-term habitats with 

larger crews in less detail. 

 To achieve this, first the programming basis of V-HAB was refactored to allow fully flexible time steps and 

provide various basic classes to represent all relevant aspects of matter storage, transport and properties. This was 

necessary to be able to integrate different subsystems with different time constants. Solvers were implemented that 

allow calculating fluid flow rates based on either simple, top-level relations, or in-

depths, iterative calculations including compressible flows. Subsequently, a similar 

structure was implemented to be able to depict thermal capacities and conductors, 

coupled with the mass storage and flows where necessary. 

 Figure 2 shows an example of those basic classes implemented in V-HAB. Phases 

represent homogeneous mixtures of substances with a defined temperature, pressure etc. 

A phase to phase processor (p2p) can selectively move substances between the phases. 

The yellow line defines a flow path with a dynamically solved flow rate, based on the 

phase pressures and pressure drops/rises within the branch. 

 Following this, and using this new structure, different fidelity levels of various 

models were implemented, representing simple top-level, “black box” models or 

detailed in-depth models. This allows simulating short-duration scenarios with small 

time constants as well as long-term scenarios using the top-level models leading to a 

significantly faster simulation execution. 

 For some layers of the V-HAB Crew Model, simple top-level versions are already 

implemented, e.g. for the metabolism and respiration. For the thermoregulation, 

however, the opposite is necessary: a more detailed version is necessary to cover all 

relevant aspects of current simulation scenarios. Also, it is desired to have a more 

flexible model, i.e. being able to choose e.g. the number of nodes in different body parts 

to either calculate more accurate results or to reduce execution time. Also, additional 

thermal effects need to be depicted, such as differences in heat transport between the 

skin and the environment based on the gravity level and the total pressure. 

 This paper describes the ongoing process of implementing a more detailed and 

flexible thermal layer for the crew module, using a two-tier approach: on the one hand, 

as an in-depth reference implementation, the Wissler human thermal model is 

T 

Figure 1. Main V-HAB modules 

Figure 2. V-HAB base classes 



 

International Conference on Environmental Systems 
 

 

3 

converted from Fortran to C#, to make it easier accessible, and a graphical user interface (GUI) and application 

programming interface (API) are implemented. On the other hand, the current thermal human model used in the 

thermoregulation layer in the crew module is re-implemented using the mentioned default V-HAB matter and 

thermal classes, to allow a more flexible usage of the model for example in terms of number of nodes used. Initial 

validation results for both models are shown, and the plan forward is described. The following sub-sections describe 

the old thermal layer used in the V-HAB crew model, the Wissler thermal model and the approach used for the 

conversion of the Wissler model and the implementation of the new thermal layer. 

A. ThermoSIM 

The ThermoSIM model used in the thermoregulation layer in the V-HAB Crew Model was developed and 

provided by the company Dräger Medical. It focuses on simulating the trunk temperature of firefighters, i.e. of 

persons under high work load in warm environments, wearing heavy clothing. As described in earlier papers [6], the 

model generates accurate results for such scenarios. 

The model describes the human body using six nodes (head, trunk, four extremities). It is possible to configure 

different types of clothing, and provides some options, for example active cooling of the head. Also, different 

physiological parameters are calculated in detail, based on empirical data, for example the change in heart rate based 

on the trunk blood temperature. The model is validated based on studies conducted with firefighters. 

For different simulation cases in V-HAB, however, more accurate results would be required. This is for example 

the case for the simulation of the portable life support system (PLSS) and its liquid cooling and ventilation garment 

(LCVG) subsystem within the Virtual Suit (V-SUIT) project [7]. As the skin temperature in the extremities is used 

to control the cooling power of the suit, this temperature would need to be modeled in more detail. Also cooler 

environmental temperatures may occur that need to be depicted more accurately. 

Another area where improvements in the model are required is the clothing layers. Although different properties 

for the clothing can be set, it is not possible to set e.g. different values for the upper and lower extremities. Also, a 

close interface with the LCVG model is required which cannot be depicted with the current structure. 

B. The Wissler Thermal Model 

The Wissler human thermoregulation model, first published in 1961 [8], has been under continued development 

and usage for the past 55 years. Within this time the human thermal model went through several revisions [9]–[12] 

and was consequently improved in its structural, physiological and control algorithm complexity by E. H. Wissler. 

Today the model, compared to others, is one of the most complete and most capable general-purpose 

thermoregulatory models to simulate the human thermal behaviour. The model accounts for various environmental 

and internal effects and can be used to simulate thermoregulatory behaviour in a broad range of environmental 

conditions ranging from cold to hot and under various levels of workload [11], [13]–[16]. Similar approaches for the 

simulation of the human thermoregulatory behaviour were done by others [17]–[23].  

