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Thermal contact resistance at the finger-object interface plays a significant role in our thermal 

perception and is an important parameter for the design of a myriad of electronics and thermal 

devices. Currently, its value is measured experimentally or, more commonly, is estimated using a 

semi-empirical model. This model was developed by Cooper, Mikic, and Yovanovich (CMY) in 

the 1960s for predicting contact resistance of metal-metal interfaces in a vacuum. In this work, it 

is shown that measured value of finger-object contact resistance is better predicted by a more 

recent correlation by Prasher and Matayabas (PM) that was developed by fitting contact resistance 

data for silicone gel-metal surface interfaces in microelectronic applications. Furthermore, it is 

show that the functional form of the empirical PM correlation can be derived using scale analysis 

of the finger-solid contact scenario, consequently can be considered a physics-based model. 

Comparing the two models against two previously published experimental data sets demonstrates 

that the PM model predicts well the thermal resistance between finger and variety of materials 

over a wide range of contact pressures. Specifically, for finger contact with significantly more 

conductive materials (thermal conductivity above 1 Wm-1K-1) including aluminum, BaF2 crystal, 

and marble a good prediction of contact resistance can be attained. For skin contact with less 

conductive materials, such as wood, both models become highly sensitive to the substrate’s 

thermal conductivity value and provide only an order of magnitude estimate. The main 

implications of these results and relevant outstanding questions are also briefly discussed.  
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 “Don’t touch that, it’s hot!” is a phrase everyone has exclaimed at some point, often to a child 

who neglects these wise words and proceeds to test the said statement to a painful conclusion. 

Interestingly, how “hot” or “cold” an object feels not only depends on its temperature in respect to 

that of the skin, but as recently reviewed by Hsin-Ni Ho [1] in this journal, also on a surprising 

number of parameters involved in physical, perceptual, and cognitive responses. One common 

observation that highlights the role of thermophysical properties is that metal objects feel colder 

than glass or plastics at the same temperature [1,2]. Additionally, we know that, to a certain degree, 

an object will feel hotter or colder when we press on it harder, which highlights the dependence of 

skin temperature on imposed contact force, 𝐹. From these observations we can infer that despite 

the skin and the object being in physical contact, their respective surface temperatures are not 

equal. The schematic in Figure 1a illustrates that this temperature jump, ∆𝑇𝑐, is a result of 

microscopic surface roughness that reduces the contact area for heat transfer at the skin-object 

interface. Since the magnitude of ∆𝑇𝑐 depends on the heat flux between the two objects, 𝑞", 

interfaces are typically characterized in terms of their thermal contact resistance, 𝑅𝑐. Based on our 

everyday tactile observations described above, we can expect that 𝑅𝑐 depends on surface 

roughness, applied force, as well as mechanical and thermal properties of the skin and the 

contacting material. Since quantifying the contact resistance is important for design of electronics 

[2–6], thermal displays [7], artificial hands [8], haptic devices [9], and wearable thermoelectric 

devices [10,11], it is important to know how to combine these physical parameters to model the 

value of 𝑅𝑐.  
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Figure 1. (a) Schematic of heat transfer at finger-object interface (inspired by work of Ho [1]). 

The close-up schematic and corresponding plot show that surface roughness leads to reduced heat 

transfer area, thus reduced heat flux 𝑞", and a temperature jump at the interface ∆𝑇𝑐 that reduces 

with time, 𝑡 (F indicates the applied force, 𝐴𝑎 indicates the apparent area, and 𝐴𝑟 indicates the real 

contact area, which is a sum of the areas of the microscopic contacts, 𝐴𝑟𝑖); a three dimensional 

optical scan of a replica of a male finger surface and corresponding line trace are also included 

(vertical and horizontal scale bars on the line trace correspond to 20 and 200 µm, respectively); 

(b) and (c) schematic of microscale contact geometry during (b) plastic deformation of contacting 

surfaces with random surface rough assumed in CMY model (𝑎 indicates circular contact radius, 

 𝜎 mean surface height, 𝑡𝑎𝑛𝜃 mean surface asperity slope) and (c) elastic deformation of one-

dimensional wavy surface in contact with a stiff and flat substrate assumed to derive the functional 

form of PM model (𝑝̅ indicates mean pressure and  𝑝∗ pressure at which gaps fully collapse on 

such surface).  
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The most commonly utilized model for predicting 𝑅𝑐 at finger-object interfaces [7,9,20,12–

