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Abstract 11 

A three-dimensional (3D) multi-segment hand-specific thermoregulation model was de-12 

veloped as a fundamental tool for spatial and temporal skin temperature prediction. Cold-induced 13 

vasodilation in fingers was simulated by superimposing symmetrical triangular waveforms onto 14 

the basal blood flow. The model used realistic anatomical, physiological, and thermo-physical 15 

information of a standard human hand and forearm. The inhomogeneity of hand thermal and 16 

physiological properties was considered by dividing it into 17 segments: palm, dorsal, forearm, 17 

and five fingers, with each finger subdivided into fingertip, middle segment, and finger root ex-18 

cept for the thumb, which has no middle segment. Each segment contained a bone core and an 19 

outer soft tissue layer. 3D scanning technology was employed to develop the geometrically real-20 

istic model of the hand and the bone. The thermo-physical and physiological properties of each 21 

segment and layer were obtained from a photogrammetric analysis of anatomic atlases and from 22 

literature. Heat transfer throughout the hand by metabolism, blood perfusion, and conduction be-23 

tween the tissue was considered. Heat loss by convection and radiation from the skin and the 24 

protective effects of gloves were also included in the model. The model showed good agreement 25 

with experimental data from the literature. The developed 3D hand model fills the knowledge 26 

gap and builds a bridge between existing knowledge of the hand’s physiology and its application, 27 

providing a science-based tool for decision making. The understanding from model studies may 28 

also help enhance the wearer’s working efficiency, safety, health, and wellbeing while working 29 

in indoor and outdoor cold environments. 30 

 31 
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1 Introduction 1 

Cold environments pose a significant threat to human comfort, work efficiency, and safe-2 

ty. The incidence of accidents rises extraordinarily while working in the cold outdoor and indoor 3 

environments, such as in a cold windy or in an unheated building in the winter. It is reported that 4 

more than 500,000 occupants have suffered from cold injury in their work environments in Fin-5 

land [1]. Specifically, building construction workers suffer from cold weather injuries severely. 6 

One of the reasons to cause the accidents in the cold environment is the numbness of the human 7 

hand. Besides, even local hand exposure in the cold environmental can intensify the discomfort 8 

of the whole human body [2]. 9 

Human hands are unique, extremely dexterous, and play a critical role in human activities. 10 

Hand and finger skin temperatures are pivotal factors to maintain dexterity, grip strength, and 11 

manual performance [3, 4]. Laboratory and field studies have shown that performing the same 12 

type of manual work in a cold environment is more dangerous than in a warm environment [1]. 13 

A mean hand skin temperature of 15 °C is considered to be the lowest acceptable temperature for 14 

maintaining sufficient hand manual performance [3, 5]. Finger dexterity is more sensitive to cold 15 

exposure than manual dexterity [6]. Finger dexterity weakens slightly at a finger skin tempera-16 

ture of 20-22 °C, and severe finger dexterity deterioration is often seen at a finger skin tempera-17 

ture of 15-16 °C, which substantially increases the risk of accidents while working [7-9]. Almost 18 

all subtle functions of the fingers are lost when the finger temperature drops to 4.4 °C [10]. The 19 

number of errors (when performing a tracking task) increases approximately linearly with the 20 

decreasing hand temperature within the ambient temperature range of 10-30 °C [11]. Dexterity 21 

and grip strength are also positively correlated with finger skin temperatures [12]. Impairment of 22 

manual performance during cold exposure is also dependent on many other factors such as the 23 

ambient air temperature, glove material properties (e.g., thickness and stiffness), and glove de-24 

sign factors [12, 13]. It is important to keep the skin temperatures above a certain threshold to 25 

maintain hand performance and reduce the risk of accidents. 26 

Hands are also rather effective at losing heat to the environment due to the considerable 27 

and frequent changes in blood flow and a rather large surface-to-volume ratio that is 4 to 5 times 28 

larger than the body as a whole [14, 15]. In general, the blood flow in the hand can be as low as 29 

0.15 ml/100 ml tissue/min during prolonged cold exposure [16], and, during high-temperature 30 

exposure, it can reach up to 30 ml/100ml tissue/min [17], i.e., a 200-fold difference. Nagasaka et 31 

al. [18] reported that the minimal blood flow in fingers was 0.2 ml/100ml tissue/min, while the 32 

maximum could reach as high as 120 ml/100 ml tissue/min in locally heated hands. The 600-fold 33 

changes in blood flow through the fingers are unparalleled in any other part of the hand. Moreo-34 

ver, for any given finger, the blood flow in the fingertip can be three times larger than that in the 35 

finger’s middle segment [19]. Additionally, a larger surface-to-volume ratio will result in a high-36 
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er heat exchange rate, making hands, especially fingers, more susceptible to heat loss in cold en-1 

vironments than other parts of the body. 2 

During cold exposure, vasoconstriction in the skin decreases the peripheral blood flow so 3 

that convective heat transfer between the body core and shell could be decreased. However, pe-4 

ripheral constriction results in strong cooling of extremities. Fortunately, extremities such as the 5 

hand have the capability to prevent the occurrence of cold extremities. After the initial exposure 6 

of the hand to cold for about 5-10 minutes, blood vessels in the fingertips suddenly vasodilate. 7 

Subsequently, the peripheral blood flow and the temperature of the fingertips increase. This phe-8 

nomenon is called cold-induced vasodilation (CIVD). CIVD appears to occur when the finger 9 

skin temperature drops to a range of 7.2-18 ℃ depending on many factors such as thermal state, 10 

ethnicity, gender, age, fitness, alcohol, tobacco, diet, adaptation, and acclimation [20, 21]. CIVD 11 

could last for a few minutes and is flowed by a phase of vasoconstriction. Once the finger skin 12 

temperature decreases to the above-mentioned threshold temperature range, another burst CIVD 13 

may occur [21]. This process repeats itself and is called the hunting reaction [21]. CIVD can 14 

likely mitigate cold injuries and maintain manual dexterity for longer durations [22, 23]. 15 

A mathematical model of hand thermoregulation in cold environments provides an effi-16 

cient, safe, and economical method to predict the evolution of skin temperatures of the hand and 17 

fingers and reveal the thermal interaction between the human hand and the environment. Transi-18 

ent one-dimensional models of the hand-object thermal interaction have been developed to simu-19 

late skin temperature change and predict skin injuries [24-26]. They require the initial skin and 20 

object temperatures, skin thermal conductivity and diffusivity, and contact conductance as input 21 

parameters. Nevertheless, those models are unable to simulate hand thermoregulation through 22 

processes such as vasomotion, which greatly limits their predictive capabilities.  23 