This section will be restricted to a discussion of the translation, usage and advantages of the Wissler human 

thermoregulation model. 

Today the Wissler model can be used for various applications. It can predict the behaviour of humans 

surrounded by air or immersed into water, while also being applicable within a wide temperature and humidity 

range. Additionally clothing can be added to each body element by defining thermal resistance, moreover the model 

can account for angular deviation in clothing thickness. The model evolved from a rather simple six-element model 

(trunk, heat, two arms and two legs) to the current version with about 5300 nodes (21 Elements, 12 pie shapes 

segments and 21 tissue layers in each element). 

The model incorporates distributed energy production (depending on the type of work performed), axial heat 

transfer between the elements by blood and radial heat transfer within an element based on convection, conduction 

and arteriovenous counter current heat transfer. Active heat control mechanisms such as shivering and sweating are 

based on different control functions, which are in turn based on different temperatures such as central, peripheral 

and local temperatures. 

As the Wissler thermoregulatory model evolved since 1961, computers and computing languages evolved, too. 

The original model is written in Fortran 77, and initially ran on an IBM 650 computer [8]. While Fortran went 

through several iterations with its newest Fortran 2008, Wissler kept Fortran 77 as the programming language for his 

model. While today Fortran is mainly used for high performance numerical calculations and used to run so called 

legacy code, it has been replaced by other computing languages both by engineers, scientists and in academics. 

Today, due to the changes in Fortran and due to the long time of development (from punched cards with limited 

space for comments and limited computing resources to today’s compilers and computers with high computing 

power commercially available), the model has taken a complex character, making it difficult for university students 
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not knowing Fortran to access, understand and work with the code. Additionally, compilers for Fortran are less 

easily accessible than for other modern programming languages. 

 

  
Figure 3. Setup currently being developed connecting the Wissler thermal model [12] to V-HAB via MySQL 

C. Approach 

As described above, different modeling levels are necessary for the V-HAB Crew Model thermoregulation. 

Since Wissler is a widely accepted and known model, it was decided to convert this model to C#. To make the 

model usable as a standalone, out of the box, easy to use software, a GUI is implemented. This makes it easier for 

example for engineering students without deep knowledge about human physiology or the model to use it. Also, an 

API is implemented to make it possible to integrate the model into another software like V-HAB. 

At the same time, the current thermal model, ThermoSIM, does provide sufficiently accurate results for many 

cases, and is much easier to use and simpler to understand then the Wissler model. It was therefore decided to 

improve that layer by making it more flexible in terms of the number of nodes used to represent different body parts 

and also including additional effects to e.g. improve the results for cases in colder environments, microgravity and 

others. 

 

1. Wissler Human Model 

To make the model more accessible and easier to use, it was decided to translate the model into C# while adding 

extensive comments to explain the code. In the first iteration, the code was mostly directly translated without big 

changes to the code itself, except moving parts to dedicated modules and sub-functions to improve the structure of 

the program. No changes were done to the physiological or the control algorithms in the model. 

The GUI implemented for the model provides a 3D visualization of the model temperatures and is platform 

independent running on Windows, Linux and MacOSX. It allows a standalone, out of the box usage of the model 

and can be used e.g. by students working on V-HAB to generate temperatures for static schedules including the 

work loads for the crew, if the whole crew model is not used in their simulations. Also, the model can be used as a 

baseline to validate the thermal layer used in V-HAB. This GUI increases the usability of the model significantly in 

comparison over the Fortran model running in the console and using text base input parameter files. 

To make it possible to include the model in other softwares like V-HAB, a two-way API was created, see Figure 

3. It uses a MySQL database to both gather input parameters for the model and to store result data. The approach via 

the database was chosen to provide a general-purpose API, as most programming languages provide libraries to 

access MySQL, and also to allow the user to make use of the numerous tools around MySQL. 

The following sections will describe this conversion process in detail and provide a guide to the capabilities of 

and changes applied to the Wissler thermoregulatory model to study specific thermoregulatory problems. As this is 

the first iteration of the conversion process, many tasks, for example further modularizing the model code, are still 

outstanding. However, it can be seen that the current version is a good baseline for those tasks, as the results 
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calculated by the C# model are reasonably close to the results of the original model. 

 

2. V-HAB Crew Model Thermal Layer 

It was decided to build the new model from scratch, first implementing the basic matter/fluid and thermal 

structure, and then using the equations representing the physiological relations from the old model to calculate the 

different properties in this basic structure. These properties represent e.g. flow resistances, heat transfer coefficients 

and others, which are then used by the V-HAB solvers to calculate fluid and heat flow rates. Finally, a validation 

with the old model has to be conducted to determine if the results of the new model are at least as accurate as the old 

model, or, for the temperatures in the extremities, more accurate as more nodes are used.  