19] was developed in the 1960s by Cooper, Mikic and Yovanovich (CMY) to predict thermal 

contact resistance between two contacting materials (subscript 1 and 2) with random surface 

roughness that are much harder than skin (e.g. metals and ceramics) in a vacuum environment [21–

23]. More recently, Bahrami working with Yovanovich [24] derived the functional form of the 

CMY model based on scale analysis, which will be briefly reiterated here. The principle 

assumption of the CMY model is that deformation of most contact areas between metallic surfaces 

is predominantly plastic, even at moderate contact pressures. To model how this plastic 

deformation translates into increased interfacial contact area, the authors assumed that pressure at 

each contact is equal to the maximum pressure which can be sustained by the softer of the materials 

during plastic deformation. To quantify this value, they adopted simple assumption introduced by 

Holm [25]: the pressure under contact is equal to the microhardeness of the softer material, 𝐻, that 

is obtained from indentation tests using an indenter comparable in size to that of the microscopic 

contacts areas. From this assumption one can deduce the simple force balance 𝐹 = 𝑃𝐴𝑎 = 𝐻𝐴𝑟, 

from which a relation between the apparent, 𝐴𝑎, and the real, 𝐴𝑟, contact areas can be obtained as 

a function of the apparent contact pressure and microhardness [26]: 

           
𝐴𝑎

𝐴𝑟
=

𝐻

𝑃
             (1) 

In turn, the schematics in Figure 1a and 1b show that the real contact area is a sum of 𝑛𝑝 

individual contact points, that can be idealized as circular areas with mean radius 𝑎 (i.e. 𝐴𝑟 ≈

𝑛𝑝𝜋𝑎2). Combining of these two expressions yields a formula for the number of contact points: 

                  𝑛𝑝 ≈
𝐴𝑎𝑃

𝜋𝑎2𝐻
                         (2) 

The key implication of Equation 2 is that for contact of two metal surfaces with random surface 

roughness the number of contact points increases linearly with pressure, while their mean size 
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remains roughly unchanged (i.e. 𝜋𝑎2). The schematic on right hand side of Figure 1b shows that 

simple geometry can be used to show that 𝑎~𝜎/𝑚, where 𝜎 = √𝜎1
2 + 𝜎2

2 is the equivalent root-

mean square roughness (used as a measure of mean surface asperity height) and 𝑚 = √𝑚1
2 + 𝑚2

2 

is the equivalent asperity slope that is equal to tangent of the mean asperity angle 𝜃 (𝑚 = 𝑡𝑎𝑛𝜃). 

Bahrami et al. [24] showed that on typical surfaces the contact points are separated sufficiently far 

enough that the spreading thermal resistance from material 1 to material 2 can be approximated as 

a small heat source on an semi-infinite medium, for which spreading resistance is equal to: 

                    𝑅𝑐−𝑝 =
1

2𝑎𝑘𝑠
=

1

4𝑎
𝑘1𝑘2

𝑘1+𝑘2

                         (3) 

Where inclusion of the harmonic mean thermal conductivity (𝑘𝑠 = 2𝑘1𝑘2/(𝑘1+𝑘2)) stems from 

summation of the two spreading resistances in series. Since the total contact resistance consists of 

𝑛𝑝 such sources that conduct heat in parallel, the total contact resistance scales with 𝑅𝑐−𝑝/𝑛𝑝. 

Substituting the previously discussed geometrical relation for 𝑎 and Equation 2 as well as 

multiplying by the apparent area yields final expected functional form of the total contact 

resistance of two rough metal surfaces for a unit area of the interface (𝑅𝑐−𝐶𝑀𝑌
"  in units of m2KW-

1) [24]: 

                       𝑅𝑐−𝐶𝑀𝑌
" ~

𝐴𝑎

2𝑎𝑘𝑠𝑛𝑝
~

𝐴𝑎

2𝑎𝑘𝑠
𝐴𝑎𝑃

𝜋𝑎2𝐻

~
𝜋

2𝑘𝑠

𝜎

𝑚

𝐻

𝑃
                        (4) 

Substituting the scaling factors into Equation 4 obtained from fitting of experiments yields the 

most commonly used form of the CMY model [24]:  

                       𝑅𝑐−𝐶𝑀𝑌
" =

4

5𝑘𝑠

𝜎

𝑚
(

𝐻

𝑃
)

0.95

                                    (5) 

Even in the original paper, CMY [21] acknowledged that Equation 5 was a big simplification 

and that, from a mechanical point of view, ignores possible effects of previous contacts, creep, 
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thermal induced deformations, etc. Despite these simplifications, the CMY model agrees well with 

measured values of thermal contact resistance for many contacting hard surfaces [24,26].  