Advanced models that consider thermoregulation and account for clothing and other en-24 

vironmental factors have been developed [27, 28]. However, most of the existing thermoregula-25 

tion models either simplify the hand geometry as a cylinder [29-32] or only focus on a single 26 

finger [33-37]. While whole-hand models typically neglect any differences in thermal responses 27 

between the palm, dorsal, and especially individual fingers (caused by different anatomies, ge-28 

ometries, and physiological and thermo-physical characteristics), single-finger models fail to ac-29 

count for and differentiate thermal responses of other hand regions. There is a limited number of 30 

existing models that address differences in physiological responses [38] between hands and fin-31 

gers or realistic dimensions of the hand [39]. The anatomical heterogeneity and the diverse ge-32 

ometry of the hand, which significantly affects the heat transfer coefficients [40] and the hand 33 

temperature profiles [41], are not usually taken into consideration in both whole hand and single 34 

finger models. Failure to simulate local differences in the thermo-physiological hand response 35 

makes it impossible to accurately predict temperatures of all fingers, present a temperature pro-36 

file of the entire hand, as well as provide essential information for hand protection [42]. To date, 37 
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there exists no hand thermoregulation model that considers both the realistic geometry and the 1 

inhomogeneity of the hand and fingers to predict the temperature distribution and changes over 2 

time. In order to bridge the gap and facilitate the formulation of effective strategies for maintain-3 

ing good dexterity and reducing the risk of cold injuries, it is crucial to develop a hand-specific 4 

thermoregulation model that is capable of simulating the thermophysiological responses of both 5 

the whole hand and of the different segments with sufficient accuracy. 6 

To achieve this goal, we developed a 3D multi-segment hand-specific thermoregulation 7 

model that uses a more realistic representation of the hand and its skeletal anatomy and geometry 8 

based on 3D scanning techniques. Hand heterogeneity is addressed by dividing the virtual hand 9 

model into 17 segments, namely the forearm, palm, dorsal, and five fingers, with each finger 10 

subdivided into fingertip, middle segment, and finger root, except for the thumb, which has no 11 

middle segment. Each segment consists of two layers: a bone core that is surrounded by an outer 12 

soft tissue layer. The physiological and thermo-physical properties of each segment and each 13 

layer have been obtained from a photogrammetric analysis of anatomic atlases. The model can 14 

account for heat transfers due to metabolism, blood perfusion, and conduction between each 15 

segment and layer. Vasoconstriction is simulated by describing the blood flow as a function of 16 

body core temperature, average body skin temperature, and local hand temperature. CIVD is 17 

simulated by superimposing symmetrical triangular waveforms on the basal blood flow rate. 18 

Heat losses from the skin surface by convection and radiation are also considered. The effect of 19 

gloves is simulated by adding an additional layer of thermal insulation on top of the hand’s skin 20 

layer. Skin temperature changes over time for a range of air temperatures and wind speeds were 21 

successfully predicted and validated against literature data (with and without CIVD/gloves). The 22 

effect of wind speeds and air temperature on spatial distribution and temporal dynamics of hand 23 

skin temperature were analyzed. 24 

2 Method 25 

2.1 Geometrical model 26 

The numerical hand model was divided into two layers: the outer soft tissue and the bone 27 

core. The soft tissue layer contains skin, muscle, and fat. The hand geometry was obtained from 28 

a 3D scan of a thermal hand manikin (Thermetrics, Seattle, WA) and represents a standard hu-29 

man hand (50 percentile western male hand size). The bone geometry used is a simplified ver-30 

sion of the hand skeleton. The geometry of the hand skeleton was digitized via 3D scanning of an 31 

anatomically correct model (Axis Scientific, Evanston, IL). However, the geometry of the skele-32 

ton, especially of the carpal bones, is quite complex and contains a certain degree of irregularity. 33 

Hence, this requires many mesh control volumes to be adequately resolved, which lead to an in-34 
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creased computational cost (Fig. 1a). Therefore, the geometry of the skeleton was approximated 1 

as smooth curved surfaces and using the Geomagic Studio 12 software (3D Systems, Inc., USA). 2 

The positions and postures of fingers were adjusted to fit the virtual hand model using ICEM 3 

CFD 2020 R2 (Ansys Inc., Canonsburg, PA, USA) (Fig. 1b). The relative location between the 4 

virtual hand and bone model was adjusted in order to make the thickness of the soft tissue at the 5 

left and right side of the finger is equal and at the palmar and the dorsal side of the finger is 6 

about 2.39:1 and 1.52:1 for the thumb and the other four fingers, respectively [31] (Fig. 1c). The 7 

distance between the tip of the soft tissue and the bone of the finger was adjusted to about 4.9 to 8 

5.0 mm [43]. The forearm bone was digitally generated and simplified by shrinking its geometry 9 

while maintaining a 6.0 mm soft tissue thickness [44]. The coupled hand and bone model was 10 

then divided into 17 segments (Fig. 1d). The volume percentage of the bone in the hand model 11 

ranged from about 15% to 23%, 19% to 25%, and 23% to 28%, in the fingertips, middle seg-12 

ments, and finger roots, respectively, or was a constant of 15%, 24%, and 26% in the palm, dor-13 

sal, and forearm, respectively. 14 

         15 
                                     (a)                                    (b)                         (c)                                               (d) 16 
Fig. 1. Hand anatomy used in the model. (a) the real hand bone model, (b) simplified hand bone model, (c) a cross-17 

sectional view of one finger to illustrate the bone core and soft tissue layer., and (d) the coupled hand and bone 18 
model with 17 hand segments. 19 

 20 

A tetrahedral volume mesh was created for the 3D hand domain using ICEM CFD 2020 21 

R2 (Ansys Inc., Canonsburg, PA, USA). A grid independence study was conducted focusing on 22 

the skin temperature as this is the critical and most sensitive parameter (rather than bone or tissue 23 

temperature) with regard to the number of mesh elements. We eventually chose a total number of 24 

about 1.16 million mesh nodes for the simulation as a further increase to 2.50 million only re-25 

sulted in negligible changes (of less than 0.01%) in the surface temperature of all 17 segments. 26 