 

The main advantages of using the V-HAB standard classes for the thermal model are: 

 The model code in the old version did also handle calculation of actual thermal flows and the resulting 

temperatures. This can now be removed, making the model code more focused on physiological 

relations. 

 Close interfaces between the human thermal model and e.g. the LCVG can be created, as both models 

are based on the V-HAB classes. 

 Numerous helper classes and components exist in V-HAB helping to construct the model, for example a 

database with material properties and classes representing geometric objects. 

 

As mentioned, the old V-HAB thermal model, ThermoSIM, was used as a basis for the new model. In cases 

where the old model did not contain the required parameters, e.g. for the thicknesses of bone, tissue, fat and skin 

layers in the extremities, values from the Wissler model code or data found in the literature were used. Eventually, it 

is planned to use some of the now dedicated sub-functions from the Wissler thermal model, calculating specific 

physiological parameters, in this new V-HAB thermal layer. As those parts of the Wissler model are based on 

validated, well-known equations, this should further improve the model confidence in the V-HAB thermal layer.  

II. Conversion of the Wissler Thermal Model to C# 

The work performed consists out of two distinct, subsequent tasks. The first task was to translate and comment 

the original Wissler model source code into a new programming framework enabling users to access, modify and 

improve the model, followed by an intensive testing to correct mistakes in the translation process. Additionally, the 

computation precision was increased and programming mistakes already present in the original code were corrected. 

The second task was the implementation of a 3D GUI with selective and informative character and the 

implementation of an application programmable interface (API) both for simplified output generation and for 

interaction with V-HAB. 

A. Conversion Process 

As previously mentioned the first task was the translation of the original Fortran code. Therefore an initial goal 

was to gain a deep understanding of the subroutines and functions within the model [24] in order to build a modular 

and later debugging-friendly environment with the focus on later modifying the code. The original code consisted 

out of a single Fortran file which both contained still presently used functions and also legacy-code parts with only - 

possibly due to the fact that punched cards were first used for the model in the 1960's - concise commenting. As a 

new programming language C# was chosen due to the authors' familiarity with this programming language and the 

idea that later work with the code is easier for engineers and scientists who either learned C or Java (both being the 

most common engineering and standard languages today taught at university and both influenced C#). During the 

translation process several Fortran characteristics were replaced. Nested “switch-case” statements replaced GO TO 

statements - which were a remnant of Fortran 77 code style - and descriptive commenting was added in order to 

make the code easier to understand (see source code extract from former subroutine CONTROL in the Appendix – 

the CONTROL subroutine was chosen as an example since it shows both the structure of the code and the new 

commenting approach, adding references to papers if possible – in this case E. H. Wisslers paper “A quantitative 

assessment of skin blood flow in humans” [25]). 

Moreover the modularity was improved by separating all previous subroutines and function into distinct classes 

and within these into methods. With the usage of a modern programming language incorporating IEEE 754 – the 

Standard for Floating-Point Arithmetic – instead of hardware or compiler depending floating-point definitions so 

called approximations were abandoned. 
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The final part of the translation task consisted out of testing and debugging. Outputs of each routine and of the 

code as a whole, both in Fortran 77 and of the translated C# code, were compared to each other using identical 

inputs and initial conditions in order to ensure equality between both. Data showing the equivalency of the two 

codes is presented below Figure 8. 

While the description of the translation and testing section is rather brief, in reality it was both lengthy and 

troublesome and a lot of time and work was devoted to code verification. 

 

Additionally to the translation work several rather small programming mistakes in the original model were found 

and corrected. As an example, in the subroutine CENTER an array called KRP is used. While all variables and 

arrays beginning with the letters I, J, K, L, M or N are automatically taken to be of type INTEGER in Fortran, KRP 

in this case, as in all other subroutines is a REAL. In order to recast KRP as a REAL, the implicit typing needs to be 

overridden with explicit type declaration, which was not done in the original code in the subroutine CENTER for 

KRP. Fortunately the error produced by this mistake is not severe as KRP is both used in the counter and 

denominator of a calculation. The impact of this change is 

shown below (Figure 9). 

B. Standalone GUI for the Wissler Model 

The main objective of the translation process was both 

the rewriting of a modular and later debugging-friendly 

version of the Wissler thermoregulatory model and the 

creation of a GUI. The rewritten model is enabling users, 

especially students in mechanical engineering not familiar 

with physiological processes and the code, to work with the 

model. 

As a first step towards the ultimate goal of a fully 

modular model with an input and output interface we created a new output selection interface, allowing the user to 

easily select desired outputs such as temperatures, blood flows, metabolic heat generation, heat losses and many 

more (Figure 5). 

