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Abstract: Biomimicry – innovation inspired by nature – is a creative methodology that translates 
characteristics from the biological world to the domain of human technology. Functional biomimicry 
offers opportunities to advance the development of flexible building facades. Following biomimetic 
principles, external fur and bioheat transfer (blood perfusion) and were combined into a mathematical 
model of a commercial office building façade for a west-facing wall of an office building situated in 
Melbourne, Australia. Simulation software TRNSYS was used to determine temperatures and heat 
transfer of this biomimetic façade in summer design conditions compared to a reference. The 
biomimetic façade was simulated to provide cooling of greater than 50 W/m2 and reduced mean 

surface temperatures in the occupied zone by 2.8C, compared with the reference.  
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Nomenclature (continued next page) 

cp –  specific heat coefficient Superscripts 

Fs –characteristic describing interaction of fur with 
radiation  

n – current finite difference timestep 

h – heat transfer coefficient Subscripts 

k – thermal conductivity 1, 2, 3, 4 – finite difference node positions 

L – length or thickness a – air  

Nf,s – non-dimensional parameter (apparent ‘optical 
thickness’ of fur in the solar spectrum) 

b – beam  

q, Q – heat transfer b – ‘blood’ (biomimetic façade cooling/heating fluid)  

q
’’’

 – volumetric heat generation d – diffuse 

S – solar radiation eff – effective 

T – temperature env – environmental  

t – time  ext – external 

– ‘blood’ perfusion rate f – fur 
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x – horizontal dimension through façade (external 
surface = 0) 

int – internal 

 – material absorptivity rad – radiative  

 – thermal diffusivity RC – radiative and convective 

 – material emissivity S, s – solar  

s – angle between normal to the skin and solar 
direction 

s – surface 

 – density t – ‘tissue’ (biomimetic façade material)  

 w – wall  

1. Introduction 

Life has been evolving, surviving and thriving on Earth for more than 3.5 billion years and has adapted to 
the most extreme environments. Biomimicry – innovation through natural inspiration – offers humanity 
vast scope to develop more functional and sustainable technology. By studying natural adaptions, from 
an ever-growing body of biological knowledge, innovators can extract functional characteristics and 
translate these characteristics into adaptive, flexible and more efficient designs. 

In the built environment, environmental concerns, and rising costs, have led to demands for energy 
reduction and resource conservation, alongside a desire for improved indoor environment quality. The 
use of functional Biomimicry offers designers, engineers and entrepreneurs a creative methodology to 
explore solutions to such design trade-offs. Architecture has explored biomorphic and biophilic designs 
since the earliest civilizations. However, only through the scientific method and a deeper understanding 
of biology have designers been able to apply the underlying strength of biomimicry: consideration of the 
functionality of biological species and harmonization within their natural habitats.  

For example, the thermoregulatory systems of animals provide concepts – and details – that can be 
effectively applied to building design. In the natural world, mammals (including humans) have adapted 
to tolerate some of the harshest climates on Earth. Skin, fur and flesh have all evolved remarkable 
qualities. If the human brain’s hypothalamus detects excessive heat gain to the body core, sweating 
begins, promoting evaporation. Hairs flatten against the skin, and warm blood flows to vessels beneath 
the skin surface (vasodilation) maximising radiant heat transfer. In this study, two particular 
characteristics of mammal thermoregulation were examined in detail: fur and bioheat transfer (blood 
perfusion). This led to a transference of thermal qualities to a novel façade design.  

The goal of this paper was to determine whether biomimetic adaptions of mammalian 
thermoregulation – fur and bioheat transfer – could improve the thermal performance of an office 
building façade and to assess the impact on occupant comfort. Just as animal skin helps to regulate body 
temperature, building facades can employ the same principles to efficiently maintain comfortable 
conditions for occupants. To ensure the functional essence of the biology was maintained, detailed 
physical descriptions of fur and bioheat transfer were translated to façade design. 