In adopting Equation 5 for contact resistance calculations between a human finger and a barium 

fluoride (BaF2) crystal, Ho and Jones [27] acknowledged that this model has a rather limited ability 

to predict this value for a soft-hard material interface under the application of light pressure in the 

range of 1 to 10 kPa (Equation 5 is valid for 𝑃 of 35 to 350 kPa). In 1997, Parihar and Wright [28] 

brought up similar concerns about the adequacy of Equation 5 for predicting contact resistance of 

an elastomer-metal interface. A few years later, Prasher and Matayabas (PM), who were working 

on the development of soft thermal interface materials for integrated circuit packaging, addressed 

this issue directly [29]. Specifically, the authors developed an empirical correlation for predicting 

thermal contact resistance between polished metal surfaces and soft silicone gels with shear moduli 

in the range of 1 to 460 kPa. As these silicones were gels the authors found it impossible to measure 

their microhardness and instead utilized their storage (𝐺′) and loss (𝐺′′) shear moduli, which were 

measured at low frequency and strain rate (plate rotational rate of 1 rad/s at constant strain of 10%), 

as the characteristic mechanical properties. PM adopted the functional form of CMY model 

(Equation 4) but replaced the original empirical coefficients with ones that they obtained from 

fitting the experimental data for silicone gels. Since in microelectronic packages thermal interface 

materials are in contact with much more thermally conductive materials, such as a silicon wafer 

and a metal heat spreader or a heat sink, PM assumed that 𝑘2 ≫ 𝑘1 and simplified the value of 𝑘𝑠 

to 2𝑘1 (𝑘𝑠 = 2𝑘1𝑘2/(𝑘1+𝑘2) ≈ 2𝑘1). The authors also implicitly assumed that the silicone gel is 

smooth as compared to the metal surface, consequently 𝜎 = (𝜎2
2)0.5 ≈ 𝜎2 ≈ 1 µm. With these 

simplification, they proposed the following expression, referred to as the PM correlation from now 
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on, for predicting contact resistance between soft silicones (material 1) and hard, thermally 

conductive materials (material 2)  [29,30]: 

                           𝑅𝑐−𝑃𝑀
" = 83.8

𝜎

𝑘1
(

𝐺1

𝑃
)

1

4
                              (6) 

Where 𝐺 = (𝐺′2 + 𝐺′′2)0.5 is the equivalent shear modulus, while 𝑘1 is the thermal 

conductivity of the silicone gel. Note that the prefactor of two stemming from the mean harmonic 

thermal conductivity simplification (i.e. 𝑘𝑠 ≈ 2𝑘1) is incorporated into the PM correlation 

prefactor. At low frequency human skin has 𝐺𝑠𝑘𝑖𝑛
′ ≈ 0.4±0.1 kPa and 𝐺"𝑠𝑘𝑖𝑛 ≈ 0.1±0.02 kPa 

(68% confidence interval) [31], which makes 𝐺𝑠𝑘𝑖𝑛 ≈ 0.41±0.1 kPa just slightly below the lower 

bound of the range measured by PM (1 kPa) [29]. Thus, it is plausible that PM correlation could 

provide a better prediction of the contact resistance of a finger-metal interface than the classical 

CMY model. Moreover, we show next that the functional form of PM correlation can be derived 

from scale analysis of a physical scenario approximating finger contact with a harder and smoother 

material.  

