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Abstract: A mathematical model aimed at estimating canine knee intra-articular temperature under neutral thermal 

and transient conditions (articular heating and cooling) is being developed. This model will consist of two parts: one 

representing the passive system and the other representing the active system. The passive system will represent the 

heating exchange by conduction occurring between the devices used to heat and cool the knee and the impact of such 

exchanges on the layers of the joint, and will be used as support for the development of the active system. The active 

system will simulate the regulatory vasomotor and metabolic response of the joint under continuous and transient 

conditions. A pilot experiment was run during the first stage of the study so that the timing of the temperature behavior 

resulting from articular heating and cooling for the various areas of the canine knee could be determined. The 

methodology used in the pilot experiment and the results obtained with this study supported the experiment run with 

twenty canine knees distributed in two groups: heating (n = 10) and cooling (n = 10), aimed mainly at generating a 

database for future comparison between  the behavior of the articular temperature in vivo and the behavior simulated 

by the mathematical model. This work presents the modelling of the passive system as analogous to the electrical 

system, considering the physiological characteristics and the physiothermal properties of the various tissues found in 

the canine knee. Computer models (PSpice; Simulink/Matlab)were used to solve the set of differential equations of the 

passive system while simulating the behavior of the articular temperature. The results of the simulation were compared 

to the data obtained experimentally and show that the passive model developed is suitable to represent the thermal 

exchanges which occur by conduction in canine knees. 
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1. INTRODUCTION 
 

The mathematical modeling of the thermal biological systems was first used around sixty years ago (Cooper, 2002). 

However, it was only in the past three decades that those models started considering the specificities and the individual 

physical and physiological characteristics of the various body tissues (Fiala et al., 1999). One of the classical 

mathematical models of body thermal regulation was proposed by Stolwijk in 1971 (Stolwijk, 1971). Almost forty years 

later it is still considered a benchmark for the improvements and developments of new studies on the temperature 

control of biological systems (Gowrishankar et al., 2004; Havenith, 2001; Fiala et al., 2001), mainly in the areas of 

thermal comfort and diagnostic and therapeutic applications (Melodelina et al., 2004; Telenkov et al., 2004; Akkin et 

al., 2003; Liu et al., 1999). 



However, specifically in the field of physiotherapy, research on heat exchange in living tissues is still rare, despite 

the wide application of therapeutic procedures with benefits and safety directly related to the magnitude of temperature 

variation (Chesterton et al., 2002; Robertson et al., 2005). As a result, the use of thermal treatment for 

physiotherapeutic rehabilitation is still devoid of any type of tissue temperature control. Analyses of the efficacy of 

thermotherapeutic and cryotherapeutic devices have been mainly developed by observation of the clinical findings 

obtained with the application of those devices (Swenson et al., 1996; Draper et al., 2004). Consequently, the risks of 

having unsatisfactory or damaging results are very high (Merrick et al., 2003). 

Traditionally, the modeling of heat transfer problems in living tissues has been made with the use of the classical  

Pennes’ equation (Pennes, 1948), where the temperature variation rate in a given data is obtained from the difference 

between the amount of energy deposited in a certain volume and the amount of energy leaving that volume (Jiang et al., 

2002). In living organisms, the energy can be transferred by two main mechanisms: thermal conduction between 

adjacent tissue layers (Pikkula et al. 2003) and blood flow convection (Pardasani and Adlakha, 1995; Saidel et al., 

2001; Liu et al., 2003). Heat removal is controlled 1) passively by the thermal characteristics and properties of the 

tissues and the capillary blood flow distribution, and 2) actively by mechanisms of physiothermal regulation (Fiala et 

al., 1999; Fiala et al., 2001). From the mathematical viewpoint, the biological systems can be represented by two 

distinct systems – passive and active – which jointly work to maintain the core temperature stable, free from external 

variations. The passive system represents the physical and models the heat transfer phenomena occurring internally 

(between the tissues) and on the outer surface of the body (between the skin and the external environment). The active 

system represents and reproduces the thermal regulation actions of the central nervous system which occur in response 

to the various forms of internal and external thermal stimuli (Winton and Linebarger, 1971; Fiala et al., 1999; Fiala et 

al., 2001). 