2.2 Heat transfer model 27 

In this study, the change in tissue temperature is described as a sum of conductive heat 28 

transfer within the tissue, heat generation by blood flow, and metabolic heat generation:  29 
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where   (kg/m
3
),    (J/(kg·K)), and   (W/(m·K)) are the density, specific heat capacity, and 1 

thermal conductivity of the hand tissue, respectively, T (K) is the tissue temperature, t (s) is time, 2 

   (W/m
3
) and    (W/m

3
) are the heat generated by blood flow and basal metabolism, respec-3 

tively. Although shivering is a vital response to generate heat when the human body is exposed 4 

to a cold environment, it contributes only little to the hand thermal response due to a very limited 5 

percentage of muscle in the hand [45]; therefore, shivering was neglected in this model. 6 

2.2.1 Tissue properties 7 

There is very little existing knowledge regarding the thermo-physical properties of the 8 

soft tissues in each hand segment. In this research, the density, specific heat, thermal conductivi-9 

ty, and metabolic heat generation of each hand segment were derived based on the following ap-10 

proaches and underlying assumptions. 11 

2.2.1.1 Volume percentages of muscle, fat, and skin in each segment 12 

The volume percentages of muscle, fat, and skin in the soft tissue for each segment of the 13 

finger were estimated from Yuan [46], who simplified the finger as a cylindroid, and provided 14 

seven cross-sections along the major and minor axis showing the proportions of bone, muscle, fat, 15 

and skin from the finger root to the fingertip. We used Yuan’s data to calculate the cross-16 

sectional areas at the bottom of the finger root, at the proximal and distal and interphalangeal 17 

joints, and at the top of the fingertip. The fingertip, middle segment, and finger root were each 18 

considered as truncated cones when calculating the volume percentages, and the corresponding 19 

volume can be calculated from ([47]): 20 

   (    √  )  ⁄  Eq. 2 

where V (m
3
) is the segmental volume,   (m) is the distance between adjacent cross-sections, and 21 

  (m
2
) and   (m

2
) are the respective top and bottom cross-sectional areas of each segment. Fur-22 

thermore, we assumed that the volume percentages of muscle, fat, and skin did not differ be-23 

tween fingers. 24 

The volume percentages of muscle, fat, and skin in the palm and dorsal soft tissue were 25 

estimated from Dixon et al. [48] (Fig. 2). The area percentages of the muscle, fat, and skin were 26 

estimated by using AutoCAD 2016 software (Autodesk Inc., USA) based on the cross-section 27 

image shown in Fig. 2. It was assumed the area percentage of soft tissue components is the same 28 

along the length of palm and dorsal, thus representing the volume percentage in this study. 29 

 30 
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 1 
Fig. 2. Anatomical cross-section through the proximal shafts of the hand’s metacarpals. 2 

The volume percentages of muscle, fat, and skin in the forearm were taken from Cooper 3 

et al. [49] who obtained the data from measurements on dissected cadavers. Table 1 provides a 4 

summary of all volume percentages used in this study.  5 

 6 

Table 1. Volume parentages of muscle, fat, and skin in the soft tissue of different hand segments used in the present 7 
study. 8 

 Muscle Fat Skin 

Fingertip 23.79% 61.00% 15.21% 

Middle segment 39.62% 45.91% 14.47% 

Finger root 43.77% 41.77% 14.46% 

Palm 73.18% 16.50% 10.32% 

Dorsal 36.17% 36.86% 26.97% 

Forearm 80.76% 9.27% 9.97% 

 9 

2.2.1.2 Thermo-physical and physiological properties of each segment 10 

The thermo-physical and physiological properties of the soft tissue were calculated based 11 

on a volume-weighted average (Eq. 3 to Eq. 6) of the corresponding properties of each constitu-12 

ent, i.e., muscle, fat, and skin. The individual values of the muscle, fat, and skin were taken from 13 

Fiala et al. [30] and Shitzer et al. [37] (Table 2).  14 

 15 

Table 2. Density, specific heat, thermal conductivity, and basal metabolic rate of the different soft tissue constituents 16 
used to calculate their volume averages for use in the numerical computations [30, 37]. 17 

 
Density 

(kg/m
3
) 

Specific heat 

(J/(kg·K)) 

Thermal conductivity 

(W/(m·K)) 

Basal metabolic rate 

(W/m
3
) 

Muscle 1085 3768 0.42 684 

 

1 Abductor pollicis brevis 

2 Flexor pollicis brevis 

3 Palmar aponeurosis 

4 Oponens pollicis brevis 

5 First metacarpal 

6 Extensor pollicis brevis tendon 

7 Extensor pollicis longus tendon 

8 Cephalic vein 

9 Flexor pollicis longus 

tendon 

10 Adductor pollicis 

11 Radial artery 

12 First dorsal interosseous 

13 Second metacarpal 

14 Second palmar 

interosseous 

15 Second dorsal interosseous 

16 Extensor indicis tendon 

17 Extensor digitorum tendon 

18 Third metacarpal 

19 Fourth metacarpal 

20 Extensor digiti minimi tendon 

21 Fifth metacarpal 

22 Flexor digitorum profundus 

tendons 

23 Lumbrical 

24 Flexor digitorum superficialis 

tendons 

25 Median nerve 

26 Ulnar artery and nerve 

27 Opponens digiti minimi 

28 Flexor digiti minimi 

29 Abductor digiti minimi 

30 Muscles of thenar eminence 

31 Muscles of hypothenar eminence 
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Fat 850 2300 0.16 58 

Skin 1085 3680 0.47 368 

 1 

                                                Eq. 3 

                                                    
Eq. 4 

                                                Eq. 5 

                                                Eq. 6 

where   (kg/m
3
),   (J/(kg·K)),  (W/(m·K)), and M (W/m

3
) are the density, specific heat, ther-2 

mal conductivity, and basal metabolic rate, respectively; the subscripts            ,       , 3 

   , and      refer to the soft tissue, muscle, fat, and the skin, respectively. 4 

The density, specific heat, thermal conductivity, and basal metabolic rate of the soft tis-5 

sue in each hand segment were obtained and are summarized in Table 3. Additionally, the prop-6 

erties of the bone and blood used in this study are listed in Table 4. 7 

 8 

Table 3. Density, specific heat, thermal conductivity, and basal metabolic rate for the soft tissue in different hand 9 
segments. 10 