 

 

As the rewritten program itself the GUI was also written in C#.  The GUI is designed to enable users to easily 

generate the most common outputs needed. The model is controlled from the GUI. As a part of the double track 

approach mentioned, the input file MEMINSDV is still used for simulation sequence input in the standalone version 

of the program. The model can simulate previously with the original code tested sequences without the need to 

regenerate sequences via the GUI. 

As a summary of the necessary steps for output generation they are described in brief: 

1. The simulation input conditions and sequences are defined in the original MEMINSDV file, which needs to 

be stored in the same folder as the simulation program. 

2. The simulation program is started and by clicking the button “Connect to Server” on the main screen the 

window “Establish Server Connection Window” appears which contains multiple tabs (Figure 4) to select 

the local or remote server. By pressing “Okay”, the connection build-up is tried and the result is shown on 

the main screen beside “Connection Status”. If the connection has been established the “Connection Status” 

changes to “Open”. 

3. Next the main screen button “Select Outputs” has to be clicked and the “Output Selection Window” pops 

up. The user can now type in a table name for a MySQL table in the database (see next section for API 

description) and can select outputs either by typing in positions (e.g. for temperatures) or select by toggling 

certain values (e.g. metabolic rate) (Figure 5). 

4. Finally within the “Output Selection Window” the button “Start Simulation” needs to be pressed to both 

closing the window and to start the simulation process. 

 

Additionally by using a 3D programming environment, in which the program was written, a visualisation of the 

current skin surface temperature is presented for informative purpose (Figure 6). 

 

 
Figure 4. The Establish Server Connection 

Window 

 

 



 

International Conference on Environmental Systems 
 

 

7 

  
Figure 5. The Output Selection Window 

 

  
Figure 6: Main Screen of the rewritten Wissler LRT model with 3D skin surface temperature representation 

C. APIs for the Model – MySQL 

In the original Wissler model, a simple console / terminal output was used for data output, making it necessary to 

copy the outputs and process them e.g. in excel. The new output implementation uses an API to a MySQL database 

(Figure 7). The database can be selected via the “Establish Server Connection Window” and therefore it can be local 

or remote (Figure 4). The table name and the desired outputs are selected as described in step three of the necessary 

steps for output generation. The benefit of using MySQL is a convenient data storing while at the same time 

enabling model users to process their data in different ways (e.g. save as .csv, JSON or XML). 
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In contrast to the standalone version, in the version to be used with V-HAB, the inputs are generated in V-HAB 

and transferred via a different MySQL table to the simulation program in order to dynamically change the input 

values during system runtime. 

Data generated by the thermoregulatory model is subsequently sent back to the V-HAB model. 

 

  
Figure 7. A output MySQL table for a simulation run 

D. Verification Cases: 

As part of the translation process, different simulations of single routines and the program as a whole were 

performed to ensure the parity of the original Wissler model with the newly rewritten version (called Wissler LRT 

model, as it was rewritten by a student/co-author from the Institute of Astronautics at the TUM based on the Wissler 

thermoregulatory model). 

Additionally we compared the model output deviation due to the changes mentioned in the code of the original 

CENTER subroutine.  

Both comparison simulations are based on an experiment performed by Saltin et al. [26]. The subject studied and 

simulated is male and has a maximum oxygen uptake of 4.2 l/min (maximum metabolic rate: 1465.1 W) and weighs 

84 kg. The subject will cycle in this simulation at 25, 50 and 75% of his maximal load / oxygen consumption with a 

wind speed of 0.2 m/s. The mechanical efficiency during exercise periods is 25%, while 5% at rest. The ambient 

temperature is set to be 10°C with a humidity of 40%. The skinfold thickness is 14.6mm. The subject is semi nude, 

only wearing a T-shirt, underwear, walking shorts and shoes. The subject will perform three 30-minute exercise 

periods at progressively increasing VO2 rates. Each 30-minute exercise period will be followed by a 30-minutes 

period of rest. Before the exercise starts, the subject will be exposed for 15-minutes to the environmental conditions. 

The simulated values for mean skin, esophageal and hand temperature and evaporative heat loss are shown in Figure 

8. Figure 9 shows the effect of changes in the CENTER routine in esophageal and mean skin temperature. 
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 (a) (b) 

 

   
 (c) (d) 

Figure 8. Simulations of the CENTER subroutine modified Wissler model (blue plot) and the rewritten 

Wissler LRT model (red plot). (a) Esophageal temperature; (b) Mean skin temperature; (c) skin temperature 

on hand; (d) sweat rate per square meter. 