This work presents a model of the canine knee passive system prepared by analogy with the electrical system, 

considering the physiological characteristics and the thermophysical properties of the various tissues and structures of 

the sinovial joint. The methodology and results of a pilot study completed during the first stage of this work (Araújo et 

al., 2006) supported an in vivo experiment aimed at producing a database for further comparison between the behavior 

of the intra-articular temperature in vivo and the temperature simulated by the analogous electrical circuit model. 

According to the literature, this type of model can be used to represent the transfer of heat which occurs by 

conduction and convection within both linear and non-linear systems. As the temperature behavior of such systems 

depends on perfusion variations in time and space, this type of model is largely used for the study of biology systems 

dynamics (Gowrishankar et al., 2004). The literature registers the good correlation existing between the electrical 

system analogue modeling of thermal biological phenomena and the geometrical reality and spatial heterogeneity of 

heat transportation mechanisms within the cardiovascular, pulmonary, intestinal, urinary and thermal regulation systems 

(Reddy, 2003). The passive system model was used to represent the heat exchange by conduction between thermal 

devices and the cutaneous surface of the knee, and the impact of such exchanges on the temperature behavior of the 

core layers of the joint, as well as heat exchanges by conduction and convection occurring between the various layers of 

the knee. The results of the model simulation were compared to the experimental data during the heating and cooling 

procedures of canine knee. 

 

 

2. MATERIALS AND METHODS 

 

2.1. In vivo experiment 

 

The study involved ten adult dogs (8 male and 2 female) from the Zoonosis Control Center of the Belo Horizonte 

Municipal Government/MG, healthy, with body mass reaching 25,1 ± 4,2 kg. The knees (n = 20) of the dogs selected 

were subjected to a single thermal treatment aimed at heating (n = 10) or cooling (n = 10) the joint. The 

thermotherapeutic and cryotherapeutic devices were first applied on the right knee with a minimum period of seven 

days between the applications. The experimental protocol used in the study was approved by the Animal 

Experimentation Ethics Committee (CETEA) of the Federal University of Minas Gerais (UFMG) (protocol 127/05) and 

processed in compliance with the ethical principles of the Brazilian College of Animal Experimentation (Cobea, 2001). 

Flexible Teflon

 isolated K-type thermopars (0,25 mm diameter, SALCAS) previously calibrated were used to 

measure the temperature. The thermopars were sterilized by incubation at 160
o
C during two hours and aseptically 

positioned on three external locations of the cutaneous surface of the knee (one before the joint, in the area of the knee 

cap, and two in the area of the joint interline, placed in the center and laterally); four placed internally: one in the 

subcutaneous region (subcutaneous tissue and dermis); one in the pericapsular area (interface of the subcutaneous tissue 

and the intra-articular cavity), and two in the intra-articular cavity (one in the front tibial-femural area and one in the 

cruciate ligaments area), where the temperature was to be monitored. To measure the body temperature, one thermopar 

was attached to the rectal mucosa. 

Thermotherapeutic and cryotherapeutic devices were applied on canine knees in compliance with the 

recommendations of the Australian Physiotherapy Association (APA) (Robertson et al., 2001). For both procedures the 
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dogs were decubitus lateral position, with the limb receiving the thermal treatment kept elevated (30
o
 abduction), so as 

to avoid interference during the thermal exchange due to contact between the physical device and the opposing limb. A 

0,5 m x 0,29 m Biothermic, Bioset sectorial thermotherapy thermal pad with automatic temperature control between de 

40
o
C a 66

o
C was programmed for 66

o
C and used as heating source. The pad covering the whole area of the knee was 

kept in place during 40 minutes and position. A protective gauze band kept the pad from directly contacting the 

cutaneous surface of the knee. The cooling of the knee was made with two frozen gauze compresses placed on the 

medial and lateral areas of cutaneous surface and covering the whole area of the joint during 30 minutes. Each compress 

was prepared with 1,0 kg of hand crushed ice wrapped in a previously wet towel [dry mass = 0,8 kg]. Gauze bands were 

used to secure the compresses and maintain the proper contact between the cryotherapeutic device and the articular 

surface. The thermal isolation of the system was made with the help of three dry towels placed over the ice compresses 

covering the whole set. During the articular heating and cooling process, the temperature of the Biothermic pad and the 

ice compresses was also monitored with K-type thermopars placed as follows: four on the thermal pad and two on each 

one of the ice compresses (one inside and one on the outer surface). 