 
Density 

(kg/m
3
) 

Specific heat 

(J/(kg·K)) 

Thermal conductivity 

(W/(m·K)) 

Basal metabolic rate 

(W/m
3
) 

Fingertip 942 2859 0.2690 254.1 

Middle digit 977 3081 0.3079 350.9 

Finger root 987 3142 0.3186 376.8 

Palm 1046 3517 0.3823 548.1 

Dorsal 998 3203 0.3376 368.0 

Forearm 1063 3623 0.4009 594.5 

 11 

Table 4. Density, specific heat, thermal conductivity, and basal metabolic rate for the bone and blood. 12 

 
Density 

(kg/m
3
) 

Specific heat 

(J/(kg·K)) 

Thermal conductivity 

(W/(m·K)) 

Basal metabolic rate 

(W/m
3
) 

Bone core 1357 1700 0.75 0 

Blood 1060 3899 0.45  

2.2.2 Blood flow and heat transfer 13 

The heat transfer by blood flow is calculated based on 14 

          
(         ) Eq. 7 
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where    (s
-1

) is the blood flow rate per unit volume,    (kg/m
3
) and     (J/(kg·K)) are the den-1 

sity and specific heat of the blood, and      (K) and      (K) are the temperatures of the arterial 2 

and venous blood. 3 

The whole hand was perfused with a basal blood flow and an arterio-venous shunt flow, 4 

and the local reaction to cold is a decrease in blood flow and thus in heat dissipation [50]. In this 5 

study, the blood flow rate is considered as a function of body core temperature, average skin 6 

temperature of the whole body, and local skin temperature [51]:  7 

  

       

    (   ((            )      ( ̅           )     (        )))     ⁄  

Eq. 8 

where        (s
-1

) is the basal blood flow assumed to be 5×10
-5

 s
-1

 [52],       (K) is the body 8 

core temperature, and  ̅     (K) is the average skin temperature of the whole body. 9 

During cold exposure, peripheral blood returns to the heart through deep veins to reduce 10 

heat loss and thereby cools the blood in adjacent arteries through a countercurrent heat exchange 11 

mechanism. Heat loss per unit volume of blood is an almost linear function of the hand skin tem-12 

perature. The difference in temperature between arterial and venous blood as it enters and leaves 13 

the hand is about 8 K and 1.1 K for hand skin temperatures of 289.15 K and 309.15 K, respec-14 

tively [16]. Therefore, we can establish a linear equation that describes the drop in blood temper-15 

ature as a function of the hand skin temperature: 16 

                           Eq. 9 

2.2.2.1 Modeling cold-induced vasodilation (CIVD) 17 

During cold exposure, vasoconstriction reduces blood flow and hence heat dissipation. 18 

However, when the skin temperature has dropped to 18 ℃ or lower [21, 53], a seemingly para-19 

doxical cold-induced vasodilation (CIVD) occurs, most commonly in fingers and toes, temporar-20 

ily increasing blood flow and leading to rewarming. During CIVD, the skin temperature may rise 21 

by as much as 10 ℃. As the temperature rises, vasoconstriction occurs again and causes the skin 22 

temperature to fall. This cycle may repeat many times [54]. Moreover, higher body core tem-23 

perature will cause earlier onsets of CIVD which will result in higher finger skin temperatures 24 

during CIVD [21]. While CIVD has been hypothesized to protect against cold injury, the exact 25 

physiological mechanisms behind CIVD remain unclear. It appears that only a minority of hu-26 

mans possess the natural capability of CIVD, and there are large differences in the onset time, 27 

duration, and amplitude of CIVD among peoples [36, 55]. Therefore, we simulate CIVD by as-28 

suming that CIVD lasts for 5 min and is followed by 5 min of asymmetrical vasoconstriction 29 

[37]. The change in blood flow rate with time is shown in Eq. 10. 30 
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 {
        (           )   ⁄                                

        (    (           ))   ⁄                               
 

Eq. 10 

where       (s
-1

) is the peak blood flow rate during CIVD and        (s) is the onset time of 1 

CIVD. 2 

Based on the above assumptions, the heat transfer by blood flow considering CIVD can 3 

then be calculated using Eq. 11. 4 

               
(         ) Eq. 11 

2.3 Boundary and initial conditions 5 

For model validation, the initial temperature of the soft tissue was set to the value of the 6 

skin temperature as measured in the experiment. The initial temperature of the bone core was 7 

assumed to be 34 ℃ [45]. 8 

Heat loss from the hand skin exposed to cold air occurs through convection and radiation. 9 

The convective heat loss from the skin is calculated by 10 

     (      ) Eq. 12 

where    (W/m
2
) is the heat loss from the skin surface by convection,      (K) is the ambient air 11 

temperature, and    (W/(m
2
·K)) is the convective heat transfer coefficient of the different hand 12 

segments. For wind speed range from 0.05 m/s to 2.0 m/s,    was determined by the regression 13 

equation, which has the general form: 14 

     
  Eq. 13 

The corresponding values for   and   can be found in reference [40]. For wind speed 15 

larger than 2.0 m/s,    was determined by [53] 16 

          ⁄  Eq. 14 

where      (W/(m·K)) is the thermal conductivity of air,   (m) is the characteristic length (for a 17 

cylindrical representation of a finger, the finger diameter can be taken as the characteristic 18 

length), and    is the Nusselt number. For forced convection, 19 

        Eq. 15 

where B and n are shape factors and, for a cylinder, can be estimated as        and       , 20 

and    is the Reynolds number and can be calculated from 21 

      ⁄  Eq. 16 

where   (m/s) is the wind speed and   (m
2
/s) the kinematic viscosity of air. 22 

The radiative heat loss from the skin is given by 23 

      ( 
    

 ) Eq. 17 

where    (W/m
2
) is the heat loss from the skin surface by radiation,   is the view factor of each 24 

hand segment (see Table 5) obtained based on a previous study [40],   the emissivity of the skin 25 
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(a constant value of 0.95 is assumed in this study),   the Stefan-Boltzmann constant (5.67×10
-8

 1 

W/(m
2
·K

4
)), and    (K) the mean radiant temperature assumed to be equal to      [42]. 2 