The primary feature a finger surface is that it consists of periodic shallow ridges that, on micro-

to-millimeter level, could be idealized as a soft elastic solid with a wavy, periodic one-dimensional 

sinusoidal surface (see example topographical image and line trace of replica of an adult male 

finger obtained using optical profilometry in Figure 1a, associated experimental details in 

Supplemental Material, and the schematics in Figure 1c). The one-dimensional assumption is valid 

because the wavelength, 𝜆 ≈ 0.5 mm, of the ridges is much shorter than their typical length, 𝐿 ≫ 

1 mm. Consequently, pushing a flatter and stiffer solid against this idealized surface results in 

formation of parallel contact strips, through which heat is conducted. Johnson showed that contact 

between such one-dimensional sinusoidal surface with wavelength 𝜆 and amplitude 2Δ (i.e. height 

distribution Δ(1 − 𝑐𝑜𝑠2𝜋𝑥/𝜆) and, upon contact, pressure distribution 𝑝̅ + 𝑝∗𝑐𝑜𝑠2𝜋𝑥/𝜆) and 
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harder, and much flatter, surface results in ratio of real (strips with width of 2𝑎 and length 𝐿) and 

apparent contact areas of [32]: 

            
𝐴𝑟

𝐴𝑎
=

2𝑎𝐿

𝜆𝐿
=

2𝑎

𝜆
=

2

𝜋
𝑠𝑖𝑛−1√

𝑝̅

𝑝∗ ≈
2

𝜋
√

𝑝̅

𝑝∗                      (7) 

Where the simplification on the right-hand side of Equation 7 is valid for small deformations that 

occur for 𝑝̅/𝑝∗ ≤0.25. The schematic in Figure 1c shows that 𝑝̅ is the mean pressure (per 𝐴𝑎) and 

𝑝∗ is pressure at which the interfacial gaps fully collapse. The latter parameter is equal to:  

      𝑝∗ =
𝜋𝐸∗Δ

𝜆
=

𝜋Δ

𝜆
(

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
)

−1

            (8) 

Where 𝐸 and 𝜐 correspond to the Young’s modulus and the Poisson’s ratio of the contacting 

materials 1 and 2. The key implication of Equations 7 and 8 is that the number of contact strips 

within an area, 𝑛𝑠 = 𝐴𝑎/𝜆𝐿, remains constant but each strip’s area increases as the contact pressure 

is increased. This is the principal distinguishing feature from the CMY model, in which plastic 

deformation assumption translates into a constant mean contact point area, but increasing number 

of contacts with increasing contact pressure (see Equation 2 and Figure 1b).  

From heat transfer perspective, Yovanovich and Marotta [33] showed that an isothermal 

surface strip (width 2𝑎 and length 𝐿) on top of a substrate (width 𝜆 and length 𝐿) with semi-infinite 

thickness and insulated sides imposes a strip spreading resistance (𝑅𝑐−𝑠) equal to:  

                         𝑅𝑐−𝑠 =
1

𝜋𝑘𝐿

1

𝑠𝑖𝑛(
𝜋

2
√

𝐴𝑟
𝐴𝑎

)
=

1

𝜋𝑘𝐿

1

𝑠𝑖𝑛(
𝜋

2
√

2𝑎

𝜆
)

≈
2

𝜋2𝑘𝐿
√

𝜆

2𝑎
                                   (9) 

Where the simplification on the right-hand side of Equation 9 is valid for 𝜆 ≫ 2𝑎. Since Equation 

9 represents a geometry that is thermally insulated on the sides, it also represents a single unit cell 

of periodically arranged parallel strips. Thus, the total contact resistance presented by 𝑛𝑠 such strip 

heat sources that conduct heat in parallel scales with 𝑅𝑐−𝑠/𝑛𝑠. Substituting Equations 7, 8, and 9 
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as well as multiplying by the apparent area yields the expected functional form of the contact 

resistance between a finger and a flatter, harder object for a unit area of the interface (𝑅𝑐−𝑠1
"  in 

units of m2KW-1): 

        𝑅𝑐−𝑠1
" ~

2𝐴𝑎

𝜋2𝑘𝐿𝑛𝑠√
2𝑎

𝜆

~
2𝐴𝑎

𝜋2𝑘𝐿𝑛𝑠√
2𝑎

𝜆

~
1.4

𝑘

∆

𝑚
(

∆

𝜆
)

1

4
(

𝐸∗

𝑝̅
)

1

4
        (10) 

Where 𝑚 ≈ 4Δ/𝜆 is an approximate slope of a single ridge on the wavy surface. Recognizing 

that Δ ≈ 𝜎, 𝑝̅~𝑃, 𝐸∗ = 2𝐺/(1 − 𝜈) ≈ 4𝐺 (for an ideal incompressible material), there are two of 

these resistances in series (i.e. 1/𝑘 → 2/𝑘𝑠), and that fourth root of the ridge aspect ratio (based 

on values from the finger surface scan (Δ/𝜆)1/4 ≈ (10 μm/500 μm)1/4 ≈ 1/3) is nearly a 

constant yields the expanded functional form of PM’s correlation: 