Thermal performance of the biomimetic façade design was tested via mathematical models 
constructed in TRNSYS building simulation software. In the building model, the biomimetic façade was 
specified for a west-facing wall of an office building situated in Melbourne, Australia. A west wall was 
selected because large solar loads would coincide with high external ambient temperatures during 
summer afternoons. The design was simulated in a summer cooling scenario and compared against a 
reference façade.  
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2. Biological model 

2.1. Bioheat transfer 

Bioheat transfer was applied to a building façade model in Webb et al. (2013), with discussion on the 
relevant models of bioheat transfer. Charny (1992) presents a comprehensive review of the subject. The 
analysis in this paper employs the Pennes’ Equation (Pennes, 1948) fundamental perfusion model: 
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Pennes’ Equation was selected, because, despite its relative simplicity, it has been shown to be 
representative of the physical situation (Charny, 1992). Additionally, it was compatible with numerical 
methods applicable in building simulation software and could be combined with other biomimetic 
initiatives and physical effects. 

In the model, a modified version of Pennes’ Equation was used to describe fluid perfusion through 
the façade. The homogeneity of the vascular architecture assumed in Pennes’ equation provided some 
freedom to create the corresponding ‘tissue’ and ‘vessels’ within the façade. It was proposed that the 
unitised façade system would be comprised of thermally significant minor fluid channels supplied by 
major ‘vessels’ (hydronic pipework). Bulk fluid flow (vertically or horizontally across the façade) would 
be in a direction perpendicular to the direction of major heat flow (in and out of the occupied zone). 

“Metabolic” heat generation was assumed to be zero, i.e. ¢¢¢qm = 0). 

2.2. Fur heat transfer 

Scholander (1950) conducted a series of experimental tests on the insulative qualities of fur. Many 
researchers have since conducted experimental and analytical studies on thermal properties of hair and 
fur. There is thus a great diversity in models of fur available to use in a simulation. All have strengths and 
weaknesses in terms of complexity and the inclusions and exclusions of physical characteristics and 
thermal processes. Following on from Webb et al. (2011) and Webb et al. (2013), the analysis of Davis 
and Birkebak (1974) was used as the primary model for fur heat transfer in this study. As noted in Webb 
et al. (2011), this treatment provided a detailed examination of fur’s physical characteristics, thus 
allowing a comprehensive transfer from the natural to technological domain (following the principles of 
functional biomimicry). Importantly, Davis and Birkebak considered short wave radiation heat transfer 
(i.e. solar radiation, including variation with solar angle of incidence) as well as conduction, convection 
and infrared radiation. 

The essence of the proposed fur model involves the calculation of an effective fur thermal 
conductivity, keff, based on the physical properties and geometric arrangement of individual hairs. 
Additional terms are included to account for solar radiation. Detail of the model can be found in Davis 
and Birkebak (1974) and Davis and Birkebak (1973) and its translation to the built environment was 
explored in Webb et al. (2011). The final form of the fur heat transfer equation used was: 
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3. Façade simulation 

3.1. Biomimetic façade model 

The basis for the dynamic façade model was Equation 1, describing the solid perfusion layer. Fur 
heat transfer, Equation 2, specified the external boundary condition for the façade. The internal 
boundary condition was specified by the façade interaction with an interior occupied zone (see below). 

3.2. Reference façade model 

The biomimetic façade was compared against an equivalent reference façade. This façade was 
composed of standard construction materials, with the physical properties of each layer combined. The 
basis for this façade was the one dimensional conduction heat transfer equation (Holman, 2001): 

 (3) 

Where: 

 (4) 

3.3. Simulation software: TRNSYS 

TRNSYS software was selected to test the performance of the façade models in the context of a 
dynamic building simulation in a specific geographical location. TRNSYS has an open framework that 
allows the construction of customised designs for buildings and building components and allows 
customisations to interface with standard building elements, such as air-conditioned occupied zones. 