 3 

Table 5. View factors for each hand segment. 4 

Hand segment View factor 

Thumb Fingertip 0.8797 

 Finger root 0.8637 

Index Fingertip 0.8872 

 Middle digit 0.8401 

 Finger root 0.7994 

Middle Fingertip 0.8599 

 Middle digit 0.7540 

 Finger root 0.7055 

Ring Fingertip 0.8616 

 Middle digit 0.7677 

 Finger root 0.7320 

Little Fingertip 0.8635 

 Middle digit 0.8429 

 Finger root 0.8287 

Palm 0.9313 

Dorsal 0.9631 

Forearm 0.9681 

2.4 Numerical solution 5 

ANSYS FLUENT (Ansys Inc., Canonsburg, PA, USA), and specifically the SIMPLEC 6 

algorithm, was used to solve the governing equations based on the finite volume method. A 7 

least-squares cell-based algorithm for gradients and a second-order upwind scheme for the ener-8 

gy equation were used for discretization. The solution was considered as converged when the 9 

residual level dropped to 1×10
-7

 for the energy equation. We also studied the dependence of the 10 

model results on the chosen time step. Changing the time step from 1 s to 0.1 s resulted in 11 

changes in the skin surface temperatures of all segments of well below 0.5%. We therefore chose 12 

a time step size of 1 s to balance numerical accuracy and computational cost.  13 
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3 Results and Discussion 1 

The developed 3D hand thermoregulation model was validated using four different sce-2 

narios: two extreme cold scenarios which we will refer to as Scenario 1 (-26 ℃ with 5 m/s wind) 3 

and Scenario 2 (-15 ℃ with 10 m/s wind), a cold scenario which we label Scenario 3 (0 ℃ with 4 

0.4 m/s wind), and a slightly cool scenario labeled Scenario 4 (14 ℃ with 1.5 m/s wind). The 5 

modeled results were compared with published experimental and simulation data. After valida-6 

tion, the model is used to investigate the effect of wind speed (0.05 m/s to 2.0 m/s) and air tem-7 

perature (-10 ℃ to 10 ℃) on the spatial and temporal skin temperature distribution of the hand. 8 

3.1 Model validation for Scenarios 1 and 2 9 

The predicted change in skin temperature in the two extreme cold scenarios (Scenarios 1 10 

and 2) is in good agreement with experimental data from Wilson and Goldman [56] (Fig. 3 and 11 

Fig. 4) in which an air temperature as low as -26 ℃ was simulated. In their experiment, the mid-12 

dle segment of an unspecified finger was inserted into a temperature-controlled chamber (16 cm 13 

×8 cm × 3 cm) where a jet of cold air was directed at the finger segment’s dorsal surface. The air 14 

velocity was measured at the site of the finger by an air velocity meter. Meanwhile, other hand 15 

segments and body parts were exposed to an ambient air temperature of 21 ℃ while the torso 16 

and lower body of the test subjects were covered by a combat jacket and blanket, respectively, to 17 

ensure adequate warmth. Frostnip may occur when the skin temperature reach -10 ℃ to -15 ℃ 18 

[56]. The cold exposure was terminated once it happened. In our simulation, we therefore as-19 

sume that the core and mean skin temperature of the whole body were 37.1 ℃ and 31 ℃, respec-20 

tively, and remained constant throughout the experiment [51]. This assumption is based on the 21 

fact that the surface area of a finger’s middle segment is very small in comparison to the whole 22 

body and should therefore only have a negligible effect on the overall average. As the authors 23 

did not specify which specific finger was used in their experiments, we simulated the middle 24 

segments of all possible fingers (Fig. 3 and Fig. 4). The thumb was omitted as it does not have a 25 

middle segment. The wind speed for all other hand segments was assumed to be 0.05 m/s, and 26 

the corresponding convective heat transfer coefficients were obtained from the literature [40]. 27 

Clearly, the temperature change over time does not differ much between the different fin-28 

gers. In Scenario 1, the largest differences between the experimental data and the numerical pre-29 

diction of any finger segment’s skin temperature are around 6 ℃ after 0.1 min. As time passes, 30 

this difference continually decreases and never exceeds 1.5 ℃ by the end of the experiment. In 31 

Scenario 2, the maximal temperature difference is around 3.5 ℃ and occurs at a time point of 32 

0.15 min. Here, the differences remain below 1.1 ℃ by the end of the experiment. One possible 33 

reason for the relatively large initial discrepancies between the predicted and experimental tem-34 
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peratures is that the experimental temperature was taken at a single point (i.e., the very center of 1 

the middle digit’s dorsal), whereas our numerical simulation results were the area-weighted av-2 

erage temperature of the entire middle segment. Another reason may be related to the accuracy 3 

of the thermocouples (± 0.1 ℃) used in the experiment. Besides, in the experiment, the air tem-4 

perature was measured a few millimeter to the test finger, and it differed from the temperature 5 

measured at the site of the finger by ± 0.5 ℃. Despite those discrepancies in the absolute values, 6 

the model is in good agreement with the experimental data and reproduces the observed tempera-7 

ture dynamics fairly well, thus showing its validity in those extreme cold scenarios. It can be 8 

concluded that by taking into consideration more realistic representations of the anatomy, geom-9 

etry, physiology, and thermo-physical characteristics, our model could yield a better fit with the 10 

experimental data. 11 

 12 
Fig. 3. Comparing the modeled change in skin temperature over time for Scenario 1 ( -26 ℃ air temperature and 5 13 

m/s wind speed) with experimental data from Wilson and Goldman [56]. 14 
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 1 
Fig. 4. Comparing the modeled change in skin temperature for Scenario 2 (-15°C air temperature and 10 m/s wind 2 

speed) with experimental data from Wilson and Goldman [56]. 3 

3.2 Model validation for Scenario 3 4 

For scenario 3, the left hand was enclosed in a small climate chamber while the subject 5 

was inside a larger climate chamber with a temperature of 21 - 23 ℃. The air in the small cli-6 

mate chamber was slowly circulated at the speed below 0.4 m/s, while the temperature was con-7 

trolled at 0 °C [57]. In the experiment, the temperatures of the index finger’s tip, middle segment, 8 

and root, as well as the temperatures at the center of the palm and dorsal were measured. Each 9 

subject wore a T-shirt and long trousers to ensure adequate warmth. In the model, core and mean 10 

skin temperatures were assumed to be 37.1 ℃ and 31 ℃, respectively [51]. The wind speed at 11 