                        𝑅𝑐−𝑠
" ~𝑅𝑐−𝑃𝑀

" ~
1

𝑘𝑠

𝜎

𝑚
(

𝐺

𝑃
)

1

4
                                                (11) 

Where this expanded version explicitly includes 𝑘𝑠 and 𝑚 as in the CMY model, on which PM 

based their correlation. Naturally, a real finger surface can depart from the parallel ridge 

idealization. Nerveless, scale analysis also reveals that for a smooth solid in contact with an elastic 

two-dimensional wavy surface (i.e. periodic sinusoidal bumps) functional form of Equation 11 

also applies, albeit with minor alteration of exponential coefficient from 1/4 to 1/3 (see derivation 

in Supplemental Material). Consequently, despite its empirical roots, the PM correlation can be 

referred to as a model for finger-object contact resistance, since its form can be derived from first 

principles. Next, this notion is further supported by comparing the PM model against experimental 

measurements.  

Comprehensive experimental measurements of finger contact resistance as a function of 

applied pressure, where all relevant parameters (𝜎, 𝑚, 𝑘, etc.) are reported, are not readily available 

in literature. Consequently, it is difficult to directly test applicability of the PM model. Instead, its 



10 

 

applicability is first evaluated here by modelling and reanalyzing the work of Ho and Jones [27]. 

Along with all relevant parameters, these authors measured the temporal evolution of a finger 

temperature during a 10 s contact with a cool and smooth barium fluoride crystal under a contact 

force, 𝐹, ranging from 0.1 to 2 N. Through direct measurements, the authors correlated 𝐹 (in N) 

to apparent area (𝐴𝑎 in mm2) as 𝐴𝑎 = 15.062 ln(𝐹) + 170.31 ± 20. Given that 𝑃 = 𝐹/𝐴𝑎, the 

authors measured contact resistance from 0.7 to 11 kPa of contact pressure. Because of the short 

duration of the contact (thermal penetration for skin during a 10 s contact is √𝛼𝑠𝑘𝑖𝑛𝑡 ≈ 1 mm, 

where 𝛼𝑠𝑘𝑖𝑛 is the thermal diffusivity of skin), skin can be modelled as an isotropic semi-infinite 

body. Consequently, the temperature on the surface of the skin during this short contact (𝑇𝑠𝑘𝑖𝑛) 

can be predicted using a simple closed-form formula [27]: 

   𝑇𝑠𝑘𝑖𝑛(𝑡) =
𝐴

𝐵
{1 − 𝑒𝛼𝑠𝑘𝑖𝑛𝐵2𝑡𝑒𝑟𝑓𝑐[𝐵√𝛼𝑠𝑘𝑖𝑛𝑡]} + 𝑇𝑠𝑘𝑖𝑛(0)         (12) 

Where 𝐴 = (𝑇𝑜𝑏𝑗(0) − 𝑇𝑠𝑘𝑖𝑛(0))/𝑅𝑐𝑘𝑠𝑘𝑖𝑛 and 𝐵 = (1 +  (𝑘𝜌𝑐𝑝)𝑠𝑘𝑖𝑛
0.5 / (𝑘𝜌𝑐𝑝)𝑜𝑏𝑗

0.5 )/𝑅𝑐𝑘𝑠𝑘𝑖𝑛 

while 𝜌 and 𝑐𝑝 stand for density and specific heat of the materials. To compare the experimental 

and theoretical finger temperatures, contact resistances must be calculated using CMY and PM 

models with material parameters (see Table 1) as well as 𝑇𝑜𝑏𝑗(0)=299 K and 𝑇𝑠𝑘𝑖𝑛(0)=306.3 K 

specified by Ho and Jones [27]. Figure 2a compares contact resistances calculated using the 

reported value range as a function of applied pressure. Both 𝑅𝑐−𝐶𝑀𝑌
"  and 𝑅𝑐−𝑃𝑀

"  are within the 

expected range of 0.001 to 0.01 m2KW-1 and follow comparable decreasing trend [7,9,27,12–19]. 