One duly calibrated data acquisition unit (NA4018-8, resolution 0,1
o
C, analogic) was used for collection and storage 

of the temperature values of the animals and thermal devices. The collection started ten minutes after positioning and 

fixing the thermopars in their respective locations and continued along the whole period of application of the thermal 

devices. The temperature values were recorded every one second in each channel. The thermal devices were applied ten 

minutes after the data collection started and the information obtained in the first ten minutes were used to determine the 

temperature values of the permanent system (thermal neutrality). By the end of the experimental period, the data 

collected were transferred to a Pentium Satellite

 M45-S355, TOSHIBA computer for processing and further analysis. 

Descriptive measures of central tendency and dispersion were used as support to the temperature behavior analysis 

under thermal and transient neutrality conditions. The paired t, Minimum Meaningful Difference, Leven, Games Howel, 

ANOVA and Kruskal-Wallis ANOVA tests were used to compare the parameters of two or more data groups. The 

Kolmogorov-Smirnov test was applied to confirm data normality. For all tests, p-value higher than the level of 

significance α = 5% indicated that the null hypothesis of the test should not be rejected.  

 

2.2. Construction of the model 

 

The passive system model of the canine knee was developed with the support of information obtained from the 

literature and the experimental data collected in vivo. The model was prepared to represent the knees of adult dogs of 

medium built with body mass around 25,1 ± 4,2 kg optimal body conditions (Laflamme, 2005), subjected to transient 

and thermal neutrality conditions (articular heating and cooling). 

For the purposes of model construction, the knee was geometrically represented by a single H = 0,10 m high 

cylinder, radius r = 0,043 m and volume v = 5,81 x 10
-4
m

3
, consisting of four concentric annular layers, each one 

representing one area of the joint: epidermis, subcutaneuous (dermis and subcutaneous tissue), intra-articular cavity 

(capsule, meniscus, ligaments and sinovial liquid) and core (Fig. 1). The cylinder radius r and the volume v were 

estimated from the values of the articular circumference, obtained directly from the measures performed in vivo on 

twenty canine knees. The measures were performed in four spots of cutaneous surface of the joint (upper and lower 

edges of the patella and three cm above and below these edges) with the use of a measuring tape, and the average 

[(0,27 ± 0,03) m] was considered for calculation of the radius and total volume of the cylinder. 

 

 
Figure 1. Schematic diagram of the passive system. 

 

The number of layers of the model was determined by the similarities and differences observed between the 

physiological (blood perfusion and metabolic rate) and the thermophysical (density, thermal conductivity and specific 

heat) properties of the structures of the canine knee (Weinbaum et al., 1984; Fiala et al., 1999; Ferreira and Yanagihara, 

1999). This information, as well as the data concerning the thickness of the tissues (except the thickness of the central 

layer and intra-articular cavity) were obtained in the literature (Fiala et al., 1999; Torvi and Dale, 1994; Cui and 

Barbenel, 1990; Hodson et al., 1989; Wilson and Spence, 1988; Tanasawa and Katsuda, 1972; Sejrsen, 1971 Mitchell et 

al., 1970; Vendrick and Voss, 1957; Lipkin and Hardy, 1954; Henriques and Moritz, 1947), and the value average 

found for each area was used in the construction of the model.  

Epidermis 

Subcutaneous 

Intra-articular cavity 

Core 



The thickness of the core was defined to be identical to the radius of the innermost structure of the joint, that is, the 

bone, and estimated from the measurement performed in transverse anatomic cuts of a canine knee displaying physical 

characteristics similar to the knees used for in vivo data collection. The thickness of the intra-articular cavity was 

determined considering the cylinder radius and the thickness of the remaining layers of the model. Table 1 sums up all 

the information about the geometric characteristics and the thermal and physiological properties considered for the 

development of the passive model of the canine knee.  

 

Table 1. Geometrical parameters and thermophysical and basal physiological properties for the layers of the passive 

system model of the canine knee. 