the hand was set to 0.4 m/s. 12 

Generally, the modeled and measured skin temperature changes over time agree reasona-13 

bly well (Fig. 5). The maximal differences between the predicted and experimental temperatures 14 

were observed at the palm and dorsal segments with about 2.68 ℃ and 1.45 ℃, respectively. At 15 

the index fingertip, middle segment, and root, the differences are below 1.5 ℃. As above, we 16 

ascribe these larger differences at the palm and dorsal to differences in methods obtaining the 17 

modeled versus the experimental values. While the experimental values represent spot measure-18 

ments, the modeled values are area-weighted averages. If we consider possible errors resulting 19 

from the experimental measurement methods and those due to sensor precision (±0.2 ℃), the 20 

observed differences between the 3D model and the experiment are decent. Generally, it can be 21 

concluded that the 3D thermoregulation model can accurately predict the skin temperature at dif-22 

ferent segments in Scenario 3. 23 
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 1 
     (a) 2 

 3 

  4 
                                                 (b)                                                                                          (c) 5 

Fig. 5. Comparison between modeled and experimental (from [57]) skin temperature change for Scenario 3 (0 ℃ 6 
and 0.4 m/s wind speed) for (a) index finger, (b) palm, and (c) dorsal. 7 

 8 

We also compared our model results with those predicted by the model developed by 9 

Shitzer et al. [37] (Fig. 6). In Shitzer et al.’s model, only the middle finger was modeled, consid-10 

ering effects of heat conduction, metabolic heat generation, heat transport by blood perfusion, 11 

heat exchange between the tissue and large blood vessels, and arterio-venous heat exchange. 12 

They divided the tissue into four concentric layers: core, muscle, fat, and skin. The heat transfer 13 
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coefficients,   , they used for the bare finger were 7.02 W/m
2
·K and 9.46 W/m

2
·K for the cir-1 

cumferential surface and the fingertip, respectively; in our model, we assigned those same    2 

values to the middle segment of the middle finger and its fingertip, respectively. Using a previ-3 

ously developed model for calculating    [40], we were able to derive the wind speed that corre-4 

sponds to the above    values: about 0.15 m/s. Based on this result, we used the model from [40] 5 

to calculate    for the remaining hand segments. Commensurate with the experimental condi-6 

tions in [37] we again assumed the core and mean skin temperatures of the whole body to be 7 

37.1 ℃ and 31 ℃, respectively [51]. 8 

Both models perform very similarly for predicting the change in skin temperature of the 9 

middle finger’s tip (Fig. 6). The predictions by our model are slightly higher (1.0 °C) than those 10 

from Shitzer et al.’s model. The difference may be due to different finger geometries modeled. 11 

While we modeled the realistic hand geometry, Shitzer et al. model a singer finger. In still air 12 

condition, the thermal boundary layer between fingers may merge, and influence the convective 13 

heat transfer coefficient thus the skin temperature of each finger. Therefore, a whole hand model 14 

may better represent the heat transfer of the hand than a single finger model. 15 

 16 
Fig. 6. Comparison with Shitzer’s model of skin temperature profile under 0 ℃ temperature. 17 

3.3 Model validation for Scenario 4 18 

To validate the model for the “slightly cold” Scenario 4 (14 °C with 1.5 m/s wind), we 19 

compared our simulation results to experimental skin temperature data from Wang et al. [58] for 20 

the ring finger (Fig. 7). During the experiments, the subjects wore leotards and socks with an in-21 

sulation value of 0.32 clo and sat in a thermally neutral environment that was kept at 28.4 ℃. 22 

The subject’s left hand was cooled at an air temperature of 14 ℃ for a period of 20 min. The 23 
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cool air was supplied to the hand through an air sleeve covering the whole hand. The experiment 1 

consisted of spot measurements of the skin temperature of the ring finger’s middle segment dor-2 

sal side and of the left hand dorsal plus continuous measurements of the core temperature. For 3 

the model, we assumed a mean skin temperature of 34 ℃ and a core temperature of 37.04 ℃ 4 

based on their experimental data. The wind speed was assumed to be 1.5 m/s [59, 60]. The simu-5 

lated skin temperatures and temporal dynamics are again in good agreement with the experi-6 

mental data (Fig. 7). The largest differences between the predicted and experimental skin tem-7 

peratures are 1.48 ℃ and 0.82 ℃ for the ring finger and dorsal, respectively. This could be due 8 

to the different approaches used to obtain the skin temperature: while the skin temperatures in 9 

the experiments correspond to a single point measurement, the modeled skin temperature corre-10 

sponds to an area-weighted average. Another reason for the discrepancy could be the error mar-11 

gin of the thermocouple (±0.2 ℃) used to measure skin temperatures. Nevertheless, the model 12 

agrees fairly well with the observations. 13 

 14 
Fig. 7. Comparing model predictions of the ring finger’s middle segment dorsal and hand dorsal temperatures to 15 

experimental data from Wang et al. [58] for Scenario 4 (14 ℃ and 1.5 m/s wind). 16 
 17 

3.4 Model validation for CIVD 18 

We also compared the model predictions of a CIVD event in the thumb to experimental 19 

data from [61] (Fig. 8). During the experiment, the bare hand was exposed for 60 min to a cold 20 

environment at an air temperature of 0 ℃ and with still wind. The temperature of the hand was 21 

measured by an infrared camera. In our model, we again assumed a core and average skin tem-22 

perature of the whole body of 37.1 ℃ and 31 ℃, respectively [51]. The heat transfer coefficients 23 

were taken from [61]. The onset times of two CIVD events were set to t1= 22 min and t2=39 min. 24 
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The peak blood flow rates of two CIVD events were assumed to be 0.001 s
-1

 and 0.0009 s
-1

, re-1 

spectively. The maximum discrepancies between modeled and observed skin temperatures were 2 

about 1.66 ℃ and 1.20 ℃ at the beginning and end of the second CIVD event, respectively. 3 

These differences are mainly due to the smaller magnitude of the second CIVD compared to the 4 

first event. However, considering the large variability of the magnitude, onset time, and peak 5 

temperature of CIVD between different individuals, the observed difference between the model 6 

and experiment is relatively small and can be considered as acceptable. We therefore conclude 7 

that our model can simulate the characteristics of CIVD with sufficient accuracy.  8 