However, since 𝐺𝑠𝑘𝑖𝑛 ≈ 0.41 kPa [31] and PM model has an 1/4 exponent, 𝑅𝑐−𝑃𝑀
"  decreases faster 

and nearly saturates around 0.002 m2KW-1 past a contact pressure of 5 kPa. In contrast, the skin 

microhardness (𝐻𝑠𝑘𝑖𝑛 = 122.5 kPa [34]) is much higher and CMY model has an exponent of 0.95, 

consequently 𝑅𝑐−𝐶𝑀𝑌
"  decays slower and does not saturate until pressure reaches about 30 kPa.  It 

is also worthwhile noting that due to the lower exponent, the large variation of measured 
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𝐺𝑠𝑘𝑖𝑛 (±25 %) results in only about ±6% variation in the value of 𝑅𝑐−𝑃𝑀
" . At 𝑃 < 2.5 kPa, 

𝑅𝑐−𝐶𝑀𝑌
"  is equal to or significantly larger than 𝑅𝑐−𝑃𝑀

" . Above this pressure, 𝑅𝑐−𝐶𝑀𝑌
"  continues to 

decrease far below 𝑅𝑐−𝑃𝑀
"  to 0.00175 m2KW-1, 0.001 m2KW-1, and 0.0005 m2KW-1 at 𝑃 of 5 kPa, 

10 kPa, and 20 kPa, respectively. This trend in contact resistance is reflected in Figure 2b where, 

exactly replicating Ho and Jones simulations [27], using the CMY model with Equation 12 results 

in 1 to 2 K under prediction of skin temperature decrease at the end of contact when 𝑃 is below 

2.5 kPa, and about 1 K over prediction above this pressure. In contrast, the plot in Figure 2b shows 

that results of using the PM model with Equation 12 agree well with experimental data over the 

entire pressure range.  

 

Table 1. Thermal properties of skin and BaF2 [27,31] as well as aluminum, marble, and wood 

[20,35] (in the case of the latter upper value of thermal conductivity was from [35] was used). 

Since values in italic were not reported, the typical range reported in literature was used instead 

[36–39]. The reported uncertainty range corresponds to 68% confidence interval. 

Material Skin BaF2 Aluminum  Marble Wood 

Thermal Conductivity, 𝑘, Wm-1K-1 0.37 11.7 238 2.9 0.23 to 0.4 

Density, 𝜌, kgm-3 1000 4890 2700 2700 675 

Specific Heat, 𝑐𝑝, Jkg-1K-1,  3770 410 917 881 3156 

Thermal Diffusivity, 𝛼, 106m2s-1 0.098 5.9 0.96 1.2 0.1 

RMS roughness, 𝜎, µm 21.7±2 0.008 1 to 6 5 to 30 5 to 30 

Microhardness, 𝐻, kPa 122.5±5.8 - - - - 

Effective Shear Modulus, 𝐺, kPa 0.41±0.1 - - - - 

Surface Asperity Slope, ∆𝑎, rad 0.3±0.03 0.009 0.01 to 0.3 0.01 to 0.3 0.01 to 0.3 

 

 

The significant improvement in prediction of the finger contact resistance using the PM model 

is further highlighted by assessing skin surface temperature throughout the entire contact period. 

For simplification, here only the average values of skin properties reported in Table 1 are used in 

calculations. Figure 2c shows that using PM model (solid lines) rather than CMY model (dashed 
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lines) along with Equation 12 predicts a significantly smaller dependence of the skin temperature 

range on applied pressure. For example, when increasing pressure from 0.73 to 10.9 kPa, use of 

CMY model with Equation 12 predicts a skin temperature decrease of 4 to 5 K. In contrast, use of 

PM model with Equation 12 predicts a temperature decrease of only about 1 K, which closely 

agrees with the experimentally observed 0.5 to 1 K range shown in Figure 2d (which includes 

about 0.2 K uncertainty from the sensor). However, in both theoretical cases the initial rate of 

decrease of the temperature upon contact with the colder object is under predicted as compared to 

the measured values. This temporal feature could be partially explained by the set of thermal 

properties of skin utilized by Ho and Jones [27]. In particular, the authors used skin thermal 

diffusivity of 𝛼𝑠𝑘𝑖𝑛 = 9.8×10-8 m2s-1 in their calculations, while values up to 𝛼𝑠𝑘𝑖𝑛 = 1.2×10-7 

m2s-1 can be found in other references [40].  
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Figure 2. (a) Comparison between thermal contact resistance of finger and barium fluoride crystal 