 

Parameters Epidermis (ep) Subcutaneous (sr) 
Intrarticular cavity 

(ia) 
Core 

Thickness (l) 0,2 x10
-3
 m 0,7  x10

-2
 m 2,1 x10

-2
 m

 
1,5 x10

-3
 m 

Volume (v) 0,5 x 10
-5
 m

3 
1,75 x 10

-4
m

3 
4,02 x 10

-4
m

3 
1 x 10

-6
m

3 

Thermal conductivity 

(K) 
2,4 x 10

-1
 Wm

-1o
C

-1 
0,35 Wm

-1o
C

-1
 0,63 Wm

-1o
C

-1
 _ 

Density (ρ) 1200 kgm
-3 

1100 kgm
-3
 1000 kgm

-3
 _ 

Specific heat (cp) 3589,3 Jkg
-1o
C

-1 
3103,3 Jkg

-1o
C

-1 
4000 Jkg

-1o
C

-1 
_ 

Perfusion rate (ω) 0 m
3
s
-1
m

-3
 tecido 1,25 x 10

-3
 m

3
s
-1
m

-3
 tecido 0 m

3
s
-1
m

-3
 tecido _ 

Metabolism rate (Q) 0 Wm
-3
 200 Wm

-3
 0 Wm

-3
 _ 

 

For the passive model of thermal energy transport in the canine knee, the thermal properties and the physiological 

characteristics of the joint were represented as an electrical circuit analogue, as the one shown in Fig. 2. The electrical 

and thermal systems are governed by identical differential equations with a mathematical model prepared according to 

the Kirchhoff Laws (Wellstead, 1979; Vladimirescu, 1994). From the analogy between those two systems it is possible 

to identify an equivalence relation between the flow (electric current i) and effort (tension V) variables and the 

dissipative components (resistors R) and cumulative components (capacitors C) of those systems.  

 

 
Figure 2. Eletric circuit analog representative of the thermal properties of layers of the canine knee. 

 

For the specific case of the canine knee, the capacitors Cia, Csb and Cep represent the thermal capacitance (J
o
C

-1
) of 

the intra-articular cavity, subcutaneous and the epidermis. The tension V at the points ia, pc, sb and ep corresponds to 

the temperature of the intra-articular cavity (Tia), pericapsular (Tpc), subcutaneous (Tsb) and the epidermis (Tep). The heat 

flow q between the layers will occur by conduction through the resistors Ria, Rsb, Rep and by convection through the 

resistor Rp and are related to the temperature difference between the layers, the thermal conductance and capacitance of 

the tissues. The flow sources Isb and Iex represent, respectively, the heat generated by the metabolim of the subcutaneous 

– where Isb = Q.v – and the heat exchanges between the cutaneous surface of the knee and the environment; the sources 

of effort Vcore and Vtd represent the temperatures of the core (Tcore), given by the average rectal temperature of the dogs, 

and the thermal devices used to heat (Theat) and cool (Tcool) the knees, respectively. The values of the conductive (Ria, 

Rsb, Rep) and convective (Rp) resistance and of the thermal capacitance Cia, Csb and Cep were calculated using the 

equations (1), (2) and (3) respectively, as shown in Table 2.  

 
12 −⋅⋅⋅⋅= )lk()rrln(R ie π
          (1) 

 

vcR bbp ⋅⋅⋅= ωρ
           (2) 

Csb 
Isb 
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vcC p ⋅⋅= ρ
            (3) 

 

where re and ri are the radius external and internal of the layers; l and v are the length (m) and the volume (m
3
) of the 

cylinder; K, ρ, cp e ω represent the thermal conductivity (Wm
-1o
C

-1
), the density (kgm

-3
), the specific heat (Jkg

-1o
C

-1
) 

and the rate perfusion (m
3
s
-1
m

-3
 tecido) of the layer; ρb and cb represent the thermal conductivity (Wm

-1o
C

-1
) and the 

density (kgm
-3
) of the blood, respectively. 

 

Table 2. Resistence (conductive and convective) and thermal capacitance for the layers of the passive system model 

of the canine knee. 