3.4. Façade integration within TRNSYS 

The TRNSYS simulation engine is based on a progressive time-based calculation method with timesteps 
specified by the user. Therefore, the clearest means to integrate the biomimetic façade into TRNSYS was 

to convert the analytical model equations into numerical versions based on a given timestep, t. 
Solutions could then be calculated at every TRNSYS timestep and integrated within the other 
components in the TRNSYS model. An explicit finite difference scheme was thus introduced. The stability 
requirements for these schemes could be met by controlling the simulation parameters in TRNSYS. 
While there are several options for establishing explicit finite difference schemes, a method that 
allowed the calculation of surface temperatures was appropriate. Given a nominal façade thickness of 
0.1 m, discretising the façade into 4 spatial steps was a satisfactory balance between computational 
accuracy and speed. 

Finite difference methods are presented in many texts, e.g. Holman (2001). Underwood and Yik 
(2004) discussed finite difference methods specifically for building simulations, which formed the basis 
for the biomimetic façade. This treatment was compatible with both the biomimetic façade model and 
TRNSYS integration. The current study required two finite difference models: one for the biomimetic 
façade and one for the corresponding reference façade. A nodal schematic for both models is shown in 
Figure 1 (dimensions not to scale). 
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Figure 1: Nodal models and temperature points for finite difference models.  

The reference façade was taken as a uniform material with one set of combined properties. From 
Equation 3, the explicit finite difference equation to determine the temperature, Ti, for the ith internal 
node at timestep n + 1 therefore became: 

 (5) 

Where: 

 (6) 

Equation 1 modelled the internal heat transfer for the biomimetic façade. Similar to the reference 
façade, this equation was converted to its finite difference equivalent for internal nodes (assuming one-
dimensional heat flow) as the following: 

 (7) 

Where: 

 (8) 
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For both reference and biomimetic models, façade surface temperatures were calculated via heat 
transfer with a representative ‘environmental temperature’ Tenv,ext to account for convective and long-
wave radiation heat exchange. Heat transfer at the internal surface, temperature Ts,in, was calculated via 
convection to air temperature, Ta,i, and via long wave radiation to other surfaces using a Mean Radiant 
Temperature TMRT,i. The calculation method for TMRT,i can be found in Underwood and Yik (2004, p. 69). 
Hence the finite difference equations for the reference façade surface temperatures were thus: 

 (9) 

Where: 

 ;    (10) 

And: 

   ;    ;    (12) 

The finite difference equation for the internal surface of the biomimetic façade was equivalent to the 
reference façade. However, the external surface equation was required to incorporate heat transfer 
through the outer fur layer. To achieve this, Equation 2 was incorporated into the heat equation and 
rearranged to create a finite difference equation for the surface temperature and first temperature 
node in the biomimetic façade: 

 (14) 

 (15) 

Where: 

    ;     (16) 

The term including  describes the heat addition (or cooling effect) of the perfusion through the 
façade. 

The external temperature of the fur, Tf,ext was calculated via a convective and radiative heat 
exchange with the external environment at every timestep (similar to Ts,ext for the standard façade). 
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The preceding finite difference approach was implemented in TRNSYS using the Equation facility 
(TRNSYS 16 - Volume 7  TRNEdit, 2007, p. 24). Several TRNSYS Equations were created to cater for the 
finite difference operations required. These included: definition of physical inputs, calculation of heat 
transfer coefficients, environmental temperature, mean radiant temperatures, surface temperatures 
and the calculation of the internal façade node temperatures. 

4. Simulation inputs and parameters 

4.1. Model setup 

The model for testing was a typical office floor located in Melbourne. The layout of the office floor that 
was created in the TRNSYS Type 56 module, including HVAC zoning, is shown in Figure 2. Glazing was 
installed to north and south facades. The biomimetic façade (and its reference counterpart) was applied 
to the west façade of the ‘Biomimicry Zone’. 