interface calculated using CMY model (Equation 5) and PM model (Equation 6) and (b) 

comparison between experimentally measured (adapted from Ho and Jones [32]) and analytically 

predicted difference between finger temperature at the beginning and end of the 10 s contact period 

for contact pressure in the range of 0.78 to 11 kPa, (c) temporal evolution of the finger temperature 

during the contact calculated using average properties in reported in Table 1 and closed-form 

expression in Equation 12 and CMY model (dashed lines) or PM model (solid lines) contact 

resistance models  (arrows are used as visual guides to highlight the difference between the two), 

and (d) lower and upper limits of the values in (c) along with Ho and Jones experimental data [32].  
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 To further test the applicability of the PM model, the theoretical predictions of finger contact 

resistance are compared with another experimental data set reported by Maamir et al. [20] for 

fingers in contact with aluminum, marble, and wood surfaces. Unfortunately, these authors did not 

report apparent contact areas and surface roughness of skin or samples (or any details on sample 

preparation), therefore several assumptions must be made to calculate the contact resistance. To 

start with, Ho and Jones’ [27] correlation for 𝐴𝑎 as a function of 𝐹 is adopted to determine that the 

0.25 to 10 N force range tested by Maamir et al. [20] corresponds to about 1 to 50 kPa pressure 

range. While this range is much broader than the first test case of 0.7 to 11 kPa discussed above, 

this pressure range is comparable to one reported by Galie et al. (up to 35 kPa) [41]. Since most 

metal production methods (e.g. milling, grinding, polishing, lapping, extruding, cold rolling, etc.) 

produce a surface roughness below 6 µm [36], the surface roughness of aluminum plate is assumed 

to be significantly smaller than that of skin and the effective surface roughness is dominated by 

the latter value, i.e. 𝜎 ≈ 𝜎𝑠𝑘𝑖𝑛. With this assumption and substitution of the range of skin properties 

indicated in Table 1 into Equations 5 and 6, Figure 3a shows that PM model predictions are in 

remarkably good agreement with data for finger contact with an aluminum plate from Maamir et 

al. [20]. This agreement is not surprising since Equation 6 was obtained by fitting data on 

comparably soft materials and metal surface interfaces where 𝑘2 ≫ 𝑘1.This notion, however, starts 

to be questionable for marble (𝑘𝑚𝑎𝑟𝑏𝑙𝑒 = 2.9 Wm-1K-1) and is not valid for wood (𝑘𝑤𝑜𝑜𝑑 = 0.23 

to 0.4 Wm-1K-1 [35] that is comparable to 𝑘𝑠𝑘𝑖𝑛 = 0.37 Wm-1K-1). To account for this discrepancy, 

𝑘𝑠, as suggested by scale analysis, is utilized instead of 𝑘1 in Equation 6. Furthermore, according 

to literature typical marble and wood surface finishing methods can produce surface roughness of 

up to 30 µm (if one takes into account about 50% potential increase due to aging for marble) [37–

39,42]. When this possible variation is taken into account, the plot in Figure 3b shows that almost 
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all data points for finger-marble interface fall within the contact resistance value range predicted 

by PM model, but are mostly outside of the range predicted by CMY model. In case of the finger-

wood contact, however, the plot in Figure 3c shows that experimental points are within and close 

to the lower bound of the range of PM model and, for low pressures, are also within the range of 

CMY model. The most troubling aspect revealed by plot in Figure 3c is the large spread of 

calculated contact resistance. The sensitivity analysis presented in Supplemental Material reveals 

that this large spread predominantly results from sensitivity of the PM and CMY models to the 

substrate’s thermal conductivity, if it is below 1 Wm-1K-1. Specifically, above this value of the 

substrate’s thermal conductivity, 𝑘𝑠 is equal to twice the thermal conductivity of skin (see Figure 

S1a in Supplemental Material). Consequently, the applicability of PM model appears to be limited 

to modeling of finger contact with substrates with thermal conductivity above 1 Wm-1K-1 and 

excludes substrates such as wood or plastics. The sensitivity analysis also shows that substrate 

surface roughness values below about 8 µm have no impact on 𝑅𝑐−𝑃𝑀
" , consequently can be 

considered smooth (i.e. Equation 6 with roughness of skin can be utilized). However, if the 

substrate surface is rougher, the assumptions behind the scale analysis and PM’s measurements 

break down, therefore further theoretical and experimental work is necessary to establish model 

for contact resistance in such cases.  
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Figure 3. Comparison between theoretical predictions of thermal contact resistance by CMY and 