 

   
(a) (b) 
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 (c) (d) 

 

Figure 9. Simulations of the original Wissler model (blue plot) and the rewritten Wissler LRT model (red 

plot). (a) Esophageal temperature; (b) Mean skin temperature; (c) skin temperature on hand; (d) sweat rate 

per square meter. 

 

As the plots indicate there is only a slight difference both between the original Wissler model and the rewritten 

Wissler LRT model and between the in the CENTER subroutine modified Wissler model and rewritten Wissler LRT 

model. The most obvious differences between both simulations occur in the calculation of the esophageal 

temperature. While the difference is in the range of 0.01°C for the modified Wissler model compared to the 

rewritten, the difference between the original model and the rewritten is at the end of the simulation in the range of 

0.2°C. All other temperatures and also the evaporative heat loss show parity between the values calculated. 

 

E. Discussion: 

In spite of the slight differences that occurred within the simulation runs – mainly in the esophageal temperature 

– we were able to show that the rewritten program translated from Fortran 77 to C# leads to the same results. The 

deviation of the esophageal temperature between the modified Wissler model and the rewritten Wissler LRT model 

seems to be a result of rounding errors. These rounding errors occur due to the usage or not usage of a standardized 

floating-point arithmetic in C# and Fortran. The error between the original Wissler model code and the rewritten 

Wissler LRT model occurs due to the fact that in the original model, in the subroutine CENTER the actual floating 

point variable KRP is read as an integer variable. This is causing a value for KRP(1,1,1) of 0.28 to be read in 

CENTER as 1049582633 causing the counter “Z” to be 60391739000 instead of 727.5946 and the denominator 

“DENOM” to be 1648679300 instead of 19.90943. The result of this is a slightly higher temperature on the axis of 

each element in the original code. To be precise for this specific calculation it is resulting in a temperature at 

T(1,1,1) of  36.6303737786 [°C] instead of actual 36.5452250516 [°C]. As the properties influencing the counter 

“Z” and the denominator “DENOM” are changing over time, so are the differences between both measured values 

changing. This is very important within the human body (for example for the esophageal temperature Figure 9 (a)) 

but causing less deviation in the skin temperatures and sweat rate, as the simulations indicate Figure 9 (b - d).  

 

III. Refactoring of the V-HAB Crew Model Thermal Layer 

To improve the layer representing the thermal regulation in the V-HAB crew model, the currently used 

ThermoSIM model was used as a basis to implement a new thermal layer from scratch. Based on the fluid and 

thermal frameworks provided by V-HAB, a closer integration between that model and other systems modeled in V-

HAB is possible. This is for example necessary to create the interface between the crew and the LCVG model 

implemented for the PLSS model used in V-HAB. 

As the basic V-HAB elements are implemented using the object oriented approach (OOP), the new model also 

follows this approach leading to a more structured core base. The basic mass and heat flows are defined using the 

standard V-HAB classes, representing matter phases, flow paths, heat capacities and conductors. The model 

functions calculating the actual physiological parameters as heat transfer coefficients and flow resistances can access 
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the matter and thermal properties in these objects. After new values for the mass and heat flow objects are set, the V-

HAB  solvers then calculate the according new mass and heat flow rates. 

V-HAB also provides numerous libraries and helper functions by default that support the implementation of the 

basic model structure and the physiological functions: 

 Material Properties: a library is provided that contains values like density, heat capacity, thermal 

conductivity and others for different matter types. 

 Geometric Helpers: provides different helpers for creating geometric objects such as rectangles, hollow 

cylinders, spheres etc. Properties as the different surface areas and distances from the center are 

calculated by those helpers. 

 Components that can calculate e.g. convective heat transfer coefficients, evaporation rates or air 

velocities. 

The following sections describe some detail of this ongoing process, explain the current functionality of the 

model and present some initial validation results. 

A. Implementation of the Basic Structure of the New Layer 

The basic structure of an arm node in the new model is 

depicted in Figure 10. In the current version, the whole 

arm contains an upper and lower part, which both contain 

two nodes as presented here. All elements shown are 

objects based on the default classes used in V-HAB to 

implement mass and heat flows. The green rectangles 

represent the solid layer nodes, while the rounded green 

rectangles represent the main artery (lower) and vein 

(upper) in that node. Solid lines represent flows (mass and 

heat) whose flow rates are solved solely by V-HAB, and 

dashed lines represent flows where the flow rate is 

calculated through an equation representing a 

physiological relation (e.g. heat exchange due to blood 

perfusion rate). The diamond shaped elements represent 

references to other objects, while the open, green 

rectangles on the node border depict the interfaces to the 

other nodes. 