 9 

 10 
Fig. 8. Comparison of the model results of the skin temperature at the thumb’s fingertip with experimental data from 11 

[61] during several CIVD events (at an ambient temperature of 0 ℃ with still air). 12 

3.5 Model validation for the gloved hand 13 

Fig. 9 shows a comparison between the present 3D model and experimental data from 14 

reference [62] of the average skin temperature at the middle and little fingertip with the glove. 15 

During the experiment, subjects wore a multilayer uniform, commonly used by the military to 16 

keep the body warm in winter, and remain seated in a chamber with an ambient air temperature 17 

of -6.7 ℃ and a wind speed of 1.1 m/s. The glove used to shield the hand from the cold was a 18 

light-duty type (thickness of 4.56 mm) with a leather shell and polyester inner layer [37]. The 19 

thermal insulation of the glove was 0.124 m
2
·K/W (0.8 clo), which was measured using an alu-20 

minum hand manikin. The temperature measurements were taken at the lateral nail bed of the 21 

middle and little fingers. The experiment was ended if the skin surface temperature dropped to 22 

5 ℃. 23 
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We again assumed a core temperature and average skin temperature of the whole body of 1 

37.1 ℃ and 31 ℃, respectively [51]. CIVD was assumed to occur at the little fingertip 27 min 2 

into the exposure according to the experimental data, and the peak blood flow rate was assumed 3 

to be 0.0009 s
-1

. The glove layer was simulated by adding the thermal insulation value of the 4 

glove to the total heat transfer coefficient of the outer hand layer (Eq. 18 - Eq. 21). We adopted 5 

the exact same insulation for all local segments since no locational insulation value available 6 

from the experiment. 7 

      (     )⁄  Eq. 18 

where      (m
2
·K/W) is the thermal insulation afforded to the naked hand by air and    8 

(W/(m
2
·K)) is the radiative heat transfer coefficient. For a gloved hand, the surface area for heat 9 

transfer is increased due to the thickness of the glove layer. This was taken into consideration by 10 

using a glove area factor: 11 

                  ⁄  Eq. 19 

with        (m
2
) and       (m

2
) the surface areas of the gloved and naked hand, respectively. 12 

      was calculated based on the geometrical model of the hand and        was obtained using 13 

a simple scaling factor to grow the hand model to account for the thickness added by the glove. 14 

While this approach neglects possible air gaps between the inner side of the glove and the hand 15 

skin, the associated error should be negligible considering the tight fit of the glove. 16 

The thermal insulation for the gloved hand due to the boundary air is 17 

                     ⁄  Eq. 20 

while the total thermal insulation (glove plus surrounding air) is: 18 

                         Eq. 21 

It can be seen from Fig. 9 that the predicted change in skin temperature is in good agree-19 

ment with the experimental data with differences remaining below 0.74 ℃. This shows that our 20 

3D thermoregulation model can predict the skin temperature of a gloved finger with sufficient 21 

accuracy. 22 
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 1 
Fig. 9. Comparison of predicted and experimental averaged skin temperature (using data from [62]) of the gloved 2 

middle and little fingertips. 3 

3.6 Temperature profiles of the 3D hand under various environmental conditions 4 

Previous sections have shown that the present 3D thermoregulation model can accurately 5 

predict the temporal change of hand skin temperature in a wide range of cold environments. A 6 

strong point of this model is that it can predict and visualize the temperature distribution and 7 

changes over time for both the whole hand and individual segments (Fig. 10).  8 
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 1 
Fig. 10. Example simulations to demonstrate the model’s capabilities to predict the skin temperature distribution and 2 
change over time in individual hand segments. Ambient conditions: 0 ℃ air temperature and 0.05 m/s wind speed. 3 
The dotted line shows the area-weighted average temperature of the whole hand over time and the individual num-4 
bers correspond to the area-weighted averages of the individual hand segments. Only the dorsal side is shown since 5 
the temperature difference between the palm and dorsal segments is typically quite small (below 0.87 ℃ for wind 6 

speeds ranging from 0.05 m/s to 2.0 m/s and air temperatures range from -10 ℃ to 10 ℃). 7 

We also investigated the effect of air flow to the dorsal side of the hand since the dorsal 8 

segments are most frequently exposed to wind when working. For this simulation, we assumed 9 

that the subject wore adequate clothing to keep the body sufficiently warm with only the hands 10 

exposed to the cold environment. We therefore assumed the body core temperature and average 11 

skin temperature of the whole body to be 37.1 ℃ and 34 ℃, respectively [51]. The initial tem-12 

peratures of the soft tissue and the bone core were also both set to 34 ℃ [45]. 13 

We simulate the air temperature from -10 ℃ to 10 ℃ to investigate the effect of air tem-14 

perature on the thermal response of the hand. When exposing the hand to different air tempera-15 

tures, the skin temperature decreases with time and asymptotically approaches the ambient air 16 

temperature (Fig. 11a). The cooling rate of the hands increases with decreasing air temperature. 17 

The difference in hand skin temperature,        increases exponentially with time and reaches a 18 

maximum at the end of the exposure, with        = 6.87 ℃ when going from 0 ℃ to -10 ℃ air 19 

temperature and        = 7.32 ℃ when going from 10 ℃ to 0 ℃ air temperature.  20 

Another interesting result of this simulation was the major differences among the skin 21 

temperatures at different hand segments (Fig. 11b-d). Generally, the forearm, palm, and dorsal 22 

segments have higher skin temperatures and the tip of the little finger has the lowest skin tem-23 
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perature. Furthermore, the temperature differences among different hand segments increase with 1 

decreasing air temperature. At 10 ℃, the skin temperature of the little fingertips is 9.93 ℃ below 2 

the skin temperature of the hand’s dorsal side. In the 0 ℃ and -10 ℃ environments, this differ-3 

ence increases to 12.81 ℃ and 16.14 ℃, respectively. This indicates what in very cold environ-4 

ments, the palm and dorsal segments of the hand may still feel comfortably warm or only slightly 5 

cold, whereas the fingers may have already lost much dexterity or even suffered a cold injury. 6 

Thus, when designing protective gloves for cold environments, more attention needs to be paid 7 

to the prevention of heat loss from the fingertips. The fact that the lowest temperature is seen at 8 

the tip of the little finger would make this hand segment a prime candidate for use as a critical 9 

indicator when trying to predict and evaluate the danger of cold injury and loss of dexterity. 10 