 

Parameter Epidermis (ep) Subcutaneous (sb) Intra-articular cavity (ia) 

Conductive resistance (R) 3,1 x 10
-2o
CW

-1
 8,1 x 10

-1o
CW

-1
 2,2 

o
CW

-1
 

Convective resistance (Rp) 0
o
CW

-1
 7,4 x 10

-1o
CW

-1
 0

o
CW

-1
 

Thermal capacitance (C) 23,2 J
o
C

-1
 590,1 J

o
C

-1
 1335,8 J

o
C

-1
 

 

The nodal analysis technique was used for resolution of the electrical circuit analogue, and the mathematical model 

of the thermal energy transport of the canine knee passive system, consisting of the differential equations, was 

simulated by the PSpice and Simulink/MATLAB

 v 6.5.1 programs. For the simulations and analyses, the following 

conditions were considered: 

1. temperature constant in the central layer of the model, independent of external conditions, while in the other 

layers, mainly in the epidermis, the temperature varies over time in response to different internal and external thermal 

stimuli. 

2. spatial distribution of the temperature, generation of heat due to metabolic reactions and blood perfusion uniforme 

and constants in all the layers of the model. 

3. heat flow by conduction only in the radial direction. 

4. heat exchange between the model and the environment in the situation of thermal neutrality (room temperature 

between 18
o
C and 25

o
C and relative air humidity between 40% and 60%) only by free convection and radiation; the 

exchanges by evaporation being disregarded. The heat transferred by convection (qcv) is proportional to the difference 

between the temperature of the epidermis and (Tep) and room temperature (Trt) (Eq. 4) (Ferreira and Yanagihara, 1999): 

 

)TT(Ahq rtskcc −⋅⋅=
          (4) 

 

where hc is the convection coefficient and A the surface area of the cylinder. For the calculation of hc was used the 

correlation presented in Colin and Houdas (1967) (Eq. 5) and the speed air (vair) was assumed equal to zero. 

 
670

5672
,

airc v,,h ⋅+=
           (5) 

 

To calculate the heat transferred by radiation (qr) have assumed that the knee behaves itself as a gray area of 

emissivity ε = 0,95 and used the law of Stefan-Boltzmann (Eq. 6): 

 

)TT(Afq rtepr
44

−⋅⋅⋅⋅= σε
          (6) 

 

where σ = 5,67 x 10
-8
 Wm

-2o
C

-4
 is the Stefan-Boltzmann constant; f = 0,90 represents the ratio between the effective 

radiating area and the area externa of the knee (Fiala et al., 2001). 

5. heat exchange between the model and the thermal devices in the transient conditions only by convection only. In 

this case, a 0,5 x 10
-3
m layer of air was added to the model to represent the thermal resistance existing between the 

cutaneous surface of the knee and the thermal devices. Equation 1 was used to calculate the resistance value of this 

layer (Rex = 0,7
o
CW

-1
). For this calculation, the thermal conductivity of the air was considered equal to 2,63 x 10

-2 
Wm

-

1o
C

-1
. 

For the simulations of the transient conditions, the model used the temperature values determined experimentally 

under thermal neutrality, and the temperature of the thermal devices was taken as external stimulus.  

The adequacy of the passive system model of the knee for the representation of the data collected experimentally 

was determined under transient and thermal neutrality conditions (heating and cooling) by analisys of the curves 

temperature T (
o
C) along the time (s). The coefficients of determination (r

2
) and correlation (r) and the standard error of 

the estimate were also determined to check the level of adjustment of the curves to the experimental data. 
 

 



3. RESULTS AND DISCUSSION 

 

3.1. In vivo experiment  

 

To establish the profile of the temperature, the adoption of stable environmental experimental conditions and within 

the thermal neutrality zone it is important due to the large amount and complexity of factors influencing the temperature 

field of the tissues (Ferreira and Yanagihara, 1999). Within the thermal neutrality zone the generation of heat by tissue 

metabolism is lower and the central temperature of the animal tends to remain stable, without need for activation 

mechanisms of thermoregulation, which could impact the behavior of canine rectal and knee temperature. In this study, 

the temperature and relative air humidity was kept between (24,7 ± 0,4)
o
C and (53,6 ± 0,21)%, respectively, all along 

the experiment. These values were considered adequate for the study of canine temperature behavior and used as 

reference for the simulations under thermal neutrality. Under those conditions, the differences observed between the 

temperature averages within one specific area were below 0,5
o
C and did not reach limits of statistical significance. 