The objects shown here contain attributes and code to 

represent basic relations within the human physiology. For 

example, a linear conductor represents the heat transfer 

from the skin to the atmosphere, using a heat transfer 

coefficient that can be set freely for this object. The heat 

transfer between the capillaries and the surrounding tissue 

is calculated based on the blood perfusion rate, material 

properties as blood density and an attribute defining how 

much those two parameters equalize, kappa. While the 

blood perfusion rate is calculated by V-HAB, the kappa 

parameter can freely be set to a value between 0.1 and 0.7, 

e.g. by a controller on the higher level taking different 

physiological properties into account. As this model uses 

more nodes, but also because of the OOP structure, it runs 

much slower than the original ThermoSIM model. While 

reducing the number of nodes increases the execution 

speed, the reduction due to the OOP structure has to be 

traded off with the fact that this leads to a more robust and 

structured code base. 

The central nodes representing the bone, tissue, fat and 

skin layers, see Figure 11, use geometric helpers provided 

by V-HAB, namely the hollow_cylinder allowing setting 

an inner radius, outer radius and length. The number of 

layers for each type, and the total thickness of all layers of 
Figure 10. Structure of the basic object represent-

ing an arm node. Green - matter, red - thermal. 
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the same type can be freely set. By default, two tissue 

layers are created and one layer for each of the other 

types. Properties as the density, heat conduction, heat 

capacity etc. are gathered from the matter table. 

It can be seen that at the moment, no clothing layers 

are included in the model. As for example the LCVG is 

an own component in the V-HAB library, clothing will 

also in the future not be a direct part of the human 

model. A separate model will be implemented to 

represent different types of clothing, and helper classes 

will be created to support the interface creation between 

the thermal model and the clothing layers or the LCVG. 

Several heat transfer mechanisms are implemented 

in the node model, see figure Figure 10: the main vessels (artery, vein) exchange heat with the surrounding tissue 

and between each other (counter-current heat exchange). The blood flow through the nodes is the only mechanism 

transporting heat along the axis. Conduction in radial direction between the layers as well as convective and 

radiative heat exchange between the skin and the atmosphere can transport heat in that direction. To calculate the 

total thermal conductivity e.g. between two layers in radial direction, helper functions from V-HAB are used to 

calculate the distance between the nodes centers as well as the total contact area. 

Based on the relative flow resistances in the flow branches between the artery and the vein, the perfusion rate in 

the capillaries through the tissue and skin layers is calculated by V-HAB. Based on this value, the temperature 

difference between blood and tissue/skin and the previously mentioned kappa parameter, the according heat 

exchange with the surrounding layers is calculated. Finally, if sweat and evaporation flow rates are set, the 

according heat loss through evaporation is calculated and removed from the outermost skin layer. 

All properties that are described here can be changed on the objects, to be able to adapt the behavior of the 

model. By default, the sweat flow rate is set to zero, while the blood flow rate is set to default values of a resting 

human in a comfortable environment. 

B. Physiological Parameters used in the New Model 

The parameters used for the model are taken from the literature and both the ThermoSIM model as well as the 

Wissler model, if they were not already provided by V-HAB. The latter is, for example, the case for densities, heat 

conductances and capacities for blood, bone, tissue, fat and skin.  The former is the case for example for the 

following properties: 

 Default values for the layer thicknesses, amount and lengths of nodes were taken from a case in the Wissler 

model. 

 The heat transfer coefficient between the skin and the atmosphere is calculated using a function from the 

ThermoSIM model, see below. 

 The countercurrent heat exchanger coefficient for the main arteries and veins are taken from Fiala [27], 

although they might be optimized for the Fiala model specifically. In the next development step of the V-

HAB model, more general, experimental values for those coefficients have to be researched. 

 The heat transfer coefficient between the main blood vessels and the surrounding tissue is taken from [28]. 

 The equation to calculate the heat transfer between the capillaries and the tissue is taken from the Wissler 

model, and the value for kappa is set to 0.4 by default. 

 The total blood flow rate to the arm is set based on values from the Wissler model as well as the blood flow 

distribution between skin and tissue layers (by default, 10% of the blood flows through the skin layers). 

Using the function shown in the appendix, “Source Code Extract from former Subroutine CONTROL”, 

the blood flow distribution can be calculated dynamically based on other physiological parameters. This 

functionality will be included in the next iteration of the model. 

 No controller is implemented yet to set the sweat flow rate, which is therefore zero. The sweat flow 

calculation from the ThermoSIM model is currently being integrated into the new layer, and a library 

function calculating evaporation rates is already present in V-HAB and will be included. 

 

As described, all physiological parameters used by the model can be freely adapted. This can either be done by a 

higher level controller that sets e.g. sweat flow rates, the total blood flow and the blood flow distribution throughout 

the tissue and skin layers based on global and local temperatures. 