 11 
(a)                         (b)                              (c)                              (d) 12 

Fig. 11. (a) Change in hand skin temperature over time at 0.05 m/s wind speed, (b) skin temperature distribution 13 
after a 60 min exposure to 0.05 m/s wind speed and an ambient temperature of 10 ℃, (c) 0 ℃, and (d) -10 ℃. 14 

We also examined the change in hand skin temperature as a function of wind speed (Fig. 15 

12a). A wind speed range from 0.05 m/s to 2.0 m/s was selected to utilize a series of validated 16 

convective heat transfer coefficients of different hand segments with real hand geometry [40]. As 17 

expected, the temperature of the hand decreases with increasing wind speed. More specifically, 18 

when the wind speed is increased from 0.05 m/s to 1.0 m/s, the average skin temperature has de-19 

creased by 6.57 °C after 60 min exposure while a further increase in wind speed from 1.0 m/s to 20 

2.0 m/s leads to a much smaller decrease in the hand skin temperature of just 1.49 ℃ after 60 21 

min exposure. Wind chill significantly affects heat loss during cold exposure although the in-22 

crease in the rate of cooling slows down for higher wind velocities. When the wind speed is 0.05 23 

m/s, the skin temperature of the hand decreases almost linearly with time. For a wind speed of 24 

1.0 m/s, the hand skin temperature shows a marked decrease during the initial stage of exposure 25 

and then decreases more slowly as it approaches the ambient temperature. Wind can increase the 26 

convective heat transfer coefficient, thus leading to enhanced heat loss. Higher wind speed leads 27 
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to a higher cooling rate during the initial stage of exposure, after which the skin tends to cool 1 

down more slowly than the still air scenario while tending toward the ambient temperature. 2 

However, wind speed has no effect on the final temperature that a hand will reach after very long 3 

exposure since the skin temperature cannot decrease below the ambient temperature. 4 

During cold exposure, the higher the wind speed the more quickly the initial drop in skin 5 

temperature in each hand segment (Fig. 12b-d). As above (Fig. 11) we again find large differ-6 

ences between individual segments, with the tip of the little finger always showing the lowest 7 

skin temperature. These differences between segments decrease with increasing wind speed. For 8 

0.05 m/s, the skin temperature of the little fingertip is 12.81 ℃ below the temperature of the 9 

hand dorsal segment. This difference decreases to 6.82 ℃ and 4.61 ℃ at wind speeds of 1.0 m/s 10 

and 2.0 m/s, respectively. 11 

 12 

 13 
(a)                         (b)                             (c)                             (d) 14 

Fig. 12. (a) Change in overall hand skin temperature over time for at 0 °C air temperature, (b) skin temperature dis-15 
tribution after a 60 min exposure to 0 °C air temperature at a wind speed of 0.05 m/s, (c) 1.0 m/s, and (d) 2.0 m/s. 16 

4 Conclusions and future perspective 17 

In this study, a multi-segment 3D hand-specific thermoregulation model was developed 18 

for predicting and visualizing the spatial and temporal temperature profiles of a hand exposed to 19 

various cold environments. The 3D model possesses the following specific features: 20 

(1) It yields an enhanced understanding of thermal responses of the hand by employ-21 

ing realistic hand anthropometry, anatomy, as well as thermo-physical and phys-22 

iological properties. 23 

(2) The multi-segment approach will allow to account for the heterogeneity of physi-24 

ological and thermo-physical properties of the hand, distinguish thermal responses 25 

Jo
urn

al 
Pre-

pro
of



24 

 

between hand segments, and identify particularly vulnerable parts of the hand 1 

with regard to cold injury.  2 

(3) The hand-specific thermoregulation model is fully 3D and transient, thus has an 3 

innovative benefit over current one-dimensional (1D), two-dimensional (2D), and 4 

single-finger thermoregulation with regard to visualizing the temporal and spatial 5 

skin temperature over the hand. 6 

(4) It can simulate the effect of gloves, changes in blood flow, and CIVD. Moreover, 7 

the model can accurately predict the skin temperature under a wide range of am-8 

bient conditions and air temperatures from slightly cold to extremely chilling en-9 

vironments. It is thus a reliable, safe, and cost-effective tool to predict the hand 10 

skin temperature for various indoor and outdoor environments ranging from cool 11 

to extreme cold.  12 

The model developed in this study provides a significant advancement of the state-of-the-13 

art in hand thermoregulation modeling. It addresses several critical issues associated with under-14 

standings  of the thermal interaction between the hand and the cold built environment and fur-15 

thers the current knowledge of the underlying mechanisms of hand thermoregulation. The out-16 

comes of this study facilitate the formulation of improved guidelines for glove design and engi-17 

neering, which will ultimately improve work efficiency, safety, and health for various occupa-18 

tions. 19 

Presently, very little is known about the thermoregulatory mechanisms of the hand during 20 

cold exposure such as CIVD, for which quantitative studies are sparse, often producing incon-21 

sistent results in terms of onset time, response magnitude, and duration. Future research should 22 

focus on exploring the CIVD mechanisms and derive mathematical expressions that quantitative-23 

ly describe and explain CIVD. Another critical point that future work should focus on is to de-24 

termine realistic tissue properties of each hand segment. Thermoregulation models require tissue 25 

density, thermal conductivity, specific heat capacity, blood perfusion, and metabolic heat pro-26 

duction. However, the composition of the hand is complex, and the data about the distribution 27 

and percentage of bone, muscle, tendon, fat, and skin is limited. Future research should focus on 28 

identifying these factors and facilitating determining the composition of each hand section with 29 

more accuracy. 30 
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 A 3D multi-segment hand-specific thermoregulation model is developed. 

 The model is a more realistic representation of the hand’s anatomy and physiology. 

 The model accounts for the hand’s inhomogeneity by dividing it into 17 segments. 

 Cold-induced vasodilation (CIVD) in fingers was simulated. 

 The model predicts the spatial and temporal skin temperature accurately. 

Jo
urn

al 
Pre-

pro
of



                                                           

 

 

                                                             Declaration of Statement 

 

 

The authors declare that they have no known competing financial or personal relationships 

with other people or organizations that could inappropriately influence (bias) the work reported 

in this paper. 

 

 

 

Jo
urn

al 
Pre-

pro
of