 

Figure 2: Layout of office floor for the TRNSYS model.  

Table 1 describes the assumed internal gain, usage schedule, building envelope and external 
environment parameters. Test conditions were selected as the 31

st
 of January in the TRNSYS weather 

file (Meteonorm AU-Melbourne-948660.tm2, generated using Meteonorm 5.0; see TRNSYS 16 - Volume 
9 Weather Data (2007)). 

4.2. Biomimetic façade variables 

Relevant variables and parameters for the biomimetic façade were selected as per previous studies 
(Webb et al., 2011; Webb et al., 2013) and are given in Table 2. 
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5. Results 

The TRNSYS simulation was conducted for both reference and biomimetic models over a period of 9 
days from January 27 to February 5. As indicated, the specific focus of the simulation was January 31 

with a maximum external temperature of 36.9C. Table 3 shows the relevant results. 

Table 1: Building and environmental inputs. 
Assumed air conditioning cooling 
capacity 

149 W/m² External façade thermal resistance 2.8 W/m²K 

Lighting gains 12 W/m² External façade thermal diffusivity 2.57×10-7 m²/s 

Equipment gains 11 W/m2 Building operation times (weekdays) 08:00-18:00  

Occupancy (light office work) 1 per 15 m² Internal summer design temperature 24C 

External roof thermal resistance 5.3 W/m²K Peak summer external air temperature 36.9C 

Floor thermal resistance (internal) 1.0 W/m²K Peak summer solar loading 406 W/m² 

Table 2: Biomimetic façade properties. 

Façade specific heat  2300 J/kgK Fluid supply temperature 14C 

Façade density 495.3 kg/m³ Fur thickness 0.1 m 

Façade thermal conductivity 0.18 W/mK Fur effective thermal conductivity 0.055 W/mK  

Fluid specific heat  4180 J/kgK Fur solar absorptivity 0.8 

Fluid density 998 kg/m³ External long wave emissivity 0.9 

Fluid perfusion rate 
5.0×10-4 
m³/m³/s 

  

Table 3: Simulation results. 

 Ts,e [C] Ts,i [C] TMS [C] Qint [W/m²] Qcool [W/m²] 

Reference facade 51.2 29.1 26.4 38.3 -48.4 

Biomimetic facade 15.8 18.6 23.6 -52.9 -21.1 

Notes: 

 TMS – mean temperature of all internal zone surfaces; 
 Qint – heat transfer from internal surface of façade to occupied zone; 

 Qcool – heat transfer from air conditioning required to maintain internal air temperature at 24C. 

6. Discussion 

6.1. Temperatures 

The simulations clearly showed that the biomimetic façade temperatures were substantially lower that 

the corresponding reference façade. The biomimetic façade’s internal surface temperature was 10.5C 

lower than the reference. At 18.6C this would provide an effective radiant cooling effect for the 
occupants, since radiant exchange can account for 50% or more of an occupant’s overall heat transfer 
(Underfloor Heating/Cooling - Technical Information, n.d.). The lower internal façade temperature led to 

an overall decrease of 2.9C in the zone’s mean surface temperature. This would improve occupant 
comfort as occupants prefer a mean surface temperature as close as possible to internal air 

temperature – a guide of <3C is recommended (Schittich (Ed.) et al., 2006).  
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On the external surface, the difference in temperature between the biomimetic and reference was 

even greater at 35.4C. This was due to both the insulative effect of the outer fur layer and the fluid 
perfusion within the façade. The external fur layer provided significant protection from extremes of 
temperature and solar radiation – mimicking the desired characteristics from the biological template.  