Figure 11. Structure of the radial layers (not to scale). 
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Another mechanism to set parameters is a functionality implemented in the V-HAB Crew Model called the Meta 

Model. This layer allows to register different callback functions to adapt any parameter defined in the main layer  

 

 

Figure 12. Function to calculate the convective heat transfer coefficient between the skin and the atmosphere. 

 

objects of the crew model. This allows a flexible configuration of the model, as the callbacks can be added during 

runtime at model construction and execution. Using that, a callback was registered that calculates the heat transfer 

coefficient between the skin and the atmosphere based on an equation used in the ThermoSIM model, which in turn 

is based on Fanger [29], see Figure 12. However, this function is only valid for certain conditions. For example, in 

microgravity or under lower pressure conditions, that calculation is inaccurate. The meta model would allow to 

flexibly register another callback if such a condition is present. 

C. Initial Validation Results for the New Model 

The new model was compared against data from literature, namely data from the arm skin temperatures 

measured by Timbal [30], and the old model using the same scenario. For this validation case, a model version 

containing only one arm was used. Cases with humans at rest in moderate conditions were used and the trunk 

temperature for the new model was set to a fixed temperature. This was done due to the fact that the controllers for 

the metabolic heat production and for effects like sweating and vasodilatation / vasoconstriction are not yet migrated 

from the old model. The results are shown in Figure 13.  

It can be seen that the basic trends are represented, and the new model calculates temperatures closer to the 

literature values as the old model. This is to be expected, as the old model represents the arm with only one node, as 

its primary focus is the trunk temperature. Subsequent simulations with the whole model, including all extremities, 

the trunk and the head have to show if the complete model can compete with the old layer. 

Further validation cases are currently being simulated, also with a version of the layer containing a model of the 

full body. While these validation studies are in an early stage, it can already be seen that for the resting human in 

such moderate environments as in the study by Timbal, the new model provides more accurate results for especially 

the extremities and skin temperatures than the old version of the layer. 
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Figure 13. Initial validation with the new V-HAB thermal layer for different environmental 

temperatures. The new model did only contain one arm and used a fixed trunk temperature. 
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IV. Conclusion 

A. Discussion 

The Wissler human thermoregulatory model was translated from Fortran 77 to C# and Fortran 77 specific coding 

(such as Go To statements) was replaced. The model was restructured in classes and methods and extensive 

commenting within the code for better understanding was added. Additionally a GUI was added to the model in 

order to enable users a convenient standalone usage of the model and an easy way to generate outputs. We were able 

to show that the present state of the model is simulating nearly identical results, with some differences occurring for 

example due to different precisions. While Fortran 77 as a high performance language in connection with a powerful 

compiler generates results extremely fast, the rewritten model is by the factor 10 to 15 slower. But since computing 

power and time on a standard PC is easily available there is no real need any more for Fortran as a high speed 

computing language especially when considering the difficulties created by the use Fortran both for code 

understanding, writing and simplified output generation. 

The newly implemented thermal layer for the V-HAB Crew Model shows promising initial results that seem to 

support the basic assumption that the original ThermoSIM model is capable of producing better results for example 

for extremities if the number of nodes in the extremities is increased. While the current version is just a first 

implementation that does not e.g. contain any clothing layers, it was shown that the code base of the model can be 

simplified due to the use of the V-HAB frameworks covering mass and heat flows. 

The validation case shown above is only a first example to determine if the basic functionality of the model 

works correctly. Further validation cases are being simulated currently, also including a model version of the whole 

body, including metabolic loads, indicating a similar quality, although with large variations between different cases. 

B. Future Work 

As the Institute of Astronautics at TU München with its V-HAB model is focusing on the simulation of 

Extravehicular Activities (EVA), space craft (S/C) such as capsules and space stations and long term habitats on 

celestial bodies, the main application for the rewritten model will be in reduced gravity and atmospheres of different 

composition and pressure. Future work will both have to deal with the changes of heat transfer out of the human 

body due to reduced gravity and hypobaric environments [31] and with the – at the moment – rather simple 

interaction of the human body with its surrounding environment. For example there is no interaction of sweat 

generation of the human with the environment due to rising humidity or CO2 exhalation and CO2 accumulation (both 

getting interesting in closed environments such as the above mentioned). 

Additionally, the structure of the Wissler thermal model will be further improved, moving self-contained 

calculations to distinct sub-functions with defined inputs and outputs, to be able to also use those functions in the 

physiological calculations of the V-HAB thermal layer, as shown for the example of the skin blood flow 

(vasodilatation and vasoconstriction) calculation, see appendix. Here, the global parameter access would need to be 

replaced with a defined set of input parameters to the function, which in turn returns a defined set of outputs, namely 

the percentage of blood that flows through the skin layers. 