Table 3 sums up the experimental data collected in the canine rectal and knee under thermal neutrality (articular pre-

heating and pre-cooling) and transient (final stage of articular heating and cooling) conditions. The variability test 

between averages showed that, for the thermal neutrality condition, the temperatures of the regions evaluated were 

statistically different, and no statistically significant differences were present when the temperature averages of the 

various areas of the epidermis and the intra-articular cavity were compared. Because of that, the average temperature of 

the epidermis Tep [(34,8 ± 1,5)
o
C] and of the intra-articular cavity Tia [(36,8 ± 0,9)

o
C] were considered in the analysis 

and simulations of the passive model. 

These results were in agreement with the literature which states that the temperature is not the same and will not be 

kept in different tissues of the body. In the most central tissues, represented in this study by the pericapsular and intra-

articular cavity, the temperature is higher and more controlled while in the more superficial layers, the epidermis and 

the subcutaneous area it is lower and broadly varied, responding to the external conditions (Pardasani and Adlakha, 

1995; Mainardi et al., 1979; Hollander et al., 1951). 

 

Table 3. Mean and standard deviation of the rectal and the canine knee temperatures for thermal neutrality and 

transient (heating and cooling). 

 

Region / Temperature (
o
C) 

Epidermis Intra-articular cavity 
Condition 

Rectal Lateral 

region 

Medial 

region 

Anterior 

region 

Subcutaneous Pericapsular Femur-

tibial 

Cruciate 

ligament 

Thermal 

neutrality 
36,6±4,0 34,9±1,4 35,0±1,7 35,0±1,3 35,7±0,8 35,2±0,9 36,7±1,7 36,8±1,1 

Heating
(1) 

37,0±4,7 40,0±0,7 40,8±0,6 40,9±0,7 39,2±0,9 39,1±1,0 38,8±0,5 38,3±0,6 

Cooling
(1) 

37,4±0,8 25,8±4,3 25,4±5,0 26,8±4,7 27,1±5,4 27,1±4,5 30,6±2,7 34,7±1,1 
(1)
: Mean and standart deviation of temperature of the last 60 s of heating and cooling of the knee. 

The thermal pad [temperature Theat = (59,2±12,8)
o
C] and the ice compresses [temperature Tcool = (8,9±3,3)

o
C] used 

for the heating and cooling respectively the canine knees were effective to produce statistically significant increase and 

reduction of the temperature in all regions evaluated, except in the rectal, where the variation observed was not 

statistically significant. Those findings comply with most of the works about thermotherapy and cryotherapy, which 

state that the effects of those devices – increase (Weinberger et al., 1989; Draper et al., 2004) or reduction (Dahlstedt et 

al., 1996; Chesterton et al., 2002) of tissue temperature in response to heating and cooling by conduction from the 

cutaneous surface – are restricted to the area where the thermal device is applied (Meeusen and Lievens, 1986; 

Halvorson, 1990). 

 

3.2. Canine knee temperature behavior: experimental data x mathematical simulation 

 

It is possible to observe in Figure 3 the behavior of the temperature T (
o
C) along the time (s) for each of the tissue 

layers of the canine knee, under thermal neutrality [T = (24,7 ± 0,4)
o
C; air humidity = (53,6 ± 0,21)%]. The curves 

obtained from the experimental data indicated that the temperature of the epidermis, subcutaneous, pericapsular and and 

intra-articular cavity were stable all along the period previous to the use of the thermal devices, as expected. In the 

simulation of the model, the thermal stability temperature of each of those layers was different from that obtained 

experimentally, thus indicating that the model is not able to stabilize with the same values of the condition in vivo. The 

variability observed between the curves obtained experimentally and by simulation may have resulted from the 

uncertainties involved in the determination of the physiological and thermophysical parameters used in the elaboration 

of the model (Cui and Barbenel, 1990; Werner and Buse, 1988) considering that in the literature those parameters 

present great variation and the building of the model accounted for the average of the values obtained. Table 4 show the 
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coefficients of determination (r
2
) and correlation (r), as well as the standard error of the estimate for the curves obtained 

by the simulation of the model for each layer of the canine knee. 

 

Table 4. Coefficients of determination (r
2
) and correlation (r) and standad error of estimative for the passive system 

model curves for the canine knee: thermal neutrality. 