6.2. Heat transfer 

The cooling from the biomimetic façade was readily apparent at 52.9 W/m
2
. While representing an 

idealised scenario, this was greater than conventional pipework hydronic systems, which provide 35-40 
W/m

2 
(Underfloor Heating/Cooling - Technical Information, n.d.). The biomimetic cooling starkly 

contrasted with the 38.3 W/m
2 

of additional heat load added to the reference zone. The façade cooling 
effect largely accounted for the different air conditioning supplied to each zone – the reference zone 
had a cooling requirement 230% greater than the biomimetic zone. 

6.3. Energy consumption trade off 

The biomimetic façade incorporated both passive (fur) and active (perfusion) elements. Pumping fluid 
through the biomimetic façade required energy, and thus the reduction in air conditioning was not 
without cost. However, the greater specific heat of water compared with air – a ratio of 4.2:1 – and the 
greater density of water – at a ratio of approximately 1000:1 – reveals the clear advantage of using 
water as a cooling medium.  Overall, liquid water will cool or heat at a rate 4200 times greater than an 
equivalent volume of air. A simple calculation illustrates this advantage in the context of the biomimetic 
façade. At a pressure differential of 400 Pa for airflow and 50 kPa for water flow (ASHRAE Handbook - 
Fundamentals, 2009, ch. 21), the required power would be 28 times greater for the air system for an 

equivalent heat transfer (per C cooling). Therefore the cooling effect of the perfusion façade would be 
provided at a much lower energy cost than an air-based system. 

6.4. Manufacturing and construction 

Since the goal of functional biomimicry is to be restorative, if not regenerative, the manufacturing, 
installation and life cycle of the proposed fur-perfusion façade were considered. From a materialistic 
perspective, there are multiple options. Low-density fibrous materials were desired for the outer façade 
fur layer. Many companies manufacture such materials, e.g. brush tiles ("Robin Reigi - Brush," 2011), 
LAMA Cell ("LAMA Cell," 2011) and possibly Vectran “high-performance multifilament yarn spun from 
liquid crystal polymer (LCP)” ("Vectran - Liquid Crystal Polymer Fiber," 2010). Resilient natural fibres 
would be desirable, although life cycle costs are important. However, the advantage of a low-density 
outer facade covering is that it can be attached post-construction and then replaced after a specified 
period. This allows the fur layer face the external weather and erosion, while the underlying structural 
materials, e.g. metals or concrete, remain protected. This further follows the biomimetic principle of 
animal fur, where animals continually shed and replenish their coats. 

Internal ‘tissue’ for the perfusion façade is not as straightforward. Materials processing continues to 
evolve and challenges existing conventions. Innovative materials trends, including ‘ultraperforming’, 
‘recombinant’, ‘intelligent’ and ‘transformational’ materials as described by Brownell (2008), indicate 
future potential biomimetic materials. The internal structure for the perfusion component is envisioned 
similar to an open cell foam, where all interstitial spaces form a continuous path through which fluid can 
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flow. The cell structure could be modular and replaceable after a defined service life. The exterior of the 
façade would be a fluid-tight vessel to contain the fluid cells. 

7. Conclusion 

This study has shown that functional biomimicry has the potential to provide energy and comfort 
benefits to the built environment. While the use of hydronics is not new, the proposed design offered 
equivalent (if not better) performance outcomes when tested in a TRNSYS simulation. The biomimetic 
façade was simulated to provide cooling of greater than 50 W/m

2
 of façade and reduced mean surface 

temperatures in the occupied zone by 2.8C, compared with a reference, when the biomimetic applied 
to a single façade in the room. Furthermore, an outer covering of fur was found to provide a significant 
insulation effect and would help to protect the underlying structure. 

Further work on this idea will include studies of heating and an overall annual energy simulation 
against a reference, air-based airconditioning system. Additional modelling of the mechanical services 
required will be undertaken, and further consideration will be given to the exact materials, design and 
construction of the proposed façade, including the internal configuration of the façade ‘tissue’ material. 
Still, this study was able to demonstrate potential for functional biomimetic initiatives in the built 
environment. 
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