For the V-HAB thermal layer, an interface to a clothing component has to be implemented as well as different, 

predefined sets for typical types of cloth. Also, the controllers for sweat flow etc. still have to be implemented based 

on the versions in the old ThermoSIM model or, where applicable from the Wislser model. Also, different versions 

of the model, incorporating varying amounts of nodes both in axial as well as radial direction, will have to be 

implemented and simulated. Comparing them against each other will allow a trade-off between modeling accuracy 

and minimizing the amount of nodes to speed up the model execution. 

If required, the basic arm node object has to be updated to be able to depict only a section of a hollow cylinder. 

This would allow using several nodes in tangential direction with different temperatures, radiative view factors, 

sweat rates and other properties. 

Another approach will be using CFD and ray tracing software, methods which now can be effectively and easily 

used to calculate fluid dynamics while a subject is walking or sitting and radiation exchanges with various 

environments. Classes to read data generated by OpenFOAM (open source program to do CFD simulations) and 

TherMoS (project at the same institute to calculate the thermal environment incl. Raytracing on the lunar surface) 

are already implemented in V-HAB. Those interfaces will need to be updated and made more flexible to be used by 

the thermal layer, to for example calculate changing radiative view factors during simulation runs. 
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Appendix 

 

Source Code Extract from former Subroutine CONTROL: 

/* This is a key subroutine / method which computes the rate of skin blood 

flow, shivering metabolic rate, and sweat rate depending on the central 

arterial temperature and mean skin temperature.    Main parts of this routine are based on / described in E.H. 

Wissler's 2008 paper "A quantitative assessment of skin blood flow in humand"  Eur J Appl Physiol (2008) 

104:145–157  DOI: 10.1007/s00421-008-0697-7 */ 

 

public void CONTROL_calc() 

{    

 ASHIV = 0.02F; 

 BETASH = 0.4F; 

 

   //Reference blood flows are in ml/(100 ml min)   

 FBFR = 3.0F; 

 

 /*JPW: This might have to be removed in order to make it consistent since there is no reason to lower the 

 forearm blood flow after 8 hours*/   

 if((Global_Vars.TIME / 60.0F) > 480.0F) 

 { 

  FBFR = 2.0F; 

 } 

 

 DELTC = 0.9F; 

 

 //VO2MAX is in liters O2/min 

 /*JPW: VO2MAX of the subject - at the moment needs to be set in code when changing 4.2L/min is a good 

 average*/ 

 Global_Vars.VO2MAX = 4.2F; 

 

 //JPW: Maximum metabolic production - at 4.2l/min --> 1465.1 Watt   

 Global_Vars.VO2MAX =  Global_Vars.VO2MAX * 20.93F * 1000 / 60.0F; 

 

 /* JPW: Fraction of maximum metabolic rate reached = (Metabolic rate due to work + basic metabolic rate) 

  / Maximum metabolic rate */   

 Global_Vars.WORKF = (Global_Vars.WORK + Global_Vars.HMETR) / Global_Vars.VO2MAX; 

 

 //JPW: FM(K) = increased metabolic rate owing to work per unit volume  the increased rate of heat production 

 is FM(K) * (1-eff) */   

 for(int K = 1; K <= 21; K++) 

 { 

  if(Global_Vars.VOLM[K-1] == 0.0F) 

  { 

   //JPW: If there is no muscle (VOLM[K-1]=0 (m^3)) no metabolic rate is produced there 

   Global_Vars.FM[K-1] = 0.0F; 

  } 

  else 

  { 

   /* JPW: If there is a muscle in element K the metabolic output per volume (per m^3)  is: total workload * 

   fraction of work in the element produced / Volume of the muscle */   

   Global_Vars.FM[K-1] = Global_Vars.WORK * Global_Vars.FW[K-1] / Global_Vars.VOLM[K-1];   

  } 

 } 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 // JPW: Skin blood flow according to Wissler,2008 formula 2  0.086 is the percent of forearm volume of the 

skin   

 QSR = (0.53F * FBFR - 0.83F + 0.5F) / 0.086F; 

 

 /* JPW: Muscle blood flow according to Wissler, 2008 formula 3  0.636 is the percent of forearm volume of the 

 muscle */   

 QMR = (0.47F * FBFR + 0.83F - 0.5F) / 0.636F; 

 

 //JPW: Temperature of the cranium is equal to temperature in element 1 

 Global_Vars.TC = Global_Vars.TA[0]; 

 

 //JPW: Instanziation of the skin temperature calculation 

 TSKIN tskin = new TSKIN(); 

 

 //JPW: Calculation of the skin temperature according to method one at TSKIN_calc 

 Global_Vars.TSKINM = tskin.TSKIN_calc(1); 

 

 ... 

} 
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