 

Region Coefficient of determination (r
2
) Coefficient of correlation (r) Standard error 

Epidermis 0,145 0,381 0,004 

Subcutaneous 0,843 0,918 0,002 

Pericapsular 0,452 0,672 0,002 

Intra-articular cavity 0,601 0,775 0,002 

 

 

 
Figure 3. Temperatures of the canine knee for thermal neutrality [T = (24,7 ± 0,4)

o
C; relative humity = 

(53,6 ± 0,21)%]. (Ep = epidermis; Ia = intra-articular cavity; Pc = pericapsular region; Sb = subcutaneous region; exp = 

experimental; simul = simulation) 

 

Figures 4 to 7 show the temperature curves T (
o
C) in function of the time (s), obtained from the data collected 

experimentally and simulation with the electrical circuit analogue under the articular heating and cooling conditions. 

The experimental data curves show that in all layers of the tissue the temperature displays exponential behavior in time 

and tends to reach a balance state by the end of the experiment. This behavior was observed in the curves resulting from 

the simulations as well and has been acknowledged by other authors who investigated the relations between the 

temperature of biological systems and the time (Liu et al., 1999; Saidel et al., 2001; Deng and Liu, 2002; Liu et al., 

2003). The curves resulting from the simulation showed proper adjustment to the experimental curves, with high values 

for the coefficients of determination and correlation, and low standard error for the estimate (Table 5). 

 

Table 5. Coefficients of determination (r
2
) and correlation (r) and standad error of estimative for the passive system 

model curves for the layers canine knee: transient (heating and cooling). 

 

Coefficients of determination (r
2
) Coefficients of correlation (r) Standad error 

Region 
Heating Cooling Heating Cooling Heating Cooling 

Epidermis 0,812 0,878 0,901 0,937 0,541 0,510 

Subcutaneous 0,894 0,962 0,945 0,981 0,559 0,336 

Pericapsular 0,933 0,976 0,966 0,988 0,382 0,227 

Intra-articular cavity 0,995 0,970 0,997 0,985 0,068 0,153 

  



  
 

 

 

 

 

 

  
 

 

 

 

 

The thermal balance of the knee results from the interaction between the passive and active controls applied to each 

of the joint elements. The results of this study suggest that the pattern of temperature distribution in the epidermis, 

subcutaneous, pericapsular and intra-articular cavity is strongly affected by the vascular organization and blood flow 

distribution across the layers, under thermal neutrality but mainly during the heating and cooling processes. While the 

passive system does not cover the thermal regulation actions of the body, the variation observed between the curves 

obtained experimentally and the simulation may have been a consequence of the vasomotor reactions induced by the 

heating and cooling of the knee and their impact on the thermophysical properties of each joint layer.  

The passive model proposed in this study highlights the importance of the thermoregulation system of the body for 

the temperature control of the tissues and the complexity of this phenomenon. The comparisons made with the data 

collected experimentally indicated that the model developed was suitable to adequately anticipate the temperatures of 

the internal layers of the canine knee under thermal neutrality and transient conditions. Therefore, this model provides a 

support for the active system to operate. Together, those systems can offer a more realistic anticipation of the canine 

knee temperature condition, particularly under heating and cooling conditions. The development and validation of the 

complete system is currently the subject of an ongoing work. 

 

3. CONCLUSION 

 

Considering the physiological characteristics and thermophysical properties of the various structures and tissues of 

the sinovial joint, the passive system modeling of canine knee, developed by analogy with the electrical system, proved 

suitable to anticipate the temperature behavior of the peripheral and core layers of the knee. 

 

Figure 4. Temperature of the epidermis under the 

articular heating [Theat = (59,2±12,8)
o
C] and cooling 

[Tcool = (8,9±3,3)
o
C] conditions. (exp = experimental; 

simul = simulation) 

Figure 5. Temperature of the subcutaneous region 

under the articular heating [Theat = (59,2±12,8)
o
C] and 

cooling [Tcool = (8,9±3,3)
o
C] conditions. (exp = 

experimental; simul = simulation) 

Figure 6. Temperature of the pericapsular region 

under the articular heating [Theat = (59,2±12,8)
o
C] and 

cooling [Tcool = (8,9±3,3)
o
C] conditions. (exp = 

experimental; simul = simulation) 

Figure 7. Temperature of the intra-articular cavity 

under the articular heating [Theat = (59,2±12,8)
o
C] and 

cooling [Tcool = (8,9±3,3)
o
C] conditions. (exp = 

experimental; simul = simulation) 
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