PM models including experimental data on finger contact with (a) aluminum, (b) marble, and (c) 

wood surfaces from Maamir et al. [16]. The shaded areas correspond to possible range of 

properties indicated in Table 1 and specified in text.  
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In summary, scale analysis as well as comparison between experimental data from literature 

with CMY and PM models shows that the latter model should be utilized to calculate the thermal 

contact resistance at the finger-object interface. Scale analysis revealed that the main difference 

between the functional forms of CMY and PM models (i.e. exponent decrease from about 1 to 1/4) 

is rooted in the switch of the assumed contact deformation mode from plastic to elastic. In the 

former case, the number of contact points increases with pressure, while their mean size remains 

roughly unchanged leading to 𝑅𝑐−𝐶𝑀𝑌
" ~1/𝑃. In the latter case, the number of contact points is 

constant, while their area increases with applied pressure leading to 𝑅𝑐−𝑃𝑀
" ~(1/𝑃)

1

4 and 

𝑅𝑐−𝑃𝑀
" ~(1/𝑃)

1

3 for periodic wavy ridge and periodic wavy bump surfaces, respectively. Current 

results also denote that the PM model is applicable for finger contact with stiff substrates with 

roughness below about 8 µm that have thermal conductivity above 1 Wm-1K-1 (e.g. aluminum, 

BaF2, and marble), but only provides an order of magnitude estimate for materials with lower 

conductivity (e.g. wood and plastics). However, due to rarity of published comprehensive data on 

finger-object contact resistance, further experimental work is necessary to provide definite 

evidence on the general applicability of PM model for interfaces between skin and hard objects 

with moderate thermal conductivity and surface roughness.  

There are two key implications the results discussed above highlight. First, owing to the low 

modulus value of skin and the one fourth power exponent in PM model, the value of the contact 

resistance decreases quickly with increasing pressure and nearly saturates at relatively mild 

pressures. For example, for finger contact with a highly conductive material, contact resistance 

decreases to 0.003 m2KW-1 at 2.5 kPa and settles around 0.002 m2KW-1 if more than 5 kPa is 

applied. It is worthwhile mentioning that this saturation prediction not only matches well with 

Maamir et al. [20] data, but also with the value that Alkhwaji et al. [43] recently inferred from 
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simulations and experimental data. Thus, if just a mild pressure of a few kilopascals is applied, the 

contact resistance can be assumed to be nearly pressure independent and equal to 0.002 to 0.003 

m2KW-1. For rougher or less thermally conductive objects contact resistance saturation with 

pressure is also likely to occur, albeit with different threshold pressure and saturation values (see 

Figure 3b and 3c). Naturally, if an interfacial grease or liquid (e.g. sweat) is present, then contact 

resistance will be different from these saturation values. Second, current results imply that the low 

frequency shear modulus, rather than the microhardness, should be used as the characteristic 

mechanical property of skin for contact resistance calculations. This implication is beneficial since 

shear modulus values are readily available in literature or can be objectively measured for any 

material ranging from gels to diamond. In contrast, the relevant microhardness guideline CMY use 

(i.e., the pressure obtained from indentation tests using an indenter on the size of the microcontacts) 

leaves a lot of room for subjective interpretation and simply cannot be obtained for soft materials 

[29]. Also, knowing that 𝐺𝑠𝑘𝑖𝑛 ≈ 410 Pa [31] (although this value could be affected by individual 

subject characteristics and location on the body), one can safely assume that in most cases finger 

is the softer of the two materials, thus its mechanical properties should be used to calculate the 

contact resistance. It is important to note, however, that it is not clear when this assumption breaks 

down and how to calculate contact resistance between skin and a comparably soft material. This 

is an interesting area for future research and will increasingly become important in thermal design 

of mobile, epidermal, and wearable electronics that often interface with the user through a soft 

exterior [1–5,44]. Lastly, current results support the recent idea of Sripada et al.[4], that a silicone 

gel finger can reasonably well mimic the thermal response of its human counterpart to short contact 

(a few seconds) with colder or hotter hard objects. To provide the closest match to finger, the shear 

modulus of the used silicone gel and surface roughness should also be close to that of the skin.  
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